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Olga Kennard is a true pioneer. Following a shared vision with JD Bernal that the collective use of data would lead to new knowledge 

and generate new insights1, Olga Kennard established the Cambridge Structural Database (CSD)2 in 1965. Some fifty-five years later 

she was awarded the twelfth Ewald Prize3 for her remarkable contribution to the field of crystallography and the development of 

crystallographic databases. 

Today the CSD contains over 1.1 million crystal structures and every single entry is enriched and annotated by experts at the CCDC to 

aid the discoverability of data and knowledge from the resource. This rich resource of trusted data is used by researchers and educators 

worldwide in both academia and industry. It is routinely used to help develop new pharmaceutical drugs and has been utilised in a 

wide range of applications from structure solution to gas storage and separation. Efforts to create the CSD also led Olga Kennard to 

help set up the Protein Data Bank (PDB)4 and be a guiding influence for the establishment of the Nucleic Acid Sequence Database5, 

after persuading the European Molecular Biology Organisation to embark upon it. Nowadays, to complete this circle, the small 

molecules contained in biological structures archived in the PDB are validated using CCDC software which incorporates the 

knowledge embodied in the CSD. 

The presentation will celebrate Olga Kennard's inspirational career and how she has changed our world of crystallography and 

beyond. It will explore her scientific journey from early publications outlining procedures for determining accurate cell dimensions6 to 

the establishment of the CSD and the creation of a modern database with structure-based searching. Most importantly this presentation 

will thank Olga Kennard for her amazing contribution to science. 

  
1. Bernal's Vision: From Data to Insight - J.D.Bernal Lecture delivered at Birkbeck Kollere, London in 1995 by Dr Olga Kennard 

2. Groom, C. R., Bruno, I. J., Lightfoot, M. P. & Ward, S. C. (2016). Acta Cryst. B72, 171-179, DOI: 10.1107/S2052520616003954 

3. https://www.iucr.org/iucr/ewald-prize 

4. https://www.wwpdb.org/ 

5. https://www.ebi.ac.uk/ena 

6. O.Weisz, W.Cochran & W.F.Cole, 1948 Acta Cryst. 1, 83-88 
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Half of the world’s population is at risk of contracting malaria, which is caused by Plasmodium parasites. Despite extensive public 

health and biomedical measures, the incidence of malaria continues to rise, with over 200 million cases each year. A highly effective 

vaccine will likely be required to eradicate malaria; however, current vaccine candidates against Plasmodium falciparum have fallen 

short in great part because of a lack of understanding of immunity to the parasite at the molecular level. Our recent X-ray 

crystallography and cryoEM work has revealed structural details of antibody immunity against the malaria parasite. These molecular 

blueprints of parasite inhibition by antibodies are being leveraged as guides for the design of next-generation subunit vaccines. 

Keywords: structural immunology, antibodies, malaria, structure-guided immunogen design 
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) macrodomain within the nonstructural protein 3 counteracts 

host-mediated antiviral adenosine diphosphate-ribosylation signaling. This enzyme is a promising antiviral target because catalytic 

mutations render viruses nonpathogenic. We conducted a massive crystallographic screening and computational docking effort, 

identifying new chemical matter primarily targeting the active site of the macrodomain. X-ray data collection to ultra-high resolution 

and at physiological temperature enabled assessment of the conformational heterogeneity around the active site. Neutron diffraction 

data is guiding hydrogen placement to improve docking calculations. Several hits have promising activity in solution and provide 

starting points for development of potent SARS-CoV-2 macrodomain inhibitors. The role of entropy in modulating binding affinity 

will also be discussed. 

Keywords: SARS, entropy, fragments, X-ray crystallography 
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The Protein Data Bank (PDB) has grown from a small data resource for crystallographers to a worldwide resource a very broad 

community of researchers and educators. In this talk I will describe the history of the growth of the PDB and the role that the 

community has played in developing standards and policies. I also present examples of how other biophysics communities are 

collaborating with the worldwide PDB to create a network of interoperating data resources. This network will expand the capabilities 

of structural biology and enable the determination of increasingly complex structures. 

Keywords: structural biology, data resources 
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The development of light, long-lasting rechargeable batteries (and the invention of the lithium-ion battery, now over 25 years ago) has 

been an integral part of the portable electronics revolution. This revolution has transformed the way in which we communicate and 

transfer and access data globally. Rechargeable batteries are now playing an increasingly important role in transport and grid 

applications, but the introduction of these devices comes with different sets of challenges. Importantly, fundamental science is key to 

producing non-incremental advances and to develop new strategies for energy storage and conversion. 

The talk will focus on our work to develop and apply methods that allow devices to be probed while they are operating (i.e., in-situ). 

This allows the transformations of the various cell components to be followed under realistic conditions without having to disassemble 

and take apart the cell. To this end, the application of new in and ex-situ Nuclear Magnetic Resonance (NMR), and X-ray diffraction 

(XRD) approaches to correlate structure and dynamics with function in lithium- and sodium-ion batteries and supercapacitors will be 

described. To illustrate, we have used NMR, theory and pair distribution function (PDF) analysis methods, to determine the local and 

longer-range structures of a series of amorphous and disordered Li and Na anode structures, including C, Sn, Ge, Si and P. Both 

thermodynamic and metastable phases are identified via theoretical (DFT) approaches and compared with NMR, PDF and (in situ) 

diffraction measurements, the materials often transforming via metastable structures. In the second example, we use in situ X-ray 

diffraction studies to study the high-rate cycling. Specifically, we are interested in understanding which structural classes of materials 

can sustain high-rate cycling - and why - and whether the mechanisms for the structural transformations that occur on 

lithiation/sodiation vary as a function of the rate of battery cycling. Finally, recent work to examine Ni-rich layered cathode materials 

will be described. These are amongst the most promising candidates for high energy density Li-ion batteries for electric vehicle 

applications, yet improvements in their capacity retention – particularly under conditions of stress (high/low temperature, fast 

charging) – are still required for their more widespread use. XRD and NMR spectroscopy are used to understand how Li-ion mobility 

affects the cycling behaviour of LixNi0.8Co0.15Al0.05O2 and NMC811 (LiNi0.8Mn0.1Co0.1O2). A long duration cell is developed to follow 

structural changes over multiple battery cycles and over many months. 

Keywords: battery materials, nuclear magnetic resonance 
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The hidden world of amyloid biology has suddenly snapped into atomic level focus revealing over 80 amyloid protein fibrils, both 

pathogenic and functional. Many of the most prevalent degenerative diseases, including Alzheimer’s, Parkinson’s, ALS, and type 2 

diabetes are associated with particular proteins in amyloid fibril form. Fibrils structures determined X-ray and electron 

crystallography, as well as particle averaging by cryoEM, and solid-state NMR have contributed to deepened understanding of the 

formation, stability, and pathology of structures have led to design of compounds that inhibit fibril formation as well as some 

compounds that disaggregated fibrils. A subclass of functional amyloid-like fibrils are formed by reversible interaction of low 

complexity domains, having underrepresented members of the 20 coded amino acids. When mutated or at high concentration 

reversible amyloid fibrils can transition to irreversible pathogenic form. Unlike globular proteins, amyloid proteins flatten and stack 

into unbranched fibrils. Also unlike globular proteins, a single protein sequence can adopt wildly different two-dimensional 

conformations, yielding distinct amyloid fibril polymorphs. Hence, an amyloid protein may define distinct diseases depending on its 

conformation. 

I will describe the energetic basis for the great stability of pathogenic amyloid, the structural differences found in reversible amyloid, 

and chemical methods for inhibiting and disaggregating amyloid. Our database of amyloid structure and energy is available at 

https://people.mbi.ucla.edu/sawaya/amyloidatlas/ 

Reference: The Expanding Amyloid Family: Structure, Stability, Function, and Pathogenesis. Michael R. Sawaya, Michael P. Hughes, Jose A. 

Rodriguez, Roland Riek, David S. Eisenberg. Cell, in press. 

Keywords: amyloid family, pathogenesis 
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What is quantum crystallography? [1] 

Is it a hyped-up fad? 

Is it “theory” or “experiment”? 

What can it do? Is it useful?  

Why has it become a new (perhaps better: reborn) IUCr 

commision?  

The past 

At the 2002 IUCr meeting in Geneva (rescheduled from 

Jerusalem) I was asked to speak after Jerome Karle, Nobel 

Laureate and one of those who had coined the term quantum 

crystallography (QCr) [2]. The room was packed, and soon there 

was a (second order?) phase change in the audience: either 

asleep or fidgeting. When Karle finished there was an immediate 

and astounding rush of people to leave. It was a bit disheartening 

for me; I had to shout over the commotion. Then there was more 

chaos, as some even turned back. I like to think it was because of 

me, but more likely it was defeat. I will review some of this 2002 

material and show that QCr was in fact born with quantum 

mechanics itself [3]. I want to also highlight the work of Tibor 

Koritsanszky, recently lost to us, who together with Ewald 

medallist Philip Coppens brought about the “golden age” of our 

field [4]. 

The present 

In a recent Australian Research Council grant application of mine assessor B lamented: “QCr is slowly creeping into crystallographic 

refinement to provide a better treatment of light i.e. hydrogen atoms … but how useful will it be in the vast majority of structural 

refinements?”. Even assessor D found it “hard to get excited about hydrogen atoms (sorry)”. Perhaps D is a physicist: only a non-

chemist could be so callously unmoved by the proton, which forms the skin of all molecules, and is the fat positive partner of the 

beauteous electron! Surely these two are the hands of chemistry itself?! But I am actually rather pleased by that creeping comment: to 

me, it evokes a kind of desease-like inevitability: it resonates with the lack of direct funding [5]. In any case, I will explain why QCr is 

hard work, and I will review the impressive current progress by several groups. 

The future 

I think, except for Arthur C. Clarke, there have been no futorologist of note. Nevertheless, I will attempt to describe my vision for the 

use of model “experimental” wavefunctions to encode much more than just structral information; how QCr, the synthesis of quantum 

chemistry and crystallography will produce high quality databases worth mining; and how QCr has much to offer cognate fields like 

single-molecule and electron “diffraction”. 

 

Figure from ref. [1] (a) 
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[1] (a) Jayatilaka, D., N. C. (2012). Modern Charge-Density Analysis, edited by C. Gatti & P. Macchi, pp. 213-257. Springer. (b) Grabowsky, S., 

Genoni, A., Buergi, H.-B. (2017). Chem. Sci. 8, 4159;  (c) Genoni, A.., et. al. (2018). Chem. Eur. J. 24, 10881. 

[2] Massa, L., Huang, L., Karle, J. (1995). Int. J. Quantum Chem. 56, 371. 

[3] James, R.W., Waller, I., Hartree, D.R. (1928) Proc. Royal Soc. London Ser. A 118, 334 

[4] Koritsanszky, T.S., Coppens, P. (2001). Chem. Rev. 101, 1583 

[5] Take heart east-coast scientists! Research can continue, even in Western Australia where, to paraphrase W. Pauli and P. Doherty, we are not even 

of the Pacific bogan variety, https://tinyurl.com/jmv6uyne . 
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Single particle cryo electron microscopy (cryo-EM) has developed into a powerful technique to determine 3D structures of large 

macromolecular complexes. Due to improvements in instrumentation and computational image analysis, the number of high-

resolution structures is steadily increasing. The method cannot only be used to determine high-resolution structures but also to study 

the dynamic behavior of macromolecular complexes and thus represents a very complementary method to X-ray crystallography. 

Furthermore, the maximum attainable resolution by cryo-EM has constantly improved in recent years. Most of the high-resolution 

structures are still in the 3 Angstrom resolution regime but some have even crossed the 2 Angstrom barrier. We have recently installed 

a new prototype electron microscope which is equipped with a monochromator and a next-generation spherical aberration corrector. 

This microscope is optically superior to the currently commercially available instruments and can therefore be used to test the 

resolution limits in cryo-EM. We have used the test specimen apoferritin to determine its structure at 1.25 Angstrom resolution which 

is sufficient to visualize for the first time individual atoms clearly separated in the density map without the need for computational 

beam tilt corrections. 

Recently, we managed to use this microscope not only to improve the resolution of the very stable and rigid protein apoferritin. We 

also obtained significant improvement in resolution for other more dynamic macromolecular complexes for which one could have 

expected that the microscope itself may not be a major resolution limiting factor. 

In current high-resolution cryo-EM structures less water molecules become visible compared to X-ray crystallographic structures at 

nominally the same level of resolution. The number of water molecules that can be reliably build into the EM density is also not 

independent from the image processing software used for the three-dimensional reconstruction. We made a first attempt to use the 

number of water molecules that can be build into a 3D structure as a quality criterium for cryo-EM data since until now such high-

resolution quality estimators are entirely missing in the cryo-EM field. 

We are currently upgrading our microscope with an energy filter and a faster direct pixel detector. This will not only improve 

throughput but also the maximum attainable resolution even further. Therefore I will address the question of how much the resolution 

in cryo-EM can still be realistically improved and how this compares to X-ray crystallography. 

Keywords: cryo-EM, atomic resolution, aberration correction, monochromator 
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Recently single crystal X-ray diffraction studies were extended to sub-terapascal range. Stresses developed in a sample and in a 

pressure transmitting medium in a diamond anvil cell (DAC) experiment may significantly affect properties of the material under 

investigation. We have investigated the stress development in materials compressed in conventional and double-stage DACs, with 

focus on behaviour of neon pressure transmitting medium and single crystals of silicates, oxides, and nitrides. Experiments were 

performed upon compression at ambient temperature and during laser heating. Stress in the Ne medium can be well described as 

deviatoric with the uniaxial stress component reaching about 7 GPa at pressure of 150 GPa. Contrary, conditions in hard materials 

(like silicate perovskite) remain almost hydrostatic even above 150 GPa. The effect of laser heating at pressures over 500 GPa and up 

to ~3000 K does not affect the stress state of the medium or the sample as detected within the accuracy of our measurements. 

Keywords: High pressure; structural studies; diamond anvil cells 
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We review the efforts of many scientists around the world to discover and structurally characterize olanzapine crystal forms, clearing 

up inconsistencies in the scientific and patent literature and highlighting the challenges in identifying new forms amidst 60+ known 

polymorphs and solvates.[1] Owing to its remarkable solid-state chemistry, olanzapine has emerged over the last three decades as a 

popular tool compound for developing new experimental and computational methods for enhanced molecular level understanding of 

solid-state structure, form diversity and crystallization outcomes. This presentation highlights the role of olanzapine in advancing the 

fundamental level understanding of crystal forms, interactions within crystal structures, and growth units in molecular crystallization, 

and in influencing the way in which drugs are developed to this day. 

[1] Reutzel-Edens, S.M., Bhardwaj, R. M. IUCrJ (2020). 7, 955-964 https://doi.org/10.1107/S2052252520012683 

Keywords: polymorphism, crystallization, hydrate, solid state, pharmaceutical 
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Since the discovery of quasicrystals in the early 1980s, the diffraction of aperiodically ordered structures has been a fruitful area of 

research in mathematical crystallography and, increasingly, in mathematics; see [1] for general background. The characterisation of 

the diffraction of a structure is closely linked to the question of how to define a crystal, and indeed how to define the concept of order 

in general [2]. For the purpose of this talk, I shall adopt a rather general perspective, in the sense that I shall consider mainly pure-

point diffractive systems, but also talk about systems with singular continuous or absolutely continuous diffraction. While some of 

these systems may not be realised in nature, they are increasingly of interest as metamaterials, with the intention to obtain materials 

with purpose-made properties. 

In this talk, I shall present an overview on the current state of knowledge on the diffraction of aperiodic structures [3,4]. Because the 

mathematics behind some of the results is non-trivial, I shall try to motivate and explain the results by means of explicit example 

systems, using some rather familiar as well as some less familiar examples to demonstrate what can happen. 

This includes, on the one hand, examples of cut-and-project sets, which are aperiodic structures obtained by projection of part of a 

higher-dimensional lattice. For such systems, which include familiar examples such as the one-dimensional Fibonacci system or 

planar Penrose tilings, the theory of diffraction is rather well understood. On the other hand, there are self-similar structures that are 

obtained by an (iterative) inflation procedure, for which diffraction is, in general, much less well understood [5]. For the latter, recent 

work on using a renormalisation-type approach, which exploits the self-similarity, provides some new insight [6]. Particularly 

interesting examples are systems which possess a description as a projection set as well as an inflation symmetry, and I shall finish 

with the discussion of a class of examples of such structures, which is based on a two-dimensional Fibonacci system [7]. 

[1] Baake, M., Grimm, U. (2013). Aperiodic Order. Vol 1: A Mathematical Invitation. Cambridge: Cambridge University Press. 

[2] Grimm, U. (2015). Aperiodic crystals and beyond. Acta Crystallogr. B 71, 258–274. 

[3] Baake, M., Grimm, U. (2011). Kinematic diffraction from a mathematical viewpoint. Z. Kristallogr. 226, 711–725. 

[4] Baake, M., Grimm, U. (2012). Mathematical diffraction of aperiodic structures. Chem. Soc. Rev. 41, 6821–6843.  

[5] Baake, M., Grimm, U. (2020). Inflation versus projection sets in aperiodic systems: the role of the window in averaging and diffraction. Acta 

Crystallogr. A 76, 559–570. 

[6] Baake, M., Frank, N. P., Grimm, U., Robinson, E.A. (2019). Geometric properties of a binary non-Pisot inflation and absence of absolutely 

continuous diffraction, Studia Math. 247, 109–154. 

[7] Baake, M., Frank, N. P., Grimm, U. (2021). Three variations on a theme by Fibonacci. Stoch. Dyn. 21, 2410001. 

Keywords: aperiodic order; quasicrystals; diffraction; higher-dimensional crystallography; mathematical crystallography 

The author gratefully acknowledges support by the Engineering and Physical Sciences Research Council (EPSRC), who funded this 

work under grant reference EP/S010335/1. 
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During the COVID-19 pandemic, structural biologists rushed to solve the structures of the 28 proteins encoded by the SARS-CoV-2 

genome in order to understand the viral life cycle and to enable structure-based drug design. In addition to the 204 previously solved 

structures from SARS-CoV-1, over 1000 structures covering 18 of the SARS-CoV-2 viral proteins have been released in a span of a 

few months. These structural models serve as the basis for research to understand how the virus hijacks human cells, for structure-

based drug design, and to aid in the development of vaccines. However, errors often occur in even the most careful structure 

determination -and may be even more common among these structures, which were solved quickly and under immense pressure. The 

Coronavirus Structural Task Force [1] has responded to this challenge by rapidly categorizing, evaluating and reviewing all of these 

experimental protein structures in order to help downstream users and original authors. In addition, the Task Force provided improved 

models for key structures online, which have been used by Folding@Home, OpenPandemics, the EU JEDI COVID-19 challenge and 

others. We set up a website (www.insidecorona.net) and a database containing our evaluation and revised models; we met online 

every day, working on an automatic structure evaluation and revising individual structures. We also engaged in outreach activities, 

writing blog posts about the structural biology of SARS-CoV-2 aimed at both the scientific community and the general public, 

refining structures live on Twitch and offering a 3D printable virus model for schools. In the beginning, there were no tenured 

academics in the Coronavirus Structural Task Force; we were an ad hoc collaboration of 24 researchers across nine time zones, 

brought together by the desire to fight the pandemic. Still, we were able to rapidly establish a large network of COVID-19 related 

research, forge friendships and collaborations across national boundaries, spread knowledge about the structural biology of the virus 

and provide improved models for in-silico drug discovery projects. 

[1] Croll, T., Diederichs, K., Fischer, F., Fyfe, C., Gao, Y., Horrell, S., Joseph, A., Kandler, L., Kippes, O., Kirsten, F., Müller, K., Nolte, K., 

Payne, A., Reeves, M.G., Richardson, J., Santoni, G., Stäb, S., Tronrud, D., Williams, C, Thorn, A*. (2021) Making the invisible enemy 

visible (2021) Nature Structural & Molecular Biology 28, 404–408 https://doi.org/10.1038/s41594-021-00593-7 

Keywords: coronavirus, structural biology, biocrystallography, cryo-em, validation 
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Electron diffraction is gradually becoming a broadly accepted alternative structure determination method to the established approaches 

like single crystal x-ray diffraction. Although electron diffraction was used for structure determination long time ago, the real 

breakthrough was obtained only thanks to the rapid development of the three-dimensional electron diffraction methods (3D ED). 

Several 3D ED experimental techniques exist, but they all share the basic principle of collecting three-dimensional diffraction 

information from a single very small crystal by tilting the crystal, continuously or in steps, and recording the diffraction patterns as the 

crystal is tilted [1]. 

In the early days of 3D ED, mostly inorganic materials were analysed, as these materials are less beam sensitive and therefore easier to 

measure. Nevertheless, soon first successful attempts to analyse organic materials appeared (reference). Gradually, over the past ten 

years, structure analysis of organic materials by 3D ED has become almost a routine technique.  

Structure analysis of molecular materials by 3D ED has certain specifics. First, molecular crystals are, typically, much more beam 

sensitive than crystals of inorganic materials, although this rule is by far not strictly applicable. The beam sensitivity of organic 

materials calls for specific experimental techniques. These include: measurements at low-temperature conditions (usually cooling to 

liquid nitrogen temperatures) to limit the beam damage; use of modern direct electron detectors with low background and high 

sensitivity to maximize the signal-to-noise ratio; combination of partial data sets from several crystals; or application of serial 

diffraction techniques. The latter can include either scanning a large single crystal with a small probe, measuring each diffraction 

pattern on a fresh part of the crystal [2,3], or collecting single diffraction patterns from a large number of crystals and combining them 

in a manner similar to serial femtosecond crystallography [4]. 

Once suitable data are collected, the challenge continues in the structure analysis part. It is usually not complicated to solve the 

structure by ab initio structure solution methods. However, it is challenging to obtain a good quality refinement. The multiple 

scattering effects that are always present in electron diffraction break the kinematical nature of the diffraction. If the kinematical 

approximation is used in the refinement, the figures of merit of the refinement tend to be high and weak signals in the structure may be 

obscured. This makes, for example, the detection of hydrogen atoms difficult, although not impossible [5,6]. The fit to experimental 

data can be improved by employing the dynamical diffraction theory in the calculation of the model intensities [3, 6, 7]. Such 

calculation results in an improved fit to experimental data and, as a consequence, to higher accuracy of the refined parameters and 

better sensitivity to weak features. A very important advantage of using the dynamical diffraction theory in the refinement is the 

possibility to determine the absolute structure of the crystals [3]. 

Despite of al the challenges, 3D ED was already proved to be an extremely successful technique for structure determination of 

molecular crystals. The fact that it can routinely analyse crystals with sub-micrometre size makes it an attractive alternative to single 

crystal x-ray diffraction. 

[1] Gemmi, M., Mugnaioli, E., Gorelik, T. E., Kolb, U., Palatinus, L., Boullay, P., Hovmöller, S., Abrahams J. P. (2019). ACS Cent. Sci. 5, 1315. 

[2] Kolb, u., Mugnaioli, E., Gorelik, T. (2011). Cryst. Res. Technol. 46, 542. 

[3] Brázda, P., Palatinus, L., Babor, M.  (2019). Science 364, 667 

[4] Smeets, S., Zou, X., Wan, W. (2018). J Appl Cryst. 51, 1262. 

[5] Jones, C. G., Martynowycz, M. W., Hattne,, J. Fulton,T. J., Stoltz, B. M., Rodriguez, J. A., Nelson, H. M., Gonen, T. (2018). ACS Cent Sci. 4, 

1587. 

[6] Palatinus, L., Brázda, P, Boullay, P., Perez, O., Klementová, M., Petit, S., Eigner, V., Zaarour, M, Mintova, S. (2017). Science 355, 166. 

[7] Palatinus, L., Petricek, V., Correa, C. A. (2015). Acta Cryst. A 71, 235. 

Keywords: 3D electron diffraction; structure refinement; nanocrystals; absolute structure 

This work was funded by the Czech Science Foundation, project number 21-05926X. 
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Rechargeable batteries enable switching to “green” energy production and consumption making a decisive impact in electromobility 

and integration of renewable energy sources into electric grids. Steadily rising demands in increasing specific energy, durability and 

lowering cost of electrochemical energy storage devices inspired extensive search for improved positive electrode (cathode) materials 

for advanced metal-ion batteries. Rational design of the cathode materials requires understanding of the intricate relationships between 

their crystal and electronic structures, as well as their evolution in course of reversible (de)intercalation of the alkali cations and 

through extended number of charge and discharge cycles. As the intercalation-type electrodes rely on long-range cationic diffusion 

reckoning on availability of the cation migration pathways with low energy barriers, the presence, spatial distribution, concentration 

and atomic structure of point and/or extended defects, which can block the ionic transport, have huge impact on capacity and rate 

capability of the metal-ion batteries. Polyanion cathode materials demonstrate extremely complex chemistry and crystallography of 

defects leading to exchange of the alkali and transition metal cations as a result of the synthesis or formed upon electrochemical 

cycling. Antisite cationic defects, heterovalent anionic defects and order-disorder in the alkali metal sublattice will be considered in 

relation with the electrochemical capacity, cycling stability and a competition between the solid-solution and two-phase 

(de)intercalation mechanisms in A2MPO4F (A – alkali cation, M – transition metal) and LiFePO4 polyanion cathodes. Cationic 

disorder in the layered A1+xM1-xO2 oxide cathodes is believed to play pivotal role in voltage fade and voltage hysteresis. The degree of 

this disorder will be characterized at different spatial scales using a combination of diffraction techniques and aberration-corrected 

transmission electron microscopy, both in the pristine materials and in the materials at different states of charge. Finally, the 

relationships between planar defects, such as twin boundaries and stacking faults, and electrochemical properties of the hierarchically-

structured layered oxide cathodes will be demonstrated.  

Keywords: metal-ion battery, cathode, defect, structure, transmission electron microscopy 

The work is supported by RSF (20-13-00233). 
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Crystalline Sponge Method: Recent Updates and Applications 
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This paper discusses, along with historical background, the principle and the proof-of-concept studies of crystalline sponge (CS) 

method, a new single-crystal X-ray diffraction (SCD) analysis that can analyze the structures of small molecules without sample 

crystallization. The method uses single crystalline porous coordination networks, called crystalline sponges, that can absorb small 

guest molecules into the pores. The absorbed guest molecules are ordered via molecular recognition in the pores and become 

observable by conventional SCD diffraction analysis. [[(ZnI2)3(tpt)2]•x(solvent)]n complex (tpt = tris(4-pyridyl)-1,3,5-triazine) was 

first proposed as a crystalline sponge and has been most generally used. The principle of the CS method can be described as “post-

crystallization” of the absorbed guest, whose ordering is templated by the pre-latticed cavities. The method has been widely applied to 

synthetic chemistry as well as natural product studies, for which proof-of-concept examples will be shown here. 

Keywords: Crystalline Sponge Method, Absolute Structure Determination 
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Three-dimensional electron diffraction 3DED has turned nowadays into a reliable and promising method used worldwide for the 

crystal structure analysis of nanoparticles [1]. Since the first attempts to fine scan the electron diffraction space and use the 

reconstructed reciprocal volume for single crystal structure analysis [2] the method has been adapted in great variety in several labs. In 

comparison to traditionally applied 3DED methods, where series of oriented diffraction patterns are collected and indexed 

individually, automated diffraction tomography (ADT) provides major improvements of diffraction data. Scanning the diffraction 

space while tilting the crystal delivers non-oriented diffraction patterns with reduced dynamical scattering effects, allows to collect the 

full diffraction information throughout the acquisition range thus providing an enhanced coverage of the expected diffraction 

intensities as well as improved diffraction intensity determination. The subsequent three-dimensional reconstruction of electron 

diffraction data provides all information necessary for single crystal structure solution [3]. Dedicated data acquisition strategies and 

data processing routines allow the investigation of highly beam sensitive material as well as complicated crystallographic features 

such as the detection and quantitative description of diffuse scattering effects, twinning, superstructures, or modulations. 

Crystal structures solved “ab initio” with ADT run through a large number of scientific areas and range from the first structural 

analysis of barite [3] to complex minerals [4], from the first small organic molecule [5] to large organometallic networks [6], from 

ZSM-5 single crystals [7] to stacked zeolites and layered silicates [8], from the first pseudo symmetric chalcogenide [9] to 

complicated oxides covering twinned and modulated materials. Many hitherto unknown crystal structures could be solved by 3DED, 

several of them new and unexpected structures of often metastable compounds [10].  

[1] Gemmi, M., Mugnaioli, E., Gorelik, T.E. Kolb, U., Palatinus, L., Boullay, Ph., Hovmöller, S. Abrahams, J.-P. (2019). ACS Cent. Sci. 5, 1315. 

[2] Kolb, U., Gorelik, T., Otten, M. (2008). Ultramic. 108, 763. 

[3] Mugnaioli, E., Gorelik, T., Kolb, U. (2009) Ultramic. 109, 758.  

[4] Rozhdestvenskaya, I., Mugnaioli, E., Czank, M., Depmeier, W., Kolb, U., Reinholdt, A., Weirich, T. (2010) Mineralogical Magazin,74(1), 159. 

[5] Kolb, U., Gorelik, T., Mugnaioli, E., Stewart, A. (2010) Polymer Reviews, 50, 385. 

[6] Rhauderwiek, T., Zhao, H., Hirschle, P., Doblinger, M., Bueken, B., Reinsch, H., De Vos, D., Wuttke, S., Kolb, U., Stock, N. (2018) Chem. Sci.

9, 5467. 

[7] Mugnaioli, E., Kolb, U. (2014) Microporous and Mesoporous Materials, 189, 107. 

[8] Krysiak, Y., Maslyk, M., Silva, B.N., Plana-Ruiz, S., Moura, H.M., Munsignatti, E.O., Vaiss, V.S., Kolb, U., Tremel, W., Palatinus, L., Leitão, 

A.A., Marler, B,, Pastore H. O. (2021), Chem. Mater. 33, 3207. 

[9] Birkel, C., Mugnaioli, E., Gorelik, T., Panthöfer, M., Kolb, U., Tremel, W. (2010) J.A.C.S. 132(28) 9881.  

[10] Zou, Z., Habraken, W.J.E.M., Matveeva, G., Jensen, A.C.S., Bertinetti, L., Hood, M.A., Sun, Ch-Y. Gilbert, P.U.P.A, Polishchuk, I., Pokroy, B., 

Mahamid, J., Politi, Y., Weiner, S., Werner, P., Bette, S., Dinnebier, R., Kolb, U. Zolotoyabko, E., Fratzl, P. (2019), Science, 363, 396. 

Keywords: electron diffraction, crystal structure analysis, method development 
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Electron crystallography - from slow 2D of simple structures to rapid crystal structure 
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Modern electron crystallography started off in the 1960-ies by the work of Aaron Klug and collaborators in Cambridge, UK. At that 

time the resolution was around 25 Ångström - enough for showing the icosahedral envelopes of spherical viruses. In 1975 Nigel 

Unwin and Richard Henderson solved the first structure of a membrane protein, bacteriorhodopsin, using Fourier analysis of EM 

images of 2D crystals of the protein. The resolution was 7 Å. 

In parallel, but essentially without contact with the molecular biologists, inorganic structures were also studied by electron 

microscopy. The resolution of 3.5-4 Å in the 1970-ies was just enough to see metal atoms in oxides. In 1984 we determined the atomic 

positions of metal atoms in an Nb/W-oxide by EM to an accuracy of about 0.1 Å. 

Because of a confused nomenclature regarding the word "phase", the two communities biological and physical, hardly spoke to each 

other for decades. Crystallographers consider "phase" as crystal structure factor phases, which describe standing waves of electron 

density in crystals. These waves have wavelengths that correspond to the d-spacings of reflections. In contrast, the physicists studying 

inorganic compounds by EM, talked about the phases of the electron waves propagating through the crystals. The wavelengths of 

these waves are determined by the acceleration voltage of the electron microscope used. For 100 kV to 300 kV, these wavelengths are 

about 0.037 to 0.025 Å. Already by comparing the wavelengths, it is obvious that the two types of phases are different. 

Furthermore, the “structure factor phases” are relative to the fixed position of an origin in the unit cell; a position  specific for each of 

the 230 space groups and listed in the International Tables for Crystallography. The “electron wave phases” are relative to the electron 

wave as it propagates through the crystal at about half the speed of light. Most importantly, the “structure factor phases” are present in 

the EM images, as Aaron Klug had already explained in the 1960-ies. These phases can be read out from the Fourier transform of an 

EM image. In contrast, the “electron wave phases” are lost in the EM images. The phases are always lost in diffraction patterns, 

whether X-ray or electron diffraction. 

The confusion as to the presence or not of the phases in EM images was so large that I wasn’t invited as a speaker at the first Electron 

Crystallography Schools organized by IUCr in Beijing 1993 and Bristol 1994, because “Hovmöller confuses the students”. As a 

reaction to this, Xiaodong Zou and I started our own schools of electron crystallography in Stockholm. From a very modest scale with 

just a dozen participants, these schools grew and became annual. The greatest honour was when we were invited by Lodovico Riva de 

Sanseverino to arrange one of the IUCr schools in Erice. This has since become a tradition every seven years. 

X-ray crystallography has been done in 3D right from the start, when the structure of NaCl was solved by Bragg & Bragg in 1912. But 

electron crystallography for minerals and other inorganic crystals remained in 2D, limiting the structures that could be investigated. In 

the 1980-ies, we developed the software program CRISP, based on the methods developed in Cambridge for Fourier analysis of EM 

images. At that time, the great concern about distorted intensities in electron diffraction patterns due to multiple scattering, hampered 

the development. 

A major breakthrough was the invention of the precession electron diffraction technique by Roger Vincent and Paul Midgley in 

Bristol 1994. It was obvious already by just looking at the electron diffraction patterns that the intensities now were much closer to 

kinematical. However, it was still only in 2D. The step into 3D came as a result of improved instrumentation combined with software 

developments. The electron microscopes could be programmed to take series of hundreds of diffraction patterns in just minutes. The 

diffraction patterns were recorded on very fast detectors (cameras). Systems with different geometries, but fundamentally similar, 

were then developed independently by Ute Kolb and her group in Mainz (ADT) and by our group in Stockholm (RED). Data 

collection that previously required days or weeks, was speeded up first to hours and now to minutes or even seconds. 

With the new techniques RED (rotation electron diffraction) and ADT (automatic diffraction tomography), the data quality was also 

substantially improved. The intensities obtained by electron diffraction are now approaching those by X-ray diffraction. Perhaps even 

more important than reliable intensities, is the fact that these modern ways of electron diffraction give us (nearly) complete 3D data. 

Today, 3D electron diffraction has become a fast and highly reliable method for crystal structure determination. Data is collected as 

fast as with synchrotrons. Because of the very strong interaction of electrons with matter, even the finest powder diffracts like single 

crystals. Hundreds of structures have now been solved by electron diffraction. From zeolites and metal-organic frameworks (MOF) to 

quasicrystal approximants, pharmaceutics and proteins are solved from sub-micrometer sized crystals, too small even for 

synchrotrons. 
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Finally, after half a century of efforts, electron crystallography is no longer a peculiar young brother from the countryside (compared 

to X-ray crystallography) but a mature science in its own right. 

Keywords: Electron crystallography, History of crystallography, Electron diffraction 
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A particular family of stable organic radicals, the 1,2,3,5-dithiadiazolyls (DTDAs), has been the focus of much research due to their 

potential as building blocks for molecular materials, in particular materials with interesting magnetic or conducting properties [1]. 

However, DTDAs frequently dimerise in the solid state via an interaction known as pancake bonding (Fig. 1 left) [2], rendering them 

diamagnetic. Our various efforts to understand and overcome this pancake bonding interaction will be presented. 

The potential of co-crystallisation as a means to overcome dimerisation in DTDAs has been investigated [3]. Thus far, all DTDA-

DTDA co-crystals characterised crystallise as pancake-bonded dimers. This has been probed computationally. In related studies, 

control of polymorph and crystal morphology of a monomeric DTDA by co-sublimation has been demonstrated. 

A DTDA has been included in a porous metallocyclic host in an effort to produce materials with interesting magnetic behaviour 

through interaction between the radical and the host (Fig. 1 right) [4]. The coordination of DTDAs to metalloporphyrins has also been 

extensively investigated. One particularly interesting DTDA-porphyrin polymer will be discussed [5]. In these systems, dimerisation 

has been overcome either by restriction of space available for the radical, or by formation of a DTDA-metal bond. 

In order to gain a deeper understanding of pancake bonding, experimental charge density analysis has been carried out on a number of 

DTDA homodimers, heterodimers and monomers [6]. These data, as well as various computational results, have been assessed to 

probe the nature of the pancake bonds in DTDAs, and reveal how pancake bonds differ from both covalent bonds and conventional 

intermolecular interactions. 

It is clear that DTDAs show great potential as building blocks in the construction of molecular materials. 

 

 
 

Figure 1. (left) A DTDA pancake-bonded dimer. (right) DTDA included in a porous metallocycle. 

 

[1] Haynes, D. A. (2011). CrystEngComm 13, 4793. 

[2] (a) Beneberu, H. Z., Tian, Y.-H. & Kertesz, M. (2012). Phys. Chem. Chem. Phys. 14, 10713. (b) Cui, H., Lischka, H., Beneberu, H. Z. & Kertesz, 

M. (2014). J. Am. Chem. Soc. 136, 12958. (c) Preuss, K. (2014). Polyhedron 79, 1-15. 

[3] (a) Alan,C., Haynes, D. A., Pask, C. M. & Rawson, J. M. (2009). CrystEngComm, 11, 2048. (b) Robinson, S. W., Haynes, D. A. & Rawson, J. M. 

(2013). CrystEngComm, 15, 10205. 

[4] Nikolayenko, V. I., Barbour, L. J., Arauzo, A., Campo, J., Rawson, J. M. & Haynes, D. A. (2017) Chem. Commun., 53, 11310. 

[5] Haynes, D. A., van Laeren, L. J. & Munro, O. Q. (2017). J. Am. Chem. Soc., 139, 14620. 

[6] (a) Domagała, S., Kość, K., Robinson, S. W., Haynes, D. A. & Wozniak, K. (2014). Cryst. Growth Des. 14, 4834. (b) Domagała, S. & Haynes, 

D.A. (2016). CrystEngComm, 18, 7116. (c) Voufack, A. B., Claiser, N., Dippenaar, A. B., Esterhuysen, C., Haynes, D. A, Lecomte, C. & 

Souhassou, M. Manuscript in preparation. 

Keywords: molecular materials; thiazyl radicals; magnetism; charge density; co-crystals 
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Hybrid structural methods to probe atomic features of the Type III Secretion Injectisome of 
Pathogenic Bacteria 
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Bacteria have evolved several sophisticated assemblies to transport proteins across their biological membranes, including those 

required specifically for pathogenicity. Recent advances in our understanding of the molecular details governing the molecular action 

of these protein secretion systems has benefited from an integrated toolbox of x-ray crystallography, NMR, mass spectroscopy, 

molecular modelling and increasingly and most dramatically, cryo electron microscopy. A syringe like nanoassembly, the Type III 

Secretion system injects multiple virulence “effector” proteins from the bacterial cytosol through to the infected host cell. These 

effectors manipulate host cell processes in varying ways to the benefit and subsequent pathogenicity of the bacteria. An essential 

element of disease in several of the most notorious Gram negative bacterial pathogens including the causative agents of food and 

water borne disease, hospital sepsis, cholera, typhoid fever, bubonic plague and sexually transmitted disease, a molecular 

understanding of the Type III Secretion systems being garnered from these structural studies provides the foundation for the 

development of new classes of antibacterials and vaccines to combat infection in the clinic and community. Highlights of recent 

advances in our structure/function analysis of the multi-membrane spanning Type III Secretion system “injectisome” will be presented 

emphasizing cryoEM focused refinements of the symmetry mismatched components of the core Type III Secretion System basal body 

complex spanning the inner through outer membranes of the prototypical Gram negative Salmonella typhimurium bacterial variant. 

These studies highlight a remarkable set of unexpected interactions including localized recruitment of protomers to allow symmetric 

coupling interactions between the inner and outer membrane components and a nanodisc like interaction of the inner membrane rings 

with the multicomponent export apparatus complex “gate”, T3SS proteins previously predicted to be membrane spanning in nature , 

but clearly sitting atop the membrane bilayer in the assembled structures. 

1. Lyons BJE, Atkinson CE, Deng W, Serapio-Palacios A, Finlay BB, Strynadka NCJ. Cryo-EM structure of the EspA filament from 

enteropathogenic Escherichia coli: revealing the mechanism of effector translocation in the T3SS. Structure. 2021; S0969-

2126(20)30476-7. 

2. Majewski DD, Lyons BJE, Atkinson CE, Strynadka NCJ. Cryo-EM analysis of the SctV cytosolic domain from the enteropathogenic E. 

coli T3SS injectisome. J Struct Biol. 2020; 212(3):107660. 

3. Hu J, Worrall LJ, Strynadka NC. Towards capture of dynamic assembly and action of the T3SS at near atomic resolution. Curr Opin Struct 

Biol. 2020 61:71-78. 

4. Lyons BJE, Strynadka NCJ. On the road to structure-based development of anti-virulence therapeutics targeting the type III secretion 

system injectisome. Medchemcomm. 2019 10(8):1273-1289. 

5. Hu J, Worrall LJ, Vuckovic M, Hong C, Deng W, Atkinson CE, Brett Finlay B, Yu Z, Strynadka NCJ. T3S injectisome needle complex 

structures in four distinct states reveal the basis of membrane coupling and assembly. Nat Microbiol. 2019; 4(11):2010-2019. 

6. Majewski DD, Worrall LJ, Hong C, Atkinson CE, Vuckovic M, Watanabe N, Yu Z, Strynadka NCJ. Cryo-EM structure of the 

homohexameric T3SS ATPase-central stalk complex reveals rotary ATPase-like asymmetry. Nat Commun. 2019;10(1):626. 

7. Hu J, Worrall LJ, Hong C, Vuckovic M, Atkinson CE, Caveney N, Yu Z, Strynadka NCJ. Cryo-EM analysis of the T3S injectisome reveals 

the structure of the needle and open secretin. Nat Commun. 2018;9(1):3840. 

8. Worrall LJ, Hong C, Vuckovic M, Deng W, Bergeron JRC, Majewski DD, Huang RK, Spreter T, Finlay BB, Yu Z, Strynadka NCJ. Near-

atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body. Nature. 2016 540(7634):597-601. 
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single particle cryo electron microscopy 
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Structural flexibility and disorder in functional materials 
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Flexible materials can adapt their structures easily in response to external stimuli. For this reason, they are often used as sensors or 

actuators; they can show useful and unusual mechanical behaviour such as negative thermal expansion or negative compressibility. In 

a conceptually related manner, disordered materials navigate a shallow configurational landscape of degenerate states. This 

degeneracy also often heightens their susceptibility to external perturbations. This lecture will explore the fundamental design 

principles associated with structural flexibility and correlated disorder, and their role in a range of functional materials. Case studies 

taken from our own work will includie metal–organic frameworks, oxide ceramics, and frustrated magnets. 

Keywords: correlated disorder, metal–organic frameworks, diffuse scattering, flexibility 
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Quantum information theory is developing at a rapid pace and one can easily envisage a bright future, demonstrated by the growing 

number of quantum computing simulations offered at large scale computation facilities and by the construction of the first prototypes 

of quantum computers.  

In this area, the contribution of crystallography, and especially of quantum crystallography, is seamlessly vital, because the inner 

mechanism at hearth in the transmission of signal is tightly connected with the chemical bonding, the electron charge and spin density 

distribution, and, ultimately, the wavefunction.  

Quantum Crystallography [1, 2, 3] deals, in fact, with the application of quantum theory in crystallography. Among the various 

quantities investigated within this field, the electron delocalization and the spin electron density play a fundamental role in spintronic 

materials.  

Over the years, several theoretical analyses emerged that can be applied to computed as well as to experimental electron densities. 

Moreover, the modelling techniques enable the reconstruction of many quantities from ever more precise and sophisticated 

experiments.  

In this lecture, novel spintronic materials, such as magnetic coordination polymers [4, 5], will be discussed, within the framework of 

recent quantum crystallographic studies. The role of the linkers in the magnetic exchange is not fully clear yet. A combinatorial 

approach, including studies on materials at high pressure shed light on the subtleties of exchange mechanisms.  

[1] A. Genoni et al. Chemistry, Eur. J., 2018, 24, 10881-10905. 

[2] P. Macchi Cryst. Rev. 2020, 26, 209-268.  

[3] P. Macchi Quantum Crystallography: Fundamentals and applications 2022, De Gruyter to be published.  

[4] Kubus, M., Lanza, A., Scatena, R., Dos Santos, LHR., Wehinger, B., Casati, N., Fioka, C., Keller, L., Macchi, P., Rüegg, C., Krämer, KW. (2018) 

Inorg. Chem. 57, 4934-4943. 

[5] R. Scatena, R. D. Johnson, P. Manuel, P. Macchi, J. Mater. Chem. C 2020, 8, 12840–12847. 
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 Time-resolved macromolecular crystallography: no longer a niche pursuit? 
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The advances over the last decade in ultrabright X-ray sources have reinvigorated interest in time-resolved structural biology. 

Importantly, many of the time-scales of interest to structural biology are in fact accessible using serial crystallographic approaches at 

synchrotrons. Therefore, although the experiments themselves remain challenging, a number of new beamlines and endstations are 

coming online at synchrotron sources to serve this growing community. This has been complemented by increasing exchange between 

synchrotron and XFEL researchers, sharing methods, data processing tools and even supporting experiments that make use of both 

types of light source. 

To help structural biologists take full advantage of these new resources, considerable effort is being put in to help interested 

researchers to optimise their sample in terms of crystal quantity, size and quality, as well as determine how to trigger the reaction of 

interest as uniformly as possible in each crystal. Key here is that optimising the sample and ensuring that sufficient data are collected 

to provide clear electron density maps at each time point requires both regular beamtime access and rapid feedback during the 

experiment. 

The T-REXX endstation on beamline P14 at PETRA III has been built to address these challenges by a collaborative team from 

EMBL, Universität Hamburg and the Max Planck Institute for the Structure and Dynamics of Matter. It is dedicated to serial 

crystallographic data collection, and has an open design that can accommodate a range of serial sample mounts as well as different 

reaction initiation methods. A number of tools have been developed by the T-REXX collaboration for sample preparation and 

mounting, as well as protocols for sample and data collection optimisation. Rapid feedback on hit rate and resolution is presented in 

the controls GUI, and automatic processing pipelines deliver first maps a few hours after data collection is complete. 

In this presentation I will present the current state of T-REXX, including recent results, and some of the tools we have developed to 

facilitate sample optimsation and mounting, reaction initiation and data processing. I will also take a look at the wider field and 

highlight some of the remaining challenges and opportunities. 

Keywords: time-resolved structural biology, mechanistic enzymology 

 



KN-16                           Keynote Lecture  

Acta Cryst. (2021), A77, C25 

 

MicroED: conception, practice and future opportunities 

Tamir Gonen 

HHMI/UCLA, Los Angeles, United States of America;  

tgonen@g.ucla.edu 

My laboratory studies the structures of membrane proteins that are important in maintaining homeostasis in the brain. Understanding 

structure (and hence function) requires scientists to build an atomic resolution map of every atom in the protein of interest, that is, an 

atomic structural model of the protein of interest captured in various functional states. In 2013 we unveiled the method Microcrystal 

Electron Diffraction (MicroED) and demonstrated that it is feasible to determine high-resolution protein structures by electron 

crystallography of three-dimensional crystals in an electron cryo-microscope (CryoEM). The CryoEM is used in diffraction mode for 

structural analysis of proteins of interest using vanishingly small crystals. The crystals are often a billion times smaller in volume than 

what is normally used for other structural biology methods like x-ray crystallography. In this seminar I will describe the basics of this 

method, from concept to data collection, analysis and structure determination, and illustrate how samples that were previously 

unattainable can now be studied by MicroED. I will conclude by highlighting how this new method is helping us discover and design 

new drugs; shedding new light on chemical synthesis and small molecule chemistry; and showing us unprecedented level of details 

with important membrane proteins such as ion channels and G-protein coupled receptors (GPCRs). 

Keywords: MicroED; electron diffraction, cryoem 
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Rechargeable lithium ion batteries, because of their high energy density, have conquered most of today’s portable electronics. The 

development of electric transportation also largely relies on the development of such devices. Still, there is plenty of room for 

improvement since the energy density is far from being enough for long-driving distances. The same applies for the sister technology, 

Na-ion, which could become the technology of choice for stationary storage in a near future. For all these applications, finding new 

electrode materials and being able to follow their structural evolution on charge and discharge is essential. In this talk, I will first 

present the strategy we use at the lab “Chimie du Solide et Energie” at Collège de France (Paris) to get useful information from 

diffraction experiments on battery materials, and how important a rigorous analysis of these data is for a reliable characterization of 

electrodes materials. From examples based on neutron and X-ray powder diffraction, I will highlight the importance of conducting 

structural studies, both to understand the as-made electrodes and their behaviour on cycling. Importance of crystallography and 

diffraction experiments will also be highlighted in the field of ionic conductors, as an important step towards the development of safe 

all-solid-state batteries. Lastly, it will be shown that other communities – e.g. solid state physicists- may benefit from research in 

materials for batteries with the discovery of compounds presenting interesting magnetic properties. 

Keywords: Batteries, powder diffraction, inorganic compounds 
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Electron density, and its interplay with the energy and properties of molecules and solids  
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Electron density has been a great source of insight in the understanding of bonding and structure. Nonetheless, it lacks a fundamental 

characteristic: its connection to molecular and solid properties is barely predictive. This is so due to the lack of a direct (known) link 

between electron density and energetics.  

Along this contribution we will try to fill this gap for several relevant cases in crystallography. 

One way to approach this gap is to build energy models relying on topology. We have explored using a potential energy surface that 

includes chemical quantities explicitly, so that properties provided are directly related to the inherent organization of electrons within 

the regions provided by topological analysis [1]. Coupling this to conceptual DFT, the band gap of solids can be univocally defined 

[2]. Applied to zinc-blende solids as a model case, trends in band gap can be predicted in terms of bond properties (length, charge, 

crystalline structure- Figure 1). 

 

Figure 1. Band gap (in eV) for IV (purple), III-V (green) and I-VI (light orange) compounds from 

experimental data and from our model. 

 

Another field where energetic estimates from the electron density are missing is molecular crystals. This kind of approach would 

reveal extremely useful to predict the stability of different molecular crystal polymorphs or even cocrystals. In order to build this 

knowledge, we rely on the Non Covalent Interactions (NCI) index, which is able to identify the regions relevant to weak interactions 

from the electron density alone [3]. Simple approaches for well-known intermolecular energies datasets have allowed us to show that 

the energy can be predicted from these electron density regions using machine learning approaches in a fast and accurate manner 

[4]…next step is crystals! 

[1] R. F. Borkman, R. G. Parr (1968) J. Chem. Phys. 48, 1116. 

[2] J. Contreras-García, C. Cárdenas (2017) J Mol Mod 23, 271. 

[3] E. R. Johnson, S. Keinan, P. Mori-Sanchez, J. Contreras-García, A. J. Cohen, and W. Yang, (2010) J. Am. Chem. Soc. 132 , 6498.  

[4] F. Peccati, E. Desmedt, J. Contreras-García (2019) Comp. Theo. Chem., 1159, 23. 

Keywords: topology; ELF, NCI; electron density-properties relationships; band-gap; stability 
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 X-ray absorption spectroscopy and materials science: recent advances 
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A description and understanding of the local atomic and electronic structure is essential for knowledge – based design of advanced 

materials. X-ray absorption spectroscopy (XAS) and related techniques can play a crucial role in this context, allowing an atomistic 

understanding of materials function. In this talk I will review recent advances in the application of XAS and related techniques to 

materials for photocatalysis.  

TiO2 is one of the most studied oxide semiconductors for photocatalysis. However, because of its wide band gap only a small fraction 

of the solar spectrum can be harvested. This limitation can be overcome by doping or inclusion of metallic nanoparticles. By using 

XAS, including ab – initio full potential simulations, we have shown that V dopants in TiO2 nanoparticles and thin films occupy 

substitutional sites, irrespective of whether the oxide matrix has a rutile, anatase or mixed structure; N dopants, instead, are found both 

in substitutional anionic sites and as N2 dimers [1, 2]. These structural studies are complemented with a quantification of materials 

functionality, correlated to the charge carrier dynamics studied by ultra fast optical spectroscopy [3]. We have also applied a high 

resolution XAS method with differential illumination to prove that sub-bandgap visible light absorption is predominantly due to 

excitation of electrons from V ions to defective and long-lived Ti sites, thus identifying an element-specific photoexcitation channel 

[4]. Inclusion of metallic nanoparticles in the oxide matrix extends light absorption to the visibile range thanks to the excitation of the 

surface plasmon resonance. By using high resolution XAS in TiO2 sensitized by Au nanoparticles, we have demonstrated charge 

transfer from Au nanoparticles to long – lived states localized on defective sites localized on the oxide surface [5]. 

Inclusion of plasmonic nanoparticles can be used also to sensitize CeO2, a photocatalyst characterized by the ability of Ce to 

reversibly change between the 4+ and 3+ oxidation states. Using static XAS we have performed an in - depth structural investigation 

of CeO2 nanoparticles [6] and of Ag nanoparticles on the CeO2 surface [7]. More recently, using time resolved XAS with  100 fs 

time resolution using the FERMI free electron laser, we have demonstrated electron trasfer from plasmonic Ag nanoparticles to the 

CeO2 matrix [8]. 

[1] Rossi et al., J. Phys. Chem. C 2016, 120, 7457−7466. DOI: 10.1021/acs.jpcc.5b12045 

[2] El Koura et al., Phys.Chem.Chem.Phys., 2018, 20, 221. DOI: 10.1039/c7cp06742a 

[3] Rossi et al., Applied Catalysis B: Environmental 237 (2018) 603–612. DOI: 10.1016/j.apcatb.2018.06.011 

[4] Rossi et al., Phys. Rev. B 96, 045303 (2017). DOI: 10.1103/PhysRevB.96.045303 

[5] Amidani et al., Angew. Chem. Int. Ed. 2015, 54, 5413 –5416. DOI: 10.1002/anie.201412030 

[6] Benedetti et al., J. Phys. Chem. C 2015, 119, 6024−6032. DOI: 10.1021/jp5120527 

[7] Pelli Cresi et al., Nanotechnology 28 (2017) 495702. DOI: 10.1088/1361-6528/aa926f 

[8] Pelli Cresi et al., Nano Lett. 2021, 21, 1729−1734. DOI: 10.1021/acs.nanolett.0c04547  
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The benefits of Scanning Precession Electron Diffraction to access to the crystallographic 
phases and orientations of nanomaterials 
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There is a renewal in diffraction experiments with a Transmission Electron Microscope promoted by their coupling with the scanning 

mode. In these approaches, 2D diffraction patterns are systematically acquired with fast cameras while the focused beam is moved 

point by point across a 2D field of view. 

Depending on the probe size the resulting 4D datasets enables the reconstruction of 2D maps highlighting either structural entities at 

atomic scale (when the probe convergence angle is large) or phases, crystallographic orientation and/or local stress fields at the 

nanoscale (for convergence angles of few mrad). Only the latter case - that ends with spot patterns - will be considered in the present 

work. The identification of these patterns is substantially simplified when precession electron diffraction (PED) is used. Precession 

allows more reflections to be captured and their intensities to be less sensitive to dynamical effects. 

A significant advance related to scanning precession electron diffraction (SPED) with respect to the classical diffraction experiments 

is that the full set of patterns are memorized and available for further analysis. A pioneering post-processing work is the automate 

recognition of phases and crystallographic orientations through template matching, i.e.: by comparing the experimental patterns with a 

set of simulated ones and selecting the best fit in the pattern library to deduce the local crystal characteristics. Another popular facility 

offered by the availability of the data is the construction of so-called Virtual Bright- or Dark-Field images (VBF/VDF). These images 

are formed by plotting, pixel by pixel, the intensity of a user-selected reflection. The interesting point is that a 4D dataset provides the 

access to all dark-field images, to their combinations and allows the reconstruction of annular dark-field images by summing the 

intensity of incoherently scattered electrons at the rim of the patterns. 

The most challenging problem for transmission diffraction patterns is the frequent crystals overlapping in nanoscaled materials. The 

related patterns contain the diffracting spots of all superimposed crystals in the thin foil. This is usually considered as a drawback as it 

renders their analysis less straightforward. It can also be seen as an opportunity that allows the 3D nature of the superimposed grains 

to be analyzed, by contrast to techniques, like EBSD or Transmission Kikuchi Diffraction, that give access to a surface information 

solely. For example, Correlation Coefficient Maps (CCM), obtained by measuring the degree of similarity between successive 

patterns, highlight inner boundaries and, in some conditions give access to their angle of inclination. 

There are several existing approaches to isolate the superimposed information: they make use of dark-field images, involve 

multivariate analyses or include image segmentation algorithms. The proposed solution consists in generating a collection of 

components that are recognized through template matching and then to construct template related VDF images. Each image gathers 

the intensities of all the reflections related to a given crystal and are processed in such a way that the resulting weighted intensity 

improves grain recognition. With this approach each component is related to a given phase and/or orientation and consequently has a 

physical meaning. Non dominant – or hidden - crystals are accessible with the procedure. A workflow towards 3D reconstructions at 

nanoscale with electron diffraction and tomographic approaches will be presented. 

Keywords: Scanning Precession electron Diffraction ; Automated Crystal Orientation Mapping 
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How limitless antibodies are generated by V(D)J recombination 
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Each of us has the potential to make trillions and more different antibodies and antigen receptors even though our genome contains 

only 3.2 billion base pairs! The antibody diversity is created by stochastic recombination of gene segments (V, D and J) that encode 

antibody heavy and light chains, and the process is known as V(D)J recombination. To initiate V(D)J recombination, the RAG1/2 

recombinase cleaves DNA at a pair of recombination signal sequences (RSSs), the 12- and 23-RSS (12/23-RSS). DNA double strand 

cleavage is achieved in two consecutive steps, hydrolysis and strand transfer resulting in a DNA hairpin, in a single active site. Using 

X-ray crystallography and cryoEM, we have determined how two RSS DNAs are paired, nicked and completely cleaved at atomic 

resolution [1-3]. Both the protein and DNA undergo large conformational changes, and the active site of RAG1 re-arranges for DNA 

nicking and hairpin formation. Although RAG belongs to the RNH-type transposase family, RAG-catalyzed transposition is inhibited 

in developing lymphocytes. We show that by efficiently catalyzing the disintegration reaction that reverses the strand transfer, RAG 

avoids DNA transposition and consequent genome instability. The structures also rationalize many RAG mutations that cause immune 

deficiency in humans. 

Keywords: RAG1-RAG2; 12-RSS; 23-RSS; antigen receptor, site-specific recombination 
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Clathrate Superhydrides Under High Pressure Conditions: A Class of Extraordinarily Hot 
Conventional Superconductors 
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Room-temperature superconductivity has been a century long-held dream of mankind and a focus of intensive research. Recent 

progress on findings of room-temperature superconductors among superhydrides stabilized at high pressure conditions is remarkable. 

Focus is placed on a class of clathrate superhydrides, the best ever-known family of superconductors, that exhibit extraordinarily high-

Tc superconductivity (e.g., Tc = 260 K for LaH10 [1-4]). 

The first-ever clathrate structure in superhydride is proposed in CaH6 [5] by my group that shows a potential of high-

Tc superconductivity at about 235 K. This clathrate structure accepts the emergence of unusual H cages, in which H atoms are weakly 

covalently bonded to one another, with Ca atoms occupying the centers of the cages. The high-Tc superconductivity is arising from the 

peculiar H clathrate structure. 

We recently found a common rule of the formation of superconducting clathrate structures in rare earth (RE, e.g., Sc, Y, La, Ce, Pr., 

etc) superhydrides accompanying the occurrence of three different stoichiometries of REH6, REH9, and REH10, some of which exhibit 

extraordinarily high-Tc superconductivity [1]. Subsequent experiments [3,4,6,7] indeed synthesized the as-predicted clathrate 

superhydrides YH6, YH9, and LaH10 with measured Tc values at 224, 243, and 260 K, respectively, setting up new Tc records among 

known superconductors. These discoveries open the door of achieving superconductors that could work at room temperature (300 K) 

in superhydrides. 

In the talk, I will give an overview on the status of research progress on superconductive superhydrides, and then discuss the design 

principle for achieving room-temperature superconductor. Our prediction on a hot superconductor (Tc at ~400 K) in a clathrate 

superhydride Li2MgH16 [8] together with future research direction will be discussed. 

 

[1] Peng et al., PRL 119, 107001 (2017). 

[2] Liu et al., PNAS 114, 6990 (2017). 

[3] Somayazulu et al., PRL 122, 027001 (2019). 

[4] Drozdov et al., Nature 569, 528 (2019). 

[5] Wang et al., PNAS 109, 6463 (2012). 

[6] Kong et al., arXiv 1909.10482 (2019) ; Snider et al., PRL 126, 117003 (2021). 

[7] Troyan et al., Adv. Mater. 33, 2006832 (2021). 

[8] Sun et al., PRL 123, 097001 (2019). 

Keywords: High-Tc superconductivity, Clathrate structure, Superhydride 
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Novel insights on biomineralization using x-rays and optical coherent diffraction based 
imaging approaches 
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Biomineralization is the fascinating capability of living organisms to produce hard tissue. It integrates complex physical and chemical 

processes controlled by the organisms through ionic concentration regulation and organic molecules production. The ability to tune, 

from ambient conditions crystallisation, the structural, optical and mechanical properties of these hard tissues motivates extensive 

research to develop and transfer biomimetic approaches into material science studies. In paleoclimatology, where marine biomineral 

tests are used as paleo-tracers, understanding the biomineralization mechanisms is a key factor for improving the accuracy of thermal 

records. All these urge a detailed description of the underlying processes at play in biomineralisation. 

Remarkably, most crystalline biominerals presents a sub-micrometric organo-mineral granular organization associated to 

crystallization kinetics, which involve different mineral polymorphs. While these features clearly point towards biomineralisation 

mechanisms escaping from the classical crystallisation theory (i.e., described as the addition of individual ions or molecules from a 

solution to a final bulk crystal), the specific pathways are however still subject to intense debates [1]. Providing a full description of 

the biomineralization pathways requires a multidisciplinary approach at the interface between biology, chemistry and physics, in order 

to identify not only the different minerals and organic molecules involved along the mineralization process, but also characterize the 

morphology of these constituents, the successively appearing polymorph phases and the nature of the different phase transitions. In 

this presentation, I will focus on this last aspect, making use of two crystalline microscopy approaches we have developed, optical 

vectorial ptychography [2] and x-ray Bragg ptychography [3]. 

Optical vectorial ptychography is a microscopy approach sensitive to the optical anisotropy of materials, among which birefringence. 

In the context of biomineralisation, it was used to characterize extended 2D crystals and evaluate their crystalline properties 

(orientation distribution, disorder, etc…), thanks to a lab-based experimental set-up. X-ray Bragg ptychography requires the use of a 

nano-diffraction set-up at a synchrotron source (such as ID13 - ESRF) and delivers 3D maps of crystalline properties, including strain, 

tilts and crystalline coherence. With these crystalline microscopy approaches, we were able to shed new light on the characteristics of 

early-mineralized units from calcareous mineralizing specie, the Pinctada margarita mollusc shell. The confrontation of the observed 

crystalline properties with the ones obtained on well-defined synthetic model films allowed us to discuss the nature of the amorphous 

to crystalline transition in biominerals. 

[1] J. J. De Yoreo, et al., Science 349, aaa6760 (2015). 

[2] P. Ferrand, et al., Optics Letters 43, 763 (2018). 

[3] F. Mastropietro, et al., Nature Materials 16, 946 (2017). S. O. Hruszkewycz, et al., Nature Materials 16, 244 (2017). 

Keywords: Biomineralisation; Crystallisation; Bragg ptychography; Vectorial ptychography; Calcareous species 
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Regulation of gene expression by transcription factors and RNA-binding proteins 
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In each human cell, only a subset of the genes is transcribed into RNA and translated into proteins, because gene expression is tightly 

regulated. The regulation of gene expression is a complex process involving several hierarchical stages, beginning in the nucleus with 

the control of transcription initiation by transcription factors. After maturation, mRNAs are translocated into the cytosol, where their 

stability, translation and, ultimately, degradation is under the control of RNA-binding proteins. The central event at all stages of gene 

expression regulation involves the recognition of DNA or RNA sequence motifs by transcription factors or RNA-binding proteins. 

Structural studies in my laboratory have highlighted crucial aspects of transcriptional and translational regulation. Transcriptional 

target gene recognition in bacteria (1) and eukaryotes (2,3) proceeds according to common principles, but differs in crucial aspects. 

Half-life and translation of mRNAs are controlled by proteins often binding to the 3’-untranslated regions of mRNAs. RNA-binding 

proteins studied in my laboratory promote mRNA degradation by recruiting nucleolytic degradation complexes (4,5) or through their 

intrinsic ribonuclease activity (6). 

1. Khare, D. et al. (2004) Sequence-specific DNA binding determined by contacts outside the helix-turn-helix motif of the ParB homolog 

KorB. Nat. Struct. Mol. Biol. 11, 656-663 

2. Schuetz, A. et al. (2011) The structure of the Klf4 DNA-binding domain links to self-renewal and macrophage differentiation. Cell. Mol. 

Life Sci. 68, 3121-3131 

3. Ming, Q. et al. (2018) Structural basis of gene regulation by the Grainyhead/CP2 transcription factor family. Nucleic Acids Res. 46, 2082-

2095 

4. Mayr, F. et al. (2012) The Lin28 cold-shock domain remodels pre-let-7 microRNA. Nucleic Acids Res. 40, 7492-7506 

5. Schuetz, A. et al. (2014) Roquin binding to target mRNAs involves a winged helix-turn-helix motif. Nat. Commun. 5:5701 

6. Garg, A. et al. (2021) PIN and CCCH Zn-finger domains coordinate RNA targeting in ZC3H1 family endoribonucleases. Nucleic Acids 

Res. 49, 5369-5381 
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SARS-CoV-2 is the causative agent of COVID-19. The dimeric form of the viral Mpro is responsible for the cleavage of the viral 

polyprotein in 11 sites, including its own N and C- terminus. The lack of structural information for intermediary forms of Mpro is a 

setback for the understanding of this process. Herein, we used X-ray crystallography to characterize an immature form of the main 

protease, which revealed major conformational changes in the positioning of domain-three over the active site, hampering the 

dimerization and diminishing its activity. We propose that this form preludes the cis-cleavage of N-terminal residues. Using fragment 

screening, we probe new cavities in this form which can be used to guide therapeutic development. Furthermore, we characterized a 

serine site-directed mutant of the Mpro bound to its endogenous N and C-terminal residues during the formation of the tetramer. We 

suggest this form is a transitional state during the C-terminal trans-cleavage. This data sheds light in the structural modifications of the 

SARS-CoV-2 main protease during maturation, which can guide the development of new inhibitors. 

Keywords: SARS-CoV-2, main protease, maturation process, inhibitors 
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Natural polyoxometalates: diversity, complexity and divergence from synthetic chemistry 
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Most research on polyoxometalates (POMs) has been devoted to synthetic compounds. However, recent mineralogical discoveries of 

POMs in mineral structures demonstrate their importance in geochemical systems. In total, fifteen different types of POM nanoscale 

size clusters in minerals have been found that occur in forty-three different mineral species. The topological diversity of POM clusters 

in minerals is rather restricted compared to the multitude of moieties reported for synthetic compounds, but the lists of synthetic and 

natural POMs do not overlap completely. The metal-oxo clusters in the crystal structures of the vanarsite-group minerals 

([As3+V4+
2V5+

10As5+
6O51]7-), bouazzerite and whitecapsite ([M3+

3Fe7(AsO4)9O8-n(OH)n]), putnisite ([Cr3+
8(OH)16(CO3)8]8-), and 

ewingite ([(UO2)24(CO3)30O4(OH)12(H2O)8]32-) contain metal-oxo clusters that have no close chemical or topological analogues in 

synthetic chemistry. The interesting feature of the POM cluster topologies in minerals is the presence of unusual coordination of metal 

atoms enforced by the topological restraints imposed upon the cluster geometry (the cubic coordination of Fe3+ and Ti4+ ions in 

arsmirandite and lehmannite, respectively, and the trigonal prismatic coordination of Fe3+ in bouazzerite and whitecapsite). 

Complexity analysis indicates that ewingite and morrisonite are the first and the second most structurally complex minerals known so 

far. The formation of nanoscale clusters can be viewed as one of the leading mechanisms of generating structural complexity in both 

minerals and synthetic inorganic crystalline compounds. The discovery of POM minerals is one of the specific landmarks of 

descriptive mineralogy and mineralogical crystallography of our time. 

Keywords: polyoxometalates; minerals; structural complexity 
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On the impact of crystals and crystallography on arts and mind 

J.M. García-Ruiz 

Laboratorio de Estudios Cristalográficos. Instituto Andaluz de Ciencias de la Tierra, Consejo Superior de Investigaciones 

Científicas-Universidad de Granada, Av. De las Palmeras 4, 18100 Armilla (Granada) Spain. 

Juanma.garciaruiz@gmail.com 
 

The belief in the existence of a sharp boundary dividing the world of symmetry into the realm of biology and sensuality and the realm 

of minerals and cold rationality has had a crucial impact on studies on early life detection on Earth and elsewhere. I have explored the 

origin of this secular antinomy and found that such a fictitious boundary has permeated the landscape of arts and philosophy for 

centuries [1]. It is shown that crystals and crystallographic theories have played a crucial role in the intellectual construction of that 

presumed boundary. The antinomy is illustrated with a debate between the young poet Federico García-Lorca and the young artist 

Salvador Dali, an archetypal debate to which crystals and what they evocate were central. It is concluded that along with the 

invaluable contribution of crystallography to the advancement of science and technology of art preservation, the notion of crystal 

transcended scientific thinking to inspire the arts, from literature to painting, from architecture to dance, from music to filmmaking. 

Thus, the very idea of crystal and crystallographic theories has been highly influential in the world of arts, architecture, and culture. 

The importance and the consequences that the crystalline order has had in the conformation of the consciousness, in the conception of 

the world, and the history of arts goes beyond what has 

been considered a simple metaphor, and it is a subject that 

needs to be further. 

This influence has evolved throughout history in 

correlation with increasing scientific knowledge about 

crystals. Since the origin of consciousness, hundreds of 

thousands of years ago, human fascination for crystals has 

been so deeply rooted in our brains as to shape our first 

symbolic behavior and perception of patterns. During 

prehistory, crystals had teleological and theological 

connotations derived from a hidden power of their 

singularity among the natural objects. Later on, from the 

classical world to the emergence of positive science in the 

eighteenth century, scholars and experts endorsed mineral 

crystals with healing powers. The sheer beauty of the 

external forms of crystals and everything it evokes 

fascinated illustrated people at that time. But the higher 

impact of crystals on the mind and cultures started in the 

19th century, when it was demonstrated the extraordinary 

link between the external harmony, redundantly beautiful 

symmetry of crystals, and the perfect internal order, periodic and iterative. Since then, the word crystal is full of evocations such as 

purity, transparency, beauty, equilibrium, rationality, intelligence, energy, and power [2].  

 

[1] García-Ruiz, J. M. (2018). Substantia 2, 19. 

[2] García-Ruiz, J.M.  et al. (2021). IUCrJ. Submitted.   

Keywords: History of crystallography; Primitive life detection; Crystal symbolism; Crystals and art  
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The capabilities of 4th generation synchrotron radiation sources and X-ray free electron lasers such as high brightness, coherence and 

temporal structure of pulses open new horizons in the studies of structure, structural dynamics and properties of materials. 

X-ray radiation coherent methods enable to get access to the 3D structure of non-crystalline samples, nanocrystals and nanostructures 

with a resolution theoretically limited only by the diffraction limit [1]. Such samples include, for example, various biological objects 

[2], biological cells, viruses and nanosized crystallites of bio macromolecules and their complexes which are difficult to crystallize. 

Access to an atomic structure with ultra-high temporal resolution using ultrashort pulses of free electron lasers makes it possible to 

consider the different tasks of studying chemical reactions, self-organization and destruction of materials mechanisms, the formation 

of short-range and long-range orders, the study of phase transitions, and the complex dynamics of proteins and polymers at a 

fundamentally new level. 

Novel scientific tasks cover a wide range of practical applications [3], including such priority areas as biotechnology and medicine, 

the creation of new functional materials (structural, composite, etc.), nanoelectronics and hybrid (sensors, biosensors, etc.). 

Today most of the new synchrotron radiation sources have almost 100% transverse coherence, and the modernization of existing 

mega-facilities (for example, ESRF-EBS, PETRA IV, APS) focus on reducing the emittance (significantly less than 1 nm), increasing 

coherence, brightness and time resolution. 

In the Russian Federation the development of coherent scattering and time resolving methods is becoming one of the priority tasks in 

connection with the implementation of the program for the development of the synchrotron-neutron infrastructure, including the 

construction of 4th generation sources: USSR-4 (synchrotron with a free electron laser) and SKIF project. 

[1] J. Miao, T. Ishikawa, I. Robinson, M. Murnane Beyond crystallography: Diffractive imaging using coherent x-ray light sources. Science. 2015. V. 

348. 6234. P. 530. 

[2] A. Mancuso, O. Yefanov, I. Vartanyants, Coherent diffractive imaging of biological samples at synchrotron and free electron laser facilities  

Journal of Biotechnology, Volume 149, Issue 4, 2010, P. 229. 

[3] H.Chapman, K. Nugent Coherent lensless X-ray imaging. Nature Photonics. 2010. V. 4. P. 833. 

Keywords: 4th generation SR and XFEL facilities, coherent diffraction and scattering 
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High crystallinity, although desired in materials for a wide range of high-performance engineering applications, generally comes with 

undesirable attributes such as high brittleness and fragility [1]. This makes crystalline materials incompatible with many future 

technologies, such as flexible devices and soft-robotics. Recent progress in crystal engineering has brought into light many possible 

opportunities to address these issues, enabling the design of adaptive crystalline materials that respond to external stimuli with 

exceptional qualities [1-7]. For instance, crystals that bend (elastically or plastically), twist, curl, wind, jump, exfoliate, laminate, and 

explode, under external stresses, such as mechanical stress, pressure, light, heat, solvent, etc., have been shown. On the other hand, 

until very recent time, self-healing was observed only in soft and amorphous materials, mostly involving approaches that use chemical 

reactions, diffusion, solvent, vapour, electricity, etc., with typical healing time scales in minutes to weeks [8]. A new self-healing 

mechanism that we recently introduced [9] in materials science, enables ultrafast, near 100% autonomous diffusion-less repair in 

crystalline materials that uses electrostatic surface potentials generated on the freshly created fracture surfaces, inherent to certain 

types of polar single crystals. My talk will cover structure-property correlation for crystal engineering of adaptive materials.  

 

Figure 1. Rotator phase plastic crystals of amino boranes demonstrating extreme ductility and malleability. 

 

[1] Saha, S., Mishra, M. K., Reddy, C. M. & Desiraju, G. R. (2018) Acc. Chem. Res. 51, 2957.  

[2] Reddy, C. M., Gundakaram, R. C., Basavoju, S., Kirchner, M. T., Padmanabhan, K. A. & Desiraju, G. R. (2005), Chem. Commun. 3945. 

[3] Ghosh, S. & Reddy, C. M. (2012) Angew. Chem. Int. Ed., 51, 10319. 

[4] Krishna. G. R., Devarapalli, R., Lal, G. & Reddy, C. M. (2016) J. Am. Chem. Soc., 138, 13561. 

[5] Naumov, P., Chizhik, S., Panda, M. K., Nath, N. K. & Boldyreva, E. (2015) Chem. Rev., 115, 12440. 

[6] Mondal, A., Bhattacharya, B., Das, S., Bhunia, S., Chowdhury, R., Dey, S. & Reddy, C. M. (2020) Angew. Chem. Int. Ed. 59 ,10971. 

[7] Takamizawa, S. & Miyamoto, Y. (2014) Angew. Chem. Int. Ed. 53, 6970. 

[8] Yanagisawa, Y., Nan, Y., Okuro, K. & Aida, T. (2018) Science, 359, 72. 

[9] Bhunia, S., Chandel, S., Karan, S. K., Dey, S., Tiwary, A., Das, S., Kumar, N., Chowdhury, R., Mondal, S., Ghosh, S., Mondal, A., 

Khatua, B. B., Ghosh, N & Reddy, C. M. (2021), manuscript in press (accepted).  

Keywords: mechanical properties, crystal engineering, plastic crystals, self-healing, piezoelectrics 

I thank all my co-authors and collaborators involving in the work presented. DST is acknowledged for Swarnajayanti fellowship 

(DST/SJF/CSA-02/2014-15) and IISER Kolkata for facilities.  
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Atherosclerosis is a major cause of cardiovascular diseases and stroke. Oxidized low-density lipoprotein (Ox-LDL) plays a key role in 

the initiation and progression atherogenic process. Lectin-like ox-LDL receptor-1 (LOX-1) [1], a scavenger receptor present on 

vascular endothelial cells, macrophages, smooth muscle cells, and platelets, facilitates internalization of ox-LDL leading to 

atherosclerotic plaque formation. Existing data points towards LOX-1 as a potential target for novel anti-atherosclerosis therapy [2-3]. 

However, no approved therapeutics targeting LOX-1 are known. Using computational tools, we first identified a potential druggable 

site on the extracellular C-terminal domain (CTLD) of LOX-1. Then, using structure-based screening and molecular dynamics we 

have identified and short-listed molecules from chemical libraries for further validation with a combination of surface plasmon 

resonance, cell-based ox-LDL uptake assay and complex crystal structures. Our data clearly shows that LOX-1 is druggable.  Further 

studies will be performed to decipher mechanistic details of ox-LDL uptake inhibition.   

[1] Sawamura, T., Kume, N., Aoyama, T., Moriwaki, H., Hoshikawa, H., Aiba, Y., ... & Masaki, T. (1997). Nature. 386(6620), 73. 

[2] Mehta, J. L., Sanada, N., Hu, C. P., Chen, J., Dandapat, A., Sugawara, F., ... & Sawamura, T. (2007). Circ. Res. 100(11), 1634. 

[3] Pothineni, N. V. K., Karathanasis, S. K., Ding, Z., Arulandu, A., Varughese, K. I., & Mehta, J. L. (2017). J. Am. Coll. Cardiol. 69(22), 2759. 

Keywords: Atherosclerosis; ox-LDL receptor; drug discovery; LOX-1, scavenger receptor 
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This work summarizes developments attained in oral vaccine formulations based on the encapsulation of antigens inside porous silica 

matrices. These vaccine vehicles protect the proteins from the harsh acidic stomach medium, allowing them to reach the Peyer´s 

patches, inducing immunity. Focusing on the pioneer research conducted at Butantan Institute, in Brazil, the results report the 

optimization of the antigens´ encapsulation yield, as well as their homogeneous distribution inside the meso and macro porous 

network. The characterization plus modelling of pure antigens having different dimensions and their complexes, like silica with 

hepatitis B virus like particles and diphtheria anatoxin, were performed by Small Angle X-ray Scattering (SAXS), X-ray Absorption 

Spectroscopy (XAS), X-ray Phase Contrast Tomography (XPCT) and neutron and X-ray imaging. The association of these techniques 

with complementary ones provided a clear picture of the proposed vaccines. Mice with variable high and low humoral responses 

presented significant levels of antibodies, proving the efficacy of the proposed oral immunogenic complex. 

Keywords: Oral vaccine, Porous silica, SAXS, XAS, XPCT 
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Crystallography has many traditional and intuitive links with cultural heritage. The most scholar one is the description and analysis of 

symmetry in art and architecture [1-2]. The most natural is the fascination that crystals induce on human mind, as light- and color-

capturing gems [3]. However virtually all artistic forms and all products derived from human activity are made of materials. The 

fundamental contribution that crystallography provides to our knowledge of matter is being rapidly transferred into our ability to better 

interpret archaeological evidence of past human activities (Fig. 1), and to manage and preserve artworks for future generations. The 

science of cultural heritage materials is profiting greatly of the state-of-the-art crystallographic methods and techniques, and in turns 

poses new and unexpected challenges to future crystallographers. 

 

 

Figure 1. Crystallographic information is important in many aspects of cultural heritage investigations, including archaeological 

interpretation, art history, authentication, and conservation. 

 

[1] MacGillavry, C.H. (1965) Symmetry aspects of M.C. Escher’s periodic drawings. Utrecht: Oosthoek 

[2] Makovicky, E. (2016). Symmetry: through the eyes of old masters. Berlin/Boston: Walter de Gruyter GmbH & Co KG. 

[3] Garcia-Ruiz, J.M. (2018). 2001: The Crystal Monolith. Substantia, 2, 19-25. 
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Neutron scattering is an essential element in the materials science toolkit, providing unique structural and dynamic information. It 

relies on an ecosystem of facilities and smaller sources, which provide access to researchers covering a vast range of scientific 

problems. This talk will provide an overview of the current global neutron landscape, both today and in the near future. I aim to 

demonstrate the scientific impact, diversity and vitality of this ecosystem, highlighting the important role that neutron scattering plays 

in addressing a number of societally-impactful grand challenges. 

Keywords: Neutron scattering, user facilities 
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Polymer gels are noncrystalline, disordered, and soft materials, consisting of infinite polymer networks and solvent. About 30 years 

have passed since small-angle neutron scattering (SANS) technique was applied to structure investigations of polymer gels,1 which 

was about 15 years later than its first applications to polymeric systems.2 Because of random cross-linking of the gel network, the 

structure of a gel is inhomogeneous over a wide spatial range from a few nanometers (the mesh size) to submicrons (large clusters). 

This is one of the reasons why scattering studies on gels started much later. Polymer gels are inherently much complicated systems 

than other polymeric systems. the gel network has various types of defects, entanglements, and a broad distribution of inter-crosslink 

chain length. As a result, structure investigations of polymer gels with SANS were far from quantitative level, even though SANS had 

been contributed to advances in polymer gel science, namely, deformation,3  swelling, polyelectrolytes,4 volume phase transition,5 etc. 

Though it was a dream for polymer chemists to fabricate “ideal” polymer networks, consisting of uniform mesh without defects, its 

realization had been unsuccessful. This lecture presents an overview of the history of fabrication and characterization of 

inhomogeneity-free polymer gels investigated by SANS, small-angle X-ray scattering, and light scattering.   

A homogeneous gel consisting of monodisperse mesh size without negligible defects, named as tetra-PEG gel, was fabricated by 

cross-end-coupling of tetra-arm poly(ethylene glycol) (tetra-PEG) carrying complementary end groups.6 The network homogeneity 

was confirmed by SANS and by mechanical testing.7-9 This methodology has brought a paradigm shift in synthesis, physics, and 

materials science of polymer gels, and various types of gels were prepared,  e.g., ion gels,10  critical cluster gels,11 12  

Owing to the development of gel fabrication, it is now possible to make a tailor-made multi-component polymer network gel with 

unimodal mesh size, such as 2x4 gels,13 and DNA-cross-linked physical gels.14 This has necessitated advancement of scattering 

theories for polymer gels. We have developed a scattering theory for multi-component polymer networks based on random phase 

approximation15 16 and applied it to structural analyses of DNA-cross-linked physical gels14 and deuterated/hydrogenous hetero-

polymer network gels17     

[1] Baumgartner, A. Picot, C. E., Ed. (1989). Molecular Basis of Polymer Networks. 42 Berlin: Springer. 

[2] Ballard, D. G. H.  Schelten, J.. Wignall, G. D. (1973). Eur. Polym. J. 9, 965. 

[3] Mendes, E. J.  Lindner, P.  Buzier, M. Boue, F. Bastide, J., (1991). Phys. Rev. Lett. 66, 1595. 

[4] Moussaid, A.  Schosseler, F.  Munch, J. P. Candau, S. J. (1993). J. Phys. II France 3, 573. 

[5] Shibayama, M. Tanaka, T. Han, C. C. (1992). J. Chem. Phys. 97, 6829. 

[6] Sakai, T.  Matsunaga, T.  Yamamoto, Y.  Ito, C.  Yoshida, R.  Suzuki, S. (2008). Macromolecules. 41, 5379. 

[7] Matsunaga, T.  Sakai, T.  Akagi, Y.  Chung, U. Shibayama, M. (2009). Macromolecules 42, 1344. 

[8] Matsunaga, T.  Sakai, T.  Akagi, Y.  Chung, U.. Shibayama, M. (2009). Macromolecules 42, 6245. 

[9] Sakai, T.  Akagi, Y.  Matsunaga, T.  Kurakazu, M.  Chung, U. Shibayama, M. (2010). Macromolecular Rapid  

Communications. 31, 1954. 

[10] Asai, H.  Fujii, K.  Ueki, T.  Sakai, T.  Chung, U.  Watanabe, M.  Han, Y. S.  Kim, T. H. (2012). Macromolecules, 45,  

3902. 

[11] Li, X.  Hirosawa, K.  Sakai, T. Gilbert, E. P. Shibayama, M., (2017). Macromolecules 50, 3655. 

[12] Hayashi, K.  Okamoto, F.  Hoshi, S.  Katashima, T.  Zujur, D. C..  Li, X.  Shibayama, M.  Gilbert, E. P.  Chung, U. Ohba, S.   

Oshika, T. Sakai, T., (2017). Nat. Biomed. Eng. 1, 0044. 

[13] Tsuji, Y.  Li, X.. Shibayama, M., (2018) Gels, 4, 50. 

[14] Li, X.  Ohira, M.  Naito, M. Shibayama, M. (2020). in preparation. 

[15] Ijichi, Y. Hashimoto, T. (1988), Polym. Comm. 29, 135. 

[16] Mortensen, K.  Borger, A. L.  Kirkensgaard, J. J. K.  Garvey, C. J.  Almdal, K.  Dorokhin, A.  Huang, Q. Hassager, O.  

(2018). Phys. Rev. Lett. 120, 207801. 

[17] Ohira, M.  Tsuji, Y.  Watanabe, N.  Morishima, K.  Gilbert, E. P.  Li, X.. Shibayama, M. (2020). Macromolecules 53, 4047. 

 Keywords: polymer gels. tetra-PEG gel. small angle neutron scattering. random phase approximation 

 



KN-35                           Keynote Lecture  

Acta Cryst. (2021), A77, C44 

 

Metadata and checkCIF for raw diffraction data and their role in realising crystallographic 
science objectivity  

 L.M.J Kroon-Batenburg  

 Structural Biochemistry, Faculty of Science, Utrecht University, Padualaan 99, 3584 CG Utrecht, The Netherlands  

l.m.j.kroon-batenburg@uu.nl 
 

The ‘Open Science’ model is based on open access to published scientific results and on sharing scientific data according to the FAIR 

(Findable, Accessible, Interoperable and Re-usable) principles. The importance of archiving raw data underpinning crystallographic 

research is well appreciated in recent years as demonstrated and emphasized by the report of the IUCr working group Diffraction Data 

Deposition Working Group (DDDWG) [1] and has now become feasible as the technology of disk storage has advanced enormously 

[2]. Crystallography as a research community has always been at the forefront of data sharing, firstly with atomic coordinates (derived 

data) and secondly with processed diffraction data. The next step, archiving of raw data, has the challenge of providing adequate 

metadata and the need for community agreed checks, similar to the checkCIF approach, to ensure adherence to the FAIR principles. 

Several generic and specific to crystallography raw data archives are available. IUCr Journals are now encouraging authors to provide 

a doi for their deposited original raw diffraction data when they submit an article describing a new structure or a new method tested on 

unpublished diffraction data. The Protein Data Bank (PDB) also asks for the DOI (digital object identifier), when available, for raw 

data and metadata for raw data during a deposition. Additionally, the Protein Data Bank Japan has set up the X-ray Diffraction 

Archive XRD-Arc where authors can submit their raw diffraction data corresponding to PDB entries. The current situation with 

respect to metadata, important for the future (re-)use of raw diffraction data, will be scrutinised in the light of the FAIR principles. A 

recent notable effort is the HDRMX community has agreed on a Gold Standard specification for high-rate diffraction data [3]. A leap 

forward in checking the completeness and validity of metadata by a CheckCIF approach will be discussed.  

[1] Final report of the DDDWG https://forums.iucr.org/viewtopic.php?f=21&t=396 

[2] L.M.J. Kroon-Batenburg, J.R. Helliwell, B. McMahon, T.C. Terwilliger, IUCrJ (2017). 4, 87–99, https://doi.org/10.1107/S2052252516018315 

[3] H. J. Bernstein, A. Förster, A. Bhowmick, A. S. Brewster, S. Brockhauser,  L. Gelisio,  D. R. Hall,  F. Leonarski, V. Mariani,  G. Santoni,  C. 

Vonrhein  and G. Winter,  IUCrJ (2020). 7, 784–792, https://doi.org/10.1107/S2052252520008672 

Keywords: raw diffraction data; metadata; FAIR  

I would like to thank John R. Helliwell and Brian McMahon and other members of the DDDWG working group and CommDat 

committee of the IUCr for their continuous efforts in attracting attention to data related items.. 
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The ‘Open Science’ model is based on open access to published scientific results and on sharing scientific data according to the FAIR 

(Findable, Accessible, Interoperable and Re-usable) principles. The importance of archiving raw data underpinning crystallographic 

research is well appreciated in recent years as demonstrated and emphasized by the report of the IUCr working group Diffraction Data 

Deposition Working Group (DDDWG) [1] and has now become feasible as the technology of disk storage has advanced enormously 

[2]. Crystallography as a research community has always been at the forefront of data sharing, firstly with atomic coordinates (derived 

data) and secondly with processed diffraction data. The next step, archiving of raw data, has the challenge of providing adequate 

metadata and the need for community agreed checks, similar to the checkCIF approach, to ensure adherence to the FAIR principles. 

Several generic and specific to crystallography raw data archives are available. IUCr Journals are now encouraging authors to provide 

a doi for their deposited original raw diffraction data when they submit an article describing a new structure or a new method tested on 

unpublished diffraction data. The Protein Data Bank (PDB) also asks for the DOI (digital object identifier), when available, for raw 

data and metadata for raw data during a deposition. Additionally, the Protein Data Bank Japan has set up the X-ray Diffraction 

Archive XRD-Arc where authors can submit their raw diffraction data corresponding to PDB entries. The current situation with 

respect to metadata, important for the future (re-)use of raw diffraction data, will be scrutinised in the light of the FAIR principles. A 

recent notable effort is the HDRMX community has agreed on a Gold Standard specification for high-rate diffraction data [3]. A leap 

forward in checking the completeness and validity of metadata by a CheckCIF approach will be discussed.  

 

[1] Final report of the DDDWG https://forums.iucr.org/viewtopic.php?f=21&t=396 

[2] L.M.J. Kroon-Batenburg, J.R. Helliwell, B. McMahon, T.C. Terwilliger, IUCrJ (2017). 4, 87–99, https://doi.org/10.1107/S2052252516018315 

[3] H. J. Bernstein, A. Förster, A. Bhowmick, A. S. Brewster, S. Brockhauser,  L. Gelisio,  D. R. Hall,  F. Leonarski, V. Mariani,  G. Santoni,  C. 

Vonrhein  and G. Winter,  IUCrJ (2020). 7, 784–792, https://doi.org/10.1107/S2052252520008672 
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RNA 3D structure prediction is a key bioinformatics topic, which is related to RNA design and RNA therapy. RNA-Puzzles is a 

collective endeavour dedicated to the advancement and improvement of RNA 3D structure prediction. With agreement from 

crystallographers, the RNA structures are predicted by various groups before the publication of the crystal structures. Systematic 

protocols for comparing models and crystal structures are described and analyzed. In RNA-Puzzles, we discuss a) the capabilities and 

limitations of current methods of 3D RNA structure based on sequences; b) the progress in RNA structure prediction; c) the possible 

bottlenecks that hold back the field; d) the comparison between the automated web server and human experts; e) the prediction rules, 

such as coaxial stacking; f) the prediction of structural details and ligand binding; g) the development of novel prediction methods; 

and h) the potential improvements to be made. 

Till now, 31 RNAs with crystal structures have been predicted, while many of them have achieved high accuracy in comparison with 

the crystal structures. We have summarized part of our results in three papers and two community-wide meetings. With the results in 

RNA-Puzzles, we illustrate that the current bottlenecks in the field may lie in the prediction of non-Watson-Crick interactions and the 

reconstruction of the global topology. Correct coaxial stacking and tertiary contacts are key for the prediction of RNA architecture, 

while ligand binding modes can only be predicted with low resolution. 

We now further extend the prediction to RNA sequences in the Rfam families. We have predicted structures for 20 RNA families, 

while some of the predictions have been confirmed by crystal or cryo-EM structures, indicating the possibility to use predicted models 

for functional inference. The predicted models also helped in 'Molecular Replacement' for crystal structures. 

For the model evaluation, we present RNA-Puzzles toolkit, an RNA computational resource including (i) decoy sets generated by 

different RNA 3D structure prediction methods (raw, for-evaluation and standardized datasets), (ii) 3D structure normalization, 

analysis, manipulation, visualization tools (RNA_format, RNA_normalizer, rna-tools) and (iii) 3D structure comparison metric tools 

(RNAQUA, MCQ4Structures). 

With the increasing number of RNA structures being solved as well as the high-throughput biochemical experiments, RNA 3D 

structure prediction is becoming routine and accurate. Experimental data-aided structure modelling may effectively help in 

understanding the noncoding RNA function, especially the viral RNAs. 
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The experimental models archived in the Protein Data Bank provide a rich source of structural information on proteins and nucleic 

acids. Complex architectures of RNA molecules as well as non-canonical DNA structures prove that the sugar-phosphate backbone is 

not a scaffold-like structure more or less passively accommodating to and enabling base pairing and stacking motifs formed by the 

four nitrogenous bases. In the past, RNA structures attracted more attention [1-5] as their 3D folds are formed by visibly rich 

ensemble of the backbone geometries. The self-recognition of DNA duplexes posed seemingly fewer challenges to analysis of their 

structural details. However, a detailed look showed structurally well defined conformers [6, 7] that proved useful in discriminating 

different modes of binding of DNA to transcription factors and the nucleosome core particle in histones [8]. The analysis has shown 

that differences in the local DNA structure relate to specificity of the binding. In the year 2020, the conformational spaces of DNA and 

RNA, which were traditionally analyzed separately, were described by one unified set of dinucleotide conformers, which are called 

NtC, and by a related structural alphabet CANA, Conformational Alphabet of Nucleic Acids [9]. I will briefly describe the principle of 

fully automated and robust assignment of the NtC classes and CANA symbols and overview related tools that help to annotate, 

validate, refine experimental structures, and build computer models of NA molecules. All these tools are feely available at the web 

service dnatco.datmos.org [10]. 

[1] Duarte et al. NAR 31:4755 (2003).  

[2] Murray et al. PNAS USA 100:13904 (2003).  

[3] Hershkovitz et al. NAR 31:6249 (2003).  

[4] Schneider et al. NAR 32:1666 (2004).  

[5] Richardson et al. RNA 14:465 (2008).  

[6] Svozil et al. NAR 36:3690 (2008).  

[7] Schneider et al. Acta Cryst D74:52 (2018).  

[8] Schneider et al. Genes 8:278 (2017).  

[9] Černý et al. NAR 48:6367 (2020).  

[10] Černý et al. Acta Cryst D76:805 (2020). 
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Recent developments in the field of evolutionary covariance and machine learning have enabled the precise prediction of residue-

residue contacts and increasingly accurate inter-residue distance predictions. Access to accurate covariance information has played a 

pivotal role in the recent advances observed in the field of protein bioinformatics, particularly the improvement of prediction of 

protein folds by ab initio protein modelling. As this work seeks to showcase, this data is of equal value in the field of X-ray 

crystallography, with several practical applications in MR, model validation and map interpretation. 

The most prevalent technique for the solution of the phase problem in macromolecular crystallography is molecular replacement 

(MR). In most cases, the availability and detection of a suitable search model, typically a solved structure homologous to the target of 

interest, is the key limitation of conventional MR. In those cases where no such structure is available, unconventional MR approaches 

are used. Recent results suggest that even in those cases where no homologous structures are found for a given target, it may still be 

possible to find suitable search models among unrelated structures, in the form of regions that share high, albeit local, structural 

similarity with the target. The challenge then becomes the accurate identification of such search models among the vast number of 

available solved structures. Here we present SWAMP, a novel pipeline for the solution of structures of transmembrane proteins, which 

exploits the latest advances in residue contact predictions for the detection of fragments later to be used as search models. SWAMP 

includes a library of ensembles built by clustering commonly observed packings of transmembrane helical pairs in close contact, 

mined from the available databases. Residue contact predictions are used in the process of search model selection: the contact 

maximum overlap between the target’s predicted contacts and the observed contacts of each member of the library is used to estimate 

the likelihood of the helical pair being a successful search model. Preliminary results show that SWAMP is capable of detecting valid 

search models originating from unrelated solved structures solely exploiting this contact information. This enables the solution of new 

and challenging structures without the use of experimental phasing techniques, and opens a whole new avenue of research in which 

predicted contact information is used to extend the reach of unconventional MR. 

The outcome of X-ray crystallographic experiments is the determination of the structure of interest, which requires building a model 

that satisfies the experimental observations. However, experimental limitations can lead to the presence of unavoidable uncertainties 

during model building resulting in regions that require validation and potentially further refinement. Many metrics are available for 

model validation but are mostly limited to the consideration of the physico-chemical aspects of the model or its match to the map. We 

present new metrics based on the availability of accurate inter-residue distance predictions, which are then compared with the 

distances observed in the emerging model. Early results suggest that these metrics are capable of detection of register and other errors, 

even in challenging cases where conventional metrics may struggle. 

Residue contact and inter-residue distance predictions are usually represented respectively as two-dimensional binary matrices called 

contact maps and distograms. These typically omit contacts between sequential near neighbours resulting in a blank space on and near 

the diagonal axis of the matrix. A multitude of properties can be predicted by other sequence-based methods and researchers often 

need to consider diverse sources of information in order to form a complete and integrated picture for the inference of structural 

features that can facilitate the structure solution. Here we present ConPlot, a web-based application which uses the typically empty 

space near the contact map or distogram diagonal to display multiple-coloured tracks representing other sequence-based predictions. 

These predictions can be uploaded in various popular file formats. This web application is currently available online at 

www.conplot.org, along with documentation and examples. 

Keywords: Molecular replacement; X-ray crystallography; Residue contact predictions; Model validation 
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Deep learning entering the post-protein structure prediction era: new horizons for structural 
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The potential of deep learning has been recognized in structural bioinformatics for already some time, and became indisputable after 

the CASP13 (Critical Assessment of Structure Prediction) community-wide experiment in 2018. In CASP14, held in 2020, deep 

learning has boosted the field to unexpected levels reaching near-experimental accuracy. Its results demonstrate dramatic 

improvement in computing the three-dimensional structure of proteins from amino acid sequence, with many models rivalling 

experimental structures. This success comes from advances transferred from several machine-learning areas, including computer 

vision and natural language processing. At the same time, the community has developed methods specifically designed to deal with 

protein sequences and structures, and their representations. Novel emerging approaches include (i) geometric learning, i.e. learning on 

non-regular representations such as graphs, 3D Voronoi tessellations, and point clouds; (ii) pre-trained protein language models 

leveraging attention; (iii) equivariant architectures preserving the symmetry of 3D space; (iv) use of big data, e.g. large meta-genome 

databases; (v) combining protein representations; (vi) and finally truly end-to-end architectures, i.e. single differentiable models 

starting from a sequence and returning a 3D structure. These observations suggest that deep learning approaches will also be effective 

for a range of related structural biology applications that will be discussed in this lecture. 

Keywords: deep learning, protein structure prediction, geometric learning, end-to-end architectures, protein language models 
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Displacement parameters (B-factors) play a crucial role in macromolecular structure determination yet are rarely used for biological 

interpretation. This is somewhat egregious since they account for the local flexibility of individual protein states/conformations. We 

have developed a new approach [1] for dividing the disorder information in a macromolecular model into a hierarchical series of 

components on different length-scales, which reveals the components of the atomic disorder that result from molecular disorder, 

domain disorder, or local atomic disorder. This makes both molecular and atomic disorder intuitively understandable in terms of likely 

domain motions and internal atomic motions. We demonstrate this new approach by studying the flexibility of the catalytic site in 

crystal structures of the SARS-CoV-2 main protease. Additionally, we apply the method to structures determined by cryo-EM, where 

we can investigate and visualize the flexibility in both the extended and non-extended receptor-binding domains of the SARS-COV-2 

spike glycoprotein, and in the iron-reductase STEAP4, which hint at a mechanism for electron transfer. 

[1] Pearce, N.M., Gros, P., (2021). BioRXiv, https://doi.org/10.1101/2021.03.22.436387. 

Keywords: Structural biology; structural dynamics; disorder analysis; macromolecular structures 
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Ribonucleic acid (RNA) molecules are master regulators of cells. They are involved in many molecular processes: they transmit 

genetic information, sense cellular signals and communicate responses, and even catalyze chemical reactions. RNA function and in 

particular its ability to interact with other molecules such as proteins, is encoded in the sequence. Understanding how RNAs and 

RNA-protein complexes carry out their biological roles requires detailed knowledge of the RNA structure. 

Due to limitations in experimental structure determination, complete high-resolution structures are available for a tiny fraction of all 

the known RNA molecules crucial for numerous fundamental cellular processes. <1% of RCSB entries represent RNA structures, and 

only around 3% of RNA families available in the Rfam database have at least one experimentally determined structure. This relative 

paucity of information compared to what is available for proteins also makes computational RNA 3D structure prediction much less 

successful. Currently, purely computational RNA 3D structure prediction is limited to sequences shorter than 100 nt. 

I will present strategies for computational modeling of RNA and RNA-protein complex structures that utilize SimRNA, a suite of 

methods developed in my laboratory, which use coarse-grained representations of molecules, rely on the Monte Carlo method for 

sampling the conformational space, and employ statistical potentials to approximate the energy and identify conformations that 

correspond to biologically relevant structures. In particular, I will discuss the use of computational approaches for RNA structure 

determination based on low-resolution experimental data, including low-resolution crystallographic electron density maps and cryo-

EM maps. 

1. Ponce-Salvatierra, A. et al. Biosci. Rep. 39, BSR20180430 (2019) 

2 Boniecki, M. J. et al. Nucleic Acids Res. 44, e63 (2016) 

Keywords: RNA, RNA-protein, modeling, crystallography, cryo-EM 
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Protein hydrogen bond parameters as a new validation tool 
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Atomic model refinement and completion at low resolution (cryo-EM or crystallographic) is often a challenging task. This is mostly 

because the experimental data aren’t sufficiently detailed to describe using atomic models. To make refinement practical and ensure a 

refined model is geometrically meaningful additional a priori information about model geometry needs to be used. This information 

includes restraints on Ramachandran plot distributions or side chain rotameric states. However, using Ramachandran plot or rotameric 

states as refinement targets diminish the validating power of these tools. Therefore finding additional model validation criteria that are 

not used or difficult to use as refinement goals is desirable. Hydrogen bonds are one of most important non-covalent interactions that 

shape and maintain protein structure. These interactions can be characterized by specific geometry of hydrogen donor and acceptor 

atoms. Systematic analysis of these geometries performed for all quality-filtered high-resolution models of proteins from PDB shows 

they have distinct and conserved distribution that can be characterized by only two parameters. Here we demonstrate how these two 

parameters can serve as unique validation metrics and how they can pinpoint severe modeling problems that no other validation tools 

can detect. This tool is now a part of Phenix model validation suite; guidelines to its use and interpretation will be given. 

Keywords: hydrogen bond, Phenix, crystallography, cryo-EM, validation 
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Integrative modeling to characterize structure and dynamics of biomolecules 
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Hybrid and integrative modeling methods that combine computational molecular mechanics simulations with experimental data are 

powerful in describing the structure and dynamics of large biomolecules. In particular, flexible fitting is a powerful technique to build 

the 3D structures of biomolecules from cryo-electron microscopy (cryo-EM) density maps. While flexible fitting methods work nicely 

with very high-resolution maps, there are limitations for medium resolution maps (~5-10 angstrom) in the case of complex 

conformational transitions. To overcome such issues, we proposed a refinement based on conformational ensemble, i.e., performing 

multiple fittings trials using various parameters. An automatic adjustment of the biasing force constants during the fitting process was 

introduced via a replica-exchange scheme to improve the success rate. From such multiple fittings, clustering analysis of the models 

obtained can be an effective approach to avoid over‐fitting. In addition, we have looked into the pixel size parameter as it can impact 

the resolution and accuracy of a cryo-EM map, and we proposed a computational protocol to estimate the appropriate pixel size 

parameter. In our protocol, we fit and refine atomic structures against cryo-EM maps at multiple pixel sizes. The resulting fitted and 

refined structures are evaluated using the GOAP score. We have demonstrated the efficacy of this protocol in retrieving appropriate 

pixel sizes via several examples. 

Keywords: cryo-EM, flexible fitting, dynamics, biomolecules 
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Community recommendations on validating cryo-EM models and data 
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Structural biology, the study of the 3D structures of biological entities on scales from small molecules to cells, has had an enormous 

impact on our understanding of biology and biological processes in health and disease. The results of these structural studies (mainly 

by MX, NMR and 3DEM) have been captured in the single global archive of atomistic models of biomacromolecules and their 

complexes, the PDB, operated by the wwPDB consortium. In addition, since 2002 the cryo-EM community has been depositing their 

maps and tomograms in EMDB. 

A few years before the resolution revolution, wwPDB and EMDB jointly convened an EM Validation Task Force (VTF) which met in 

2010 to discuss initial recommendations (published in 2012) regarding validation of cryo-EM data and models. In the following 

decade, the resolution revolution happened, EMDB grew from 1,000 to 15,000 entries, an archive for raw cryo-EM data was 

established (EMPIAR), community challenges related to EM validation were organised, and many labs began to develop new 

approaches to validating EM structures. This made it clear that a second EM VTF meeting was urgently needed. This meeting took 

place (in person!) in January 2020. During two days several dozen experts from all over the globe discussed cryo-EM data 

management, deposition and validation. 

A white paper summarising the discussions and recommendations of the second EM VTF meeting is currently in preparation. I will 

provide an overview of the major consensus recommendations emanating from the meeting and also address how wwPDB and EMDB 

are implementing these. 

Keywords: Validation 
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To obtain more accurate atomic models from cryoEM and increase their impact on biomedical research, metrics are needed that 

carefully evaluate these constructed models. In this poster we present further developments on FSC-Q, a map-to-model quality issue 

recently introduced [1], with the capability to detect those areas of the model that are better supported by the experimental data 

(Figure1). The algorithm performs a careful analysis of the Signal-to-Noise Ratio in the half maps and in map generated from the 

proposed model through local resolution. It is intuitive and, yet, very precise, introducing quality information that we have 

quantitatively shown is new, in the sense that some of it was not captured in previous quality assessment metrics. 

 

Figure 1: Structure-fit analysis of the closed-state SARS-CoV-2 spike glycoprotein (emd-21452) using FSC-Q. A) FSC-Q are represented on 

the map generated from the atomic model (PDB: id-6vxx). Scale: red indicates atoms that may be associated with noise and blue indicates poorly 

fitted atoms or areas with low resolvability. B) The panel shows the original fit (left) of amino acids THR-323 and GLU-324 and the improved fit 

(right) using ISOLDE [2]. Under each fragment, the average FSC-Q is shown. 

[1] FSC-Q: a CryoEM map-to-atomic model quality validation based on the local Fourier shell correlation. Ramírez-Aportela E, Maluenda D, 

Fonseca YC, Conesa P, Marabini R, Heymann JB, Carazo JM, Sorzano COS.Nat Commun. 2021 Jan 4;12(1):42. 

[2] ISOLDE: a physically realistic environment for model building into low-resolution electron-density maps. Croll, T. I. Acta Crystallogr. D Struct. 

Biol. 74, 519–530 (2018). 

Keywords: CryoEM, map-to-model validation, local resolution 
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Electron cryo-microscopy (cryo-EM) is rapidly becoming a mainstream area of structural biology and medicine, enabling visualization 

and modelling of a wide variety of biologically important complexes. This recent explosion of new cryo-EM structures raises several 

important questions. How accurate are these maps and their model interpretations? What criteria are currently being used and are they 

good enough? This paper describes the outcomes of the 2019 Model Metrics Challenge sponsored by EMDataResource 

(https://challenges.emdataresource.org). The goals of this challenge were two-fold: (1) to evaluate the quality of models that can 

be produced using current modelling software, and (2) to assess the performance of metrics currently in use to evaluate cryo-EM 

models. In both instances the focus was on map targets selected the near-atomic resolution regime (1.8-3.1 Å), with an innovative 

twist: three of four maps formed a resolution series from the same specimen/imaging experiment. The results permit several specific 

recommendations to be made about validating near-atomic cryo-EM structures, both in the context of an individual laboratory 

experiment and for in the context of a structure data archive. We will also touch on preliminary results from our ongoing 2021 Ligand 

Model Challenge. 

 

Reference 

Cryo-EM model validation recommendations based on outcomes of the 2019 EMDataResource challenge. Lawson CL, Kryshtafovych A, Adams 

PD, Afonine PV, Baker ML, Barad BA, Bond P, Burnley T, Cao R, Cheng J, Chojnowski G, Cowtan K, Dill KA, DiMaio F, Farrell DP, 

Fraser JS, Herzik MA Jr, Hoh SW, Hou J, Hung LW, Igaev M, Joseph AP, Kihara D, Kumar D, Mittal S, Monastyrskyy B, Olek M, Palmer 
CM, Patwardhan A, Perez A, Pfab J, Pintilie GD, Richardson JS, Rosenthal PB, Sarkar D, Schäfer LU, Schmid MF, Schröder GF, Shekhar 

M, Si D, Singharoy A, Terashi G, Terwilliger TC, Vaiana A, Wang L, Wang Z, Wankowicz SA, Williams CJ, Winn M, Wu T, Yu X, Zhang  
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Q-scores are calculated locally for individual atoms in a model fitted or built into a cryo-EM map. They can be averaged over groups 

of atoms to represent resolvability of larger features such as residues in proteins, nucleotides in nucleic acids, and ligands. Plotting of 

residue or nucleotide Q-scores helps to identify which parts of a model are resolved in the map, and which parts may be unresolved or 

may need further refinement. A useful property of Q-scores is that for well-fitted models, they correlate strongly to the resolution of 

the map estimated by FSC; this answers the question ‘what is a good score’ for a map at a certain resolution. Several examples and 

related structural insights are shown with models and maps ranging from 2 to 5Å resolution. The connection between Q-scores and 

atomic B-factors is also explored. Finally, Q-scores are used to help detect and assess water and ion molecules in maps at 3Å and 

higher resolutions. 

References: 

https://www.nature.com/articles/s41592-020-0731-1 

https://www.nature.com/articles/s41422-020-00432-2 

 

 

https://www.nature.com/articles/s41592-020-0731-1
https://www.nature.com/articles/s41422-020-00432-2


MS-03-01                           Microsymposium 

Acta Cryst. (2021), A77, C59-C60 

From positive to colossal negative thermal expansion in a novel family of bimetallic 
imidazolates 

S. Burazer1, L. Horák1, Y. Filinchuk2, M. Dopita1, R. Černý3, J. Popović4 

   1MFF, Charles University, Ke Karlovu 5, Prague, CZ, 2ICMN, Université catholique de Louvain, Place L. Pasteur 1, Louvain-la-

Neuve, BE, 3DQMP, University of Geneva, Quai Ernest-Ansermet 24, Geneva, CH, 4Ruđer Bošković Institute, 
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Materials with negative thermal expansivity (NTE) attracts great attention of scientists because they can be combined with numerous materials 

with positive thermal expansion (PTE) in order to prepare a composite material with a tailored coefficient of thermal expansion, namely, zero 

expansion. This allows decreasing a performance deterioration caused by large difference in expansion coefficients.[1] Among numerous 

metal organic frameworks (MOFs), zeolitic imidazolate frameworks (ZIFs) are highly popular because of a possibility to combine electronic 

properties of the transition metal ions with structural features of zeolites. They possess large porosity, therefore alkali metals that form dense 

and hypercoordinated structures stayed out of the focus for its synthesis. On the other hand, magnesium imidazolate have porous structure, as 

well as its borohydride(s). Although the preparation of manganese imidazolates is challenging, probably due to the difficulties of formation of 

non-distorted tetrahedral Mn2+-4N geometry preferable in ZIFs, similarity of magnesium and manganese borohydrides was reason to try 

synthesis with both metals and compare the results.  

Mechanochemical reactions of alkali metal imidazolates and magnesium or manganese borohydride gave novel bimetallic imidazolates 

AMIm3 (A=Na, K; M=Mg, Mn) whose crystal structures have been solved from synchrotron radiation X-ray powder diffraction (PXRD) 

data using global optimization in program FOX [2]. Pores of 30-35 Å3 (5-6 % of the unit cell volume) are incorporated in all structures. 

Detailed study of temperature-aided structural and microstructural changes, obtained from the synchrotron in situ HT-PXRD data, gave 

deeper understanding of crystallization processes in borohydride-imidazolate system and have elucidated mechanisms of the reactions 

which occurs during mechanochemical synthesis and thermal treatment of these systems.  

Extensive study of thermal expansion properties of a series of isostructural compounds AMIm3 (A=Na, K; M=Mg, Mn) revealed a 

common behaviour characteristic for a structural type. However, very interesting drastic changes of thermal expansion were noticed 

when alkali metal imidazolate (NaIm) coexist with compound-of-interest (NaMgIm3); volumetric thermal expansion coefficient changes 

from positive αV = 35 × 10−6 K−1 to colossal negative values αV = −460 × 10−6 K−1 and linear thermal expansion changes from α = 34 × 

10−6 K−1  to α = -210 × 10−6 K−1 (Figure 1). This is caused by coherent intergrowth, lattice mismatch, a tensile strain and microstructural 

properties [3] of mentioned phases and leaves a possibility of design of the material with zero thermal expansivity.  

Figure 1. Change of coefficient of thermal expansion of NaMgIm3 from colossal negative during coherent intergrowth between planes 

100 (NaMgIm3) and 001 (NaIm) to positive for pure NaMgIm3.

[1] Ren, Z.; Zhao, R.; Chen, X.; Li, M.; Li, X.; Tian, H.; Zhang, Z.; Han, G. (2018) Nat. Commun. 123, 1638. 

[2] Favre-Nicolin, V.; Černý, R. (2002) J. Appl. Crystallogr. 35, 734−743. 

[3] Matěj, Z.; Kužel, R.; Nichtová, L. (2010) Powder Diffr. 25, 125-131. 
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Molecules can crystallise either in the presence or absence of the solvent used to crystallise them with a range of intermolecular 

interactions between both the molecule and the solvent occurring to sustain and propagate the crystal structure. Molecules that 

crystallise as solvates or clathrates could be considered as host-guest materials, but it is often unclear whether a guest-free material can 

be obtained by heating the solvated material. If the solvent can be removed this can, in turn, lead to vacant void spaces or a partially 

closed material that can be used to store a secondary guest (either a gas or secondary solvent). Understanding how these materials 

behave upon removal of the solvent contained within them is crucial in assessing their potential applications. With the CSD recently 

reaching 1 million deposited crystal structures [1] there is a large resource of untested solvate structures, which may provide 

inspiration for new guest-uptake materials.[2]   

This work presents an attempt to further understand a previously reported family of halogen-functionalised organic molecules which 

has been reported in 3 distinct phases (two inclusion phases and one solvent-excluded phase)[3]. The two inclusion phases adopt a 2D 

halogen-bonding network propagated through a halogen-halogen bonded trimer. The work presented here, initially focusing on the 

bromine-functionalised host molecule, used liquid-assisted grinding to screen a series of solvents to identify desirable inclusion 

phases. The grinding experiments also identified a previously unreported inclusion phase. Thermal stability studies demonstrated that 

these inclusion phases transformed to the solvent-excluded phase upon heating. Further work has involved altering the halogen 

functionality (using fluorine, chlorine or iodine) to see how this affects the propensity to form the desired inclusion phases and the 

thermal stability of these phases, as well as exploring whether phase transformation can be observed when samples are exposed to a 

vapour environment.   

Figure 1. Overview of the solvent-dependent phases of a family of halogen-bonded networks.  

[1] R. Taylor, P. A. Wood, Chem. Rev., 2019, 119, 9427-9477.  

[2] N.B. McKeown, J. Mater. Chem., 2010, 20, 10588-10597. 

[3] B. K. Saha, R. K. R. Jetti, L. S. Reddy, S. Aitipamula and A. Nangia, Cryst. Growth Des., 2005, 5, 887–899. 

Keywords:  porosity, halogen bonding, liquid-assisted grinding 
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MOFs, COFs and HOFs as highly ordered porous architectures attract wide interest owing to their broad potential of application in 

heterogeneous catalysis, storage, sensing, drug delivery, separation, etc.  

Research of organic frameworks assembled by supramolecular interactions without metal or covalent bonds taking part in the 

framework construction has come in the focus of interest the most recently. A well-orchestrated interplay of supramolecular 

interactions, molecular inflexibility and spatial effects characterize the non-covalently bonded organic frameworks. All mentioned 

aspects affect the molecular and crystal symmetries. We reported recently the preparations and structures of ionic hydrogen-bonded 

organic frameworks, their polymorphic and solvatomorphic forms were described [1]. Further attempts were made to prepare 

hydrogen bonded organic frameworks, either ionic or neutral. Our systematic study inspired by the Maruoka type chiral phase-transfer 

catalysts resulted in some new series of solvatomorphic hydrogen bonded organic framework materials. We will present (Fig. 1), that 

the most important aspects in the HOF formation include (1) the intramolecular interactions which are responsible for the inflexibility 

of the molecule, (2) the intermolecular interactions which are responsible for framework construction, (3) the terminal spacer groups 

for void formation, (4) the molecular symmetries which prove to be important in the tightening of the molecule, and (5) all the afore 

mentioned features affect the crystal symmetry which may coincide with the molecular symmetry.  

The presented work contributes to the understanding of hydrogen bonded organic framework formation. It supports the still 

challenging design and preparation of framework structures with high porosity. 

 

Figure 1. The most important aspects in the HOF formation. 

 

[1] Horváth D. V., Holczbauer T., Bereczki L., Palkó R., May N. V., Soós T., Bombicz P. (2018) CrystEngComm, 20, 1779-1782. 

Keywords: HOF; organic frameworks; supramolecular interactions; porous architecture 
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Chirality is a property that real images are non-superimposable on their mirror images. The importance of chirality has commonly been 
known through drug incidents of thalidomide all over the world 1 1, 2 2. Chirality exists not only molecules, crystals, membranes and other 
objects in nature. Crystal chirality is derived from not only molecular chirality but also helical arrangement of molecules in crystals. In 
the latter case, even if achiral molecules are put in a right-handed or a left-handed helical arrangement in crystals, the crystals occur 
chirality. It has already been known that the same amount of left-handed and right-handed crystals are obtained when chiral crystals 
composed of achiral molecules are grown 3 3. Among crystals composed of achiral molecules, about 8% of them are chiral crystals, so 
it is very important to grow chiral crystals that have particular chirality. However, it is extremely difficult to grow only right-handed or 
left-handed crystals from achiral molecules. In this study, we succeeded in growing right-handed or left-handed crystals from achiral 
molecules. 

We have focused on Triglycine sulfate (TGS) crystals composed of glycine and sulfuric acid (Figure 1(a)). We found that TGS with 
particular chirality has grown by doping with L-, or D-alanine (Figure 1(b)). L-alanine-doped TGS (LATGS) crystals showed left-
handedness, while D-alanine-doped TGS (DATGS) crystals showed right-handedness (Figure 2). This is an extremely interesting 
phenomenon. We discuss that this phenomenon is derived from polarity because TGS is ferroelectricity. The relationship between 
chirality and polarity helps the elucidation of the explicit mechanism of preferred chirality of TGS crystal by alanine. 
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Figure 1. Molecular structure. (a) TGS. TGS is composed of achiral molecules, glycine and sulfuric acid.  (b) Alanine. 
Molecular structure of Alanine is similar to that of glycine. 

Figure 2. Chiral preference in TGS crystal by alanine. 
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While small molecule activation processes underpin transformations in catalysis, gathering structural information about the reactive 

metal-based species responsible can be challenging. Such species are often coordinatively unsaturated or possess labile ligands; they 

are therefore highly reactive and transient. Building on research trapping reactive species within the cavities of supramolecular 

assemblies or frameworks,[1] we have been using metal-organic frameworks (MOFs) to "matrix isolate" and structurally characterise 

catalytically important metal-based species.[2, 3] The building block synthetic approach of MOFs using chemically mutable links, 

coupled with long range order (crystallinity), and excellent chemical and thermal stability,[4] allows them to be used to stabilise and 

characterise reactive species. 

To garner these insights we use a bespoke, flexible Mn-based MOF, [Mn3L2L’] (MnMOF-1, where L = bis-(4-carboxyphenyl-3,5-

dimethylpyrazolyl)methane) with a site poised for allowing single crystal-to-single crystal (SCSC) post-synthetic metalation.[2, 3] 

This contribution will expand these ideas and examine ligand exchange chemistry occurring at trigonal planar Cu(I) sites chemically 

isolated in the MOF.[5] Insights into catalysis obtained by structurally characterising the initial catalysts and by targeting sequential 

“snapshots” of the catalytically active structure by single crystal X-ray crystallography will be reported. 

1. R. J. Young, M. T. Huxley, E. Pardo, N. R. Champness, C. J. Sumby and C. J. Doonan, Chem. Sci., 2020, 11, 4031-4050. 

2. W. M. Bloch, A. Burgun, C. J. Coghlan, R. Lee, M. L. Coote, C. J. Doonan and C. J. Sumby, Nat. Chem., 2014, 6, 906-912; A. Burgun, C. J. 

Coghlan, D. M. Huang, W. Chen, S. Horike, S. Kitagawa, J. F. Alvino, G. F. Metha, C. J. Sumby and C. J. Doonan, Angew. Chem. Int. Ed., 

2017, 56, 8412-8416; R. A. Peralta, M. T. Huxley, R. J. Young, O. M Linder-Patton, J. D. Evans, C. J. Doonan and C. J. Sumby, Faraday 

Discussions, 2020, 225, 84-99. 

3. R. A. Peralta, M. T. Huxley, J. D. Evans, H. Cao, M. He, X. S. Zhao, S. Agnoli, C. J. Sumby and C. J. Doonan, J. Am. Chem. Soc., 2020, 142, 

13533-13543; R. A. Peralta, M. T. Huxley, Z. Shi, Y.-B. Zhang, C. J. Sumby and C. J. Doonan, Chem. Commun., 2020, 56, 15313-15316. 

4. H. Furukawa, K. E. Cordova, M. O’Keeffe and O. M. Yaghi, Science, 2013, 341, 1230444. 

5. R. A. Peralta, M. T. Huxley, J. Albalad, C. J. Sumby and C. J. Doonan, unpublished results, 2021. 
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In recent years, convergent-beam electron diffraction (CBED) has been widely used for refining crystal structure parameters and low-

order structure factors. It enables nanometer-scale structure analysis with high sensitivity to the distribution of valence electrons. The 

determination of low-order structure factors with higher precision is essential to precisely determine the chemical bonding state of 

materials which are closely related to their physical properties. Till date, it is considered that refinement of structure factors using 

CBED pattern taken at the Bragg-excited condition increases the sensitivity to the corresponding structure factor [1]. However, the 

origin of precision and relationship between precision and sensitivities of CBED patterns in the refinements of structure factors are 

still lacking. 

Crystal structure analysis method developed by Tsuda and Tanaka [2] has been applied to potassium tantalate KTaO3 (KTO). Isotropic 

atomic displacement parameters (ADPs) and five low-order structure factors were refined using energy-filtered CBED patterns taken 

at three zone-axis (ZA) and five Bragg-excited conditions. Precision and sensitivity of ZA and Bragg-excited CBED patterns for 

refining structure factors are compared. Higher precision in the refinements of structure factors was achieved using the Bragg-excited 

patterns. The determined values of five low-order structure factors are shown in table 1. Numbers in parenthesis indicate the standard 

deviations of the last digit. Smaller values of the standard deviations for Bragg-excited condition is indicative of the higher precision. 

Sensitivity of the Bragg-excited patterns depend on Bragg-condition (dynamical diffraction condition). Higher precision and 

sensitivity of Bragg-excited CBED pattern has been found only for structure factors of the outer zeroth-order Laue zone (ZOLZ) 

reflection having larger reciprocal lattice vectors [3]. Smaller correlation coefficients among the refined structure factors in the 

refinement of Bragg-excited patterns lead to a higher precision. From the point of view of higher precision, Bragg-excited patterns are 

advantageous over ZA patterns [3]. To achieve higher precision and sensitivities in the refinements of structure factors it would be 

better to use both ZA and Bragg-excited CBED patterns. The use of large-angle CBED (LACBED) or large-angle rocking beam 

electron diffraction (LARBED) techniques should be effective for this purpose. 
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 ( ) Zone-axis Bragg-excited 

 -6.28 (15) -6.27 (2) 

 9.63 (14) 9.61 (2) 

 -0.05 (10) 0.25 (2) 

 11.77 (14) 11.50 (2) 

 -3.93 (13) -4.05 (2) 

Table 1: Five low-order crystal structure factors of KTaO3 determined using ZA and Bragg-excited CBED patterns. 
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The X-ray restrained/constrained wavefunction (XRW/XCW) fitting approach [1, 2] is one of the well-established methods of modern 

quantum crystallography [3-5], an approach that allows the determination of wavefunctions from experimental X-ray diffraction 

measurements by minimizing a functional (i.e., the so-called Jayatilaka functional) given by the sum of the electronic energy of the 

system under exam and of the statistical agreement between experimental and computed structure factor amplitudes. 

Initially proposed in the framework of the restricted Hartree-Fock formalism [1, 2], over the years the method has been gradually 

extended to other techniques of quantum chemistry (e.g., unrestricted Hartree-Fock formalism, density functional theory, relativistic 

methods and extremely localized molecular orbital (ELMO) strategy), but practically remaining always limited to a single Slater 

determinant ansatz for the wavefunction to be determined.  

In this presentation, two recent XRW fitting techniques that went beyond the previous limitation will be discussed: the X-ray 

restrained extremely localized molecular orbital – valence bond (XR-ELMO-VB) method [6, 7] and the X-ray restrained spin-coupled 

(XRSC) strategy [8, 9]. Both of them are multi-determinant XRW approaches and, above all, they are strongly rooted in Valence Bond 

theory, thus allowing the extraction of traditional chemical descriptors (e.g., weights of resonance structures) compatible with 

measured X-ray diffraction data 

The XR-ELMO-VB technique, which can be considered as the first prototype multi-determinant XRW approach, exploits the use of 

pre-computed and frozen ELMOs to define the basis of pre-determined Slater determinants on which expanding the desired 

wavefunction [6]. The method is particularly useful to investigate systems characterized by a multi-reference character. The performed 

calculations have also clearly shown that the technique is able to reveal how the relative importance of resonance structures changes 

when structure factors measured at different conditions (e.g., at ambient or high pressure) are used as external restraints [7]. 

The XCSC method can be considered a step forward compared to the XR-ELMO-VB strategy. In fact, through the coupling of the 

XRW philosophy with the spin-coupled technique of Valence Bond theory, the approach enables not only the determination of 

resonance structure weights, but also the optimization of the so-called spin-coupled orbitals, which are quite localized and allow us to 

shed light on the spatial rearrangements of the electronic clouds and the hybridization of atoms [8, 9]. Preliminary tests have shown 

that XCSC computations can provide resonance structure weights, spin-coupled orbitals and global electron density distributions that 

are different from those obtained through corresponding gas-phase calculations [9]. These differences are probably due to the 

capability of the X-ray restrained spin-coupled approach in getting information contained in the experimental data employed in the 

computations (e.g., correlation and crystal filed effects). 
 

[1] Jayatilaka, D. (1998). Phys. Rev. Lett. 80, 798. 

[2] Jayatilaka, D. & Grimwood, D. J. (2001). Acta Cryst. A57, 76. 

[3] Genoni, A., Bučinský, L., Claiser, N., Contreras-García, J., Dittrich, B.; Dominiak, P. M., Espinosa, E., Gatti, C., Giannozzi, P., Gillet, J.-M., 

Jayatilaka, D., Macchi, P., Madsen, A. Ø., Massa, L. J., Matta, C. F., Merz, K. M. Jr., Nakashima, P. N. H., Ott, H., Ryde, U., Schwarz, K., Sierka, 

M. & Grabowsky, S. (2018). Chem. Eur. J. 24, 10881. 

[4] Grabowsky, S., Genoni, A. & Bürgi, H.-B. (2017). Chem. Sci. 8, 4159. 

[5] Genoni, A. & Macchi, P. (2020) Crystals 10, 473. 

[6] Genoni, A. (2017). Acta Cryst. A73, 312. 

[7] Casati, N., Genoni, A., Meyer, B., Krawczuk, A. & Macchi, P. (2017). Acta Cryst. B73, 584. 

[8] Genoni, A., Franchini, D., Pieraccini, S. & Sironi, M. (2018). Chem. Eur. J. 24, 15507. 

[9] Genoni, A., Macetti, G., Franchini, D., Pieraccini, S. & Sironi, M. (2019). Acta Cryst. A75, 778. 

Keywords: X-ray restrained wavefunction, quantum crystallography, valence bond theory. 

The French Research Agency (ANR) is gratefully acknowledged for financial support of this work through the Young Investigator 

Project “QuMacroRef” (Grant No. ANR-17-CE29-0005-01). 



MS-04-2                           Microsymposium  

Acta Cryst. (2021), A77, C67-C68 

 

Spin resolved charge density and wave function refinements: the Mollynx/MoPro software 

Mohamed Souhassou1, Iurii Kibalin2, Ariste Bolivard Voufack3, Peter Blaha4, Claude Lecomte1, Nicolas Claiser1 

1Université de Lorraine and CNRS, CRM2, BP 70239, 54506 Vandœuvre-lès-Nancy, France; 2Laboratoire Léon Brillouin, CEA-

CNRS, CE-Saclay, 91191 Gif-sur-Yvette, France; 3URMACETS, Département de Physique, Université de Dschang, BP 67 Dschang, 

Cameroun.; 4Institut für Materialchemie, TU Wien, Getreidemarkt 91060 Wien, Austria; nicolas.claiser@univ-lorraine.fr 

We are developing in the CRM2 laboratory a new software: Mollynx. As MoPro or XD, Mollynx is derived from Molly (Hansen and 

Coppens, 1978) but allows to differentiate the electron spins. This new algorithm has been successively applied to paramagnetic 

coordination compounds (Deutsch et al., 2012, Deutsch et al., 2014) to organic radicals (Voufack et al., 2017) and to small unit cells 

inorganic crystals (Voufack et al., 2019). 

A more general model based on atomic orbitals (Tanaka, 1988; Tanaka, 1993; Bytheway et al., 2001; Schweitzer, 2006), has also been 

coded in the Mollynx software. This model should allow calculation of properties derived from the atomic wave functions such as 

covalency, populations of atomic orbitals, energy, optical properties and can in principle describe bonded pair of atoms with orbitals 

centered on different atoms (two centres orbital products). This model, extended to spin resolved orbitals, has been applied to the 

YTiO3 perovskite (figure 1, Kibalin et al., 2021) The radial extension, orientation and population of outer atomic orbitals for each 

atom have been modelled leading to a clear description of the bonding in this crystal . 

Thus Mollynx can refine a spin resolved electron density model based on multipolar or on orbital approach. This presentation will 

describe some of these results and will focus on the experimental spin resolved atomic orbitals model obtained on the YTiO3 including 

a comparison with a refinement based on theoretical structure factors calculated using density functional theory and the WIEN2k code 

(Blaha et al., 2020). 

 

Figure 1: Left : crystal structure of YTiO3 perovskite (space group Pnma), Right: Ti octahedron and local axes 

 

mailto:nicolas.claiser@univ-lorraine.fr


MS-04-2                           Microsymposium  

Acta Cryst. (2021), A77, C67-C68 

 

Blaha, P.; Schwarz, K; Tran, F.; Laskowski, R; Madsen G. K. H. and Marks, L. D., WIEN2k: An APW+lo program for calculating the properties of 

solids editors-pick, J. Chem. Phys. 152, 074101 (2020); https://doi.org/10.1063/1.5143061. 

Bytheway, I., Figgis, B. N. & Sobolev, A. N., 2001. Charge density in Cu(glygly)(OH2)2·H2O at 10 K and the reproducibility of  atomic orbital 

populations. J. Chem. Soc., Dalton Trans., Volume 22, pp. 3285-3294. 

Deutsch, M., Claiser, N., Pillet, S., Ciumacov, Y., Becker, P. J., Gillon, B., Gillet, J.-M., Lecomte, C. & Souhassou, M. (2012). Acta Cryst. A 68, 

675-686. 

Deutsch, M., Gillon, B., Claiser, N., Gillet, J.-M., Lecomte, C. & Souhassou, M. (2014). IUCR J, 194-199.S.  

Hansen, N. K. & Coppens, P. (1978). Acta Cryst. A34, 909–921. 

Kibalin I., Voufack A.B., Souhassou M., Gillon B., Gillet J.M., Claiser N., Gukasov A., Porcher F. and Lecomte C. (2021) Acta Cryst A77, 96-104. 

Schweizer, J. (2006). Chapter 4: Polarized Neutrons and Polarization analysis, in Neutron Scattering from magnetic materials. Ed. T. Chatterji, 

Elsevier. 

Voufack, A. B. et al., 2017. When combined X-ray and polarized neutron diffraction data challenge high-level calculations: spin-resolved electron 

density of an organic radical. Acta Cryst., Volume B73, pp. 544-549. 

Voufack, A. B. et al., 2019. Spin resolved electron density study of YTiO3 in its ferromagnetic phase: signature of orbital ordering. IUCrJ, 6(5), pp. 

884-894. 

Tanaka K., (1993). Acta Cryst., B49, 1001-1010. 

Tanaka, K., (1988) Acta Cryst., A44, 1002-1008. 

Keywords: charge, spin density, joint refinement, orbital model. 

https://doi.org/10.1063/1.5143061


MS-04-3                           Microsymposium  

Acta Cryst. (2021), A77, C69 

 

N-representable one-electron reduced density matrices reconstruction at non-zero 
temperatures. 

Y. Launay, J.M. Gillet 

 Structures, Properties and Modeling of Solids, CentraleSupélec Université Paris Saclay, Gif sur Yvette, France 

yoann.launay@student-cs.fr,  jean-michel.gillet@centralesupelec.fr 
 

This work retraces different methods that have been explored to account for the atomic thermal motion in the reconstruction of one-

electron reduced density matrices from experimental X-ray structure factors (XSF) and directional Compton profiles (DCP). Attention 

has been paid to propose the simplest possible model, which obeys the necessary N-representability conditions, while  accurately 

reproducing all available experimental data. 

The deconvolution of thermal effects makes it possible to obtain an experimental static density matrix, which can directly be 

compared with theoretical 1-RDM. It is found that above a 1% statistical noise, the role played by Compton scattering data becomes 

negligible and no accurate 1-RDM becomes reachable. 

Since no thermal 1-RDM is available as a reference, the quality of an experimentally derived temperature-dependent matrix is difficult 

to assess. However, the accuracy of the obtained static 1-RDM is strong evidence that the Semi-Definite Programming method is 

robust and well-adapted to the reconstruction of an experimental dynamical 1-RDM.  

Keywords: Density matrices; Temperature smearing; Compton scattering; X-Ray diffraction. 
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Several physico-chemical properties of materials and biological molecules crucially depend on the hydrogen atom positions. 

Therefore, obtaining reliable three-dimensional structures of molecules and materials is a crucial step to have accurate results.  

Unfortunately, the weak X-rays scattering power of hydrogen atoms makes them usually very hard to detect accurately. Besides, the 

choice of the refinement method has also a strong influence. The most widely used approach, the independent atom model (IAM), 

describes the total electron density as the sum of spherical atomic densities centred on the nuclei. This approximation evidently fails 

when applied to hydrogen atoms because their only electron is delocalized in forming a bond. As a result, bonds lengths involving 

hydrogen atoms are generally too short.  

Over the years, different methods have been proposed to overcome this drawback. Within the field of quantum crystallography, the 

Hirshfeld atom refinement (HAR) approach is one of the most promising strategies [1]. HAR is a technique exploiting fully quantum 

mechanical calculations to obtain tailor-made ab initio electron densities, which are partitioned into aspherical atomic contributions to 

fit experimental structure factors without further approximations. HAR is able to provide X-H bond distances that are in very good 

agreement with those obtained from neutron diffraction experiments [1-3]. Moreover, the introduction of crystal environment effects 

is crucial to carry out better refinements, especially when strong intermolecular interactions are present. This is usually done by 

adding point charges at symmetry-related atomic positions around the selected reference crystal unit [1-3]. 

In this contribution, we introduce an improvement to the description of crystal field effects in HAR exploiting the recently developed 

quantum mechanics/extremely localized molecular orbitals (QM/ELMO) technique [4,5]. In our new modified version of HAR, the 

reference crystal unit is treated variationally at quantum mechanical level as in the traditional HAR, while the symmetry-related 

crystal units are described using pre-computed frozen extremely localized molecular orbitals [6]. The ELMOs contribution describing 

the crystal environment is included in the Hamiltonian of the reference crystal unit through an electrostatic embedding.  

Other than discussing the theoretical framework at the basis of the new strategy, we will show test refinements performed on the 

xylitol crystal, a system characterized by an extended network of strong hydrogen bonds. The results show that the new ELMO-

embedded HAR approach gives bond lengths involving hydrogen atoms in optimal agreement with neutron results, outperforming not 

only the traditional HAR but also the charge-embedded HAR technique in practically all the cases [6]. 

Given the promising results, we envisage the application of the new ELMO-embedded HAR technique to refine structures of crystals 

with strong intermolecular interactions. However, further test-bed refinements will be necessary to draw final conclusions, also 

considering other aspects such as basis-sets and theoretical methods dependence. 
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Relativistic effects in chemistry manifest themselves in many ways and influence various physical and chemical properties of 

materials. The well-known of them is the yellow color of gold or the high voltage of the lead-acid car battery [1, 2]. Therefore, a 

description of these effects is of great importance for a better understanding of the chemistry of heavy atoms. 

A perspective method is quantum crystallography that relies on the high-resolution and high-quality XRD data to describe crystal 

structure in unprecedented detail [3, 4]. Intensities of the diffracted beam are affected not only by relativistic effects but also by 

absorption [5], anharmonic motion [6], anomalous dispersion [7], and many other effects which highly influence electron density 

distribution in the crystal and, in consequence, derived properties. 

We collected the data sets for the chloro(triphenylphosphine)gold(I) and di(triphenylphosphine)mercury(II) nitrate using Mo X-ray 

source at 100K, where the data sets for (3-(4-chlorophenyl)-3-oxoprop-1-yn-1-yl)(triphenylphosphine)gold(I) and chloro 

(dimethylsulfide) gold(I) were collected using synchrotron radiation at 80K. 

Here, we present the results of relativistic Hirshfeld atom refinements8 carried out as implemented in NoSpherA29 for high-resolution 

X-ray diffraction data sets. The outcome of DFT-based refinements with the nonrelativistic and quasi-relativistic approaches will be 

compared, including analysis of the influence of disorder on relativistic effects, description of aurophilic interactions, and the nature of 

the Me–X bonds in Au and Hg crystals. 
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Due to the ever-increasing demands on the materials with enhanced properties, the task of searching for them using atomistic 

modeling methods is becoming increasingly important. The problem of designing novel materials comes down to finding a global 

minimum in a very noisy landscape in a multi-dimensional space (potential energy surface). This problem can be solved using several 

methods, yet the USPEX [1,2,3]  evolutionary algorithm proved its effectiveness. The USPEX limitations are calculation at zero 

temperatures and small number of atoms in the unit cell, since the calculation of the energy of the structures (and their selection) takes 

place within the framework of the density functional theory (DFT). Here we present a new method (T-USPEX) which is capable of 

finding stable structures at finite temperatures and pressures.  

T-USPEX is based on the previously developed evolutionary algorithm USPEX. The main differences come from crystal structure 

relaxation at finite temperature and from the way of fitness function calculation (in this case – Gibbs free energy). Relaxation part is 

done using molecular dynamics in the NPT ensemble with pressure corrections considered. Gibbs free energy is calculated using 

thermodynamic integration with the corrections from thermodynamic perturbation theory. For these methods a big supercell is needed, 

so MTP [4] machine learning interatomic potentials are used. In this talk results for high-temperature phases of Al, Fe, Ti, U and 

MgSiO3 will be presented. 

[1] C. W. Glass, A. R. Oganov, and N. Hansen, Comput. Phys. Commun. 175, 713 (2006). 

[2] A. R. Oganov, A. O. Lyakhov, and M. Valle, Acc. Chem. Res. 44, 227 (2011) 

[3] A. O. Lyakhov, A. R. Oganov, H. T. Stokes, and Q. Zhu, Comput. Phys. Commun. 184, 1172 (2013). 

[4] A. V. Shapeev, Multiscale Model. Simul. 14, 1153 (2016) 

This work was supported by RFBR foundation № 19-73-00237. 

 

 



MS-05a-2                           Microsymposium  

Acta Cryst. (2021), A77, C73 

 

Functional materials exploration through evolutionary searching and large-scale crystal 
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The design of molecular crystals with targeted properties is the goal of crystal engineering. However, our predictive understanding of 

how a crystal’s properties relate to its structure, and how crystal structure in turn relates to molecular structure, are not yet sufficiently 

reliable to confidently design functional materials. Computational methods for crystal structure prediction (CSP) have been developed 

to help anticipate the crystal structure that a molecule will form. These methods are based on a global search of the lattice energy 

surface and a ranking of local energy minima according to their calculated relative stabilities. Thus, each molecule is associated with a 

list of potential crystal structures, each of which then leads to a set of predicted properties. The resulting ensemble of structures, their 

relative energies and associated properties can be interpreted to judge a molecule's promise for a target function. These methods have 

been demonstrated to be valuable in guiding experimental materials discovery programmes. A remaining challenge is the best choice 

of molecules that should be assessed, given the enormous chemical space of possible molecules. To address this, we have combined 

evolutionary searching of chemical space with large scale crystal structure and property prediction as a route to the discovery of novel 

molecules with high likelihood of yielding good properties [1]. The approach will be discussed with example studies in the area of 

organic semiconductor discovery. 

[1] Cheng, C. Y., Campbell, J. E. and Day, G. M. (2020) Chem. Sci.,11, 4922-4933. 

Keywords: crystal structure prediction, materials discovery, evolutionary algorithms 
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Metal-organic frameworks (MOFs) are microporous materials with many exciting applications, such as gas storage and separation, 

catalysis, platforms for artificial photosynthesis and energetic materials. The wide range of applications is strictly related to the 

modular node-and-linker composition, where different combinations of building blocks yield materials with various properties. The 

presence of a vast number of combinations for different node and linker, however, poses a real challenge for the experimental MOF 

design. 

An ab initio crystal structure prediction (CSP) method for MOFs has been reported by our group recently, and the method is based on 

the ab initio random structure searching (AIRSS) [1] and Wyckoff Alignment of Molecules (WAM) [2] algorithms. In this 

publication, a wide range of existing MOF structures have been investigated. Herein, we will demonstrate the first examples for the 

prediction of new MOF materials from metal azolate framework (MAF) and hexafluorosilicate families using our CSP method, 

combined with experimental mechanochemical synthesis and crystal structure determination. The solvent-free mechanochemical 

synthesis guided by theoretical structure prediction provides for an efficient and green approach to MOF design. 

The concept of MOF design goes beyond just the prediction of crystal structures. The connections between the crystal structures and 

chemical reactivity of freshly designed MOFs will also be studied by utilizing periodic density functional theory (DFT). Furthermore, 

our theory-based MOF structure and property predictions will be validated experimentally via mechanochemical screening and 

thermal studies, and ultimately aiming to improve our understanding of MOFs. 

[1] Pickard, C. J.; Needs, R. J. (2011). J. Phys. Condens. Matter 23, 53201. 

[2] Darby, J. P.; Arhangelskis, M.; Katsenis, A. D.; Marrett, J. M.; Friščić, T.; Morris, (2020). Chem. Mater. 32, 5835–5844. 
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CCDCGAN: Deep learning prediction of crystal structures  
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Autonomous materials discovery with desired properties is one of the ultimate goals for materials science [1]. In this work, we have 

developed constrained crystal deep convolutional generative adversarial networks (CCDCGAN, Figure 1(a)) based on a proper 

construction of the latent space [2], which can predict stable crystal structures. In particular, physical properties can be optimized in the 

latent space, where the formation energy is considered in the current model so that stable structures are predicted directly. We have 

successfully applied the approach on a randomly chosen binary Bi-Se system and observed that most known phases can be validated 

with quite a few distinct structures predicted [3]. Furthermore, trained using more than 50,000 compounds in the Materials Project 

database, we recently extended the algorithm to multicomponent systems coving most elements in the periodic table. As shown in Figure 

1(b), two novel structures can be obtained for the Cd-Li system. Detailed analysis reveals that the approach can be used to predict novel 

crystal structures for various materials systems, and the generation efficiency can be further improved by considering a larger training 

set. It is expected that the other physical properties (such as band gaps) can be optimized in the latent space as well, giving us the chance 

to perform multi-objective optimization in the future.  

 

Figure 1. (a) Workflow of CCDCGAN; (b) Convex hull of the Cd-Li system highlighting the predicted structures. 

 

[1] Sanchez-Lengeling, B., & Aspuru-Guzik, A. (2018). Science 361, 360. 

[2] Noh, J., Kim, J., Stein, H. S., Sanchez-Lengeling, B., Gregoire, J. M., Aspuru-Guzik, A., & Jung, Y. (2019). Matter, 1, 1370. 

[3] Long, T., Fortunato, N. M., Opahle, I., Zhang, Y., Samathrakis, I., Shen, C., Gutfleisch, O. & Zhang, H. (2020). arXiv:2007.11228. 

Keywords: crystal structure prediction; deep learning; generative adversarial network; multi-objective optimization 
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Design of new types of metal-organic frameworks (MOFs), the microporous materials with a wide range of functional properties, is an 

active area of materials research. The vast variety of available linker and node combinations leads to an incredible variety of potential 

MOF structures, providing an opportunity for tailoring the functional properties and thermodynamic stability of the new materials. At 

the same time, navigating the vast structural space of putative MOFs is proving to be a challenge for experimental screening, that can 

benefit from the guidance provided by computational chemistry methods. In this presentation we will describe the application of 

periodic density-functional theory (DFT) calculations together with state-of-the-art ab initio crystal structure prediction (CSP) 

calculations in elucidating the structural aspects of MOF thermodynamic stability and performing computational property-driven 

design of new MOFs. 

The presentation will commence with a theoretical study of the systematic effects of linker substituents on the thermodynamic stability 

of a series of isostructural zeolitic imidazolate frameworks (ZIFs) with sodalite topology.[1] We will show how periodic density 

functional theory (DFT) calculations offer highly accurate predictions for the thermodynamic stability of the ZIF structures as a 

function of linker substitution, also taking into account the effects of crystal packing of pure ligands. The accuracy of periodic DFT 

calculations will be backed up by the excellent correlation with the experimental solution calorimetry measurements. Moreover, it will 

be demonstrated how simple descriptors, such as Hammett σ-constants and electrostatic surface potentials (ESPs) offer convenient 

tools for rapid pre-screening of linker substituents, before performing a more in-depth computational analysis. 

We will continue with a demonstration of our recently-developed method for ab initio CSP, which uses the Wyckoff Alignment of 

Molecules (WAM) procedure to predict the structures of new MOFs, with improved computational efficiency enabled through careful 

consideration of molecular and crystallographic symmetry.[2] We will demonstrate the use of our CSP approach for predicting 

polymorphism, thermodynamic stability, porosity and optical properties of new MOFs in a series of computational studies backed up 

by experiment. It will also be shown how MOF CSP can be used as a tool to elucidate the crystal structures of poorly-crystalline 

MOFs, which are difficult to determine with X-ray diffraction methods. 

[1] Novendra, N., Marrett, J. M., Katsenis, A. D., Titi, H. M., Arhangelskis, M., Friščić, T. & Navrotsky, A. J. (2020). J. Am. Chem. Soc. 142, 21720. 

[2] Darby, J. P., Arhangelskis, M., Katsenis, A. D., Marrett, J. M., Friščić, T. & Morris, A. J. (2020). Chem. Mater. 32, 5835. 

Keywords: metal-organic frameworks; polymorph stability; crystal structure prediction; molecular descriptors 
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Hydrogen-rich hydrides attract great attention due to recent theoretical [1] and then experimental discovery of record high-temperature 

superconductivity in H3S (TC = 203 K at 155 GPa [2]).  

Here we perform a systematic evolutionary search for new phases in the Fe-H [3], Th-H [4], U-H [5] and other numerous systems 

under pressure [6] in order to predict new materials which are unique high-temperature superconductors. 

We predict new hydride phases at various pressures using the variable-composition search as implemented in evolutionary algorithm 

USPEX [7-9]. Among the Fe-H system two potentially high-TC FeH5 and FeH6 phases in the pressure range from 150 to 300 GPa 

were predicted and were found to be superconducting within Bardeen-Cooper-Schrieffer theory, with TC values of up to 46 K. Several 

new thorium hydrides were predicted to be stable under pressure using evolutionary algorithm USPEX, including ThH3, Th3H10, 

ThH4, ThH6, ThH7 and ThH10. ThH10 was found to be the highest-temperature superconductor with TC in the range 221-305 K 

at 100 GPa. Actinide hydrides show, i.e. AcH16 was predicted to be stable at 110 GPa with TC of 241 K. 

To continue this theoretical study, we performed an experimental synthesis of Th-H phases at high-pressures including ThH10. 

Obtained results can be found in Ref. [10].  

1. D. Duan et al., Sci. Rep. 2018, 4, 6968. 

2. A.P. Drozdov et al. Nature. 2015, 525, 73–76. 

3. A.G. Kvashnin at al. J. Phys. Chem. C 2018, 122 4731-4736. 

4. A.G. Kvashnin et al. ACS Applied Materials & Interfaces 2018, 10, 43809–43816. 

5. I.A. Kruglov et al. Sci. Adv. 2018, 4, eaat9776. 

6. D.V. Semenok et al. J. Phys. Chem. Lett. 2018, 8, 1920-1926. 

7. A.O. Lyakhov et al. Comp. Phys. Comm. 2013, 184, 1172-1182. 

8. A.R. Oganov et al. J. Chem. Phys. 2006, 124, 244704. 

9. A.R. Oganov et al. Acc. Chem. Res. 2011, 44 227-237. 

10. D.V. Semenok et al. 2019, Mat. Today. 
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The synthesis of inorganic compounds in form of nanoparticles of few nanometers has opened a new world for chemistry, with the 

discovery of unexpected properties and also of entirely new crystal structures. At the beginning, simple stoichiometries related with 

crystal structures of low complexity have been mainly explored. As far as nanochemistry grew searching for exotic properties, the 

exploration has extended towards more complex phase diagrams, where the complexity of the crystal structure is a real challenge. In 

these cases, the crystallographer is hampered by the limited crystal size that enlarges the powder x-ray diffraction peaks and quite 

often cannot rely on the knowledge of the bulk structure, which can be different from the nanocrystalline form or even not stable in the 

same conditions. Conversely, 3D electron diffraction (3D ED) has demonstrated its potential for solving crystallographic problems 

where the size of the crystal grains was the limiting factor [1]. A 3D ED single crystal diffraction experiment is performed with a 

beam that can be as small as few hundreds of nanometers, and the collected 3D intensity data sets are suitable for structure solution 

[2]. We report here the application of 3D ED to extreme cases, where the size of the crystalline grains was smaller or in the range of 

100 nm and the powder x-ray diffraction was not able to give a definite answer. The challenge is to establish which is the minimum 

crystal size that we can investigate in this way. All the nanoparticles we analysed have unknown and not trivial crystal structures.  

As first example we report the crystal structure of Cu2-xTe, a not stoichiometric plasmonic nanocrystal that exhibits a complex 1x3x4 

super-structure of a pseudo-cubic basic cell, due to the ordering of copper vacancies. The pseudosymmetry of the underlying basic 

structure induces a strong twinning and therefore data on single individuals could be taken only from grains smaller than 150nm. 3D 

ED allowed the determination of the super-structure with the identification of 27 Te and 32 Cu in the asymmetric unit and the location 

of copper vacancies [3].  

A second example is the perovskite-related structure of Cs3Cu4In2Cl13 nanocrystals. This crystal structure was synthesized with the 

aim to obtain a double perovskite of composition Cs2CuInCl6, isostructural to Cs2AgInCl6. 3D ED on nanoparticles of 100 nm 

revealed that the obtained structure is instead a vacancy ordered perovskite, A2BX6, in which 25% of the A sites are occupied by 

[Cu4Cl]3+ clusters and the remaining 75% by Cs+, while the B sites are occupied by In3+ ions. Interestingly, while a Rietveld 

refinement on powder x-ray data results in a crystal structure where Cs+ and [Cu4Cl]3+ are disordered on 8 equivalent sites, 3D ED 

shows that they exists nanoparticles where [Cu4Cl]3+ clusters and Cs+ are ordered on different sites, lowering the symmetry from cubic 

Fm-3m to cubic Pn-3m [4].  

The last example is the crystal structure determination of Pb4S3Br2, a compound never reported in bulk that we synthesised in form of 

nanoparticles. 3D ED revealed that this compound is isostructural with the high pressure phase of Pb4S3I2 and attested that the 

colloidal synthesis is able to freeze a high pressure metastable phase in form of nanoparticles. 3D also revealed that once the size of 

the nanoparticles has increased above a certain size (> 50nm) and their shape has changed from spherical to elongated platelets, the 

structure relaxes with the longest cell parameter that increase from 14.6 to 15.5 Å [5]. In this last case we have reached our minimum 

crystal size, being able to reconstruct the 3D reciprocal space of a 50 nm nanoparticle. The examples reported demonstrate that 3D ED 

is a powerful tool for exploring the crystal structure of not trivial nanoparticles and we expect that, with the use of smaller parallel 

beam and a dedicated set up, this limit can be pushed further to investigate the crystal structure of nanoparticles in the 10 nm range.  

[1] Gemmi, M., Mugnaioli, E., Gorelik, T.E., Kolb, U.,  Palatinus, L., Boullay, P., Hovmöller, S.,  Abrahams, J.P. (2019). ACS Cent. Sci. 5, 1315.  

[2] Gemmi, M., Lanza, A. (2019). Acta Crystallogr. B75, 495. 

[3] Muganioli, E., Gemmi, M., Tu, R., David, J., Bertoni, G., Gaspari, R., De Trizio, L., Manna, L. (2018). Inorg. Chem. 57,10241. 

[4] Kaiukov, R.,Almeida, G., Marras, S., Dang, D., Baranov, D., Petralanda, U., Infante, I., Mugnaioli, E., Griesi, A., De Trizio, L., Gemmi, M., 

Manna, L. (2020). Inorg. Chem. 59, 548. 

[5] Toso, S., Akkerman, Q. A.,  Martín-García, B., Prato, M., Zito, J., Infante, I., Dang, Z., Moliterni, A., Giannini, C., Bladt, E., Lobato, I., Ramade, 

J., Bals, S., Buha, J., Spirito, D., Mugnaioli, E., Gemmi, M., Manna L. (2020). J. Am. Chem. Soc. 142, 10198. 

Keywords: electron diffraction, nanochemistry  



MS-06-2                           Microsymposium 

Acta Cryst. (2021), A77, C79

Reliable structure determination of K-intercalated RuCl3 nanoflakes by 3D electron 
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2D nanosheets are intensely researched as new quantum materials and components of next-generation electronic and spintronic 
devices with unprecedented magnetic, transport and optical properties. In particular, the thickness-dependency of structural and 
physical properties is subject of close scrutiny. α-RuCl3 is a spin ½ honeycomb material that exhibits exotic magnetic ground states 
both in bulk1 and exfoliated2 forms. Its flakes and intercalates feature high environmental stability and retain the in‐plane honeycomb 
structure during wet-chemistry functionalization2. RuCl3 nanosheets are a robust test-bed for fabrication of new nanocomposites in 
both acidic or basic aqueous solutions, and their performance as electrodes for electrochemical reduction/ion transfer reactions can be 
further optimized. Reliable structural and compositional characterization during downscaling and intercalation is one of the goals that 
will enable well-controlled nanosheet functionalization. We synthesized K-intercalated RuCl3 by electrochemistry in an aqueous KCl 
solution. Conventional X-ray diffraction methods fail to characterize such intercalates due to the presence of multiple nm-sized 
domains, stacking faults and other defects associated with the layered morphology. Instead, we for the first time determine the local 
structure and capture the essential properties on the nm-length scale by collecting the multimodal 3DED–STEM–EELS–EDX data. 
The 3DED method is one of the very few that provides both in-plane and out-of-plane structural information, which is indispensable 
for layered materials. The K0.5RuCl3 layered intercalate (sp. gr. P-31m) is stacked differently than the α-RuCl3 parent compound 
(sp.gr. C2/m): the K atoms in the interlayer space are coordinated by six equivalent Cl atoms to form the [KCl6] octahedra that share 
corners with the six equivalent [RuCl6] octahedra. As a hallmark of STEM, EELS, and EDX spectroscopy, spatial mapping techniques 
were used to trace local changes in the chemical composition. A multimodal data fusion3 helped to overcome the severe spectral 
overlap and high sparseness of EDX data. The retrieved abundance profiles revealed spatially resolved phases with differing in the 
K:Ru:Cl ratio, the Ru oxidation state and in the oxygen content. This microinhomogeneity is a rather local disorder, which might 
cause only minor local symmetry changes, and could be associated with concomitant water molecules co-intercalating into the α-
RuCl3 matrix together with the K+ cations. 

Figure 1. a,b Reconstructed 3D reciprocal lattice of the K-doped α-RuCl3, scale bar is 4 nm-1, c In-plane and out-of-plane structure of 
K0.5RuCl3 found by 3DED, d TEM overview image, e,f Abundance maps from fused EDX and EELS data. Scale bar is 200 nm. 

[1] Roslova, M., Hunger, J., Bastien, G., Pohl, D., Haghighi, H. M., Wolter, A. U. B., Isaeva, A., et al. (2019). Inorg. Chem. 10, 6659-6668; Bastien, 
G., Roslova, M., Haghighi, M. H., Mehlawat, K., Hunger, J., Isaeva, A., et al. (2019). Phys. Rev. B. 99, 214410. 

[2] Weber, D., Schoop, L. M., Duppel, V., Lippmann, J. M., Nuss, J., Lotsch, B. V. (2016). Nano Lett. 16(6), 3578–3584. 

[3] Thersleff, T., Budnyk, S., Drangai, L., Slabon, A. (2020). Ultramicroscopy. 219, 113116; Thersleff, T., Jenei, I. Z., Budnyk, S., Dörr, N., Slabon, 
A. (2021). ACS Appl. Nano Mater. 4 (1), 220–228. 
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Many functional materials seem to have surprisingly simple average structures with some disordered components. To understand the 
relationship between the structure of a material and its complex physical properties, a full description including local order is necessary. 
Hence, the diffuse scattering has to be analysed. The recently established three-dimensional delta pair distribution function (3D- PDF) 
maps local deviations from the average structure and allows a straightforward interpretation of local ordering mechanisms [1]. 

Many functional materials can only be grown as powders. While powder X-ray and neutron diffraction experiments can give limited 
insight into disordered structural arrangements, electron diffraction techniques allow to capture large portions of reciprocal space even 
for nanocrystals. Here, we demonstrate how the 3D- PDF can be used with electron diffraction to understand the complete local 
structure of the ion conductor calcium stabilized zirconia (Zr0.82Y0.18O1.91). 

Zr0.82Y0.18O1.91 crystallizes in the fluorite structure and shows composition disorder on both the metal and oxygen site. Due to the vastly 
different bond lengths of Y-O and Zr-O, strongly structured diffuse scattering is observed alongside the Bragg reflections (see Figure 
(a)). By employing the 3D- PDF to electron diffraction data, we can directly interpret the local correlations (see Figure (b)). 

Large single crystals of Zr0.82Y0.18O1.91 that are suitable for X-ray and neutron measurements were investigated. By comparing the results 
from our electron PDF to X-ray and neutron PDFs we demonstrate the reliability of the 3D- ePDF.  

To our knowledge, this is the first 3D-ΔePDF ever reported and this proof of principle is an important step towards the full description 
of a disorder model. This has important implications for the large variety of disordered materials of which single crystals for X-ray or 
neutron techniques are not available. In those cases, the 3D-ΔePDF will pave the way to understanding and tailoring physical properties. 

Figure 1. (a) hk0 reciprocal space section with diffuse scattering and Bragg reflections. (b) 3D- ePDF in the ab0.25 layer showing the 
relaxation of metal-oxygen bond lengths around (0.25,0.25,0.25). 

[1] Weber, T., & Simonov, A. (2012). Z. Kristallogr., 227(5), 238-247. 
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Metal-organic frameworks (MOFs) have become one of the most widely studied nanoporous materials of the past two decades. Single 

crystal X-ray diffraction still remains as the preferred method for structure determination, but requires sufficiently large crystals. Still 

predominantly to this day, MOFs are prepared using synthesis conditions that are optimized for producing larger single crystals, which 

often includes dissolving starting materials with polar organic solvents followed by heating under solvothermal conditions.  

With the emergence of fast 3D electron diffraction (ED) techniques such as MicroED, solving crystal structures from nano-sized 

crystals has never been easier for crystals with organic constituents that traditionally were considered too beam sensitive [1-2]. This 

provides opportunities to easily study MOFs that can only be synthesized as small nanocrystals. Many of the more stable MOFs have a 

tendency to form as smaller crystallites, which can now be conveniently studied by ED. This makes it easier to study MOFs made 

using less typical synthesis conditions which may be less hazardous, more environmentally friendly and require less energy input.  

Access to fast ED has allowed us to focus on the development of new stable MOFs prepared under green synthesis conditions. SU-101 

was prepared using nonhazardous and edible starting materials which were stirred in water at room temperature without any other 

energy input [3]. The reaction starts and ends as a suspension in water, resulting in phase pure MOF. Scaling up the synthesis of SU-

101 was easily achieved. For the first time in a MOF, ellagic acid was used as the organic linker. Ellagic acid is one of the building 

units of naturally occurring polyphenols and is a well-known antioxidant found in fruits, berries, nuts, and wine. Unlike many MOF 

linker molecules, ellagic acid does not contain carboxylic acids groups but instead has multiple phenol groups which can chelate to 

metal cations forming strong bonds and hence robust framework structures. SU-101 demonstrates excellent stability in organic 

solvents and water even at elevated temperatures. SU-101 has one of the highest uptake capacities for hydrogen sulfide among MOFs. 

Due to the stable structure, the lack of heating during synthesis and the use of a poor solvent (water), SU-101 was synthesized as small 

nanocrystals. The crystal structure of SU-101 was nonetheless solved by ED with ease.  

The advent of fast ED techniques and the relative ease now in solving structures of nanocrystals with organic components, has 

changed our habits in the chemistry laboratory regarding the synthesis of novel crystalline materials. Significantly less time is now 

required for synthesis optimization. Rather than by default using organic solvents, elevated temperatures and pressures, we now focus 

on utilizing greener chemical reagents and ambient synthesis conditions directly from the early stages in the development of novel 

biocompatible and stable MOFs.  

Figure 1. (From left to right) Ellagic acid; crystals of SU-101; ED data on SU-101; and the crystal structure of SU-101. [3]   

[1] Gemmi, M., Mugnaioli, E., Gorelik, T.E., Kolb, U., Palatinus, L., Boullay, P., Hovmöller, S., Abrahams, J.P. (2019). ACS Cent. Sci. 5, 1315. 

[2] Nannenga, B. L., Shi, D., Leslie, A. G. W., Gonen, T. (2014) Nat. Methods. 11, 927. 

[3] Svensson Grape, E., Flores, J., Hidalgo, T., Martínez-Ahumada, E., Gutierrez-Alejandre, A., Hautier, A., Williams, D., O'Keeffe, M., Ohrstrom, 

L., Willhammar, T., Horcajada, P., Ibarra, I., Inge, A.K. (2020). J. Am. Chem. Soc. 142, 16795. 
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Structure of high temperature “Al3Mn” (T) phase was investigated numerously. Studies of binary and ternary extensions of T-phase 

resulted in many published atomic models [1-8]. Until today, exact space group and atomic positions of transition metals in this 

structure is a matter of dispute. In current research, atomic model of the Al78Mn17.5Pt4.5 phase (quenched from 800 °C) was 

successfully derived using a combination of electron crystallography methods. This structure was regarded as ternary extension of the 

“Al3Mn” T–phase. The lattice parameters of the Al78Mn17.5Pt4.5 T-phase were found to be a = 14.720(4) Å, b = 12.628(2) Å, c = 

12.545(3) Å (as refined against X-ray diffraction data). Using convergent beam electron diffraction (CBED), the space group of this 

ternary composition was proved to be non-centrosymmetric Pna21, instead of Pnam - which describes the symmetry of the binary T-

phase. Atomic model was determined applying direct methods, utilized in SIR2011 [9], on electron diffraction tomography data and 

refined using ShelXL [10]. At the Al78Mn17.5Pt4.5 composition, the Pt atoms were not distributed randomly in the Mn/Al sublattices, 

but adopted two specific Wyckoff sites, therefore, this composition should be regarded as an ordered variant of the T-structure. On the 

other hand, CBED study of the T-phase samples with a bit different stoichiometry (Al71.3Mn25.1Pt3.6) allowed attribution of the 

structure to the original T-phase structure type, i.e. centrosymmetric. Using Barnighausen tree [11], these two structures 

(centrosymmetric and non-centrosymmetric) were found to be related. 

1. M. A. Taylor, The space group of MnAl3, Acta Cryst. 14(1) (1961) 84. https://doi.org/10.1107/S0365110X61000346  

2. M. Audier, M. Durand-Charre, M. de Boissieu, AlPdMn phase diagram in the region of quasicrystalline phases, Phil. Mag. B 68(5) (1993) 

607-618. https://doi.org/10.1080/13642819308220146  

3. K. Hiraga, M. Kaneko, Y. Matsuo, S. Hashimoto, The structure of Al3Mn: Close relationship to decagonal quasicrystals,  Phil. Mag. B 67(2) 

(1993) 193-205. https://doi.org/10.1080/13642819308207867  

4. N. C. Shi, X. Z. Li, Z. S. Ma, K. H. Kuo, Crystalline phases related to a decagonal quasicrystal. I. A single-crystal X-ray diffraction study of 

the orthorhombic Al3Mn phase, Acta Cryst. B 50(1) (1994) 22-30. https://doi.org/10.1107/S0108768193008729  

5. V. V. Pavlyuk, T. I. Yanson, O. I. Bodak, R. Černý, R. E. Gladyshevskii, K. Yvon, J. Stepien-Damm, Structure refinement of orthorhombic 

MnAl3. Acta Cryst. C 51(5) (1995) 792-794. https://doi.org/10.1107/S0108270194012965  

6. Y. Matsuo, K. Yamamoto, Y. Iko, Structure of a new orthorhombic crystalline phase in the Al-Cr-Pd alloy system, Phil. Mag. Let. 75(3) 

(1997) 137-142. https://doi.org/10.1080/095008397179688 

7. Y. Matsuo, M. Kaneko, T. Yamanoi, N. Kaji, K. Sugiyama, K. Hiraga, The structure of an Al3Mn-type Al3(Mn, Pd) crystal studied by single-

crystal X-ray diffraction analysis, Phil. Mag. Let. 76(5) (1997) 357-362. https://doi.org/10.1080/095008397178968  

8. H. Klein, M. Boudard, M. Audier, M. de Boissieu, H. Vincent, L. Beraha, M. Duneau, The T-Al3(Mn, Pd) quasicrystalline approximant: 

chemical order and phason defects, Phil. Mag. Let. 75(4) (1997) 197-208. https://doi.org/10.1080/095008397179624 

9. M. C. Burla, R. Caliandro, M. Camalli, B. Carrozzini, G.L. Cascarano, L. De Caro, R. Spagna, IL MILIONE: a suite of computer programs 

for crystal structure solution of proteins, J. Appl. Cryst. 40(3) (2007) 609-613. https://doi.org/10.1107/S0021889807010941 

10. G.M. Sheldrick, SHELXL-97, Program for Crystal Structure Refinement, University of Goettingen, Germany, 1997, release 97-2. 

11 H. Bärnighausen, Group-subgroup relations between space groups; a useful tool in crystal chemistry. MATCH-Commun. Math. Chem. 1980, 
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Structural biologists are undertaking increasingly challenging projects including the study of membrane proteins and complex multi-

component machines. Structural investigations are also transitioning beyond solving a single static structure, to the application of a 

series of sequential structural snapshots to provide details of the atomic positions and motions that define the relationships involved in 

molecular recognition, transition state stabilization, and other aspects of the biocatalytic process. The success of these experiments 

requires careful optimization of samples and experimental setups, often involving multiple experiments at the laboratory bench and the 

beamline, where automation serves as an enabling technology to efficiently deliver multiple crystals and meet stringent timing 

requirements.  

Developments at SSRL and LCLS-MFX will be presented that tackle challenges involved in the use of very small and radiation-

sensitive crystals. To facilitate the handling and optimization of delicate crystals, new in situ crystallization and remote data collection 

schemes have been released that avoid direct manipulation of crystals, support robotic sample exchange, and allow full rotational 

access of the sample in a controlled humidity environment. By simplifying crystal handling and transport at near-physiological 

temperatures, these technologies remove barriers to enable more widespread use of serial crystallography methods for studies of 

metalloenzyme structure and protein dynamics. Data analysis tools that provide rapid feedback for experimental optimization during 

fast-paced experiments will also be described.  

Keywords: structural biology, automation, serial crystallography, controlled humidity 
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Right from its initial conception, the micro-focus beamline I24 at Diamond Light Source has looked beyond the assumption that an 

experimenter’s structural question would be answerable with a single, well diffracting, cryo-cooled sample. A multi-crystal approach 

to data collection has become a modus operandi. Initially attention was focused on small volume and weakly diffracting samples that 

would typically receive a destructive X-ray dose before complete and redundant data could be recorded. To help tackle this 

requirement, pipelines for rapid collection and intelligent merging of thin wedges of data from multiple crystals have been developed. 

Additionally, Serial Synchrotron crystallography (SSX) has become a core activity, with the intention of probing structural dynamics 

obtainable within protein crystals at room temperature [1,2]. This brings the requirement for many thousands of crystals, each 

contributing only a tiny proportion of the final dataset and providing a challenge in terms of collection and processing. I present latest 

results from SSX and multi-crystal experiments, describe the tools available for users of the beamline and consider optimum methods 

for successful many-crystal experiments. 

[1] Ebrahim et al. (2019). IUCrJ. 6, 543-551. 

[2] Rabe et al. (2020). IUCrJ. 7, 901-912. 

Keywords: macromolecular crystallography; multi-crystal; serial crystallography; SSX; high-throughput 
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Infrared (IR) absorption spectromicroscopy is a powerful, non-invasive probe that provides access to spatio-chemical information at 

the micron scale. The physical basis of IR spectroscopy lies in the oscillations of dynamic dipole moments in chemical bonds, with 

resonant frequencies in the IR spectral region of 4,000-400 cm-1 wave numbers. The bending or stretching of chemical bonds between 

atoms with different electronegativities, such as O-H or C=O, will lead to intense absorption and thus provide a unique fingerprint of 

specific chemical groups within the sample. The presence - or absence - of specific spectral fingerprints provide the opportunity to 

locate and identify chemical processes throughout the sample, and track these processes in time or as a function of external 

perturbation. 

We can perform these types of measurements using a Synchrotron Fourier Transform Infrared (SFTIR) spectromicroscopy setup, as it 

provides orders of magnitude more photons than traditional bench-top machines1. Even with an ultra-bright IR source as provided at 

the Advanced Light Source, acquisition times typically take multiple hours. These long acquisition times are in part caused by the size 

of the field of view, as compared to the probe size: users typically analyze a 70 um by 100 um sample using a regular grid with a 

spacing of 1 um. With an acquisition time of 4 seconds per pixel, we would need about 8 hours to measure the full sample. Given that 

access to instruments is scarce, compounded by the desire to characterize different samples, being able to speed up data acquisition is 

of paramount importance. 

Here we present a strategy that drastically increases the efficiency of SFTIR spectromicroscopy by coupling the data collection with 

Gaussian Process based surrogate model 2,3. This approach models the full hyperspectral datasets across the entire field of view, 

including regions we haven’t measured yet, by multivariate Normal distribution. By analyzing this distribution, we gain insight into 

which future measurement locations provide the greatest reduction in total uncertainty, and can also predict various quality metrics of 

the surrogate model we can use to end an experiment. Preliminary experiments show we can increase the throughput of SFTIR 

experiments by a factor of ~20. 

1. Holman, H. ‐Y N. & Martin, M. C. Synchrotron Radiation Infrared Spectromicroscopy: A Noninvasive Chemical Probe for Monitoring 

Biogeochemical Processes. Advances in Agronomy 79–127 (2006) doi:10.1016/s0065-2113(06)90003-0. 

2. Chang, H. et al. Building Mathematics, Algorithms, and Software for Experimental Facilities. in Handbook on Big Data and Machine 

Learning in the Physical Sciences 189–240 (World Scientific, 2020). 

3. Noack, M. & Zwart, P. Computational Strategies to Increase Efficiency of Gaussian-Process-Driven Autonomous Experiments. in 2019 

IEEE/ACM 1st Annual Workshop on Large-scale Experiment-in-the-Loop Computing (XLOOP) 1–7 (2019). 

 

https://paperpile.com/c/figDD6/rDaZ
https://paperpile.com/c/figDD6/hCKN+yBHo
http://paperpile.com/b/figDD6/rDaZ
http://paperpile.com/b/figDD6/rDaZ
http://paperpile.com/b/figDD6/rDaZ
http://paperpile.com/b/figDD6/rDaZ
http://dx.doi.org/10.1016/s0065-2113(06)90003-0
http://paperpile.com/b/figDD6/rDaZ
http://paperpile.com/b/figDD6/hCKN
http://paperpile.com/b/figDD6/hCKN
http://paperpile.com/b/figDD6/hCKN
http://paperpile.com/b/figDD6/hCKN
http://paperpile.com/b/figDD6/hCKN
http://paperpile.com/b/figDD6/hCKN
http://paperpile.com/b/figDD6/yBHo
http://paperpile.com/b/figDD6/yBHo
http://paperpile.com/b/figDD6/yBHo
http://paperpile.com/b/figDD6/yBHo


MS-07-4                           Microsymposium 

Acta Cryst. (2020), A77,  C86

Strategy in the age of 360° sweeps 

A. Förster, M. Müller, C. Schulze-Briese 

DECTRIS Ltd., Täfernweg 1,5405 Baden-Dättwil, CH 

andreas.foerster@dectris.com 

The rotation method is the most common approach of collecting macromolecular diffraction data. In the days of image plates and 
charge-coupled device detectors (CCDs), substantial readout time and noise made sophisticated data collection strategies necessary. 
The correct starting angle of data collection would help minimize the number of images. A rotation increment of up to 1°/image served 
to raise weak reflections above the detector noise. Datasets took hours to collect. 

This is not a sensible way of collecting data anymore. Hybrid Photon Counting detectors, which are installed on essentially all MX 
beamlines around the world and on many laboratory diffractometers, are free of dark current and readout noise and limited only by 
Poisson counting statistics. Using rotation increments of around 0.1°/image (fine slicing) decreases the measured background and 
increases the signal to noise of the experiment. With fast detectors, full 360° datasets can be collected in seconds to a few minutes. 

Does the new standard of 360° of data collected at 0.1°/image excuse crystallographers from thinking and optimizing their experiments? 
Not at all. We show how the full-rotation approach to data collection can accommodate such scenarios as extremely radiation-sensitive 
samples and experimental phasing. Solving structures by single-wavelength anomalous dispersion from atoms native to the sample 
becomes possible even with data collected at room temperature.  A successful experimental strategy comprises adjustments to beam 
energy, photon flux, detector distance, starting angle, number of full rotations, orientation of the crystal, and many more. 

The recording of data at the highest possible quality makes all subsequent steps of data processing, phasing and model building easier. 
It will result in a more precise atomic model to answer the biological questions that prompted the structural work. Despite the apparent 
simplicity of the full-rotation method, data collection, the last experimental step of MX, is as critical as ever. There is no excuse for 
walking away with less than best data. 

Keywords: MX data; Strategy; Low intensity; High multiplicity; Anomalous data 
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A recent surge in reports of crystals exhibiting elastic flexibility has changed the way we view these materials. With potential 

applications in flexible electronics, in depth research is required to understand why some crystals can be tied into knots, while others 

shatter under an applied force. Different rationales for elastic flexibility have been proposed: many crystals have been engineered to 

impart flexibility through isotropic interactions, although other elastic crystals have anisotropic interactions [1]. Clearly, the different 

interactions present result in diverse bending mechanisms. The mechanism of flexibility in elastic crystals can be resolved on an 

atomic-scale by use of micro-focused synchrotron radiation [2]. By examining the localised crystal structure at multiple positions 

across a bent crystal, the deformations of the cell parameters can be quantified (Fig. 1). Isotropic and anisotropic crystals have been 

analysed using this technique to determine their respective mechanisms.  

Figure 1. Unit cell deformations of a bent crystal analysed via the auto-processing software, CX-ASAP 

 

Unfortunately, structural mapping quickly produces large volumes of data, and manual processing would be inefficient when there are 

only small changes to the data. Instead, software was developed to automatically process these datasets. It is capable of taking raw 

frames and providing finalised CIF files with results graphically analysed. This allows for greater insight into these elastic crystals, as 

more data can be analysed in a reasonable time frame. This software, CX-ASAP, consists of a series of independent modules which can 

be placed together into an auto-processing pipeline. The advantage of this modular approach, is the fact that it is applicable to a wider 

range of large crystallographic dataset analysis, such as variable temperature experiments. The main consideration of this software is 

the limit of computer knowledge, as there are key steps during the automation where user input is mandatory for reliable results.  

[1] Ahmed, E., Karothu, D. P. & Naumov, P. (2018). Angew. Chem. Int. Ed. Engl. 57, 8837-8846. 

[2] Worthy, A., Grosjean, A., Pfrunder, M. C., Xu, Y., Yan, G., Edwards, G. & Clegg, J. C. (2018). Nat Chem. 10, 65-69. 

Keywords: flexible crystal; elastic crystal; automation; mechanisms; synchrotron  
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The decision on the high-resolution cutoff has an apparent impact on the quality of a structure model. To determine the optimal cutoff 

automatically, we developed a software tool PAIREF [1]. The program performs the paired refinement protocol that allows linking the 

data and structure model quality. This analysis goes beyond the conventional criteria based on the indicators of data quality only (e.g. 

I/σ(I), Rmeas). 

PAIREF is freely available for multiple platforms and can be run from the command-line or graphical user interface. Two refinement 

engines are currently supported: REFMAC5 from the CCP4 software suite [2] and PHENIX.REFINE [3]. The program creates a 

compact comprehensive report. The final decision on the cutoff is based on several statistics that are calculated and monitored: R-

values, correlation coefficients, optical resolution, merging statistics, etc. The consequent comparison between CCwork and CC* allows 

the assessment of overfitting. Moreover, a unique feature of the program is the complete cross-validation scenario: the protocol is run 

in parallel for each free-reflection set selection individually which leads to averaged, more general and meaningful results. 

During the work on PAIREF, we confirmed previous findings and proved that useful signal can be often still present in the high-

resolution data not fulfilling the obsolete conventional criteria. To give an example: In the particular case of interferon gamma from 

Paralichthys olivaceus (PDB entry 6f1e), the cutoff was originally applied at 2.3 Å, according to the criterion for I/σ(I) higher than 2 

in the highest resolution shell. Nevertheless, we ran paired refinement up to 1.9 Å and observed a systematic decrease in Rfree while 

including data up to 2.0 Å [1]. Hence, the structure was improved, despite very poor statistics relating to the last resolution shell 2.1-

2.0 Å (I/σ(I) = 0.1, CC1/2 = 0.03).  

Furthermore, we similarly examined the high-resolution data from endothiapepsin (PDB entry 4y4g). This structure was originally 

solved at 1.44 Å resolution. However, we could observe a significant improvement in the quality of electron density of the partially 

occupied fragment after refinement up to 1.20 Å (Fig. 1). This observation was in harmony with corresponding drops in Rfree [1]. 

Generally, the quality of a structure model can benefit from the involvement of even weak high-resolution data. Thus, the application 

of paired refinement could be recommended for any structural project in X-ray macromolecular crystallography. PAIREF provides 

automation of the routine and gives all the relevant statistics for users to make a precise decision on the cutoff. 

 
Figure 1. Improvement in omit maps of the partially occupied fragment B53. Electron density after refinement up to 1.44 (purple) and 1.20 Å 

(orange) is shown at a level of 0.56 eÅ−3. Atomic coordinates were adapted from PDB entry 4y4g. 

[1] Malý, M., Diederichs, K., Dohnálek, J. & Kolenko, P. (2020). IUCrJ 7, pp. 681–692. 

[2] Winn, M. D., Ballard, C. C., Cowtan, K. D., Dodson, E. J., Emsley, P., Evans, P. R., Keegan, R. M., Krissinel, E. B., Leslie, A. G., McCoy, A., 

McNicholas, S. J., Murshudov, G. N., Pannu, N. S., Potterton, E. A., Powell, H. R., Read, R. J., Vagin, A., & Wilson, K. S. (2011). Acta 

Cryst. D 67, pp. 235–242.  

[3] Adams, P. D., Afonine, P. V., Bunkóczi, G., Chen, V. B., Davis, I. W., Echols, N., Headd, J. J., Hung, L. W., Kapral, G. J., Grosse-Kunstleve, R. 
W., McCoy, A. J., Moriarty, N. W., Oeffner, R., Read, R. J., Richardson, D. C., Richardson, J. S., Terwilliger, T. C., & Zwart, P. H. (2010). 

Acta Cryst. D 66, pp. 213–221. 
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Your research is finally out? Congratulations! But, let’s not forget that the research publication is not the end of the process, but the 

beginning of another one, also important: communication. Mastering communication, and all communications tools, especially social 

media, is now crucial to promote your research. Scientists themselves are sometimes embracing roles that were conventionally taken 

on by trained science communicators.  

But how to exist regarding the huge flow of communication generated on social media? How to engage with new audience? How do 

people, outside of the scientific life, learn about science or crystallography?  

The ESRF’s communication group has developed a digital strategy based on humanising science to reach new audience but also to 

engage people with science. This strategy aims to explain the stories behind the science carried out at the ESRF, to highlight the 

people behind the research projects, through digital campaigns such as “Humans of ESRF” [1], EBS stories or video portraits[2]. 

[1] https://humans.esrf.fr/ 

[2] https://www.youtube.com/watch?v=mIprE9Hfad4  
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Social media, as the name suggests, is a useful tool for staying connected socially with one another, however more recently it has also 

been used to spread ideas and communicate science to a broad audience. Social media platforms such as Instagram, Twitter, Facebook 

and Youtube are increasingly being used to explain difficult scientific concepts in easy to understand language to a broad audience of 

both other scientists and other members of the public. This presentation will discuss how scientists can use social media to 

communicate their science, and how I have used platforms such as Instagram and Twitter to talk about crystallography and 

biochemistry in an accessible manner. This presentation will also dive into how scientists and science communicators have used social 

media in an attempted to break down the barriers between scientists and the rest of the public, and improve public perception of who 

scientists are and what we do. 

Keywords: Crystallography, Social Media 
 



MS-08-3                           Microsymposium  

Acta Cryst. (2021), A77, C91 

 

Using social media to share the wonders of crystallography - perspectives from a structural 
database 

Ilaria Gimondi, Yinka Olatunji-Ojo, Zainab Abdulali, Ana Machado, Sophie Bryant, Suzanna Ward 

Cambridge Crystallographic Data Centre, Cambridge, United Kingdom 

igimondi@ccdc.cam.ac.uk 

Social media has the power to change people’s lives, from what we wear and eat, to where we go and who we socialise with. How can 

we leverage this influence to help inspire a new generation of scientists and crystallographers? 

At the Cambridge Crystallographic Data Centre (CCDC) we are involved in several projects to demonstrate the power of structural 

data in fun and engaging ways on social media. Over the last year we have created games and content targeted at inspiring a new 

generation of scientists. This has included a wide variety of activities and social media campaigns and is often done in conjunction 

with people in our community. 

This talk will highlight some of these efforts and explore what we have learnt along the way. We will demonstrate how we have used 

social media to enable people to play fun educational card games, to share instructional videos and playlists, to share educational tips 

(#CSDTopTipTuesday) and to encourage good data sharing practices. 

We will conclude by summarising what we have learnt along the way and explore how we can better help others to spread the science 

of crystallography and its application as far as possible inside and outside the crystallographic community. 

Keywords: database, education, CSD, communication 
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There is no doubt that the internet and social media has changed the way in which information is communicated and spread 

throughout the world today. Perhaps one of the fastest moving forms of media are memes, a small statement, image or video that is 

spread across platforms similarly to the game of ‘telephone’. Wikipedia defines a meme (/mi:m/MEEM) as “an idea, behaviour, or 

style that spreads by means of imitation from person to person within a culture – often with the aim of conveying a particular 

phenomenon, theme, or meaning represented by the meme.” [1] With the rise of meme groups such as “Inorganic Memes for C2v 

Teens” and “X-ray Crystallography May-Mays” on platforms such as Facebook, we see the spread of scientific memes and 

crystallographic ideas across the younger generation [2,3]. In this presentation, we will provide an overview on the use of memes to 

spread scientific information and their use as a tool for education and outreach for the next generation of crystallographers.   

 

Figure 1. ‘Pikachu shock face’ meme, describing the possible reaction of Max Von Laue during his discovery of X-ray diffraction [6]  

  

1. Meme. https://en.wikipedia.org/wiki/Meme (Accessed 05 March 2020)  

2. Inorganic Memes for C2v Teens. https://www.facebook.com/inorgmemes/ (Accessed 05 March 2020)  

3. X-ray Crystallography maymays. https://www.facebook.com/crystallographicmemes/ (Accessed 05 March 2020)  

4. Shudo, T. (Writer). Bulbasaur and the Hidden Village. Pokèmon: Indigo League, Tokyo Japan, Publisher: OLM Inc. 1998  
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The Building Blocks of Battery Technology:  
Inspiring the next generation of battery researchers 
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Since the turn of the century, secondary batteries have become big business. The portable electronics industry in the 1990’s was driven 

by the design of the Li-ion battery, and in more recent times, these batteries are underpinning the drive for electrification of vehicles to 

mitigate the increasingly apparent effects of climate change; thus Li-ion batteries can be described as being everywhere in everyday 

life. 

With our reliance on portable electronics, and the growth of the electric vehicle market, it is important to not only inspire the younger 

generation to think of their future career in the sciences, but also allow for important concepts which relate to policy to be accessible 

and understandable to the wider public. 

Common current outreach demonstrations for battery work make use of potato-/lemon-electrolyte batteries with a copper coin and 

zinc nail. Although a great demo to introduce the concept of electrochemical potentials between the metals and circuits, students often 

struggle to differentiate between the two types of batteries – primary (non-rechargeable) and secondary (rechargeable) and often 

mistakenly assume the voltage generated to originate from the potato/lemon itself. 

With this in mind, we have set out to create demonstrations, which can complement primary battery demos, while showcasing 

operation of rechargeable batteries using the LiCoO2 – graphite as a basis of the set-up. The talk will highlight our work from the past 

year through a variety of demonstrations, including our battery jenga1 set-up and the Royal Society of Chemistry IYPT2019 funded 

Lithium Shuffle Project battery operation videos2. The talk will also touch on outreach funding – the highs and lows, and how the 

group has continued their engagement work during the difficult period of COVID19. 

               

Figure 1. Left - Jenga adapted to mimic the electrode set-up of LiCoO2 – graphite cell, tactile textures to be accessible for blind and 

partially sighted students. Right - The Royal Society of Chemistry IYPT2019 funded Lithium Shuffle Project – human sized battery 

demonstration videos showing charging and discharging processes, suitable for ages 12+. 

 

[1] E. H. Driscoll, E. C. Hayward, R. Patchett, P. A. Anderson and P. R. Slater, J. Chem. Educ., 2020, 97, 2231–2237. 

[2] Lithium Shuffle. https://www.rsc.org/news-events/community/2020/mar/lithium-shuffle/ (accessed January 2021) 
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Social media for the growth of a scientific community: the case of the Italian Young 
Crystallographers Group 
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The Italian Young Crystallographers (trad. Giovani Cristallografi Italiani aka GCI) group was formally established in 2018 driven by 

the need of having a common place for students and young researchers to share their experiences and develop a common sense of 

affiliation to the main national association.  

However, the possibility to meet each other at conferences and congresses are rather modest even without the well-known pandemic 

constrains, so, we decided to use social media to share information among the community on a regular basis. The social media 

platforms soon became a virtual place where young generation of crystallographers are informed of job vacancies around the world, 

promote their latest research and enrich their crystallographic knowledge.  

As a consequence, the number of younger scientists associated increased significantly in the last two years and the GCI, fully 

supported by the national crystallographic association, plays a central role in all the scientific activities organized locally and at the 

national level.  

I here report the strategies used to develop the social media platforms and the initiative promoted by GCI to engage young researchers 

in crystallography. 

Keywords: Social Media; Young Crystallographers; Scientific community growth.  
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Le mieux est l'enemi du bon; homology modelling with Phyre2 in a deep learning world 
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Phyre2 is a web server to predict protein structure from sequence (www.imperial.ac.uk/phyre2) that processes ~1,000 individual 

sequences submitted by users every day. Since its introduction in 2011, Phyre2 has processed well over 4M jobs with ~55,000 unique 

users per year, each submitting ~20 sequences on average. The Phyre2 (Fig 1) web portal [1] provides both a rapid and user-friendly 

interface to predict protein structure using homology based template modelling and also resources for analysing the results. The papers 

describing Phyre2 and its predecessors (3D-PSSM and Phyre) have had over 12,000 citations in the literature. 

The performance of different protein structure prediction implementations is compared in a biennial exercise, the Community Wide 

Experiment on the Critical Assessment of Techniques for Protein Structure Prediction; the 14th edition, CASP14, took place in 2020 

[2]. The outstanding performance of  one program, AlphaFold2 [3] in CASP14 drew the attention of the world's media to this field. 

The results might lead the casual observer to conclude that the protein structure problem is solved, but at the moment AlphaFold2 

itself is not readily accessible to the vast majority of users and the underlying methods employed have not yet been revealed in any 

detail. 

We will show how the carefully designed interface to Phyre2 allows users to generate 3D protein structures from their sequence data 

in a flexible and straightforward way that makes good models readily available to the community at large. 

In addition to a simple mode that allows modelling from single sequences, the Phyre2 web portal proves a range of extra functionality: 

i) a facility for batch submission of processing of proteomes, ii) searching model genomes for a protein structure, iii) PhyreAlarm, 

which automatically updates a user if a superior model can be predicted as a result of a newly-deposited structure in the protein data 

bank, and iv) facilities to analyse a predicted model in terms of accuracy and sequence conservation. 

Phyre2 is a resource with the UK node of ELIXIR, the European–wide network of bioinformatics facilities.  

 

 

 

 

 

 

 

 

 

Figure 1. Main results page of the Phyre2 web server showing hits with confidence scores and origin of templates 

 

[1] Kelley et al. (2015) Nature Protocols, 10, 845. 

[2] CASP14, https://www.predictioncenter.org/casp14/index.cgi 

[3] see, e.g. https://en.wikipedia.org/wiki/AlphaFold 
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Prediction of the atomic structure of two-dimensional materials on substrates 
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Today the study of two-dimensional (2D) materials has become one of the key objectives of materials science. Unlike their three-

dimensional counterparts, 2D materials can simultaneously demonstrate unique transport and mechanical properties due to their 

dimensionality and quantum size effect. Weak van der Waals interaction between layers in heterostructures of 2D materials, electron 

confinement inside the layers, and high surface-to-volume ratio lead to remarkable changes in electronic and optical properties of the 

materials, as well as in their chemical and mechanical response. Besides, a wide range of ways to tune properties using lateral and 

vertical heterostructures fabrication, chemical functionalization, strain, defect and substrate engineering, makes 2D materials ideal 

candidates for developing a new class of electronic devices. 

In their fabrication and application, 2D materials are usually located on top of the substrate or combined into heterostructures, which 

makes their structures and properties strongly depend on the nature and quality of the environment. Here, we present a novel method 

for studying the atomic structures of two-dimensional materials and epitaxial thin films on arbitrary substrates. The method can 

predict successful stages of epitaxial growth and the regions of stability of each atomic configuration with experimental parameters of 

interest (Figure 1). We demonstrate the performance of our methodology in the prediction of the atomic structure of MoS2 on Al2O3 

(0001) substrate. The method is also applied to study the CVD growth of graphene and hexagonal boron nitride on Cu (111) 

substrates. In both cases, stable monolayer and multilayer structures were found. The stability of all the structures in terms of partial 

pressures of precursors and temperature of growth is predicted within the ab initio thermodynamics approach.  

 

Figure 1. Predicted stable structures of BN / Cu (111) system and phase diagram of their CVD growth at T = 1000 °C. Regions of 

stability of different structures are represented with colors. Four successful stages of h-BN synthesis: B-N-C chains, h-BN monolayer, 

bilayer and bulk representative were found in the calculation. 

 

Keywords: 2D materials; first principles; crystal structure prediction; CVD growth; phase diagram 
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Nucleating different coordination in crystal under pressure:  
Study of B1-B2 transition in NaCl by metadynamics  
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Prediction of crystal structures has reached a high level of reliability, but much less is known about the mechanisms of structural 

transitions and pertinent barriers. The barriers related to nucleation of crystal structure inside another one are critically important for 

kinetics and eventually decide what structure will be created in experiment.   

We show here an NPT metadynamics simulation scheme [1] employing coordination number and volume as collective variables and 

illustrate its application on a well-known example of reconstructive structural transformation B1/B2 in NaCl. Studying systems with 

size up to 64000 atoms we reach beyond the collective mechanism (Fig.1 (a)) and observe the nucleation regime (Fig.1 (b)).  We 

reveal the structure of the critical nucleus and calculate the free-energy barrier of nucleation and also uncover details of the atomistic 

transition mechanism and show that it is size-dependent.  

Our approach is likely to be applicable to a broader class of structural phase transitions induced by compression/decompression and 

could find phases unreachable by standard crystal structure prediction methods as well as reveal complex nucleation and growth 

effects of martensitic transitions.  

 

 

Figure 1. (a) Collective mechanism - A typical frame of supercell during the course of the B1/B2 transition in NaCl at 40 GPa and 

300 K in the system of size of 512 atoms. (b) Nucleation - A typical nucleus of the B2 phase in the B1 phase (with shape of ellipsoid), 

during the transition at 40 GPa and 300 K in the system of 64 000 atoms. Plane of view cuts the ellipsoid through its centre. Figure 

was produced using OVITO [2].   

 1. M. Badin and R. Martoňák, arXiv:2105.02036  

2. A. Stukowski, Modelling Simul. Mater. Sci. Eng. 18, 015012 (2010).  

 

Keywords: pressure-induced phase transitions; nucleation; martensitic transition; metadynamics  
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Understanding viral host interactions that modulate nuclear transport and innate immunity  
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RNA viruses such as coronaviruses, flaviviruses, and henipaviruses represent major international health threats. Whilst these viruses 

replicate in the cytoplasm, they encode accessory proteins that target the host nuclear transport machinery to suppress innate immune 

pathways. Specifically, these virus proteins target the nuclear import receptor importin-a (IMPa) and inhibit host immune responses 

from entering the nucleus and triggering interferon (IFN) release. This immune evasion strategy is a critical component of virus 

pathogenicity, yet details of these interactions (including mechanism(s) of binding specificity with IMPa isoforms) remain unresolved. 

Here we describe the interfaces between these viral immune regulatory proteins and specific IMPA host receptors as targets for 

development of novel antivirals. 

Keywords: Nuclear transport; Henipavirus; Hendra; Nipah; Importin  
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Prevalence of drug-resistant strains of causative agents of age old diseases pneumonia and tuberculosis (TB), has urged focus on 
exploring novel targets and development of new therapeutics with a fresh perspective in the battle against antibiotic resistance. Now-
a-days bioactive compounds from natural origin are superseding the use of synthetic compounds due to structural and chemical 
diversity [1]. Our research illustrates the power of integrative structural biology in the discovery of inhibitors against two potential 
drug targets - (1) Serine acetyltransferase (also known as CysE), an enzyme of de novo cysteine biosynthetic pathway, and (2)
Isocitrate lyases with role in both glyoxylate cycle and methylcitrate cycle 
(1) CysE catalyzes the production of O-acetyl-L-serine (OAS) from acetyl-CoA and L-serine. The enzyme, essential for survival in a 
mouse model of TB infection [2], is absent in Homo sapiens. Therefore, this target is worth exploring for developing new 
antimicrobial compounds. The crystal structure of K. pneumoniae (Kpn) CysE was solved and used as a receptor for blind docking of 
natural compounds with documented antioxidant, antibacterial, respiratory stimulant, anti-inflammatory, and bronco-dilatory 
activities. L-Cys, a feedback inhibitor of CysE which binds at the active site was also docked as a positive control (Fig.1a).  The best 
binders were tested for the inhibitory potential of CysE and quercetin was identified as the most potent inhibitor (Fig. 1b). MD 
simulations verified it as an allosteric inhibitor  that binds at the trimer-trimer interface distal to the active and cofactor binding site. 

(2) Isocitrate lyases (ICL1/ICL2) are essential for persistence of M. tuberculosis (Mtb) in its host  [3] as they play an important role 
in metabolism of even and odd chain fatty acids via β-oxidation. Though high resolution crystal structures of Mtb ICL1 are available 
in PDB since 2000, and GlaxoSmithKline-TB Alliance launched high throughput screening of 900,000 compounds to identify ICL1 
inhibitor, their efforts culminated in modest succes, in view of poor characterization of ICL2 structure-function relationship. We 
purified both Rv1915 and Rv1916 and characterized them possessing dual isocitrate and methylisocitrate lyase activities akin to 
ICL1[4]. In silico screening of natural compounds has yielded an inhibitor which is able to abolish both the activities in all Mtb ICLs.  

[1]. Pereira D. M., Andrade C., Valentão P., & Andrade P. B. (2017). “Natural Products Targeting Clinically Relevant Enzymes, pp. 1–18. Wiley-
VCH Verlag GmbH & Co. KGaA, 

[2]. Sassetti C. M. & Rubin E. J. (2003).Proc. Natl. Acad. Sci. USA 100:12989-94 

[3]. McKinney J. D., zu Bentrup K. H., Muñoz-Elías E. J., et al (2000). Nature 406:735–738. 

[4]. Gould T. A., van de Langemheen H., Munoz-Elias E. J. , et al (2006). Mol Microbiol 61:940–947.  

Keywords: Serine acetyltransferase, Isocitrate lyase, novel targets, natural inhibitors 

Figure 1(a). Docking of natural compounds within Kpn CysE structure. Location 
of active site (dotted oval), cofactor binding site (dotted rectangle) and natural 
compounds in stick representation are depicted in magenta (apocynin), peach  
(vasicine), cyan (mangiferin), yellow (berberine),  green (quercetin) and blue 
(cysteine) colors. (b). % inhibition of Kpn CysE by natural compounds - apocynin, 
berberin, mangiferin, quercetin and vasicine along with known inhibitor L-cysteine. 

mailto:vibha.gupta@jiit.c.in
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The structure of the ABC transporter PsaBC shows that bacterial manganese import is 
achieved by unique architectural features that are conserved across the kingdoms of life. 
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Metal ions are essential for all forms of life. In prokaryotes, ATP-binding cassette (ABC) permeases serve as the primary import 

pathway for many micronutrients including the first-row transition metal manganese. However, the structural features of ionic metal 

transporting ABC permeases have remained undefined. This presentation will describe the crystal structure of the manganese 

transporter PsaBC from Streptococcus pneumoniae in an open-inward conformation. The Type II transporter has a tightly closed 

transmembrane channel due to ‘extracellular gating’ residues that prevent water permeation or ion reflux. Below these residues, the 

channel contains a hitherto unreported metal coordination site, which is essential for manganese translocation. These structural 

features are highly conserved in metal-specific ABC transporters and are represented throughout the kingdoms of life. Collectively, 

our results define the structure of PsaBC and reveal the features required for divalent cation transport. 

Keywords: membrane protein, X-ray crystallography, Streptococcus pneumoniae, manganese 
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We know so little about how bacteria utilise surface virulence factors to colonise, infect, persist and cause disease in their hosts. The 

largest group of these virulence factors are the autotransporters, where although they employ a simple process for translocation to the 

bacterial surface, their functional passenger domains show a diverse range of pathogenic functions such as promoting adhesion, 

biofilm formation, invasion and tissue destruction. Despite extensive international efforts at the genotype-phenotype level that have 

confirmed the association of autotransporters with bacterial pathogenesis, less than 0.6 % of their structures have been determined 

with very little information on their molecular mechanisms of action. 

With 10 new structures of autotransporter passenger domains over the past few years our group has been leading this area of research. 

Taking advantage of many autotransporter passenger domains being based upon large >500 residue β-solenoid structures, we have 

successfully employed Xenon derivatisation at the Australian Synchrotron to acquire anomalous signal for structure determination by 

single isomorphous replacement. More importantly, we have used our crystal structures to inform a comprehensive array of 

biophysical, biochemical and microbiological approaches to uncover the mode of action of the autotransporters and their roles in 

bacterial pathogenesis. Using this approach, we were the first to determine the molecular mechanism of an autotransporter adhesin1. 

We found that this Ag43 adhesin from Uropathogenic E. coli (UPEC) promoted bacterial biofilms through a self-association 

mechanism between neighbouring E. coli cell surfaces. This knowledge on biofilms is critical given their contribution to bacterial 

chronic infections and the development of antibiotic resistance. 

Here we present the first crystal structure and mechanism of action of an autotransporter adhesin that binds to host tissue to facilitate 

bacterial colonisation2. The crystal structure of UpaB from UPEC was found to display significant modifications to its β-helix that 

creates two different binding sites, allowing it to interact simultaneously with both host surface proteins and polysaccharides. As 

shown in live animal models, both sites co-operate to achieve bacterial colonisation. In contrast to Ag43 that forms self-associations 

that lead to biofilms, UpaB through directly binding host factors to facilitate colonisation creates a second mechanistic group of the 

autotransporter adhesins.  

Returning to Ag43, we also investigate the conservation of its self-association mechanism with 3 new crystal structures of Ag43 

homologues from widespread E. coli pathogens3. We show that adaptations to this mechanism of action alter the kinetics of bacterial 

aggregation and biofilm formation, presumably to suit the different E. coli pathogens to their specific infection sites. Even more 

importantly, we are using our molecular knowledge on autotransporters such as Ag43 to develop new classes of anti-bacterial 

inhibitors. To date we have developed and patented a successful inhibitor that targets Ag43 to prevent pathogenic E. coli biofilms4. 

Again using X-ray crystallography, we have determined the structure of the first autotransporter adhesin-inhibitor complex to fully 

understand how this novel inhibitor interacts with Ag43 and blocks its function. 

 

 

Figure 1A: Ag43 self-associates between E. coli surfaces to promote aggregation and biofilm formation. B. UpaB directly binds both host proteins 

and carbohydrates to promote UPEC colonisation.  
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The evolutionarily conserved Retromer complex (Vps35-Vps26-Vps29) is a master regulator responsible for endosomal membrane 

trafficking and signalling. It is known that mutations in Retromer can cause late-onset Parkinson’s disease, and can also be hijacked by 

viral and bacterial pathogens during cellular infection. Seeking tools to modulate Retromer function would provide new avenues in 

understanding its function and the associated diseases. Here we employed the random nonstandard peptides integrated discovery 

(RaPID) approach to identify a group of macrocyclic peptides capable of binding to Retromer with high affinity. Our crystal structures 

show that five of the macrocyclic peptides bind to human Vps29 via a di-peptide Pro-Leu sequence. Interestingly, these peptides 

structurally mimic known interacting proteins including TBC1D5, VARP, and the bacterial effector RidL, and potently inhibit their 

interaction with Retromer in vitro and in cells. In addition, we found that these Vps29-binding macrocyclic peptides also mimic the 

binding between thermophilic yeast Vps29 and the unstructured N-terminal domain of Vps5. Disruption of this previously 

uncharacterized interaction by macrocyclic peptides negatively affect yeast Retromer, Vps5 and Vps17 to form stable 

heteropentameric complex. By contrast, mutagenesis and cryoEM show that macrocyclic peptide RT-L4 binds Retromer at the Vps35 

and Vps26 interface, and it can act as a molecular chaperone to stabilise the complex with minimal disruptive effects on Retromer’s 

ability to interact with its accessory proteins. Finally, using reversible cell permeabilization approach, we demonstrate that both the 

Retromer inhibiting and stabilizing macrocyclic peptides can specifically co-label Vps35-positive endosomal structures, and can be 

used as baits for purifying Retromer from cells and subsequent proteomic analyses. We believe these macrocyclic peptides can be 

used as a novel toolbox for the study of Retromer-mediated endosomal trafficking, and sheds light on developing novel therapeutic 

modifiers of Retromer function.  

Keywords: Membrane trafficking; Retromer; macromolecular crystallography; CryoEM; cyclic peptide 
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leading to improved inhibitor design 
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The class D serine β-lactamases comprise a superfamily of almost 900 enzymes capable of conferring high-level resistance to β-lactam 

antibiotics, predominantly the penicillins including oxacillin (Fig. 1) and cloxacillin, and some early generation cephalosporins. In 

recent years it has been discovered that some members of the class D β-lactamase superfamily have evolved the ability to deactivate 

carbapenems (Fig. 1), last resort β-lactam antibiotics generally held in reserve for highly drug resistant bacterial infections. These 

enzymes are collectively known as Carbapenem-Hydrolyzing Class D serine β-Lactamases or CHDLs [1,2]. Most alarmingly, a large 

number (>500) of these CHDLs have appeared in several Acinetobacter baumannii strains, leading the CDC to elevate this once 

nosocomial infection of little clinical importance into a major opportunistic pathogen, now deemed to be an urgent global threat [3] 

with mortality rates from infections by resistant strains often exceeding 50% [4]. 

The mechanism of β-lactam deactivation by the class D serine β-lactamases involves the covalent binding of the antibiotic to an active 

site serine to form an acyl-enzyme intermediate (acylation). This is followed by hydrolysis of the acyl bond (deacylation), catalysed 

by a water molecule activated by a carboxylated lysine residue [5]. It was initially thought that the carbapenems acted as potent 

inhibitors of the class D enzymes since formation of the covalent acyl-enzyme intermediate expelled all water molecules from the 

active site, and stereochemistry of the side group at carbon 6 of the β-lactam ring effectively blocked access into the pocket housing 

the catalytic lysine, thus preventing the deacylation step. Our recent structural studies on three CHDLs (OXA-23, OXA-48 and OXA-

143) [4,6,7] have indicated that their carbapenem hydrolysing ability may be due to small-scale dynamics of two surface hydrophobic 

residues which form a hydrophobic lid over the internal pocket housing the catalytic lysine. Movement of one or both of these residues 

allow for the transient opening and closing of a channel (Fig. 2) through which water molecules from the milieu can enter the lysine 

pocket to facilitate the deacylation reaction. Although the hydrophobic residues responsible for the channel formation are present in 

all class D β-lactamases, sequence and structural differences nearby may be responsible for the evolution of carbapenemase activity in 

the CHDLs. Current and future work aimed at non-covalent inhibitor development in OXA-23, and improved covalent inhibitor 

design focused on blocking access to the catalytic lysine pocket in OXA-23 and OXA-48 will be presented. 

  

Figure 1. The first-generation β-lactam oxacillin (top) and the 

carbapenem imipenem (bottom). The stereochemistry at carbon 6 is 

important for differences in their reactivity towards the β-lactamases. 

Figure 2. The surface of the CHDL OXA-143 calculated with Val130 

in an open conformation, showing a hole which opens into the internal 

pocket housing the catalytic lysine (Lys85). 

 

[1] Queenan A.M. & Bush K. (2007). Clin. Microbiol. Rev. 20:440. 

[2] Walther-Rasmussen J. & Hoiby N. (2006). J. Antimicrob. Chemother. 57:373. 

[3] https://www.cdc.gov/drugresistance/biggest-threats.html 

[4] Smith C.A., Antunes N.T., Stewart N.K., Toth M., Kumarasiri M., Chang M., Mobashery S. & Vakulenko S.B. (2013). Chem. Biol. 20:1107. 

[5] Golemi D., Maveyraud L., Vakulenko S., Samama J.P. & Mobashery S. (2001). Proc. Natl. Acad. Sci. 98:14280. 

[6] Toth M., Smith C.A., Antunes N.T., Stewart N.K., Maltz L. & Vakulenko S.B. (2017). Acta. Crystallogr. D73:692. 

[7] Smith C.A., Stewart N.K., Toth M. & Vakulenko S.B. (2019). Antimicrob. Agents Chemother. 63:e01202-19. 
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The inflammasome signaling pathways are activated by infections and sterile stimulation, which lead to the maturation of 

inflammatory caspases that promote the secretion of inflammatory cytokines such as IL-1 and IL-18. The recognition and cleavage 

of the gasdermin family members by caspases trigger the activation of their pore-forming activities that lead to pyroptotic cell death. 

A prominent example is the targeting of gasdermin D (GSDMD) by inflammatory caspases-1/4/5/11 as an essential step in initiating 

pyroptosis following inflammasome activation. Previous work has identified cleavage site signatures in caspase substrates such as 

GSDMD and inflammatory cytokines, but it is unclear if these are the sole determinants for caspase engagement. Here we describe 

structural studies of a complex between caspase-1 (CASP1) and the full-length GSDMD, which reveals that the cleavage site-

containing linker in GSDMD adopts a long loop structure that engages the CASP1 active site. In addition, an exosite is observed 

between the caspase-1 L2 and L2’ loops and a hydrophobic pocket within the GSDMD C-terminal domain distal to its N-terminal 

domain. The exosites endows a novel function for the GSDMD C-terminal domain as a caspase-recruitment module, in addition to its 

role in autoinhibition. The dual site recognition may allow stringent substrate selectivity while facilitating efficient cleavage and 

pyroptosis upon inflammasome activation. Such mode of tertiary structure recognition may be applicable to other physiological 

substrates of caspases. 

Keywords: inflammasome; caspase; gasdermin 
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Structure of the activated ROQ1 resistosome directly recognizing the pathogen effector XopQ 
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Plants and animals detect pathogen infection via intracellular nucleotide-binding leucine-rich repeat receptors (NLRs) that directly or 

indirectly recognize pathogen effectors and activate an immune response. How effector sensing triggers NLR activation remains 

poorly understood. Structure-function studies of these complexes are hampered by low levels in native tissue, our inability to express 

them recombinantly, and their instability in solution. We overcame sample limitation problems and solved a 3.8 Å resolution cryo-EM 

structure of the activated ROQ1, an NLR native to N. benthamiana with a Toll-like interleukin-1 receptor (TIR) domain, bound to 

the Xanthomonas effector XopQ. ROQ1 directly binds to both the predicted active site and surface residues of XopQ while forming a 

tetrameric resistosome that brings together the TIR domains for downstream immune signaling. Our results suggest a mechanism for 

the direct recognition of effectors by NLRs leading to the oligomerization-dependent activation of a plant resistosome and signaling 

by the TIR domain. 

Keywords: Innate immunity, Cryo-electron microscopy, pathogen detection 
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Structural mechanism of NAD+ cleavage by plant TIR domain 
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Plant nucleotide-binding leucine-rich repeat (NLR) immune receptors recognize pathogen effectors to trigger cell death and confer 

disease resistance [1]. The Toll/interleukin-1 receptor (TIR) domains of plant NLRs can hydrolyze nicotinamide adenine dinucleotide 

in its oxidized form (NAD+), which is required for NLR-mediated immune signalling [2, 3].  The Cryo-EM structures of the RPP1 and 

Roq1 resistosomes show that formation of two asymmetric dimers of TIR domains is critical for the NADase activity [4, 5]. However, 

the structural mechanism underlying TIR-catalyzed NAD+ cleavage remains unknown. Here, we report a crystal structure of RPP1-

TIR in complex with NAD+. The TIR domain forms a tetramer in an asymmetric unit, which is nearly identical with that seen in the 

RPP1 resistosome. The NAD+ is bound to the catalytic center between the asymmetric head-to-tail TIR homodimers, with the 

adenosine group contacting one TIR monomer (TIRb) and the phosphate groups and the nicotinamide ribose contacting the other TIR 

(TIRa). The nicotinamide-ribose bond of NAD+ has been cleaved, and the free nicotinamide stacks against the adenosine group. The 

carboxylate oxygen of the catalytic Glu158 interacts with the C-2 and C-3 hydroxyl groups of the nicotinamide ribose, and the 

interactions are highly conserved in the cADPR-bound ADP-ribosyl cyclase CD38. Our study reveals NAD+ recognition mechanism 

of a plant TIR domain and provides insight into NAD+ hydrolysis catalyzed by the TIR protein. 

 

[1] J. D. Jones, R. E. Vance, J. L. Dangl, Intracellular innate immune surveillance devices in plants and animals. Science 354, aaf6395 (2016). 

[2] L. Wan et al., TIR domains of plant immune receptors are NAD+-cleaving enzymes that promote cell death. Science 365, 799–803 (2019).  

[3] S. Horsefield et al., NAD+ cleavage activity by animal and plant TIR domains in cell death pathways. Science 365, 793–799 (2019).  

[4] S. Ma et al., Direct pathogen-induced assembly of an NLR immune receptor complex to form a holoenzyme. Science 370, eabe3069 (2020). 

[5] R. Martin et al., Structure of the activated Roq1 resistosome directly recognizing the pathogen effector XopQ. Science 370, eabd9993 (2020). 
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The structure of the marsupial γμ T cell receptor defines a third T cell lineage in vertebrates 
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Most T cells found in jawed vertebrates express functional heterodimeric receptors (TCRs) on their surface formed by either α  and β 

or γ and δ chains. Each chain possesses two domains, an amino-terminal variable domain (V) and a constant domain (C) on the 

carboxy-terminus (V-C pattern). In most cases, the ability of T cells to recognize diverse antigens relies on the surface (or paratope) 

located within Vα – Vβ or Vγ – Vδ segments. Recent genomic studies of non-eutherian mammals identified clusters of genes that 

resemble the classical TCR loci but surprisingly contain an additional variable segment. The functional product common for 

marsupials and monotremes called ‘μ chain’ was predicted to contain two variable (Vμ and Vμj) and one constant (Cμ) domains. 

Single cells analysis of blood and spleen from Monodelphis domestica showed that some of the splenic T cells co-express the μ and γ 

chains suggesting that both polypeptides could form a novel type of T cell receptor, the γμTCR. Using obtained sequences, we 

generated and structurally characterized two different γμTCRs. Here, we present the novel and unusual architecture of a third lineage 

of T cell receptor found in marsupials and monotremes [1]. 

[1] Morrissey K.A., Wegrecki M., Praveena T., Hansen V.L., Bu L., Sivaraman K.K., Darko S., Douek D.C., Rossjohn J., Miller R.D., 

Le Nours J. The molecular assembly of the marsupial T cell receptor defines a third T cell lineage. SCIENCE, 371, 1383-1388, 2021.  

Keywords: T cell receptor, marsupial, nanobodies 
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Human surfactant protein D is a collectin and member of the C-type lectin superfamily of proteins that forms an essential part of the 

mammalian innate immune system. The collectins have been recognised to not only bind to invading pathogens, allowing for 

recognition by immune cells, but also play an important role in activating and regulating the response of both the innate and acquired 

immune systems. Crystal structures of a biologically and therapeutically active recombinant homotrimeric fragment of human SP-D 

(hSP-D) complexed with the inner core oligosaccharides from gram negative bacterial human pathogens Haemophilus influenzae, 

Salmonella enterica sv Minnesota rough strains [1-2] and Escherichia coli provide unique multiple insights into the recognition and 

binding of bacterial lipopolysaccharide (LPS) by hSP-D.  

The structures reveal that hSP-D specifically and preferentially targets the LPS inner core via calcium dependent recognition of the 

proximal inner core heptose dihydroxyethyl side chain coupled with specific interactions with the binding site flanking residues 

Arg343 and Asp325 and evidence for an extended binding site for LPS inner cores. Where this preferred mode of binding is precluded 

by the crystal lattice, the structures show that hSP-D has the flexibility and versatility to adopt alternative strategies for bacterial 

recognition, utilising alternative LPS epitopes including terminal or non-terminal sugars. Alongside binding studies of both whole 

bacteria and LPS the structures also demonstrate that carbohydrate extensions to the core LPS oligosaccharide, previously thought to 

be targets for collectins, are important in shielding the more vulnerable target sites in the LPS core. Recent structures of hSP-D bound 

with small synthetic LPS core component ligands which include phosphorylation of specific carbohydrate residues further 

demonstrate not only the ability to adopt alternative modes of recognition but also that LPS phosphorylation may provide an 

additional mechanism by which pathogens can efficiently evade a first-line mucosal innate immune defence. 

[1] Clark, H. W., Mackay, R. M., Deadman, M. E., Hood, D. W., Madsen, J., Moxon, E. R., Townsend, J. P., Reid, K. B. M., Ahmed, A., Shaw, A. 

J., Greenhough, T. J. & Shrive, A. K. (2016). Infection & Immunity 84, 1585. 

[2] Littlejohn, J. R., da Silva, R. F., Neale, W. A., Smallcombe, C. C., Clark, H. W., Mackay, R. M. A., Watson, A. S., Madsen, J., Hood, D. W., 

Burns, I., Greenhough, T. J. & Shrive, A. K. (2018). PLOS One 13, e0199175. 
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Metabolite based T cell immunity is emerging as a major player in antimicrobial immunity, autoimmunity and cancer. Here, small 

molecule metabolites were identified to be captured and presented by the major histocompatibility complex (MHC) class-I related 

molecule MR1 to T cells, namely Mucosal Associated Invariant T cells (MAIT) and diverse MR1-restricted T cells. Both MR1 and 

MAIT T cell receptors (TCR) are evolutionarily conserved in many mammals, suggesting important roles in host immunity. Namely, 

during infection with riboflavin-producing microorganisms, MR1 trapped riboflavin-based metabolites and presented on the surface of 

the antigen-presenting cells encountering the MAIT TCR leading to the activation of the MAIT cells. How modifications to these small 

molecule-metabolites affect presentation by MR1 and MAIT cell activation remains unclear. 

To dissect the molecular basis underpinning MR1 antigen capture and MAIT recognition, we chemically synthesized and characterized 

a large panel of these naturally occurring metabolites, termed “altered metabolite ligands” (AMLs), and investigated functionally and 

structurally their impact on MAIT recognition. Through the generation and detailed analysis of 13 high-resolution MAIT TCR-MR1-

AML crystal structures, along with biochemical and functional assays, we show that the propensity of MR1-upregulation on the cell 

surface was related to the nature of MR1-AML interactions. MR1-AML adaptability and a dynamic compensatory interplay at the TCR-

AML-MR1 interface impacted on the affinity of the TCR-MR1-AML interaction, which ultimately underscored the ability of the AMLs 

to activate MAIT cells. Therefore, we determined the molecular basis underlying MR1 antigen capture, MAIT TCR recognition and 

thereby provide insights into MAIT cell antigen potency. 

1. Awad, W. #, Ler, G.M.# et al.  (2020). The molecular basis underpinning the potency and specificity of MAIT cell antigens. Nature 

Immunology 21, 400-411. 

2. Salio, M.#, Awad, W.# et al. (2020). Ligand-dependent downregulation of MR1 cell surface expression. PNAS, 202003136. 

Keywords: Innate-immunity, antigen presentation, MR1, mucosal-associated invariant T cell, T cell receptors 
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As part of a continuing project, the challenging room-temperature crystal structures of eight commercial pharmaceutical APIs have 

been solved by Monte Carlo simulated annealing techniques using synchrotron X-ray powder diffraction data (11-BM at APS), and 

optimized using density functional techniques.  Tofacitinib dihydrogen citrate (Xeljanz®), (C15H21N6O)(H2C6H5O7), crystallizes in 

P212121 with a = 5.91113(1), b = 12.93131(3), c = 30.43499(7) Å, V = 2326.411(6) Å3, and Z = 4.  All of the “interesting” hydrogn 

atoms could be located by analysis of potential hydrogen bonding patterns.  Eltrombopag olamine Form I (Promacta®), 

(C2H8NO)2(C25H20N4O4) crystallizes in P21/n with a = 17.65884(13), b = 7.55980(2), c = 22.02908(16) Å, â = 105.8749(4)E, V = 

2828.665(11) Å3, and Z = 4.  The initial structure solution reversed the orientation of one of the cations.   Levocetirizine 

hydrochloride Form I (Zyzal), C21H27ClN2O3Cl, apparently crystallizes in P21/n (even though it is a chiral molecule and exhibits 

weak second-harmonic generation) with a = 24.1318(21), b = 7.07606(9), c = 13.5205(7), â = 97.9803(4)E, V = 2286.38(12) Å3, and Z 

= 4.  

Edoxaban tosylate monohydrate Form I (Lixiana®), (C24H31ClN7O4S)(C7H7O3S)(H2O), crystallizes in P21 with a = 7.55097(2), b 

= 7.09010(2), c = 32.08420(21) Å, â = 96.6720(3)E, V = 1744.348(6) Å3, and Z = 2.  Tezacaftor Form A (Symdeko), C26H27F3N2O6, 

crystallizes in C2 with a = 21.05142(2), b = 6.60851(2), c = 17.76032(5) Å, â = 95.8255(2)E, V = 2458.027(7) Å3, and Z = 4.  

Pomalidomide Form I (Pomalyst), C13H11N3O4, crystallizes in P-1 with a = 7.04742(9), b = 7.89103(27), c = 11.3106(6) Å, á = 

73.2499(13), â = 80.9198(9), ã = 88.5969(6)E, V = 594.618(8) Å3, and Z = 2.  Palbociclib isethionate Form B (Ibrance®), 

(C24H30N7O2)(C2H5O4S), crystallizes in P-1 with a = 8.71337(4), b = 9.32120(6), c = 17.73722(20) Å, á = 80.0258(5), â = 

82.3581(3), ã = 76.1560(2)E, V = 1371.284(5) Å3, and Z = 2.  Osimertinib mesylate Form B (Tagrisso), (C28H34N7O2)(CH3O3S) 

crystallizes in P-1 with a = 11.4291(3), b = 11.7223(4), c = 13.3221(4), á = 69.0246(8), â = 74.5906(7), ã = 66.4001(7)E, V = 

1511.466(13) Å3, and Z = 2.  Other new structures may be discussed as they become available. 
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 Structure determination of organic materials directly from powder X-ray diffraction (XRD) data [1,2] is now carried out extensively 

by researchers in both academia and industry. Most research in this field uses the direct-space strategy for structure solution [3,4] 

followed by Rietveld refinement. Although the structure determination process is generally carried out solely using powder XRD data, 

significant advantages may be gained by augmenting the process of structure determination from powder XRD data by utilizing 

information obtained from other experimental and computational techniques. Such multi-technique approaches are particularly 

advantageous in tackling complex and challenging structure determination problems, both by providing independent information that 

may be used directly to facilitate the structure determination process and by allowing robust validation of the final structure obtained 

in the Rietveld refinement. The lecture will focus on the use of solid-state NMR spectroscopy and periodic DFT-D calculations to 

augment the process of structure determination of organic materials from powder XRD data [5-11]. The lecture will present several 

case studies from recent research, including several examples of polymorphic systems and pharmaceutical materials. Recent examples 

exploiting the complementary advantages of 3D electron diffraction data and powder XRD data within the structure determination 

process will also be presented.  

1. Harris, K. D. M., Tremayne, M. & Kariuki, B. M. (2001) Angew. Chemie Int. Ed. 40, 1626.  

2. Harris, K. D. M. (2012) Top. Curr. Chem. 315, 133.  

3. Harris, K. D. M., Tremayne, M., Lightfoot, P. & Bruce, P. G. (1994) J. Am. Chem. Soc. 116, 3543.  

4. Kariuki, B. M., Serrano-González, H., Johnston, R. L. & Harris, K. D. M. (1997) Chem. Phys. Lett. 280, 189.  

5. Dudenko, D. V., Williams, P. A., Hughes, C. E., Antzutkin, O. N., Velaga, S. P., Brown, S. P. & Harris, K. D. M. (2013) J. Phys. Chem. C 

117, 12258.  

6. Williams, P. A., Hughes, C. E. & Harris, K. D. M. (2015) Angew. Chemie Int. Ed. 54, 3973.  

7. Watts, A. E., Maruyoshi, K., Hughes, C. E., Brown, S. P. & Harris, K. D. M. (2016) Cryst. Growth Des. 16, 1798.  

8. Hughes, C. E., Reddy, G. N. M., Masiero, S., Brown, S. P., Williams, P. A. & Harris, K. D. M. (2017) Chem. Sci. 8, 3971.  

9. Hughes, C. E., Boughdiri, I., Bouakkaz, C., Williams, P. A. & Harris, K. D. M. (2018) Cryst. Growth Des. 18, 42.  

10. Al Rahal, O., Hughes, C. E., Williams, P. A., Logsdail, A. J., Diskin-Posner, Y. & Harris, K. D. M. (2019) Angew. Chemie Int. Ed. 58, 

18788.  

11. Al Rahal, O., Williams, P. A., Hughes, C. E., Kariuki, B. M. & Harris, K. D. M. (2021) Cryst. Growth Des. 21, 2498.  
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Crystal engineering has emerged as an important field of solid-state chemistry, developing tools to deliberately design functional 

organic solids. A particularly exciting aspect of crystal engineering is the tuneability of physicochemical properties of organic solids 

such as solubility, thermal stability, bioavailability etc. without altering the underlying molecular structure(s) – a concept of high 

relevance for pharmaceutical industry.[1] Altering physisochemical properties can be achieved by relying on different solid forms, such 

as polymorphs, cocrystals, and salts.[2] The latter two are multicomponent systems that, in organic solids, are essentially distinguished 

by the position of a proton within the crystal structure. While different chemical systems can appear in different forms, proton transfer 

has rarely been observed for multicomponent systems with identical stoichiometric composition.[3] 

In this contribution, we present an extremely rare case of polymorphism between a metastable molecular (cocrystal) and ionic (salt) 

form of a two-component system based on nicotinamide and a dicarboxylic acid, induced by supramolecular tautomerism. In specific, 

we show the polymorphic transition from a metastable cocrystal to a salt, monitored using time-resolved powder X-ray diffraction 

(PXRD) and solid-state nuclear magnetic resonance spectroscopy. Both formerly unknown structures of were solved ab initio from 

PXRD data and further analyzed using spectroscopic methods, as well as density functional theory calculations. 

 

Figure 1: Monitoring the polymorphic transition from metastable cocrystal to salt using (a) PXRD and (b) 15N ssNMR spectroscopy. 

 

[1] Almarsson, O. & Zaworotko, M, J. (2004). Chem. Commun., 17, 1889-1896. 

[2] Aitipamula, S. et al. (2014), Cryst. Growth Des., 12, 2147−2152 

[3] Bernasconi, D., Bordignon, S., Rossi, F., Priola, E., Nervi, C., Gobetto, R., Voinovich, D., Hasa, D., Tuan Duong, N., Nishiyama, Y., Chierotti, 

M. R., (2020). Cryst. Growth Des., 20, 906-915. 
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In the pharmaceutical crystal, hydration/dehydration phase transitions are often observed phenomena during manufacturing or storage. 

They lead the substantial crystal structure change, so they are critical for the important physicochemical properties that depend on the 

crystal structure, such as stability, solubility, and bioavailability.  However, after dehydration, single-crystal integrity tends to degrade, 

resulting in powdery crystals.  We have successfully revealed solid-state structural rearrangements using ab initio Structure 

Determination from Powder X-ray Diffraction data (SDPD) technique [1-4].  Interestingly, some crystals show "isomorphic 

desolvation," in which the XRD pattern does not change significantly after dehydration, meaning the initial molecular arrangement is 

well preserved.  We can reveal an isomorphic desolvation mechanism by comparing the crystal structures from powdery crystals in the 

hydration/dehydration phase transitions, which can be achieved using the SDPS technique.  

Carbazochrome sodium sulfonate trihydrate, a hemostatic agent, undergoes stepwise dehydration by humidity control or heating.  The 

hydration number decreased from 3 to 2.5, 2, 1, and anhydrous form I under dry condition, and it showed isomorphic desolvation (Fig. 

1). Their crystal structures were analysed by SDPD technique to show the API molecules are linked through Na cations to form 

polymeric structure, and the molecular arrangements were very similar. It is noteworthy that the first dehydration did not occur at 

noncoordinated crystalline water C, but water molecules A and B which coordinated to Na cation were dehydrated in sequence. This 

removal order was explained by the crystal structures' stability after each dehydration, calculated using CASTEP quantum mechanics 

calculations. Even after dehydration, the molecular arrangements were almost kept by adjusting the molecular positions slightly. After 

removing crystalline water C, the crystallinity degraded significantly, indicating the molecule C is essential for stabilizing the whole 

crystal structure.  Thus, the mechanism of the stepwise dehydration behaviour, and isomorphic desolvation were revealed by SDPD 

technique.   

   

Figure 1. Chemical diagram and molecular arrangement of trihydrate, dihydrate, and monohydrate phases of Carbazochrome sodium 

sulfonate.  

1. Fujii, K., et al. (2010) J. Phys. Chem. C 114, 580.  

2. Fujii, K., Uekusa H., Itoda N., Yonemochi E. & Terada K. (2012) Cryst. Growth Des. 12, 6165.  

3. Fujii, K., Aoki, M. & Uekusa, H. (2013) Cryst. Growth Des. 13, 2060.  

4. Putra, O. D., Yonemochi, E., Pettersen A. & Uekusa H. (2020) CrystEngComm 22, 7272.  
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 Trichlormethiazide is a thiazide derivative, an important group of diuretic drugs, which is used in the treatment of hypertension. The 

Cambridge Structural Database (CSD) contains only one report (KIKCUD) associated with this pharmaceutical [1], corresponding to 

the orthorhombic form of anhydrous S-Trichlormethiazide. The PDF-4/Organics database contains two entries. One is the calculated 

pattern of the CSD entry (PDF 02-094-5865) and the other is an experimental unindexed pattern (PDF 00-039-1828). In this 

contribution the structure of racemic Trichlormethiazide was determined from laboratory X-ray powder diffraction data. This material 

was also characterized by FT-IR, TGA and DSC. The structure was determined with DASH [2] and refined by the Rietveld method 

with TOPAS-Academic [3]. The final unit-cell parameters are a = 8.4389(6), b = 8.8929(7), c = 9.7293(8) Å, α = 91.315(3)°, β = 

106.113(2)°, γ = 97.1580(17)°, V = 694.73(9) Å3, Z = 2. The refinement converged to Rp = 0.0512, Rwp = 0.0694, and GoF = 2.704. In 

the crystal structure, the molecules form chains along the a-axis connected by cyclic N-H···N and N-H···Cl hydrogen bonds. The 

chains are connected by additional cyclic N-H···Cl hydrogen bonds to form layers almost parallel to the ab plane. The fingerprint 

plots and energy frameworks diagrams of S and racemic forms clearly show the different intermolecular interactions and their 

topologies. A detailed discussion will be present in this work.  

  

(a)  

  

(b)  

Figure 1. Fingerprint plots and energy frameworks diagram (along b) for (a) S- and (b) racemic trichlormethiazide.  

  

1. Fernandes, P., Leech, C. K., Johnston, A., Shankland, K., David, W. I. F., Shankland, N. & Florence, A. J. (2007). Acta Crystallographica 
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2. David, W., Shankland, K., van de Streek, J., Pidcock, E., Motherwell, W.D.S., Cole, J. (2006). J. Appl. Crystallogr. 39, 910.  
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Ab initio structure determination from Powder X-ray Diffraction (PXRD) data is continuously demonstrating its merit thanks to 

advances in modern phasing algorithms, computing power and X-ray instrumentation. As the technique has long passed the question 

“can it be done”, there is another question to answer: “how far can it be pushed”. In this respect, this presentation has two  aims: (i) to 

show methodologies that allow for solving of difficult structures of organic molecules and (ii) to highlight the level of accuracy that 

can be obtained from PXRD data.  

This presentation is focused on structure determination of crystals that feature large molecules, disorder, or radiation-induced changes. 

The first part of the presentation outlines a phasing methodology that can result in an interpretable structural model. The methodology 

relies on the phasing process in the charge-flipping program [2] Superflip [3] by introducing a partial or incorrect structure obtained 

by a direct-space algorithm FOX [4]. The second part of the presentation will address structure completion and refinement, and 

highlight examples of how high quality data can be used for restraint-free Rietveld refinement, modeling disorder from difference 

Fourier map, and for obtaining insights in bond order disambiguation.   

While the majority of shown examples rely on PXRD data collected at synchrotron sources, the potential of data collected in a 

laboratory diffractometer will also be discussed.   

1. Šišak Jung, D. et al. (2014). J. Appl. Cryst. 47, 1569-74  

2. Oszlanyi, G., Sütő, A. (2004). Acta Cryst. A60, 134-141  
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4. Favre-Nicolin, V., Černý, R. (2004). Z. Kristallogr. 219(12), 847-856.  

 

Keywords: Charge flipping, radiation sensitivity, structure determination  

 



MS-12-1                           Microsymposium  

Acta Cryst. (2021), A77, C117 

 

Beyond multipolar pseudoatom transferability: accounting for intermolecular polarization 
effects in protein-ligand complexes. 

Theo Leduc, Christian Jelsch, Benoit Guillot 

Université de Lorraine, CNRS, CRM2, F-54000 Nancy, France;  

benoit.guillot@univ-lorraine.fr 

It is of interest to build realistic charge distribution models of biological macromolecules. For this purpose, there are computationally 

efficient approaches based on transferable building blocks. Transferable quantities can be electron density parameters of atoms or of 

functional groups, or localized orbitals giving access to molecular charge distributions [1]. The first case is at the basis of libraries of 

transferable multipolar pseudoatoms built either from X-ray diffraction experiment [2], or from single point quantum calculations 

[3,4]. Electron density parameters transferred to molecular structures from these libraries are however either averaged, or issued from 

gas-phase quantum calculations. They are therefore practically devoid of any intermolecular effects due to the non-covalently bonded 

environment. These effects should be accounted for, especially in protein-ligand complexes. 

To compensate this drawback, we implemented in the MoProViewer software methods designed to account for intermolecular dipolar 

induction in a transferred multipolar electron distribution [5]. For this purpose, atomic anisotropic polarizabilities have been added to 

the definition of transferable multipolar pseudoatoms, as defined in the ELMAM2 library. 

The construction of this database of polarizabilities associated to ELMAM2 transferable pseudoatoms will be described, and 

comparisons of the resulting polarization energies against a theoretical reference will be presented. Finally, application examples on 

protein ligand complexes will be discussed. 

[1] Meyer B, Guillot B, Ruiz-Lopez M & Genoni A (2016). J. Chem. Theory Comput, 12, 1052. 

[2] Domagala S, Fournier B, Liebschner D, Guillot B & Jelsch C (2012). Acta Cryst. A68, 337. 

[3] Kumar P, Gruza B, Bojarowski S.A, Dominiak P.M. (2019). Acta Cryst. A75, 398. 

[4] Dittrich B, Hübschle CB, Pröpper K, Dietrich F, Stolper T & Holstein JJ (2013). Acta Cryst. B69, 91. 

[5] Leduc T, Aubert E, Espinosa E, Jelsch C & Guillot B (2019) J. Phys. Chem. A, 123, 7156. 
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Single-molecule magnet (SMM) is the generic name given to a broad class of molecules, which exhibit an energy barrier to 

magnetization reversal. In simpler terms, SMMs have that special trait that once they have become magnetized by an external 

magnetic field, the induced magnetic moment (which we, for simplicity, could call spin up or spin down) resists reorientation. For that 

reason, such fascinating molecules are envisaged to act as molecular bits, or quantum bits, qubits. The origin of this effect is magnetic 

anisotropy, i.e. the different magnetic response to an external field (quantified by the magnetic susceptibility) depending on the 

relative orientation of field and molecule. Magnetic anisotropy splits the magnetic substates, and the reason for this is the presence of 

unquenched orbital angular momentum. Thus, at the very core, to be able to develop novel SMMs we need to understand how to 

control the electronic ground state of a complex. This has followed two paths, depending on whether the electron-carrier is a 3d or 4f 

element.  

For 4f-based SMMs, a widespread approach has aimed at developing complementary ligand fields relative to the valence electron 

density shape of the most magnetic Mj-state of the 4f-ion in question. However simple and unvalidated by experiment, this approach 

has been fantastically useful. Recently, we showed how the experimental electron density from X-ray diffraction could reveal hitherto 

unseen details in the electronic structure of a Dy-based SMM, thus elucidating the mechanism[1]. For 3d-systems, the ligand field is 

much stronger and the approach is thus different. The magnetic anisotropy is enhanced in distorted tetrahedral complexes of CoII, as 

has recently been shown[2-4].  

Herein, I will show how a combination of high-resolution synchrotron X-ray diffraction (XRD) and polarized neutron diffraction 

(PND) can be used to quantify the magnetic anisotropy in [CoX2tmtu2] (X=Cl, Br, tmtu = tetramethylthiourea). The XRD data 

provides a multipole model of the electron density, while the PND provides the full magnetic susceptibility tensor. The experimental 

results are supported by ab initio calculations. 

 

Figure 1. ORTEP drawing of the Cl-complex studied here based on 20 K synchrotron data, showing 90% ellipsoids.  

 

[1] Gao, C., Genoni, A., Gao, S., Jiang, S., Soncini, A. & Overgaard, J. (2020). Nat. Chem. 12, 213. 

[2] Vaidya, S., Shukla, P., Tripathi, S., Rivière, E., Mallah, T., Rajaraman, G. & Shanmugam, M. (2018). Inorg. Chem. 57, 3371. 

[3] Rechkemmer, Y., Breitgoff, F. D., van der Meer, M., Atanasov, M., Hakl, M., Orlita, M., Neugebauer, P., Neese, F., Sarkar, B. & van Slageren, J. 

(2016). Nat. Commun. 7, 10467. 

[4] Damgaard‐Møller, E., Krause, L., Tolborg, K., Macetti, G., Genoni, A. & Overgaard, J. (2020). Angew. Chem. Int. Ed. 59, 21203. 
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X-ray charge density is the most powerful experimental method to study interatomic and intermolecular interactions, such as two-

electron multicentric (2e/mc) covalent bonding [1-3]. However, it is limited to high-quality crystals and good enough data can be 

collected only at low temperature and ambient pressure. In order to gain more information on behaviour of novel 2e/mc interactions, a 

broader range of conditions (temperatures and pressures) are required. These are normally limited to resolutions of 0.8 Å or lower and 

are thus unsuitable for multipolar refinement and study of charge density. 

If good high-resolution diffraction data are not available, charge density can be obtained using transferrable multipoles from optimal 

data set [4]. Thus, multipoles obtained by multipolar refinement of high-resolution data can be transferred to lower-resolution 

variable-temperature (VT) and high pressure (HP) diffraction data, allowing us to study charge density at a broad range of conditions. 

We have tested this method in study of 2e/mc bonding in 4-cyano-N-methylpyridinium salt of 5,6-dichloro-2,3-dicyanosemiquinone 

radical anion ([4-CN-N-MePy]+[DDQ]-), which we have recently studied by VT and HP X-ray diffraction [5] and by X-ray charge 

density [6]. Multipolar parameters obtained by a multipolar refinement of high-resolution data measured at 100 K [6] were thus 

transferred to lower-resolution VT and HP data; the results and their validity are discussed. Since 2e/mc is an intermolecular 

interaction, which involves a non-localised electron pair, its electron density is low; so its study is less reliable than that of stronger 

intramolecular covalent bonding. Therefore, our transferred-multipole models must satisfy the following three criteria to be considered 

valid: 

(i) overall reduction of disagreement R-factors and residual density compared to regular spherical refinement; 

(ii) electron densities should follow a clearly defined trend; 

(iii) experimentally obtained electron densities should be in a good agreement with theoretical ones. 

 

[1] Kertesz, M. (2018). Chem. Eur. J., 25, 400-416. 
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Non-covalent interactions uniquely define the structure of macromolecules. Therefore, a thorough analysis of the non-covalent 

interaction network is crucial to gain insights into functions and dynamics of macromolecules.   

A strategy that is able to detect non-covalent interactions for a large variety of molecules is the Non-Covalent Interactions (NCI) 

method [1,2], a technique simultaneously based on the electron densities and the reduced density gradients of the molecules under 

exam. Unfortunately, accurate molecular electron densities can be obtained through traditional quantum chemistry computations at a 

feasible computational cost only for small to medium-sized systems, whereas these calculations become impractical for larger 

molecules. Therefore, until now, for NCI analyses on large systems one had to resort to the promolecular density approximation, 

where the electron density of the investigated molecule is described as a sum of independent and spherically averaged atomic 

densities. These promolecular densities lack accuracy, and although they might lead to visually similar results when compared to those 

obtained from fully quantum mechanical calculations, the underlying electron density is known to be incorrect. Hence, the analysis of 

the non-covalent interactions is also biased.   

To overcome the previous shortcoming, one should exploit techniques that allow to rapidly obtain accurate and reliable electron 

densities for macromolecules. In this context, one possibility is represented by the recently constructed database of extremely 

localized molecular orbitals (ELMOs) [3-5]. In fact, ELMOs are orbitals strictly localized on small molecular fragments, i.e. atoms, 

bonds or functional groups [3]. Due to this strict localization, they are easily transferable from one molecule to another, provided that 

the subunits on which they are localized have the same chemical environment in the starting and final systems [3,4]. By exploiting this 

intrinsic transferability, a databank of ELMOs has been constructed [5]. It currently contains orbitals associated with all the fragments 

for the twenty natural amino acids and allows rapid and reliable reconstructions of wavefunctions and electron densities of very large 

biomolecules.  

The coupling of the NCI technique with the ELMO database gave rise to the new NCI-ELMO method [6] that was successfully 

applied to analyse a variety of non-covalent interactions in polypeptides and proteins. Test calculations showed that qualitative results 

obtained with the NCI-ELMO technique are very similar to the ones based on fully quantum chemical calculations, but definitely 

better than those resulting from the promolecular-NCI approach. In this presentation, the previously mentioned qualitative results [6] 

will be discussed. Additionally, we will illustrate how the new NCI-ELMO technique has been recently extended to quantify 

noncovalent interactions. Other than applications to protein-ligand interactions, we will show the results of benchmark calculations on 

smaller systems (e.g., simple molecular dimers) to highlight the differences between the NCI-ELMO and promolecular-NCI 

approaches also at a quantitative level.  
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Eutectics are well-known multi-component systems used in various day-to-day applications. However, they are enigmatic in terms of 

structural organization (interactions and packing, the two prime features of a crystalline entity), despite having a long history. At the 

microstructural level, they are phase-separated (multi-phasic) solid solutions i.e. they are heterogeneous crystalline materials 

composed of homogeneous (single phase) but multiple solid solutions [1]. This phase heterogeneity in the structural integrity is what 

makes them complex-to-understand materials. Although research has been done in understanding the eutectic structural organization 

particularly in inorganic systems using advanced techniques such as atomic pair distribution function (PDF) analysis, X-ray 

microtomography and atomic force microscopy (AFM), no comprehension of eutectic microstructural integrity was achieved [2]. 

Furthermore, the structural and microstructural arrangement of organic eutectic systems has not been addressed so far in the literature 

[3,4]. This complexity in organic eutectic systems is augmented by several aspects such as 1) the constituents are primarily C, H, N 

and O which makes them soft materials, 2) atomic number contrast essential to image the microstructure is lacking, 3) frequent 

existence of polymorphism, 4) occurrence in lower structural symmetry. In this regard, one can transfer the knowledge of inorganic 

eutectics to organic eutectics or can verify the organic eutectics with competent experimental techniques in search of a improvised 

understanding from molecular perspective. Here, we manage to solve the microstructural features of organic eutectics through in-situ 

variable temperature (VT) PXRD experiments, DSC experiments with multiple heating and cooling cycles, in-situ VT Raman 

spectroscopic studies, gas phase energy calculations using Gaussian09 and electron microscopy imaging technique on a series of 

systems. We observe for the first time, the evolution of eutectic systems through formation of multi-domain eutectic particles at higher 

temperature. The eutectic particles melt altogether near the melting point of the eutectic system as showed in DSC experiments, via 

thermal energy induced heteromolecular interaction through the domain boundaries as confirmed from VT-Raman studies.         

  

Figure 1. Characteristics of  Gluterimide-Benzoic Acid eutectic system. (i) Overlay of room temp. (RT) (red) and high temp. (HT) (blue) PXRD 

patterns. Inset shows the increment of peak heights of Bragg's peaks at HT which indicates the increase in crystallinity. (ii) Electron microscopic (120 

keV) image of the eutectic particle formed at HT shows domain boundaries. (iii)  Raman shift and FWHM variation of molecular vibrational modes 

with temperature show transitions at HT indicating micro-structural evolution in the organic eutectic system . 
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A key feature of metal-organic frameworks (MOFs) is their ability to capture, transport, and release guest molecules. The nature, 

quality, and quantity of the associated absorption depends on pore size and volume, surface area, solvent, and in particular the host-

guest intermolecular interactions.  

Various methods for the analysis of intermolecular interactions have been described in the literature and were applied to study e.g. 

chemical reactivity, catalysis, biomolecular interactions, or organic electronics. However, the application of such methods to host-

guest interactions in MOFs is still scarce. For this reason, we computed periodic and finite wavefunctions for well-chosen MOF-guest 

systems and tested these tools [1]. This includes the interaction energy, its decomposition with different energy decomposition 

schemes, investigation of the electron density with Bader’s quantum theory of atoms in molecules, the non-covalent interaction index 

[2], or the density overlap regions indicator [3]. This analysis contributes to the understanding of host-guest interactions, with the 

ultimate goal of rationally designing MOFs for targeted applications. 

 

Figure 1. Our research focuses on the identification, visualization, analysis, and quantification of host-guest interactions in order to 

provide a fundamental molecular-level insight into the adsorption behaviour of MOFs. 

 

[1] Ernst, Michelle; Gryn'ova, Ganna (2021): Strength and Nature of Host-Guest Interactions in Metal-Organic Frameworks from a Quantum-

Chemical Perspective. ChemRxiv. Preprint. https://doi.org/10.26434/chemrxiv.14363024.v1 

[2] Johnson, E. R., Keinan, S., Mori-Sánchez, P., Contreras-García, J., Cohen, A. J., & Yang, W. (2010). J. Am. Chem. Soc. 132, 6498. 

[3] De Silva, P., & Corminboeuf, C. (2014). J. Chem. Theory Comput. 10, 3745  

Keywords: metal-organic frameworks (MOFs), intermolecular interactions, non-covalent interactions, adsorption, materials 
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That composition and structure profoundly impact the properties of crystalline solids has provided impetus for exponential growth in 

the field of crystal engineering over the past 25 years. Crystal engineering has evolved from structure design (form) to control over bulk 

properties (function). Today, when coupled with molecular modeling, crystal engineering can offer a paradigm shift from the more 

random, high-throughput methods that have traditionally been utilized in materials discovery and development. Custom-design of the 

right crystalline material for the right application could therefore be at hand.  

Porous crystalline materials exemplify this situation. Whereas purely inorganic materials (e.g. zeolites) and those based upon 

coordination chemistry (e.g. Metal-Organic Frameworks, MOFs, and Porous Coordination Polymers, PCPs) are well studied and offer 

great promise for separations and catalysis, they are often handicapped by cost or performance (e.g. poor chemical stability, interference 

from water vapour, low selectivity) limitations. Ultramicroporous Materials, UMs, are built from metal or metal cluster “nodes” and 

combinations of organic and inorganic “linkers” and their pore chemistry and size (< 0.7 nm) can overcome some of the weaknesses of 

existing classes of porous material (Figure 1). Three families (platforms) of UMs will be detailed and their performance with respect to 

important gas separation (e.g. CO2 capture [1], C2H2 capture [2]) and water purification applications will be discussed. Most recently, 

we have shown that UMs can function synergistically to address complex gas mixtures [3] or perform effectively for CO2 capture even 

in the presence of humidity [4].  

 

Figure 1. Ultramicroporous materials offer benchmark selectivity for CO2 (left), C2H2 (middle) and C2H6 (right). 

 

[1] Nugent, P. Nugent, P.; Belmabkhout, Y.; Burd, S.D.; Cairns, A.J.; Luebke, R.; Forrest, K.; Pham, T.; Ma, S.; Space, B.; Wojtas, L.; Eddaoudi, M.; 

Zaworotko, M.J. (2013) Nature 495, 80-84.  

[2] Cui, X.; Chen, K.J.; Xing, H.; Yang, Q.; Krishna, R.; Bao, Z.; Wu, H.; Zhou, W.; Dong, X.; Li, B.; Ren, Q.; Zaworotko, M.J.; Chen, B. (2016). 

Science 353, 141-144. 

[3] Chen, K.J.; Madden, D.G.; Mukherjee, S.; Pham, T.; Forrest, K.A.; Kumar, A.; Space, B.; Kong, J.; Zhang, Q.Y. Zaworotko, M.J. (2019). Science, 

366, 241-246.  

[4] Mukherjee, S.; Sikdar, N.; O’Nolan, D.; Franz, D.M.; Gascon, V.; Kumar, A.; Kumar, N.; Scott, H.S.; Madden, D.G.; Kruger, P.E.; Space, B.; 
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Noncovalent interactions play a fundamentally important role in the properties of solid materials. For instance, guests are taken up into 

the host framework of porous materials as a result of the interactions between these species, while the manner in which they interact 

has an influence on the sorption ability of the porous material. In this work calculations on a range of porous frameworks allow us to 

explain the role that noncovalent interactions play in the sorption properties of these compounds. For instance, the origin of anomalous 

sorption isotherms are shown to be the result of interactions between acetylene[1] or carbon dioxide[1,2] and the host frameworks, as 

well as interactions between guests. Similarly, noncovalent interactions are responsible for the change in colour along an hourglass 

pattern of a crystalline porous compound during sorption of particular solvents. Calculations show that the origin of this effect is that 

the channels in the porous framework are anisotropic, allowing sorption only from particular faces.[3]  

 

 

[1] Jacobs, T.; Lloyd, G. O.; Gertenbach, J. A.; Esterhuysen, C.; Müller-Nedebock, K. K.; Barbour, L. J., Angew. Chem. Int. Ed., 2012, 51, 4913-

4916. 

[2] Bezuidenhout, C. X.; Smith, V. J.; Bhatt, P. M.; Esterhuysen, C.; Barbour, L. J., Angew. Chem. Int. Ed. 2015, 54, 2079–2083. 

[3] Bezuidenhout, C. X.; Esterhuysen, C.; Barbour, L. J., Chem. Commun., 2017, 53, 5618–5621. 
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Mesoporous materials are excellent materials to be used in energy and environmental related applications. Methods to characterize the 

pore structures and the filling and emptying processes are physisorption and small-angle scattering. Gas physisorption in mesoporous 

materials and the associated capillary hysteresis intrigue the scientific community since decades. These phenomena are largely exploited 

for the characterization of porous solids, which justify the strong need for their complete understanding. To date, the major hurdle lies 

in a reliable description of the state of the confined fluid, which is usually given by measuring macroscopic observable, i.e. the amount 

of adsorbed gas. 

Despite computational methods, in situ techniques combining gas physisorption with X-ray scattering methods showed in the last years 

to be valuable tools to get deeper insights into gas adsorption phenomena [1, 2]. Combining the different contrasts of SAXS and SANS 

and applying contrast matching [1], a more detailed, locally resolved description of the process could be given by the analysis of the 

scattering signals of the material pore structure. However, clear and comprehensive assessment of the adsorption process is still missing 

since the adsorbate evolution in the mesoporous host could be only indirectly investigated. 

This presentation deals with the development of a novel in situ method based on the combination of anomalous small-angle X-ray 

scattering (ASAXS) and X-ray absorption near edge structure (XANES) spectroscopy to directly probe the evolution of the xenon 

adsorbate phase in mesoporous silicon during gas adsorption at its boiling point of 165 K [3]. The interface area and size evolution of 

the confined xenon phase alone were determined from ASAXS demonstrating that filling and emptying the pores follows two distinct 

mechanisms. The mass density of the confined xenon was found to decrease prior pore emptying. XANES analyses showed that Xe 

exists in two different species when confined in mesopores. This combination of methods provides a smart new tool for the study of 

nanoconfined matter for catalysis, battery electrodes, and for gas and energy storage applications. 

The instrumental setup used allowed us to reach the Xenon L3 X-ray absorption edge at 4.781 keV. The combination of that three 

experiments, ASAXS, XANES and physisorption were done in situ on different points of the adsorption and desorption branch of the 

isotherm. Thus, from the resonant scattering curves of xenon the mesoscopic evolution of the adsorbate (multilayer formation, capillary 

condensation and desorption) could be directly investigated.  

 

[1] Mascotto, S., Wallacher, D., Brandt, A., Hauss, T., Thommes, M., Zickler, G. A., Funari, S. S., Timmann, A. & Smarsly, B. M. (2009). Langmuir 

25, 12670−12681. 

[2] Jähnert, S., Müter, D., Prass, J., Zickler, G. A., Paris, O. & Findenegg, G. H. (2009). J. Phys. Chem. C 113, 15201−15210. 

[3] Gericke, E., Wallacher, D., Wendt, R., Greco, G., Krumrey, M., Raoux, S., Hoell, A. & Mascotto, S. (2021). J. Phys. Chem. Lett. 12, 4018−4023.  
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Mankind is now in the “age of gas”[1] and there are urgent needs in gas purification that will likely only be solved by a new 
generation of physisorbent porous materials that offer reduced cost and superior performance. Engaging the principles of crystal 
engineering, hybrid ultramicroporous materials, HUMs (pore size < 0.7 nm) [2], by means of combining small pores (< 0.7 nm) with 
strong electrostatics offer an ideal sorbent platform suited for tight-fit of the target sorbate, resulting in performance benchmarks over 
the recent years [3, 4]. However, due to narrow pore networks imposing steric restrictions, crystal engineering of modular HUMs on 
account of organic ligand functionalisation has remained largely elusive. 

Moving one step ahead of the synergistic sorbent separation technology [5], herein we address single-step purification of ethylene 
(C2H4), the highest volume product of the chemical industry, by crystal engineering of two HUMs of formula [Ni(pyz-NH2)2(MF6)]n
(pyz-NH2 = aminopyrazine, 17; M = Si, Ti), MFSIX-17-Ni [6]. Isostructural pyrazine analogues (SIFSIX-3-Zn [7], SIFSIX-3-Ni [8]) 
are the benchmark physisorbents for trace carbon capture but are unsuited for acetylene capture. No single physisorbent has the 
requisite selectivity to purify C2H4 from ternary C2-CO2 mixtures (C2H4/C2H2/CO2) under ambient conditions until now. Indeed, both 
MFSIX-17-Ni sorbents produce polymer grade ethylene (> 99.95% purity) from a 1:1:1 ternary mixture (Figure 1). Regarding 
insights for the future, we attribute the observed properties to the unusual binding sites in MFSIX-17-Ni that offer comparable affinity 
to both CO2 and C2H2, thereby enabling coadsorption of C2H2 and CO2. In situ synchrotron x-ray diffraction, in situ IR spectroscopy 
and molecular modelling provide insight into these binding sites and why they differ from those of the pyrazine-linked materials. 

Figure 1. Schematic illustration of MFSIX-17-Ni that exhibits single-step C2H4 purification by simulatneous CO2 and C2H2 removal. 

Keywords: porous materials; crystal engineering; coordination networks; physisorption; ethylene purification 
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Metal-Organic frameworks (MOFs) and porous molecular materials represent a new platform for achieving and exploring high-

performance sorptive properties and gas transport. The key lies in the modular nature of these materials, which allows for tuning and 

functionalization towards improved gas capture.  

Self-assembly of polyfunctional molecules containing multiple charges, namely, tetrahedral tetra-sulfonate anions and bi-functional 

linear cations, resulted in a permanently porous crystalline material in which the channels are decorated by double helices of electrostatic 

charges that governed the association and transport of CO2 molecules (Fig. 1). These channels electrostatically compliment the CO2

molecules and forms strong interactions of 35 kJ mol−1, ideal for CO2 capture/release cycles.[1]  

The CO2 adsorption properties were modulated for an isoreticular series of Fe-MOFs by varying the decoration of fluorine atoms within 

their channel (Fig. 2). A host of complementary experimental and computational techniques gives a holistic view of the host-CO2

properties towards the potential selective removal of CO2 from other gases. GCMC and DFT were employed for a detailed description 

of the CO2 diffusion and interactions in the porous materials. CO2–matrix adsorption enthalpies of 33 kJ mol−1 was accurately 

measured in-situ by simultaneous acquisition of micro-calorimetric and volumetric-isotherm data. Direct measurements of adsorption 

heats are not common and such data helps to validate mathematical models and protocols for sorption-derived adsorption enthalpies. 

[2] 

Figure 1. Channel with helical positive and negative 

electrostatics and the interactions of such a channel with CO2. 

Figure 2. Fe-MOF triangular channels decorated by fluorine 

atoms and occupied with CO2. The three different ligand spacers 

with increasing number of fluorine atoms are shown. 

[1] Xing, G.; Bassanetti, I.; Bracco, S.; Negroni, M.; Bezuidenhout, C.; Ben, T.; Sozzani, P.; Comotti, A., Chemical Science 2019, 10 (3), 730-736. 
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Metal-Organic Frameworks (MOFs) are a class of synthetic porous crystalline materials based on metal ions connected through 

spacing ligands. They possess interesting properties such as high porosity [1], high concentration of metal centres and flexibility [2]. 

Additionally, MOFs can maintain their crystal structure upon removal, inclusion, exchange or reaction of a wide selection of guests, 

making them useful for multiple applications, e.g. in selective gas adsorption/separation. The synthesis of chemically and thermally 

stable MOFs, the comprehension of their properties and knowledge of their crystallographic features, are indispensable for the design 

and development of well performing materials. As MOFs’ properties are intrinsically related to their crystal structure, a deep 

understanding of the host-guest interactions during adsorption processes is a fundamental aspect [3]. 

Here, a high-resolution powder X-ray diffraction (HR-PXRD) crystallographic study of the host-guest interactions in Fe2(BDP)3

[H2BDP = 1,4-bis(pyrazol-4-yl)benzene] upon CO2 adsorption is presented. This MOF is characterised by a 3D network with 1D 

triangular channels. The peculiar shape of its channels and its good Brunauer-Emmett-Teller specific surface area (1230 m2/g) [4] 

prompted its investigation as CO2 storage material, revealing an uptake capacity of 298.0 cm³/g at PCO2 = 0.99 bar and T = 195 K. 

At the ESRF ID22 beamline, HR-PXRD data were collected in situ and operando at T = 273 and 298 K while varying the CO2 loading 

in the pressure range 0-8 bar. The obtained results will be presented after an in-depth data analysis, ranging from assessment of unit 

cell parameters variation to location of the primary adsorption sites and quantification of the adsorbed guest (Fig. 1). These results 

provide key information to better understand the CO2-host interactions during the whole adsorption process, thus disclosing the 

chemical and structural features a MOF should possess to favour CO2 uptake at mild conditions. 

Figure 1. HR-PXRD patterns acquired at different CO2 dosages and T=298 K (left); percentage relative variation of the unit cell parameters at T=298 

K (centre); quantity of CO2 adsorbed resulting from Rietveld refinement (right). 
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[2] A. Schneemann, V. Bon, I. Schwedler, I. Senkovska, S. Kaskel, R. A. Fischer, Chem. Soc. Rev. 2014, 43, 6062-6096; J. H. Lee, S. Jeoung, Y. G. 
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[3] C. Giacobbe, E. Lavigna, A. Maspero, S. Galli, J. Mater. Chem. A 2017, 5, 16964 
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Oxygen deficient perovskites are investigated as oxygen carriers for many different energy applications, based on the possibility to 

change their oxygen content while maintaining the cation framework.  The most well-known oxygen deficient perovskite type 

structure is brownmillerite, with alternating layers of octahedra and tetrahedra.  However, even for this common structure there are 

complexities such as ordered rotations of tetrahedra that are often missed during structure determination using, for example, powder 

diffraction, resulting in the persistent use in literature of inaccurate structure models for DFT calculations and properties explanations.  

When the extra reflections corresponding to the anion related order are picked up in single crystal neutron or X-ray diffraction, the 

refinement is often still hindered by high amounts of twinning or correlated disorder.  In such cases, TEM can shed a light on the 

structure, in the past through mostly qualitative techniques like high resolution imaging of the structure and visualization of the 

reflections using electron diffraction, nowadays also through refinement of the structure from single crystal 3DED data.  Electron 

diffraction is more sensitive to low Z atoms such as oxygen next to heavier atoms than X-rays and can be used on submicron sized 

crystals; the problems there once were with dynamical scattering are overcome using 3DED [1] combined with dynamical refinement 

[2]. Using TEM, compounds that were commonly accepted to be brownmillerites were proven to have a completely different anion 

deficient perovskite type structure, for example Pb2Fe2O5 [3] and related compounds, "disordered" brownmillerites like Sr2Fe2O5 [4] 

and Sr2Co2O5 [5] were shown be ordered, and clear oxygen-vacancy order that escaped characterization with other techniques was 

found in many oxygen deficient perovskites, such as in LaSrCuO3.5 [6] and SrMnO3.5 [7].  So far, such crystal structures were derived 

in TEM experiments after reduction outside the microscope, however, the results of the first in situ 3DED redox experiments will also 

be shown, which allow to follow the structure evolution between oxygen deficient and oxidized perovskite by acquiring in situ 3DED 

data on submicron sized single crystals in different oxidizing and reducing gasses. In short, I will show that there might be more 

complexity underlying still many published structures, which we are now better equipped to uncover using electron crystallography, 

no longer only by observing the superstructures but now also by quantifying them, reliably refining the structures and taking control of 

the oxygen content during the TEM experiments themselves.  

[1] Kolb, U., Gorelik, T., Kübel, C., Otten, M.T., Hubert, D. (2007) Ultramicroscopy 107, 507. 
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Ferroelectric perovskite oxides have recently been used in solar applications because their polarity allows for the separation of 

photocarriers when under illumination to generate a photocurrent. Oxides, however, often have band gaps that are beyond the solar-

optimal regime (>3.3 eV); for this reason, perovskite-structured chalcogenides have been proposed as suitable candidate materials 

owing to their lower band gaps (≈ 2 eV). An understanding of the thermal expansion behavior of photovoltaic materials is important 

so as to prevent large stresses and strains during fabrication and operation of the photovoltaic device. Here, we evaluate the structural, 

lattice dynamical, and thermodynamic properties of Ruddlesden-Popper chalcogenide Ban+1ZrnS3n+1 (n = 1, 2, 3, ∞) using the self-

consistent quasi-harmonic approximation within density functional theory [1]. These responses are compared to the thermal expansion 

of Ruddlesden-Popper oxides and recent experimental data, which allows us to suggest guidelines for engineering thermal expansion 

in the Ruddlesden-Popper structure type with diverse chemistries. 

 

[1] Koocher, N. Z., Huang, L.-F. & Rondinelli, J. M. (2021). Phys. Rev. Materials 5, 053601. 
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Octahedral tilting is integral to the structure and functionality of perovskites: tilt distortions influence the electronic and magnetic 

properties [1] and reduce the macroscopic symmetry, as rationalised by group theory [2]. Since tilts are driven by the relative sizes of 

the metal ions, compositional modification can allow for the control of tilt patterns to achieve desired functionality, such as 

multiferroicity [3]. A class of materials closely related to perovskites are the Prussian blue analogues (PBAs), where cyanide anions 

replace the oxides to give the formula AxM[Mʹ(CN)6]1−y□y⋅nH2O (A is an alkali metal, M and Mʹ are transition metals and □ denotes a 

vacancy). Like double perovskites, the parent structure (aristotype) adopts the space group Fm3̅m, although ordered A-site cations (x > 

1) or vacancies (y > 1) may reduce the symmetry to F4̅3m or Pm3̅m. 

Due to the similarity to perovskites, octahedral tilting also features in PBAs and can have a strong impact on the functional response. 

To illustrate, the tilts in Na2MnMn(CN)6 nearly triples the magnetic ordering temperature compared to the cubic Cs2MnMn(CN)6 [4]. 

However, the tilting in PBAs is poorly understood, which is evidenced by considerable confusion in the literature. A systematic 

understanding of the factors underlying octahedral tilting in PBAs would be beneficial and facilitate tilt engineering approaches.  

Here, density functional theory (DFT) calculations and literature surveys are used to identify and rationalise the trends in octahedral 

tilting for PBAs. A high concentration of A-site cations is a prerequisite for tilting and PBAs with x < 1 are almost invariably cubic, 

even upon cooling. Moreover, the A-site cation radius dictates the particular tilt pattern [Fig. 1], in line with the behaviour of perovskites. 

Mʹ(CN)6 vacancies—which have no analogue in oxide perovskites—do not appear to play a major role, but the presence of interstitial 

water stipulates which tilt pattern that appears in response to external or chemical pressure. Functional implications of the tilts include 

the tilt-driven improper ferroelectricity in the high-pressure Pn phase of RbMnCo(CN)6 [5], or the undesirable tilt transition upon Na 

intercalation in cathode materials based on PBAs [6]. More generally, our results help develop a unified picture of the structural 

behaviour of PBAs and also improve the understanding of tilting distortions in general.  

 

Figure 1. Tilt distortions in PBAs as a function of the A-site cation. Structures that only tilt under compression are marked with ‘p’. 
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Pressure induced structural phase transitions in oxide perovskites have received enormous interest as it can be utilized to tune many 

physical properties like piezoelectric coefficients, resistivity and ferroelectric polarization etc. PbTiO3 (PT) is one such model 

compound whose high pressure behavior is a topic of extensive research in recent years because of its technological importance in the 

electronics industry as the end member of most of the commercial piezoelectric compositions [1]. However, the structural phase 

transition sequence of PT at high pressures has remained controversial with two entirely different propositions. As per the first 

principles calculations of Wu & Cohen [2] and subsequent experimental studies [3], pressure can induce polarization rotation in 

tetragonal ferroelectric PT much in the same way as the composition does in the morphotropic phase boundary (MPB) based 

commercial piezoelectric solid solution systems. First principles calculations of Kornev and his co-workers [4] present a completely 

different picture whereby PT undergoes a pressure induced antiferrodistortive (AFD) structural phase transition, albeit with decreasing 

tetragonality, until a ‘pseudo-cubic’ like non-ferroelectric phase appears which is followed by the emergence of a reentrant 

ferroelectric phase at still higher pressures. However, the evidence for AFD superlattice reflections were not observed at moderate 

pressures. In an attempt to address these controversies, we present here results of a high pressure structural phase transition study on a 

tetragonal composition of PbTiO3 solid solution containing 50% BiFeO3 (PT-0.5BF) using synchrotron x-ray diffraction 

measurements carried out at P02.2 Extreme Conditions beamline of PETRA III at DESY. We have chosen this tetragonal solid 

solution composition to enhance the AFD instability [5].  We have shown that even at quite moderate values of pressure (~2.15 GPa), 

the tetragonal P4mm phase of PT-0.5BF system transforms to monoclinic Cc phase  which permits MPB type rotation of ferroelectric 

polarization vector as well as oxygen octahedral tilting induced by a concomitant AFD transition (see Fig. 1). This is the first 

observation of superlattice reflections in PT based system at the theoretically predicted moderate pressures. On increasing the pressure 

further, the monoclinic distortions and the ferroelectric polarization start decreasing acquiring a pseudo-cubic character at intermediate 

pressures as expected on the basis of Samara’s criterion [6] (see Fig. 2). After a critical value of pressure (~7 GPa), they start 

increasing which suggests another phase transition which is isostructural in nature. Oxygen octahedral tilting provides an efficient 

mechanism for accommodating volume reduction in this reentrant ferroelectric phase. Our results show that the DFT based predictions 

of both the groups [2,4] are correct in parts but none of the two provides the complete picture. Our results not only resolve the existing 

controversies but also provide an insight towards designing of new environmentally friendly Pb-free piezoelectric compositions.  

  

Figure 1. Evolution of characteristic perovskite reflections and (3/2 1/2 

1/2)pc superlattice reflection with increasing pressure. 

Figure 2. Variation of pseudo-cubic unit cell parameters, spontaneous 

polarization and tilt angle with pressure [5]. 
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Metal halide perovskites (MHPs) has shown impressive results in solar cells, light emitting devices, and scintillator applications, but 

its complex crystal structure is only partially understood and many open questions are still to be answered [1]. In particular, a method 

to image the dynamics of the nanoscale ferroelastic domains in MHPs requires a challenging combination of high spatial resolution 

and long penetration depth. With the recent development in X-ray optics it is now possible to focus X-rays down to the nanoscale. 

Combining the traditional high sensitivity to lattice spacing and tilt, as well as its characteristic to probe deep into the sample, 

nanofocused scanning X-ray diffraction is a unique powerful technique on the study of MHPs domain dynamics [2]. 

In this work, we demonstrate in situ temperature-dependent imaging of ferroelastic domains in a single nanowire of metal halide 

perovskite, CsPbBr3, using scanning X-ray diffraction with a 60 nm beam [3] to retrieve local structural properties for temperatures up 

to 140 °C [4]. We observed a single Bragg peak at room temperature, but at 80 °C, four new Bragg peaks appeared, originating in 

different real-space domains, as depicted in Fig. 1 (left panels). The originally random domains were arranged in periodic stripes in 

the center and with a hatched pattern close to the edges, as one can see in Fig. 1 (right panels). Reciprocal space mapping at 80 °C was 

used to quantify the local strain and lattice tilts, revealing the ferroelastic nature of the domains. The domains display a partial stability 

to further temperature changes. Our results show the dynamics of nanoscale ferroelastic domain formation within a single-crystal 

perovskite nanostructure, which is important both for the fundamental understanding of these materials and for the development of 

perovskite-based devices. 

 

Figure 1. Diffraction peaks and the corresponding scanning X-ray diffraction nanowire map at 30 °C (top panels) and 80 °C (bottom panels). 
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Antiferroelectric perovskites form an important family of functional electric materials, which have high potential in energy storage 

and conversion applications. However, a full understanding of their crystal structural formation is still lacking. PbZrO3-based 

materials can serve as a model system for investigation, not only because PbZrO3 was the first discovered antiferroelectric, but also 

because it undergoes a typical phase transition sequence from a high-temperature paraelectric to the low-temperature antiferroelectric 

phase, passing through a possible intermediate (IM) phase that is poorly understood. The IM phases usually exist only in a narrow 

temperature interval in pure PbZrO3, and therefore it is hard to capture them. On the other hand, with a small amount of Ti 

substitution, the Zr-rich PbZr1-xTixO3 (PZT, x ≤ 0.06) also displays a room-temperature antiferroelectric structure and goes through the 

same phase transition process as PbZrO3. In this case, the temperature range of the IM phase becomes wider, which makes a detailed 

study of the IM structures possible. 

Here we employ a combination of optical and scattering experiments and theoretical calculations to reveal the nature of the 

intermediate state. Experimental results show that the IM phase is not a pure phase but a state containing a mixture of several short- 

and long-range correlated structural components that compete energetically in a complicated way. To emphasize this, we shall 

henceforth refer to it as the IM state rather than the IM phase. There are several types of superstructure reflections that appear in the 

IM state temperature range in the single-crystal diffuse scattering pattern (Fig. 1). With the aid of synchrotron powder total scattering 

and high-resolution neutron diffraction data analysis, we constructed the complex structural models in this temperature range [1]. 

Evidence is found that this peculiar state consists of multiple short-range and long-range structural components, as well as complex 

mesoscopic domain structure [2]. External stimuli such as temperature change or chemical substitution can easily alter each 

component’s energy landscape and thereby change the materials' electrical properties. These findings provide new insights in 

understanding antiferroelectric-ferroelectric competition and hence in designing new antiferroelectric materials. 

 

Figure 1. Diffraction patterns and DS intensities during phase-change process of a PbZr0.97Ti0.03O3 crystal. (a)–(d) Data containing M 

point (–2.5 2.5 0), quarter reflection (–2.25 2.75 0), and IC spot (–2.16 2.84 0) collected at 150 °C, 180 °C, 210 °C, and 230 °C, 

respectively [1].  
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Metal nanocatalysts typically consist of noble metal nanoparticles (NPs) anchored on a metal oxide support, where the NP surface 

exposes active sites to catalyse target chemical reactions. The catalyst’s economic viability demands high activity, high selectivity, 

and high stability. It is well established that the performance of catalytic NPs is closely related to their size, shape and interparticle 

distance. Synthesis methods that can tailor the structural properties of noble metal NPs are therefore attractive to elucidate 

performance-structure relationships. In this regard, there is an increasing interest in Atomic Layer Deposition (ALD), a vapour-phase 

deposition method which proved its efficiency in dispersing noble metal NPs on complex high surface area supports with atomic-scale 

control over the metal loading (atoms per cm2) and nanoparticle size [1]. However, an improved understanding of how the deposition 

parameters influence the formation and growth of the noble metal NPs is required to fully exploit the tuning potential of ALD. 

We designed a high-vacuum setup for thermal and plasma-enhanced ALD that is compatible with synchrotron-based in situ X-ray 

fluorescence (XRF) and grazing incidence small-angle X-ray scattering (GISAXS) monitoring [2]. Using this setup, we resolved the 

dynamics of Pt and Pd NP formation and growth on planar SiO2 and Al2O3 surfaces [3-5]. In situ XRF was used to quantify the 

evolution of metal loading with the number of ALD cycles, while analysis of the key scattering features allowed us to correlate the 

amount of deposited material with the evolution of structural parameters such as cluster shape, average size and areal density. 

In a first study we focused on the growth of Pt deposits on SiO2 with the thermal ALD process comprising sequential MeCpPtMe3 and 

O2 exposures at 300°C [3]. The results indicated a nucleation stage, followed by a diffusion-mediated particle growth regime during 

which the size and spacing of the Pt NPs is largely determined by adsorption of migrating Pt species on the surface and diffusion-

driven particle coalescence. Interestingly, diffusion phenomena and ripening of the Pt NPs during ALD could be suppressed by using 

N2 plasma as a reactant instead of O2 in the ALD cycle. By combining O2-based and N2 plasma-based ALD processes, we developed a 

tuning strategy that offers independent control over the Pt NP size and areal density [4]. 

Secondly, we studied the initial nucleation of Pd NPs deposited at 150°C on oxide substrates (SiO2 or Al2O3) by combining Pd(hfac)2 

and H2 plasma in an ALD sequence [5]. The results confirmed a long nucleation process and revealed a relatively low NP areal 

density, in line with the occurrence of surface poisoning during the initial ALD cycles [6]. The reaction of the Pd precursor with the 

oxide surface leaves site blocking surface species behind, thereby inhibiting the nucleation. To enhance the nucleation, we explored 

two potential methods to ‘clean’ the surface: (1) introducing trimethylaluminum (TMA) exposures during the initial ALD cycles, and 

(2) introducing an O2 plasma exposure, either before or after the H2 plasma step, throughout the ALD process. Both these approaches 

had a significant impact on the evolution of NP size and spacing, and the insights obtained were used to develop a strategy that 

enables precise control of the Pd NP dimensions and coverage [5]. 
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Soft-matter bicontinuous networks find a double gyroid structure from block copolymer (BCP) self-assembly. A gyroid structure 

composed of dissimilar blocks has proven its potential as a soft crystal, of which the lattice dimension is variable with molecular 

weight of the polymer. Using an asymmetric polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA), recently we showed that the 

self-assembled gyroid films formed via a solvent vapor annealing (SVA) process undergo unique structural distortion due to 

directional deformation immediately upon deswelling [1]. During the SVA process with PS-b-PMMA films, initially transient 

cylinders developed from the as-cast morphology transform into a cubic gyroid structure in a swollen state. We then observed that 

upon solvent evaporation the gyroid lattice contracts along the film normal direction while retaining the swollen lateral dimension. 

The degree of contraction is turned out to be related to the evaporation speed. Rapid and spontaneous deswelling processes lead to 

triclinic gyroid structures with z-directional contraction ratios (Cz) of 2.5 and 2.0, respectively.  

Our X-ray analysis reveals that symmetries of the resulting gyroid structures are partially broken due to the non-affine transformation, 

eliciting several forbidden reflections such as {110} and {200} reflections. For further characterization of the symmetry-breaking, we 

delineate the structural features of noncubic gyroid films by computing electron-density difference maps from grazing incidence small 

angle X-ray scattering (GISAXS) data. We employed iterative phase retrieval method to solve the phase problem. Level-set approach 

is accordingly developed to quantitate the structural characteristics of the maps in terms of inversion symmetry-breaking, suggesting 

its possible application to optical Weyl photonic crystals. This presentation will focus on X-ray data collection and analysis.  

 

Figure 1. GISAXS data from a Cz=2.5 sample. Inset is the electron density map calculated from the X-ray data. 
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 Thin films of thickness 100 nm or less are typically deposited on a much thicker substrate, making it difficult to obtain the required 

high-quality total scattering data for analysis in real-space with pair distribution functions (PDF) [1]. In recent years, total scattering in 

reflection geometry at grazing incidence (GI), that is, below the critical angle of total external reflection, has been used with success to 

increase the surface sensitivity and scattering intensity [2, 3]. GI-PDF gives high-quality PDFs from films as thin as 3 nm with a 20 x 

2.5 µm2 focused X-ray beam with 100 keV photon energies at PETRA III [2]. Using this same setup we have developed a novel ultra-

high vacuum compatible deposition chamber, that allows for the demanding sample alignment of the thin film sample under vacuum 

conditions as well as a 180 degree in-plane rotation [4]. Via a rotary feedthrough and bellows combination the surrounding vacuum 

chamber is not affected by translation of the sample, allowing for film deposition equipment such as a magnetron sputter source. This 

has been employed at the P07-EH2 beamline with a radio-frequency magnetron sputter source, as pictured in the figure below. We 

will show how this has been applied to observe the formation of thin films during the initial stages of deposition in real time with sub-

second time resolution.  

  

  

Figure 1. PDFs of a Pt thin film at 10, 20, 30, 40, 50 and 60 seconds of sputter deposition with approximately 1 Å/s and a picture of the equipment 

installed on the surface diffractometer at beamline P07-EH2, PETRA III, Hamburg, Germany, as seen from the detector side.  
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The Protein Data Bank (PDB) was established in 1971 as the first open-access digital data resource in biology with just seven X-ray 

structures of proteins. During its first 50 years of continuous operations, PDB holdings have grown to more than 175,000 structures 

becoming the single global archive of 3D-structures of proteins, nucleic acid, and their complexes with one another and small-

molecule ligands. Open access to expertly biocurated PDB structures enables the efforts of many millions of basic and applied 

researchers, educators, and students around the world. Their work impacts fundamental biology, biomedicine, bioengineering, 

biotechnology, and energy sciences. 

The Worldwide Protein Data Bank (wwPDB, wwpdb.org) manages the PDB archive according to the FACT principles of Fairness-

Accuracy-Confidentiality-Transparency and the FAIR principles of Findable-Accessible-Interoperable-Reusable. Current wwPDB 

members include the US RCSB Protein Data Bank (RCSB PDB), Protein Data Bank in Europe (PDBe), Protein Data Bank Japan 

(PDBj), Electron Microscopy Data Bank (EMDB), and Biological Magnetic Resonance Bank (BMRB). 

All data in the PDB archive conform to the wwPDB PDBx/mmCIF data dictionary, which is fully extensible both human- and 

machine-readable. PDB structures are composed of amino acids or nucleotide building blocks that comprise biopolymers, and 

associated small molecules such as water molecules, solute molecules, ions, co-factors, metabolites, enzyme inhibitors, drugs, etc. 

Every new structure coming into the PDB is processed using the wwPDB OneDep global system for deposition, validation, and 

biocuration. All PDB structures are accompanied by an official wwPDB Validation Report, exemplifying standards developed 

collaboratively with wwPDB Task Forces composed of community experts. 

Small-molecule constituents of PDB structures are defined in the wwPDB Chemical Component Dictionary (CCD). This dictionary 

contains detailed chemical descriptions for standard and modified amino acids/nucleotides, small molecule ligands, solvent molecules, 

and others. Precise knowledge of interactions between macromolecules and small-molecule ligands is central to our understanding of 

biological and biochemical function, drug action, mechanisms of drug resistance, and drug-drug interactions. 

Recent enhancements to the CCD and the wwPDB Validation Report will be described, together with value-added information 

concerning ligand quality now available on the US Research Collaboratory for Structural Bioinformatics Protein Data Bank PDB 

website (RCSB PDB, RCSB.org). 

wwPDB members are US RCSB PDB (supported by NSF, NIH, DOE, and Rutgers Cancer Institute of New Jersey), PDBe (EMBL-

EBI, Wellcome Trust, BBSRC, MRC, and EU), and PDBj (NBDC-JST), and BMRB (NIGMS).  

Keywords: Protein Data Bank, Structure Validation, Small-Molecule 
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Data scrutiny in IUCr journals 
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Peer review of supporting data for submitted research articles is currently assuming great significance in scientific publishing, but is 

not new for the journals of the IUCr. Co-editors of Acta Crystallographica C under the editorship of Sidney Abrahams (1924-2021) 

were expected to validate the consistency of crystal structure data for reported structures, for which cell parameters and symmery, 

coordinates, geometry and anisotropic displacement parameters were mandatory. The journal developed software to reduce the 

calculational burden, and this evolved into the checkCIF service that allowed authors to participate in the validation effort, and to 

account for apparent anomalies or outliers in their derived structures. An early consequence was the almost complete elimination of 

corrigenda that resulted from post-publication surveys by individual scientists or by database aggregators. Over the 

years checkCIF increased in sophistication and power (authors were required to supply structure factors in machine-readable form), 

and has been adopted by other journal publishers and by structural databases. The IUCr Diffraction Data Deposition Working Group 

(2011-2017) emphasised the value of access to raw experimental data in evaluating structure interpretation, and IUCr Journals have 

responded by encouraging authors to make available their diffraction data sets. The journals continue to explore ways to improve the 

refereeing process with regard to data, in their effort to make the initial publication of the version of record of an article as error-free 

as possible. 

Keywords: data validation, peer review, publishing, checkCIF, CIF 
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The Cambridge Structural Database (CSD) was founded on a vision that collective use of data would lead to the discovery of new 

knowledge which transcends the results of individual experiments. Excellent data sharing practices in the crystallographic community 

as well as deposition and curation processes at the CCDC have enabled that vision to come to true. 

This talk will demonstrate a number of ways in which a structural database such as the CSD can work with the community to help set 

standards from validation to publication and explore what part we play in the pre and post publication peer review of crystallographic 

data. We will share our experiences evolving our interactive deposition service, from the integration of checkCIF, to the establishment 

of links to raw diffraction data. We will also look at how repositories can support the peer review of data and what impact an increase 

of data published solely through the CSD might have. The presentation will conclude by looking at how reviewing crystallographic 

results might change in the future, how the CSD could evolve and how we can better help the community increase the integrity of data 

that is shared. 

Keywords: CSD, data, integrity, standards 
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How not to publish structural results 

Alexander Wlodawer 
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High-resolution macromolecular structures determined using crystallography, NMR, and cryo-EM provide a gold standard for 

evaluation of important properties of biomolecules, but the quality of some structures, as well of their presentation, is not always fully 

acceptable. Whereas quality checking tools provided by the PDB during deposition process may flag some common problems, the 

resulting red flags are not always addressed by deposition authors. Some journals require that manuscripts be accompanied by 

validation reports in order to assist reviewers in evaluation of the validity of presented structures, whereas other journals do not have 

such requirements. Additionally, validation reports are more helpful in identifying global problems, while some local problems may 

not be apparent. Utilization of additional tools and interactive software might assist readers in making the best use of published 

structural data. Using examples extracted from the Protein Data Bank, as well as from journal publications, some common problems 

will be identified and suggestions will be made on how to avoid their reoccurrence.  

Keywords: Protein Data Bank; structure quality; structure validation; journal policies 
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Evolution of macromolecular model quality 
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Over the last decades, the PDB has been developing tools and standards for the assessment of the quality of the structural models 

deposited in its archives. Similarly, more and more journals are now requiring validation reports generated by the PDB as a prerequisite 

for manuscript submission. Such quality metrics have been used previously to gauge the relationship between structural model quality 

and publication venues [1,2]. More recently, these indicators have been applied to assess the evolution of the quality of the PDB deposits 

with time [3] using the concept of a percentile (PQ1) metric, which combines such measures as Rfree, RSRZ (normalized Real Space R-

factor) outliers, Ramachandran outliers, Rotamer outliers, and Clashscore. 

In this paper we will show how the quality of macromolecular models deposited in the PDB has changed over the years (Fig. 1) and 

how the PQ1 parameter can be converted to a new measure, PQ1(t,d), that takes into account time (t) and data resolution (d). The proposed 

new measure can be used to reveal how structure quality in a given moment of time was related to such issues as [4]: 

• differences between proteins and nucleic acids; 

• comparison with structural genomics projects;  

• assessment of deposits without journal publications; 

• journal impact factor (Fig. 2). 

The paper will also discuss how the quality of crystallographic macromolecular structures in the PDB has improved over the last years 

and highlight some crucial periods in this history. 

  
Fig. 1. Variation of mean structure quality percentile PQ1 

(y-axis), comparing nucleic acid and protein structures 

(color) over time (x-axis). Error bars indicate estimated 

unbiased standard errors of the mean. 

Fig. 2. Variation of mean journal structure quality PQ1(t,d) (y-axis) in 

a given year (color) plotted against journal impact (x-axis). The two 

regression lines show linear trends for 1999 (indigo) and 2018 

(yellow) together with 95% confidence intervals (gray areas). 

[1] Brown, E. N. & Ramaswamy, S. (2007). Acta Cryst. D63, 941–950. 

[2] Read, R. J. & Kleywegt, G. J. (2009). Acta Cryst. D65, 140–147. 

[3] Shao, C., Yang H., Westbrook, J. D., Young, J. Y., Zardecki, C. & Burley, S. K. (2017). Structure 25, 458–468.  

[4] Brzezinski, D., Dauter, Z., Minor, W. & Jaskolski, M. (2020). FEBS J., 287, 2685–2698. 

Keywords: PDB; structure quality; X-ray crystallography; proteins; nucleic acids; journal impact; 

DB acknowledges the support of the Polish National Agency for Academic Exchange, grant no. PPN/BEK/2018/1/00058/U/00001. 

Funding for this research was also provided by NIH grant GM132595. 
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Online Crystallography:  
 Automated, Remote Controlled Protein-to-Structure Pipelines for Drug Design 
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We have developed a novel approach called CrystalDirect that enables fully automated crystal mounting and cryo-cooling closing the 

automation gap between crystallization and X-ray data collection. The CrystalDirect technology also allows the automated delivery of 

small molecules to crystals, giving access to large scale small molecule screening through X-ray crystallography. We have combined 

this approach with automated data collection at the ESRF and other synchrotrons to develop a fully automated, remote-controlled 

pipelines for macromolecular crystallography and an automated pipeline for large scale compound and fragment screening to support 

structure guided drug discovery programs. In order to facilitate high throughput data analysis, we have built a series of Application 

Program Interfaces (APIs) linking the Crystallization Information Management System (CRIMS) and the ISPyB system for automated 

synchrotron data collection with automated structure refinement and analysis, using software pipelines developed by Global Phasing. 

These pipelines effectively provide online access to crystallization and synchrotron diffraction and data analysis facilities and remove 

key bottlenecks in modern crystallography. They can contribute to the rapid progression of challenging projects in structural biology, 

to facilitate the access to protein crystallography for scientist of other disciplines and stimulate translation of basic research into 

biomedical applications.  On the other hand, the large amounts of data generated pose new challenges, but also provide new 

opportunities to develop integrated systems for data acquisition, processing and analysis. The experience from the use of these 

pipelines as well as the new opportunities enabled by the integration of crystallization, X-ray data collection and analysis into 

continuous, fully automated workflows will be discussed.  

Keywords: Automation, High Throughput, Small molecule screening, Fragment screening, Data management and workflows, 
Drug design 
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Crystallographic fragment screening, which involves screening small-molecule libraries against crystals of a target protein, is an 

essential tool in modern drug discovery. The technique relies on the high-throughput generation of cryo-cooled, soaked crystals followed 

by fast and efficient data collection at a synchrotron beamline. Each campaign may generate hundreds or thousands of samples, and the 

most efficient strategy for acquiring data is to use unattended data collection followed by automatic data processing. 

The macromolecular crystallography (MX) group at the Swiss Light Source operates a fast fragment and compound screening (FFCS) 

pipeline that uses Smart Digital User (SDU) software to collect data at the beamlines. This presentation will give an overview of SDU, 

describe how it has been implemented at the MX beamlines and present some recent case studies. 

 

 

Figure 1. Screenshot of SDU in action at beamline X06SA 

 

Keywords: beamline automation; macromolecular crystallography 
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Structural Biology Research Center in the Photon Factory (PF), Japan, has five macromolecular crystallography (MX) beamlines at two 

synchrotron radiation rings, PF and PF-AR. The end stations of all the beamlines are equipped with sample exchange robots [1], high-

precision diffractometers, and pixel array detectors, which are controlled by a common control software. This enables us to realize a 

fully automated and unattended data collection and a remote interactive data collection at all beamlines. 

For a fully automated data collection, we developed a dedicated software SIROCC (Sophisticated Interface for Routine Operation with 

Crystal Centering). After mounting a new sample on the goniometer by the sample exchange robot, SIROCC recognizes a sample loop, 

and perform two raster scans over the loop regions. From a heatmap based on the number of diffraction spots below 4 Å resolution, 

SIROCC recognizes a shape and location of a protein crystal and places it to the X-ray beam position. By taking two snapshots, SIROCC 

evaluates the diffraction quality of the crystal, and if it exceeds a user’s defined threshold, SIROCC collects a complete diffraction data 

set. In a fully automated data collection beamtime, a beamline staff loads samples from users, and starts the automated data collection. 

Then all samples are mounted and diffraction measurements by SIROCC are performed in a fully automated manner. For a remote 

interactive data collection, NoMachine Workstation is installed on a workstation running the control software at each beamline. 

Furthermore, NoMachine Cloud Server, which federates the workstations at all beamlines, is installed on a gateway server which is 

accessible from outside the facility. At the beginning of a remote access beamtime, a beamline operating staff prepares the beamline, 

and give a permission for a user to access to the beamline through the gateway server. Then, the user connects through a NoMachine 

remote desktop software, allowing users to perform measurements remotely from outside the facility. All experimental information from 

the fully automated or remote data collection are recorded in the database system, PReMo [2]. PReMo also functions as a data processing 

and analysis pipeline, and users can obtain the experimental information and the result of data processing and analysis on the Web. 

Recently, a dedicated server for data download is opened, and users can download a diffraction data or data processing result to perform 

a further analysis with their own workstation immediately after the data collection. 

In remote access or fully automated data collection, the user packs frozen samples in Uni-pucks and ships them to the PF using a dry 

sipper. The beamline staff receives the dry sipper and transfers to the beamline which the sample is assigned. The Uni-pucks are then 

taken out from the dry sipper and placed in the liquid nitrogen Dewar of the sample exchange robot. To prevent miss-match of the 

sample mount on the diffractometer in a fully automated measurement or/and remote experiment, the transportation of the dry-shipper 

and placing the Uni-puck must be performed without errors. Therefore, it is very important to establish a sample tracking system for the 

reliable operation of fully automated measurements and remote experiments. Recently, we developed a sample tracking system for those 

experiments. In this system, the user must attach QR code labels to items such as a dry shipper, hard disk drive and so on to be sent, and 

place a pin with a two-dimensional barcode into No. 16 of the Uni-puck. When the beamline staff takes any action on the shipped items, 

the QR code is always read, and the status of the item is updated. The status is stored in a database system and shared among beamline 

staff members, which helps to prevent miscommunication. The two-dimensional barcode on the pin on No. 16 is read by the sample 

exchange robot after the Uni-pucks are placed in the Dewar, and the robot recognizes automatically which Uni-puck is set in which 

position in the Dewar. 

In 2020, due to the pandemic situation of COVID-19, approximately 75% of the beamtime in MX beamlines were used for remote 

experiments or/and fully automated measurements with users unattended. 

[1] Hiraki, M., Yamada, Y., Chavas, L.M., Matsugaki, N., Igarashi, N. & Wakatsuki, S. (2013). J. Phys.: Conf. Ser. 425, 012014. 

[2] Yamada, Y., Matsugaki, N., Chavas, L.M., Hiraki, M., Igarashi, N. & Wakatsuki, S. (2013). J. Phys.: Conf. Ser. 425, 012017. 

Keywords: Synchrotron, automation, remote access 
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Watching biomolecules in motion on biologically relevant time scales has been a long-standing goal of structural biology. Current 

methodologies allowing for time-resolved crystallographic data collection are mostly through serial methods using microcrystals - 

which are technically challenging experiments with elaborate synchrotron beamline setups, consumption of large amounts of sample, 

and requiring contributions from many researchers. Here, we propose an alternative methodological setup in order to collect time-

resolved data in the millisecond time regime (>5ms), suitable for measuring relatively large structural changes that may be rate-

limiting in particular cases. Our approach has been to leverage rapid freeze-quenching by robotically plunging our crystals of choice 

through a substrate film prior to hyperquenching in liquid nitrogen. This method affords many quality of life improvements over 

current time-resolved methods, such as the potential for a single crystal use per time-point, divorcing the reaction initiation from data 

collection, and the ability to use the standard mail-in remote data collection available at all synchrotron sources. In order to show 

proof-of-concept, we used a well characterized metabolic enzyme phosphoenolpyruvate carboxykinase which converts oxaloacetic 

acid to phosphoenolpyruvate. Our initial experiments uncovered a previously hypothesized state believed to occur directly after 

phosphoryl transfer and prior to product release. We hope that this method, with its simplicity and ease of access, can allow many 

structural biology labs to begin time-resolved exploration of suitable systems to uncover further molecular details of enzymes of 

interest. 
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MXAimbot is a neural network-based tool, designed to automate the task of centering samples for macro-molecular X-ray 

crystallography experiments before exposing the sample to the beam. 

MXAimbot uses a convolutional neural network (CNN) trained on a few thousands’ images from an industrial vision camera pointed 

at the sample to predict suitable crystal centering for subsequent data collection. 

The motivation for this project is that the machine vision automated sample positioning allows X-ray laboratories and synchrotron 

beamlines to offer a more efficient alternative for the manual centering, which is time consuming and difficult to automate with 

conventional image analysis, and for the X-ray mesh scan centering, which can introduce radiation damage to the crystal. MXAimbot 

can be used to improve results of standard LUCID loop centering for fully automated data collection in fragment-screening 

campaigns. No need for sample rotation should be an additional advantage. 

A few original approaches and CNN architectures were tested by authors in [1,2]. They were using X-ray data from mesh scans and 

not relying on manual annotations. Finally for a current production a simpler method inspired by a DeepCentering approach [3] from 

SPring-8, has been adopted. The original training dataset was manually annotated with bounding boxes around each crystal and the 

new CNN architecture is using the annotated data. MXAimbot can be used by other systems via a REST API. The next step for the 

project was including MXAimbot into MXCuBE3 - the common data acquisition framework at several European synchrotron 

facilities. This allows collection of anonymised datasets from the sample vision camera in the BioMAX beamline at the MAX IV 

synchrotron which can be further used for training and optimisation of CNNs and later be seamlessly included as an additional option 

in the MXCuBE3 data collection pipeline. 

To the authors knowledge CNNs have been implemented for crystal centering at least at two synchrotron facilities including MAX IV. 

So far the CNN approach has shown outstanding results in automatically positioning crystals. Work is currently underway to test and 

statistically compare the model predictions to the manual centerings by real users with the goal of integrating MXAimbot into the 

FragMAX [4] - fragment screening facility at the MAX IV sychrotron. 

 

[1] Schurmann, J., & Lindhé, I. (2019). Crystal Centering Using Deep Learning. LU-CS-EX 2019-25. 

[2] Schurmann, J., Lindhè, I., Janneck, J. W., Lima, G., & Matej, Z. (2019, November). Crystal centering using deep learning in X-ray 

crystallography. In 2019 53rd Asilomar Conference on Signals, Systems, and Computers (pp. 978-983). IEEE. 

[3] Ito, S., Ueno, G., & Yamamoto, M. (2019). DeepCentering: fully automated crystal centering using deep learning for macromolecular 

crystallography. Journal of synchrotron radiation, 26(4), 1361-1366. 

[4] Lima, G. M., Talibov, V. O., Jagudin, E., Sele, C., Nyblom, M., Knecht, W., ... & Mueller, U. (2020). FragMAX: the fragment-screening 

platform at the MAX IV Laboratory. Acta Crystallographica Section D: Structural Biology, 76(8), 771-777. 

Keywords: machine learning, automation, sample centering, neural network 
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In macromolecular crystallography, radiation damage limits the amount of data that can be collected from a single crystal. It  is often 

necessary to merge multiple data sets from one or more crystals, for example multiple small-wedge data collections on micro-crystals, 

in situ room temperature data collections, lipidic mesophase data collections or time-resolved crystallography. Whilst indexing and 

integration of individual data sets may be relatively straightforward with existing software, additional challenges are commonly 

encountered when merging multiple data sets. For novel structures, identification of a consensus symmetry can be problematic,  

particularly in the presence of a potential indexing ambiguity. The presence of non-isomorphous or poor-quality data sets may degrade 

the overall quality of the merged data set. 

To facilitate and help optimise the scaling and merging of multiple data sets, we developed a new program, xia2.multiplex, which 

takes as input the results of data sets individually in tegrated with DIALS [1] and performs symmetry analysis [2], scaling [3] and 

merging of multi-crystal data sets, as well as analysis of various pathologies that typically af fect multi-crystal data sets, including non-

isomorphism, radiation damage [4] and preferred crystal orientation. 

xia2.multiplex has been deployed as part of the autoprocessing pipeline at Diamond Light Source, including integration with 

downstream phasing pipelines such as DIMPLE [5] and Big EP [6]. 

Using data sets collected as part of in situ room-temperature fragment screening experiments on the SARS-CoV-2 main protease, we 

demonstrate the use of xia2.multiplex within a wider autoprocessing framework to give rapid feedback during a multi-crystal 

experiment, and how the program can be used to further improve the quality of final merged data set. 

[1] Winter, G., Waterman, D. G., Parkhurst, J. M., Brewster, A. S., Gildea, R. J., Gerstel, M., Fuentes-Montero, L., Vollmar, M., Michels-Clark, T., 

Young, I. D., Sauter, N. K. & Evans, G. (2018). Acta Crystallographica Section D. 

[2] Gildea, R. J. & Winter, G. (2018). Acta Crystallographica Section D, 74(5), 405–410. 

[3] Beilsten-Edmands, J., Winter, G., Gildea, R., Parkhurst, J., Waterman, D. & Evans, G. (2020). Acta Crystallographica Section D, 76(4), 385–399. 

[4] Winter, G., Gildea, R. J., Paterson, N. G., Beale, J., Gerstel, M., Axford, D., Vollmar, M., McAuley, K. E., Owen, R. L.,  Flaig, R., Ashton, A. W. 

& Hall, D. R. (2019). Acta Crystallographica Section D, 75(3), 242–261. 

[5] http://ccp4.github.io/dimple/ 

[6] Sikharulidze, I., Winter, G. & Hall, D. R. (2016). Acta Crystallographica Section A, 72(a1), s193. 
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Using the tools of group theory, we have mapped out the symmetry consequences of structural distortions in hybrid layered 

perovskites. These distortions include octahedral tilting and cation ordering within the inorganic layers as well as orientational 

ordering of organic cations in the organic layers. This analysis is coupled with synthesis and crystal structure determination of a wide 

variety Ruddlesden-Popper phases. The combined analysis shows that certain modes of octahedral tilting are strongly favored in large 

part because they lead to favorable hydrogen bonding interactions between the halide ions of the inorganic layers and the ammonium-

type protons of the organic cations. This information is used to guide our search for new lead-free ferroelectrics and multiferroics 

among this large class of compounds. 

Keywords: perovskites, phase transitions, halides, layered materials 
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The A-site ordered quadruple perovskites AA’3B4O12 can accommodate transition metal cations at the square-planar A’ site (Fig. 1(a)). 

When the B site is occupied by non-magnetic cations, the complex magnetic interactions between the spins at the orthogonally-

oriented A’-sites can result in a wide variety of non-trivial magnetic orders.[3] For example, A’-site Cu2+ (S = 1/2) spins can align 

either ferromagnetically (FM) in CaCu3Sn4O12 or CaCu3Ge4O12 (TC = 10 and 13 K respectively), or antiferromagnetically (AFM) in 

CaCu3Ti4O12 (TN = 25 K) as a result of competition between direct exchange and superexchange interactions (Fig. 1(b)).[3] A’-site 

Mn3+ (S = 2) in YMn3Al4O12 yields a G-type AFM structure (TN = 37 K) and Mn2+ (S = 5/2) spins in LaMn3V4O12 break the symmetry 

to form a helix-type AFM structure (TN = 44 K, Fig. 1(c)).[4,2] 

 

 

Figure 1. (a) The quadruple perovskite structure AA’3B4O12 with square-coordinated A’-site cations (blue spheres). (b) FM and AFM spin structures 

of CaCu3B4O12 for B = Ge4+, Sn4+ and Ti4+ (respectively). (c) The helix-type AFM structure of LaMn3V4O12. (d) The triple-k AFM spin structure 

found for CaFe3Ti4O12. 

 

We recently revisited the material CaFe3Ti4O12 with S = 2 (Fe2+) centres at the A’-sites for which initial studies did not find any long 

range magnetic order down to 4.2 K.[1] This absence of magnetic ordering was notably unconventional. We discovered that the Fe2+ 

(S = 2) spins in CaFe3Ti4O12 order in a complex triple-k AFM ground state at TN = 2.8 K (Fig. 1(d)). In contrast to most magnetic 

insulating oxides, the Heisenberg superexchange between first- and second-neighbour spins are minimised by strong easy-axis 

anisotropy. Further-neighbour interactions yield the resulting spin ground state. On application of magnetic field, a canted FM spin 

structure is induced. This magnetic ordering is contrastingly different from those previously reported for A’-site magnetic quadruple 

perovskite materials. Furthermore, our results show that exotic long-range magnetically ordered ground states can emerge in large-

spin systems when the symmetric exchange is quenched. 

[1] Reiff, W. M., Leinenweber, K. & Parise, J. (1997a). MRS Proc. 453, 387. 

[2] Saito, T., Toyoda, M., Ritter, C., Zhang, S., Oguchi, T., Attfield, J. P. & Shimakawa, Y. (2014b). Phys. Rev. B. 90, 214405. 

[3] Shimakawa, Y. & Mizumaki, M. (2014c). J. Phys. Condens. Matter. 26, 473203. 

[4] Toyoda, M., Saito, T., Yamauchi, K., Shimakawa, Y. & Oguchi, T. (2015d). Phys. Rev. B. 92, 014420. 
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Homometallic ludwigites with chemical formula (M2+)(M3+)O2BO3 are mixed-valent complex oxides with potentially interesting 

physical phenomena. It was recently shown that a hybrid of reduced-multiwalled carbon nanotubes and Co3O2BO3 have outstanding 

performance as an oxygen evolution reaction (OER) electrocatalyst, where the slow OER kinetics presents the main bottleneck 

regarding the storage of renewable energy and clean energy generation [1]. The novel catalyst containing Co3O2BO3 have an 

overpontential lower than that for the state-of-the-art RuO2 catalyst [2]. The remarkable OER electrocatalyst performance of the 

ludwigite was mainly attributed to its local distorted octahedral environment, which increases the unit cell volume and enhances its 

catalytic active surface area. In addition to that, atomic positional disorder may play a significant role in the Co ludwigite unit cells 

volume size. However, the possibility of structural disorder in Co3O2BO3 lacks a dedicated study in contrast to other heterometallic 

ludwigites, which are known to present disordered structures [3]. Finally, understanding the role of structural disorder in these 

materials may help the synthesis of robuster and more efficient OER electrocatalyst for green energy production. 

This work investigates structural disorder in Co3O2BO3 as a function of temperature by applying reverse Monte Carlo (RMC) methods 

in EXAFS (extended x-ray absorption fine structure) data analysis. The EXAFS spectra were extracted using traditional methods [4] 

from Co K edge X-ray absorption spectroscopy experiments performed at the XAFS2 beamline of LNLS. Then, RMC methods were 

applied to refine the Co ludwigite atomic position by introducing random small amounts of disorder in the system until the refined 

crystal structure EXAFS spectrum reproduces experimental data. In addition to that, the convergence in reasonable time of simulated 

results depends upon the use of an evolutionary algorithm (EA), which allows us to cover a much bigger area of the configurational 

space much faster than regular methods. The EXAFS-RMC/EA analysis was performed using EvAX (Evolutionary Algorithms for 

XAS analysis) [5]. 

In this work we will show experimental and simulated EXAFS for Co3O2BO3 for various temperatures from 6 to 900 K. Simulated 

spectra resemble remarkably well experimental data and we discuss the influence of structural disorder on physical phenomena. We 

conclude that local disorder regarding Co octahedral environment is very rigid and does not change significantly up to 400 K. Above 

this temperature, changes in the local octahedral environment are possibly connected to two charge ordering transitions at 480 K and 

500 K. Finally, x-ray powder diffraction results are discussed in the light of EXAFS data. 
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Transition metal oxides are a platform for a plethora of exotic electronic phases where multiple degrees of freedom of correlated d-

electrons, together with an underlying lattice topology, are at play. The ground states of these systems are governed by a subtle 

balance of relevant electronic parameters such as Coulomb repulsion, bandwidth, and crystal fields. 4d ruthenium compounds have 

been playing a significant role in providing novel electronic states such as unconventional superconductivity, metal-insulator 

transition, and quantum magnetism.  

Besides metallic or Mott insulating ground states, some ruthenium compounds exhibit a nonmagnetic ground state, which is 

accompanied by the formation of molecular orbitals generated by direct hopping between spatially extended 4d orbitals. A prominent 

example is the honeycomb ruthenate Li2RuO3, which undergoes dimerization of Ru atoms below ~ 550 K and forms a "molecular 

orbital crystal", where the 4d electrons are accommodated into the bonding and antibonding molecular orbitals localized on the 

dimers.  

In heavy-transition-metal compounds such as ruthenates, another key ingredient for their exotic electronic states is spin-orbit coupling 

(SOC) which produces spin-orbit entangled Jeff pseudospins. Probably the most striking impact on magnetism is realised in Ru4+ 

ruthenates with a d4 configuration. While SOC produces a nominally non-magnetic Jeff = 0 singlet, “excitonic” magnetism can arise 

via the interaction between excited states, and spin-orbit excitons may condense into an exotic long-range magnetic order. Up to date, 

excitonic magnetism has been only established in a layered perovskite Ca2RuO4 and remains unexplored in other ruthenates.  

The competition between electronic phases including molecular orbital crystal and spin-orbit magnetism is expected to be more 

pronounced in ruthenates with a frustrated lattice, such as pyrochlore ruthenates A2Ru2O7 (A: trivalent cation). The pyrochlore 

ruthenates have been regarded as S = 1 Mott insulators due to the presence of a trigonal distortion which may lift the degeneracy of the 

t2g orbitals and thus competes with SOC. While most of them order magnetically at low temperatures, Tl2Ru2O7 exhibits a metal to 

non-magnetic insulator transition at ~ 120 K. The origin of the nonmagnetic ground state has been attributed to the formation of a 

Haldane gap in the one-dimensional zigzag chains of Ru atoms on top of the pyrochlore lattice. The distinct behaviour of Tl2Ru2O7 

may be related to the covalency of Tl-O bonds, which has been discussed as playing a key role in the metal-insulator transition. The 

covalent character of A-O bonds thus may be an important parameter for the ground state of pyrochlore oxides. On the other hand, the 

role of spin-orbit coupling has not been fully investigated in pyrochlore ruthenates.  

In an attempt to explore the novel phase competition in pyrochlore ruthenates, we discovered a new compound In2Ru2O7 using high 

pressure synthesis. At high temperatures above ~ 450 K, In2Ru2O7 crystallizes in a cubic pyrochlore structure, but adopts a weakly 

distorted tetragonal structure at room temperature as elucidated with single crystal x-ray and powder neutron diffraction. From the 

spectroscopic measurements, In2Ru2O7 was found to host a spin-orbit-entangled Jeff = 0 -like state at room temperature, despite 

presenting the largest trigonal distortion among the family of pyrochlore ruthenates. The spin-orbit entangled singlet state is expected 

to display excitonic magnetism. Strikingly, through successive structural transitions likely associated with the covalent In-O bonds, 

the singlet state collapses and In2Ru2O7 forms a non-magnetic state below ~ 220 K as evidenced by muon spin rotation. The non-

magnetic ground state was found to originate from a molecular orbital formation in the semi-isolated Ru2O trimer molecules 

decorating the pyrochlore lattice. Such molecular orbital formation, which involves not only the Ru4+ ions but the O2- anions as well, 

has not been reported in other pyrochlore oxides.  

In this talk we discuss the subtle competition between spin-orbit coupling and molecular orbital crystal formation in pyrochlore 

ruthenate In2Ru2O7. We present the structural details of the Ru2O trimer formation and its impact on the magnetism and electronic 

structure of In2Ru2O7. We argue that the unique molecular orbital formation involving an oxygen atom, distinct from dimers with 

direct overlap of d-orbitals commonly found in other transition metal oxides, is assisted by the distortion of the In-O network. Our 

result demonstrates that bond covalency of constituent ions can be an additional key parameter in understanding phase competitions in 

complex transitionmetal oxides.  
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The scheelites are a family of compounds with chemical formula ABO4, and a characteristic crystal structure consisting of AO8 

dodecahedra and BO4 tetrahedra. This structure is flexible and can accommodate a large variety of cations with a range of atomic radii 

and valence combinations. Scheelite-type oxides, such as CaWO4, BiVO4 and NaLa(MoO4)2 have been extensively studied due to their 

diverse range of physical and electronic properties [1]. In particular, Bi3+ containing molybdates have been found to be efficient 

photocatalysts due to the strong repulsive force of the 6s2 lone pair of Bi3+, resulting in distortion of the BO4 tetrahedra and alteration 

of the band gap [2, 3]. 

In 1974 Bi3FeMo2O12 (BFMO) was reported as the first scheelite-type compound containing trivalent cations on the tetrahedral sites 

[4]. Interestingly, two different polymorphs of BFMO can be isolated by varying the synthesis conditions [5]. The tetragonal scheelite-

type polymorph, described by space group I41/a with a = 5.32106(13) Å and c = 11.656(4) Å, can be prepared by a sol-gel route from 

aqueous solution of the constituent ionic species and has a disordered arrangement of the Fe and Mo cations. When heated above 

500 °C, a 2:1 ordering of the Mo and Fe cations occurs, which lowers the symmetry to monoclinic (C2/c). The corresponding 

superstructure has a tripling of the a axis (a = 16.9110 (3) Å, b = 11.6489(2) Å, c= 5.25630(9) Å, β = 107.1395(11)°). The two 

structures are illustrated in Figure 1. 

 

Figure 1: Disordered tetragonal I41/a (left) and ordered monoclinic C2/c (right) structures of Bi3FeMo2O12.  

In the present study, both polymorphs of BFMO were synthesized and their structure and magnetic properties characterized using a 

combination of powder diffraction, microscopy and magnetometry techniques. In situ neutron powder diffraction (NPD) 

measurements of the structural evolution of disordered tetragonal BFMO with increasing temperature showed that no amorphization 

takes place prior to the formation of the ordered monoclinic phase. The lack of a structural break-down, despite the substantial cation 

movement required in such a transformation, suggests that a certain degree of local cation order exists in the “disordered” tetragonal 

phase, facilitating the direct conversion to the fully ordered monoclinic structure. Instead of the expected amorphization and 

recrystallization, the conversion takes place via a 1st order phase transition, with the tetragonal polymorph exhibiting negative thermal 

expansion prior to its conversion into the monoclinic structure. Zero-field-cooled/field-cooled and field-dependent magnetization 

curves of the monoclinic structure revealed the existence of a magnetic transition below 15 K. The long-range nature of the low-

temperature magnetic structure in the monoclinic polymorph was verified by high-resolution NPD data, which revealed the emergence 

of an incommensurate magnetic structure. There is no evidence for long-range magnetic order in the tetragonal polymorph. This is, to 

the best of our knowledge, the first study of the phase transition mechanism and magnetic properties of this complex system and 

represents a milestone in the structural understanding and targeted design of Bi3+ containing molybdates as efficient photocatalysts. 

[1] Brazdil, J. F. (2015). Catalysis Science & Technology 5, 3452-3458. 

[2] Feng, Y., Yan, X., Liu, C., Hong, Y., Zhu, L., Zhou, M. & Shi, W. (2015). Appl Surf Sci 353, 87-94. 
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A detailed account of the local atomic structure and disorder at 5 K across the phase diagram of the high-temperature superconductor 

KxFe2-ySe2-zSz (0≤z≤2) is obtained from neutron total scattering and associated atomic pair distribution function (PDF) approaches [1]. 

Various model-independent and model-dependent aspects of the analysis reveal a high level of structural complexity on the nanometer 

length scale. Evidence is found for considerable disorder in the c-axis stacking of the FeSe1-xSx slabs without observable signs of 

turbostratic character of the disorder. In contrast to the related FeCh (Ch = S, Se)-type superconductors, substantial Fe-vacancies are 

present in KxFe2-ySe2-zSz, deemed detrimental for superconductivity when ordered. Our study suggests that the distribution of 

vacancies significantly modifies the iron-chalcogen bond-length distribution, in agreement with observed evolution of the PDF signal. 

A crossover-like transition is observed at a composition of z≈1, from a correlated disorder state at the selenium end to a more 

vacancy-ordered (VO) state closer to the sulfur end of the phase diagram. The S-content-dependent measures of the local structure are 

found to exhibit distinct behavior on either side of this crossover, correlating well with the evolution of the superconducting state to 

that of a magnetic semiconductor toward the z≈2 end. The behavior reinforces the idea of the intimate relationship of correlated Fe-

vacancy order in the local structure and the emergent electronic properties. 

[1] P. Mangelis et al., (2019) Physical Review B 100, 094108. 
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In order to understand the packing and orientation of organic semiconductor thin films, we make use of microcrystal electron 

diffraction (MicroED) and grazing-incidence wide-angle X-ray scattering (GIWAXS). These complementary techniques provide 

structural insights to the structure of these thin films and can be used with the same sample preparation methods that are used to create 

the functional films. This removes the need for time-consuming crystallization experiments that may not directly capture the same 

semiconductor structure found in the films. We will present the application of these methods on four organic semiconductor samples, 

some of which represent novel structures determined by MicroED. 
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Three-dimensional electron diffraction (3D ED) has matured into a method routinely employed by several worldwide-located 

laboratories for addressing crystallographic problems, which were considered intractable by X-ray diffraction [1]. The main advantage 

of ED is the ability to get diffraction data from volumes of few hundreds or even few tens of nanometers. This allows acquiring 

comprehensive 3D structural information from crystals too small for X-ray single-crystal methods, from coherent domains in 

pervasively twinned or disordered materials, from isolated domains embedded in inorganic or biological matrices and from minor 

constituents of powdered polyphasic mixtures. 

From the beginning, the main shortcomings of 3D ED appeared connected with the deterioration of the sample induced by TEM 

vacuum or by beam damage. Moreover, organic crystals are typically affected by mosaicity and bending. In this contribution we will 

show different experimental protocols for data collection and analysis that can be employed in any experimental set-up, even for low-

voltage TEMs. Beam damage is minimised by coupling STEM imaging for sample search and tracking, and a small-size low-intensity 

parallel electron beam for diffraction data acquisition [2]. The size of the beam is crucial for picking narrow areas of the sample, either 

when coherent crystal domains are very small or when there is a need for moving to fresh parts of the crystal in order to lessen beam 

damage effects.  

According with the specific sample characteristics, 3D ED data acquisition can be performed in stepwise mode, coupled with beam 

precession [3], or by continuous rotation [4]. Both approaches strongly benefit by the disposal of a new-generation ultra-fast single-

electron detector [5]. Moreover, background noise can be almost completely suppressed with an energy filter that cuts out the inelastic 

scattering. Structure solution is normally obtained ab-initio by direct methods. Still, global optimisation approaches, like simulated 

annealing [6], are valuable alternatives when data are affected by low resolution, preferential orientation or experimental errors that 

compromise the overall intensity reliability (e.g. beam damage, merohedric twinning, diffuse scattering).  

We will thus discuss examples of recently published [7, 8] and forthcoming structure characterizations of pharmaceutical compounds, 

organic charge-transfer co-crystals and polycyclic aromatic hydrocarbons. For each case, specific problematics of the sample will be 

discussed, together with experimental solutions adopted for achieving structural solution and refinement. 
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3D Electron Diffraction (3D ED) has reached a point where it has become a routine technique for single-crystal diffraction studies at 

the nanometre scale [1]. Recently, some acquisition softwares have been developed with the aim of automatization and universal 

application [2]. One of them is the Fast and Automated Diffraction Tomography (Fast-ADT) [3]. This acquisition module is based on 

two tilt scans of the goniometric stage over the desired tilt range; the first one to monitor the crystal displacement with respect to the 

tilt angle in order to interpolate the necessary electron beam shifts, and the second one to acquire the diffraction patterns while 

automatically following the crystal. This procedure allows reliable diffraction acquisitions for crystals down to 20 nm provided that 

the stage has been aligned for tomography experiments and the holder is kept in good mechanical conditions. Fast-ADT can work in 

both TEM and STEM mode, but STEM is preferred mainly because of its low dose to acquire scanned images and its clear 

visualization of tiny or layered crystals in such conditions [4]. Another difference to other 3D ED routines is the use of Nano-Beam 

Electron Diffraction (NBED) instead of selected area electron diffraction. The combination of Fast-ADT and NBED enables several 

approaches focused on the optimization of 3D ED experiments, such as the shift of the beam at different positions of the same crystal 

or different crystals during diffraction pattern acquisitions. This versatility is beneficial as it gives the needed flexibility to study beam 

sensitive specimens even with post TEM column charged-coupled devices. 

As an example, Fast-ADT was used to acquire datasets from disperse red 1 (DRED1) crystals, an organic molecule that was 

recrystallized in toluene. The DRED1 dye is an azobenzene derivate that is well known for their photochromatic properties and large 

optical and electro-optic properties in various polymeric films. The processing of six Fast-ADT datasets with eADT [5] revealed a 

triclinic crystal system with unit-cell parameters of a = 7.72 Å, b = 11.14 Å, c = 19.58 Å, α = 73.8, β = 83.0, γ = 70.5 and V = 

1523.5 Å³ and indicated four molecules per unit cell. Simulated annealing, implemented in Sir2014 [6], was used to solve the structure 

and the positions of the azobenzenes were found using both P1 (Z = 4) and P-1 (Z’ = 2). The small difference between the structure 

solutions obtained from both space groups was taken as an indication that the crystal structure could be described in the 

centrosymmetric one. However, the correct orientation of the flexible side chains was more difficult to retrieve because of their high 

degree of freedom. For this reason, two datasets were merged to obtain a higher number of independent reflections (85%) while, at the 

same time, a profile fitting of the rocking curves was applied to enable a frame orientation refinement and an improved reflection 

intensity integration [7]. These processing tools allowed to solve ab initio the new polymorph of DRED1 in P-1, directly revealing the 

46 non-hydrogen independent atoms from the electrostatic potential map. Finally, the structure model was refined based on X-ray 

powder diffraction data using the Rietveld method and a subsequent dynamical refinement based on 3D ED datasets enabled the 

proper description of the H-bonds of the crystal structure. 

[1] Gemmi, M., Mugnaioli, E., Gorelik, T.E., Kolb, U., Palatinus, L., Boullay, P., Hovmöller, S. & Abrahams, J.P. (2019). ACS Cent. Sci., 5, 8, 1315-
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Electron diffraction makes it possible to obtain crystal structures at atomic resolutions, for both small and macro-molecules [1-2]. For 

this purpose, the same as in case of X-ray diffraction, it is necessary to use scattering factors model. After years of experience people 

learned that Independent Atom Model (IAM) is not the best choice for X-ray diffraction. It is not a surprise that also for electron 

diffraction it will not give the best results. Different aspherical models, already known for X-ray diffraction, can be implemented for 

electron diffraction. However, it is necessary to investigate their possibilities and limits, to verify correctness of obtained structures.  

We present analysis of refinements of Transferable Aspherical Atom Model (TAAM) with parameters of multipolar model taken from 

MATTS databank (databank of Multipolar Atom Types from Theory and Statistical clustering) - successor of  UBDB databank [3]. 

We used electron scattering factors implemented in DiSCaMB library[4] and interfaced with Olex2-1.3[5]. Such solution is available 

through .tsc files [6] and it requires little effort (Fig.1).  

 

Figure 1. General refinement procedure 

 

Numerous refinements were performed against experimental electron structure factors and theoretical electron structure factors so as  

to find optimum refinement strategy. We discuss, inter alia, possibility of refinement of atomic displacement parameters, both for 

hydrogen and non-hydrogen atoms or positions of hydrogen atoms. It is interesting how they change e.g. with resolution cut-off. To 

confirm that our conclusions could be transferred for different, but still organic structures, we made simulations for several 

pharmaceutical compounds, such as carbamazepine, paracetamol, 1-methyluracil. 

 

[1] Clabbers, MTB; van Genderen, E; Wan, W; Wiegers, EL; Gruene, T; Abrahamsa, JP. (2017).  Acta Cryst. D Struct Biol.  73, 738–748. 

[2] Jones, CG; Martynowycz, MW; Hattne, J; Fulton, TJ; Stoltz, BM; Rodriguez, JA; Nelson, HM; Gonen, T. (2018). ACS Cent. Sci. 4(11), 

1587−1592.  

[3] Jarzembska, KN; Dominiak. PM. (2012). Acta Cryst A, A68, 139–147. 

[4] Chodkiewicz, ML; Migacz, S; Rudnicki, W; Makal, A; Kalinowski, JA; Moriarty, NW; Grosse-Kunstleve, RW; Afonine, PV;  Adams, PD; 

Dominiak, PM. (2018). J. Appl. Cryst., 51, 193–199. 

[5] Dolomanov, OV; Bourhis, LJ; Gildea, RJ; Howard, JAK; Puschmann, H. J. (2009). Appl. Cryst., 42, 339-341. 

[6] Midgley, L., Bourhis, L.J., Dolomanov, O., Peyerimhoff, N., Puschmann, H. (2019). https://arxiv.org/abs/1911.08847v1 
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Improving data quality for 3D electron diffraction (3DED) by Gatan Image Filter  
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Electrons interact with matter 106 times stronger than X-rays do, which makes it an ideal radiation source for diffraction and imaging 

experiments on submicron- and nano-sized crystals. During the last three decades, 3D electron diffraction (3D ED) has been 

developed into a regular and reliable technique for structure determination, which is complementary to single-crystal X-ray diffraction 

(SCXD) and single particle analysis. One issue for electron diffraction is inelastic scattering, which brings background in the 

diffraction patterns. This background is most obvious for electron diffraction patterns from protein crystals, especially at low angles. 

Even though modern diffraction data software (XDS, DIALS, MOSFLM) has sophisticated background removal algorithms to deal 

with this, the existence of inelastic scattering will still add errors in the diffraction experiment. The inelastically scattered electrons can 

be removed by energy filters. Here, we implemented energy-filtered 3D ED using a Gatan Energy Filter (GIF) in both TEM selected 

area electron diffraction mode and STEM micro/nanoprobe mode. We explained the setup in detail and this implementation can allow 

researcher to have better accessibility to energy-filtered 3DED experiments because more microscopes are equipped with a GIF than 

an in-column omega filter. We also proposed a crystal tracking method in STEM mode using live HAADF image stream. This method 

enables us to collect energy-filtered 3DED datasets in STEM mode with a larger tilt range without foregoing any frames. This can 

avoid crystal moving out of the beam during the tilting and the tilt range can always reach the maximum tilt range of the microscope 

(in our case ~150°). We acquired multiple datasets from different crystals and we further processed and refined the structures. We 

observed that the final R1 will improve 20% to 30% for energy-filtered datasets compared with unfiltered datasets. We also discussed 

the possible reasons that lead to the improvement.  

 

Figure 1. Implementation of Energy filtered 3DED in (a) TEM mode (b) STEM mode. In STEM mode, crystal tracking using live 

STEM-HAADF image stream can be activated.  

 

 (a)     (b)    
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Figure 2. (a) A typical NH4H2PO4 crystal structure representation from a filtered dataset. All hydrogen atoms were found and all the 

ADPs are reasonable after anisotropic refinement (b, c) Two NH4H2PO4 crystal structure representations from unfiltered datasets. The 

refinement was not able to find all the hydrogen atoms around nitrogen atom or unable to obtain reason thermal parameters for the 

nitrogen atom. The dotted line represents the ionic bond between hydrogen atom and oxygen atom. White for hydrogen; blue for 

nitrogen; purple for phosphate and red for oxygen.  

 

Figure 3. Refined structures of ZSM-5 from (a) filtered dataset (b) unfiltered dataset, showing atomic displacement parameters for the 

Si and O atoms at the 60% probability level along b axis. Red for oxygen atoms and blue for silicon atoms. The structure from 

unfiltered dataset contained a lot of unreasonable ADPs. Some of them became negative ADPs while the ADPs of structure from 

filtered dataset were reasonable and closer to isotropic state.  

 

Keywords: GIF, energy-filtered 3D electron diffraction, energy-filtered MicroED, STEM HAADF, crystal tracking 
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3D electron diffraction: a dedicated device for structural elucidation of nanocrystalline 
particles  

G. Santiso-Quinones, E. Hovestreydt, A. E. Lanza, G. Steinfeld 
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 santiso@eldico.ch 

3D Electron Diffraction (3D ED) is a very powerful tool for the structural elucidation of nanocrystalline particles. After its Science 

nomination for “Breakthrough of the year 2018” [1], 3D ED, using the continuous rotation method [2-3], and well-established 

crystallographic software, is gaining a lot of attention in all areas of research. In the recent years, many achievements using electron 

diffraction techniques have been made in the fields of organic and inorganic molecules, polymorphism, geological sciences, natural 

products, biomolecules, material sciences, energetic materials, batteries, and many others [2-4]. Such experiments are currently done 

in a (modified) transmission electron microscope, thus requiring customized experimental and data-analysis protocols, which vary 

depending on each specific instrumental setup. Hence, 3D ED experiments are currently carried out only by specialized staff and 

require a remarkable investment in terms of time, expertise, knowhow transfer and resources.  

A strong need has emerged in the crystallographic community for instrumentation specifically dedicated to 3D ED experiments.  

Here we present an electron diffractometer: a new device developed and optimized exclusively for 3D ED which allows a time-

effective, automated, and standardized experimental workflow along with user-friendly operability. Furthermore, the electron 

diffractometer is conceived to make use exclusively of well-established crystallographic approaches and to interact seamlessly with 

readily available crystallographic software. Experimental examples of different kind of materials measured with this device will be 

showcased. 

 

[1] https://vis.sciencemag.org/breakthrough2018/finalists/#rapid-structure  

[2] Gruene, T., Wennmacher, J. T. C., Zaubitzer, C., Holstein, J. J., Heidler, J., Fecteau-Lefebvre, A., De Carlo, S., Müller, E., Goldie, K. N., Regeni, 

I., Li, T., Santiso-Quinones, G., Steinfeld, G., Handschin, S., van Genderen, E., van Bokhoven, J. A., Clever, G. H. & Pantelic, R. (2018) 

Angew. Chem. Int. Ed. 57, 16313.  

[3] Jones, C.G., Martynowycz, M. W., Hattne, J., Fulton, T. J., Stoltz, B. M., Rodriguez, J. A., Nelson, H. M. & Gonen, T. (2018) ACS Cent. Sci. 4, 

1587.  

[4] Personal selected list of some achievements: a) Brázda, P., Palatinus, L. & Babor, M. (2019) Science 364, 667. b) Bücker, R., Hogan-Lamarre, P., 

Mehrabi, P., Schulz, E. C., Bultema, L. A. Gevorkov, Y., Brehm, W., Yefanov, O., Oberthür, D., Kassier, G. H. & Miller, R. J. D (2020) Nat. 

Commun. 11, 996. c) Broadhurst, E. T., Xu, H., Clabbers, M. T. B., Lightowler, M., Nudelman, F., Zou X. & Parsons, S. (2020) IUCrJ 7, 5. 

d) Mugnaioli, E., Lanza, A. E., Bortolozzi, G., Righi, L., Merlini, M., Cappello, V., Marini, L., Athanassiou, A. & Gemmi, M. (2020) ACS 

Cent. Sci. 6, 1578. e) Kaiukov, R., Almeida, G., Marras, S. Dang, Z., Baranov, D., Petralanda, U., Infante, I., Mugnaioli, E., Griesi, A., De 

Trizio, L., Gemmi, M. & Manna, L. (2020) Inorg. Chem. 59, 548. f) Nowroozi, M. A., Wissel, K., Donzelli, M., Hosseinpourkahvaz, N., 

Plana-Ruiz, S., Kolb, U., Schoch, R., Bauer, M., Malik, A. M., Rohrer, J., Ivlev, S. Kraus, F. & Clemens, O. (2020) Commun. Mater. 1, 27. 

g) Fritz, F., Greshake, A., Klementova, M., Wirth, R., Palatinus, L., Trønnes, R. G., Assis Fernandes, V., Böttger, U. & Ferrière, L. (2020) 

Am. Mineral. 105, 1704. 
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Flexible Metal-Organic Frameworks for Hydrogen Isotope Separation 

Hoi Ri Moon 
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Rational and creative design of organic and metal building blocks has successfully enabled the genesis of a variety of coordination 

polymers or metal-organic frameworks (MOFs) that are of fundamental scientific importance as well as provide a myriad of practical 

applications including gas storage and separation, catalysis, and sensing. One of the most attractive features in MOFs is flexibility 

because they show distinctive properties that cannot be achieved with rigid MOFs and other porous inorganic materials. In this talk, 

we will present strategies that exploit flexible MOFs for effectively separating hydrogen isotopes through the dynamic pore change of 

flexible MOFs. Especially, a unique isotope-responsive breathing transition of the flexible MOF was studied, which selectively 

recognize and respond to only D2 molecules through a secondary breathing transition, monitored by in situ neutron diffraction 

experiments. 

 

Keywords: Metal-organic framework, Flexibility, Isotope Separation 
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Novel composite platform: Biomolecules-incorporation for biocatalysis, separation and 
biopharmaceutical formulations 

Yao Chen 
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Biomacromolecules, such as enzymes, are ubiquitous in nature and essential for maintaining basic life activities. Apart from the 

fundamental biological functions, biomacromolecules are also of great values in industrial applications, especially in food and 

pharmaceutical production. However, their industrial applications are often handicapped by low operational stability, poor robustness, 

difficult recovery and reuse. Incorporation of biomolecules within protective exteriors has been proved to be an effective method to 

promote their stabilities and applications. As new classes of crystalline solid-state materials, porous frameworks materials (such as 

covalent-organic frameworks, COFs and metal-organic frameworks, MOFs) feature high surface area, tunable pore size, high stability, 

and easily tailored functionality, which entitle them as ideal supports for encapsulation of biomolecules to form novel composite 

materials for various applications. Moreover, the formed composites can combine the properties of both constitutes, where crystalline 

frameworks materials and biomolecules are indeed mutually beneficial. Our researches mainly focus on their biocatalysis, separation 

and medicinal applications. This novel crystalline platform composed of biomolecules-incorporation and framework materials 

exhibited various functionality and superior poteintials in biocatalysis, bioseparation, and biopharmaceutical formulations. 

 

Keywords: Biomolecules; biocatalysis; separation; biopharmaceutical 
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Supramolecular chemistry places focus on the weak non-covalent interactions between molecules in the solution or solid phases. 

These “soft” interactions are reversible and allow one to build materials which are responsive to their chemical or physical 

environment, changing form and properties under the influence of heat, light, pressure, or chemical probes. 

Dynamic materials, capable of responding to their environment, require flexibility which may be achieved using interactions such as 

hydrogen- or halogen-bonding or through the use of suitable metals and ligands in coordination compounds. Frameworks may be 

made up of relatively strongly bound entities such as those that make up metal-organic frameworks (MOFs) or may be more loosely 

bound such as host-guest systems where the host molecules crystallise as independent entities but leave spaces which can 

accommodate guest molecules. The process of guest exchange within porous solids can be used in a range of applications, such as 

selective absorption or separation of gases and heterogeneous catalysis. Among the more interesting examples of dynamic processes in 

frameworks are those which result in thermochromic and/or mechanochromic effects. Materials of this type are particularly of interest 

if they are able to revert to their original state on application of another external perturbation signal. Rational design of such systems 

remains a challenge however, and is thus an exciting area for application of crystal engineering principles. 

In this presentation, examples from recent work in our laboratory will be presented, including MOFs and 3D hydrogen bonded 

frameworks constructed from the same flexible ditopic ligands. The influence of halogen versus hydrogen bonding on a molecular 

host-guest system will also be described. Frameworks exhibit thermochromic and mechanochromic properties, depending on the 

application of external stimuli such as heat, grinding or exposure to solvent vapours.  Further examples will include the selective 

inclusion of halogenated volatile organic compounds in a porous metal-organic framework (Fig. 1). 

 

Figure 1. Selective inclusion of halogenated volatile organic compounds in a porous metal-organic framework  

made using mixed ditopic ligands. 

 

Keywords: frameworks; hydrogen bonding; halogen bonding; guest exchange; chromism 
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The use of mechanical bonds for the synthesis of catenanes is a challenging process because of the many factors controlling the 

interpenetration process.[1,2]  We report the kinetic control in the presence of various aromatic solvents of a poly-[n]-catenane (1).  

The polymeric structure is composed of interlocked M12L8 icosahedral nanometric cages with internal voids of ca. 2500 Å3.[3]  Using 

the symmetric exotridentate tris-pyridyl benzene (TPB) ligand and ZnCl2 with appropriate templating solvent molecules due to the 

good ligand aromatic interactions are used, the metal-organic nanocages can be synthesized very fast, homogeneously, and in large 

amounts as microcrystals (Figure 1).  Synchrotron single-crystal X-ray data (100 K) allowed the resolution of nitrobenzene guest 

molecules at the internal walls of the M12L8 cages, while in the centre of the nanocages the solvent is disordered and not observable by 

X-ray diffraction data.  The guest release occurs in two steps with the disordered nitrobenzene released in the first step (lower 

temperatures) because of the lack of strong cage-guest interactions.  Solid-state quantum mechanics provided a rationalization of the 

results, in particular, solid-state approaches, showed theoretical evidence of the kinetic nature in the formation of the polycatenation of 

the M12L8 nanocages by the analysis of the packing energy considering monomeric and dimeric cages. 

Figure 1. Synthesis of the M12L8 interlocked nanocages forming the poly-[n]-catenane 1 under aromatic control. 

[1] J. F. Stoddart (2009). Chem. Soc. Rev. 38, 1802-1820. 

[2] Frank, M., Johnstone, M. D. & Clever, G. (2016). Chem.- Eur. J. 22, 14104-14125. 

[3] Torresi, S., Famulari, A. & Martí-Rujas, J. (2020). J. Am. Chem. Soc. 142, 9537-9543. 

Keywords: Mechanical bonds; M12L8 nanocages; poly-[n]-catenanes; kinetic control; interlocked cages; templating effect; 
DFT.  
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The synthesis and conception of coordination polymers and supramolecular networks based on gold(I) complexes used as metallo-

ligands (especially dicyanoaurate) is an established procedure to obtain materials with exciting properties: phosphorescence, non-

linear optical behaviour, vapochromism and non-classical response to temperature and pressure [1-2]. However, the appearance of 

these solid-state properties is often connected to the manifestation of aurophilic interaction. The Au(I)‧‧‧Au(I) interaction, an 

attraction between closed shell d10 metal centres, is a relativistic effect that has a strength comparable to that of classical hydrogen 

bond [3]. Therefore, the study of new functional materials based on gold(I) properties must encourage the formation of these contacts 

in the crystal environment. We prepared, by a judicious choice of chelating ligands and balance in coordination equilibria [4], a series 

of 12 new coordination polymers or supramolecular networks based on dicyanoaurate anion and copper complexes presenting 

aurophilic interactions. The choice of copper as metal centre to connect to [Au(CN)2]- makes the synthesis particularly predictable due 

to the Jahn-Teller effect in the case of Cu(II), and the appearance of Cu(I) compounds due to redox effect of specific ligands will be 

commented. These compounds have been tested for vapochromism, and their behaviour in presence of ammonia has been interpreted 

with Raman, Ir and Uv-Vis absorption spectroscopy. On the same time, the response to temperature (T= 100-420 K) and pressure (P= 

0.1-1.5 GPa) of {Cu(bipy)2[Au(CN)2]}[Au(CN)2] (bipy =2,2’-bipyridine), a prototypical bimetallic aurophilic supramolecular 

network, has been investigated. Both the dependence of structural and reticular parameters to thermal and compression stimuli has 

been studied, and a phase transition at 1.2 GPa has been revealed. Moreover, we investigated the possibility to modulate the structural 

behaviour with the cocrystallization with other d10 metal tectons, and we demonstrate the possibility to obtain inclusion compounds 

with the presence of Hg(CN)2 with a 3D weakly interacting framework still presenting Au‧‧‧Au contacts. 

 

 

Figure 1. The supramolecular aggregation of dimetallic fragments through aurophilic interaction during the crystallization creates the 

correct crystal environment for luminescence and vapochromism. 

 

[1] Cairns, A.B., Catafesta, J., Levelut, C. et al. (2013) Nature Mater. 12, 212.  

[2] Roberts, R.J., Le, D., Leznoff, D.B. (2017) Inorg. Chem. 56, 7948. 

[3] Schmidbaur, H., Schier, A. (2012) Chem. Soc. Rev. 41, 370. 

[4] Priola, E., Volpi, G., Rabezzana, R., Borfecchia, E., Garino, C., Benzi, P., Martini, A., Operti, L., Diana, E. (2020) Inorg. Chem. 59, 203. 
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The supramolecular compound catena-{[Co(amp)3][Cr(C2O4)3]·6H2O}(I) was synthetized as reported earlier [1,2]. To get insight into 

the structural modifications of its architecture within the water sorption processes (see Fig.1 (a)), in situ powder X-Ray Diffraction 

(PXRD) measurements were performed on a Bruker D8 Advance Diffractometer in a Bragg−Brentano geometry, using Cu(Kα1) 

radiation. The humidity was controlled by exposing the sample to a nitrogen flow heated at 40°C and having humidity rates ranging

from 0 to 90% relative humidity (r.H.) and then from 90 to 0% r.H. The PXRD carpet plot diagram ((see Fig.1 (b)) and the 

refinements of the PXRD patterns coupled with the single crystal diffraction results were used. During the adsorption and desorption 

processes, only two phases are involved, that of the dehydrated phase ([Co(amp)3][Cr(C2O4)3] (I’), P 21/n, a= 12.0542, b=16.0920, c = 

13.8841, β = 99.8013) and the hydrated phase (I, P 21/n; a= 13.2330, b=18.2611, c = 14.1396, β = 100.5016). For the adsorption 

process, during the first step (from 0 to 30% r.H) corresponding to an adsorption of ∼ 1 mol H2O / mol of I’, only phase I’ is involved 

and the volume of its unit cell does not change significantly. During the second step (from 30 to 35% r.H.) corresponding to an abrupt 

adsorption of ∼5.6 mol H2O / mol of I’, both phases are involved with different percentages (deduced from Rietveld refinements) 

progressing to the complete conversion of I’ to I. During the third phase where the quantity of water adsorbed shows a plateau (from 

35 to 90 % r.H.), only phase I is present and the volume of its unit cell does not change significantly with the humidity. For the 

desorption process, the same observations apply. During the first step (from 90 to 20 % r.H.) only I is present and its volume 

decreases just slightly. During the deep desorption process (from 20 to 14 % r.H.), both phases are involved with different percentages 

and during the last step (from 14 to 0% r.H) at the contrary to the adsorption process, both phases are still present while the sorption 

isotherm in this region looks like a type-I isotherm in the IUPAC classification [4]. These results suggest a quick capillary 

condensation followed by a pore filling process that produces a type-V isotherm profile [4], in relation with the first order structural 

transition followed by insignificant changes of the unit cell volume. The adsorption and desorption branches in the S- shaped 

isotherms of H2O-vapor for this compound occur at the values of relative humidity at which these phase transitions start. The 

conversion of I to I’ and vis-versa is followed by the cleavage and formation of the hydrogen bonds in the architectures of these 

materials.  

               
(a)                                                                                 (b) 

Figure 1. Diagrams showing: (a) the H2O sorption isotherm of I’ and (b) its Powder X-ray diffraction (PXRD) carpet plot upon water ad- and 

desorption.  

[1]  Kenfack,  P. T., Wenger, E., Biache, C., Ngolui, J. L., Ponou, S., Dahaoui, S., Lecomte, C. (2014). Acta Cryst. B70, 900. 

[2]  Kenfack,  P. T., Ngolui, L. J., Wenger, E., Durand, P., Dahaoui, S., Lecomte, C. (2017). Cryst. Growth Des. 17, 4908. 

[3]  Kenfack, P. T., Hastürk, E., Fröhlich, D., Wenger, E., Durand, P., Lambi, J. N., Lecomte, C., Janiak, C. (2019). Cryst. Growth Des. 17, 2869. 

[4] Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P.,  Rodriguez-Reinoso, F., Rouquerol, J., Sing, K. S. W. (2015) Pure Appl. Chem. 87,  

1051.  
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The first stable binary icosahedral quasicrystals (iQCs) were found in Cd-Yb and Cd-Ca alloy systems [1, 2], which was followed by 

finding of nine isostructural iQCs in Cd-R (R = Y, Gd-Tm) [3] and Zn-Sc systems [4]. The structural type of these iQC is called Tsai-

type, and it has been extended to ternary or quaternary alloys by atomic substitutions.  

Higher-dimensional structure analysis of the Cd-Yb iQC by single-crystal X-ray diffraction revealed that the atomic structure consists 

of two main building blocks, rhombic triacontahedron (RT) and acute rhombohedron (AR) units [5]. In ternary iQCs, the structure 

analysis becomes more difficult because occupational disorder has to be taken into account in the 6D structure model. Furthermore, 

recent studies have shown that some sites are preferentialy occupied by the substituting elements [6,7], which indicates that the 

higher-dimensional structure model must be optimized to ternary iQCs. To build such model, knowledge of atomic structures in 

ternary quasicrystal approximants (APs) is quite important. 

In the first part of my talk, I will present the superstructure and basic structure of ternary Yb-Cd-Mg 1/1APs with the compositions 

Yb12.9Cd78.4Mg8.8 and Yb13.3Cd64.2Mg22.5 [8]. The former was determined to have a face-centred packing structure comprising two 

distinguishable RT units (space group Fd3, a = 31.377(1) Å), while the latter was found to have a body-centred packing structure 

made of identical RT units (space group Im3, a = 15.7596(4) Å). The distinction between the two types of RT units in the 

superstructure is based on the positional disorder of the first tetrahedron shell and the relative Cd/Mg occupancy at sites (48h) in the 

fourth icosidodecahedron shell.  

In the second part, I will introduce a Python package (PyQCstrc) for building the higher-dimensional models of iQCs [9] and present a 

modification of six-dimensional structural model for the primitive Tsai-type iQCs so as to incorporate the selective Cd/Mg occupation 

found in the Cd-Mg-Yb 1/1 APs [7]. 

 

[1] A.P. Tsai, J.Q. Guo, E. Abe, H. Takakura, and T.J. Sato, (2000), Nature, 408, 537–538. 

[2] Guo, J. Q., Abe, E., Tsai, A. P. Phys. Rev. B. (2000), 62, R14605−R14608. 

[3] Goldman, A. I., Kong, T., Kreyssig, A., Jesche, A., Ramazanoglu, M., Dennis, K. W., Bud’ko, S. L., Canfield, P. C., (2013), Nat. Mater, 12, 714

−718. 

[4] Canfield, P. C., Caudle, M. L., Ho, C. S., Kreyssig, A., Nandi, S., Kim, M. G., ... & Goldman, A. I. (2010), Phys. Rev. B, 81(2), 020201. 

[5] Takakura, H., Pay Gómez, C., Yamamoto, A., de Boissieu, M., and Tsai, A.P., (2007), Nat. Mater. 6, 58–63. 

[6] Pay Gómez, C. & Tsai, A. P. (2013). Comptes Rendus Physique, 15(1), 1–10. 

[7] Yamada, T., Takakura, H., de Boissieu, M.  and Tsai, A.-P., (2017), Acta Cryst. B73, 1125-1141. 

[8] Yamada, T, (2021), Phil. Mag., 101(3), 257-275. 

[9] Yamada, T, J. Appl. Cryst., in press 
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Matter does not normally self-organise into quasicrystals (QCs). Regular crystalline packings are much more common in nature and 
some specific ingredients are required for QC formation, which is why the first QCs were not identified until 1982, in certain metallic 
alloys. Subsequently, the seminal work in Refs. [1, 2] showed that normally a crucial element in QC formation, at least in soft matter, 
is the presence of two prominent wave numbers in the linear response behaviour to periodic modulations of the particle density 
distribution. This is equivalent to having two prominent peaks in the static structure factor or in the dispersion relation.  

Some of our understanding of how and why QCs can form has come from studies of particle based computer simulation models – see for 
example [3-5]. Another source of important insights has been continuum theories for the density distribution, consisting of both the 
generalised Landau-type order-parameter theories [1, 2] and more recently classical density functional theory (DFT). In the first half of the 
talk, we demonstrate how the crucial pair of prominent wave numbers are connected to the length and energy scales present in the pair 
potentials. Whilst the ratio between the two length scales is important, we show here that for thermodynamically stable soft matter 
quasicrystals, the ratio of these wave numbers should be close to certain special values. We identify features in the particle pair interaction 
potentials which can suppress or encourage density modes with wave numbers associated with one of the regular crystalline orderings that 
compete with quasicrystals, enabling either the enhancement or suppression of quasicrystals. 

In the second half of the talk we look how to compute phase diagrams for a given interaction potential in an efficient manner. In order to do 
this, we focus on the representation of the density distribution in soft matter systems. The form of the average (probability) density 
distribution  in solids is often represented as a sum of Gaussian peaks (or similar functions) centred on lattice sites or via a Fourier sum. Here, 
we argue that representing instead the logarithm of the density distribution via a Fourier sum is better. The advantage of this representation is 
that it excels both deep in the crystalline region of the phase diagram and also close to melting. Additionally, we show how a strongly 
nonlinear theory (SNLT) enables efficient computation of the phase diagram for a three-dimensional quasicrystal-forming system using an 
accurate nonlocal density functional theory. In the figure, we show the icosahedral QC determined at a point far from melting. Initial 
conditions created using SNLT are then fed into Picard iterations to converge to the above profiles. Results in this talk are based on two 
publications [6, 7]. 

Figure 1. The density profiles and the corresponding logarithm for the IQC phase for a modified BEL potential in 3D. These are plot-
ted in the plane normal to the vector . 

[1] Lifshitz, R. & Petrich, D. M. (1997). Phys. Rev. Lett. 79, 1261. 

[2] Lifshitz, R. & Diamant, H. (2007). Philos. Mag. 87, 3021. 

[3] Engel, M. & Trebin, H.-R. (2007). Phys. Rev. Lett. 98, 225507. 

[4] Engel, M., Damasceno, P. F., Phillips, C. L. & Glotzer, S. C. (2015). Nat. Mat. 14, 109. 
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The atomic structure of the decagonal Al-Cu-Rh quasicrystal with a space group is refined based on five X-ray diffraction datasets, 

collected at 293 K, 1013 K, 1083 K, 1153 K and 1223 K with the use of a synchrotron radiation [1]. The real-space structure solution 

with the tiling-and-decoration approach based on the moment series expansion [2] is executed. 

All the crystallographic  – factors are ranging from 5.9% to 6.4% for the datasets of common 1460 symmetry-inequivalent peaks. 

What is the most intriguing is the correlation (Pearson correlation equal to 0.85) between lattice parameters (edge-length of rhombus 

and the interatomic layer distance) and the maximum of the residual electron density. The identical temperature dependence presented 

in figure 1 for the parameters implies the phase transformation. The residual density is agglomerated in the origin of the 4D unit cell 

what implies the phase transformation is related to the General Penrose Tiling (GPT). Additionally, we can observe a local minimum 

around the 1083-1153 K of the moments values being directly related to phasons. This is the temperature the structure is the most 

stable around. The existence of the local minimum in all the plots proves the phason disorder is related to the structure stability what 

was previously questioned due to insufficient quality of the refinement [1].  

We modified the moment series approach to accommodate the existence of the 5 th atomic surface arising for the random-tiling model 

of the decagonal quasicrystal (figure 2). After the structural refinement with the updated model we obtained much better results in 

terms of the R-factors. Even more, up to the uncertainty estimated with Hesse matrix, we could prove the 5th atomic surface existence 

is not only the artefact of the electron density calculation but the crucial feature of the structure in the 1083-1153 K. The calculations 

prove the random-tiling hypothesis of the structural stability is true for the decagonal quasicrystals and the structure is stabilized by 

phasons.      

 
 

Figure 1. The temperature dependence of the lattice parameter 

(inset) and the maximum of the residual electron density. The 

local minimum in the point of the structure stability is visible. 

Figure 2. The 2D section through the 4D electron density 

(spanned by d vectors of the decagonal basis). The residual 

density in the position of the 5th atomic surface of the GPT is 

encompassed with dotted-line circle. 

[1] Kuczera, P., Wolny, J., Steurer, W. (2014). Acta Cryst. B70, 306-314 

[2] Buganski, I., Strzalka, R., Wolny, J. (2020). J. Appl. Cryst. 53, 904-913 
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I briefly recapitulate the necessary background about the original pseudorandom Golay-Rudin-Shapiro sequence (GRS) and its known 
generalizations [1-5].  The standard method to make the one-sided GRS based on a two-letter alphabet A2 = {a, b} two-sided is by 
constructing a proto-GRS structure based on a four-letter alphabet A4 = {a, b, c, d} and then reduce it to A2.  In order to generalize to 
higher dimensions one proceeds analogically.  Here I extend GRS to eight symbols (alias letters, digits or colors).  I also refine the 
terminology introducing the designation dD GRSn for a GRS structure based on n symbols and supported by Zd. 

The most natural support for 3D GRS8, that is a structure is based on A8 = {0, 1, 2, 3, 4, 5, 6, 7} is Z3.  The respective substitution is   

20
64

32
75

0→

23
67

01
45

1 →

10
54

32
76

2 →

13
57

02
46

3 →  

            (1) 

46
02

57
13

4 →

76
32

54
10

5 →

45
01

67
23

6 →

75
31

64
20

7 →  

The bottom matrix refers to 2D GRS8.  The bottom line, in turn, refers to 1D GRS4, while the alphabet A8 splits into two disjoint A4's.  
Thus 1D necessitates special treatment.  As in the case of GRS4, the substitution must be applied twice. 

Fig.1 shows an isometric projection of the hull of the second generation of 3D GRS8.  

Figure 1. Aspect of  hull of  3D GRS8 generation 2. 

The Fourier spectrum of  all GRS structures is absolutely continuous [7, 8]. 

[1] Golay, M. J. E. (1949) J. Opt. Soc. Amer. 39 437-444.  
 [2] Rudin, W. (1959) Proc. Amer. Math. Soc. 10 855-859.  
 [3] Shapiro, H. S. (1951) Extremal problems for polynomials and power series, Master's thesis (MIT, Cambridge MA).  
 [4] Queffélec, M. (1995) Substitution dynamical systems – spectral analysis, LNM 1294, 2nd. ed. (Springer Verlag, Berlin).  
 [5] Ben-Abraham, S. I. and David, A. (2020) J. Phys.: Conf. Ser. (in press).  
 [6] Allouche J.-P. and Shallit J. (2003) Automatic Sequences: Theory, Applications, Generalizations, (Cambridge University Press. 
 [7] Baake, M. and Grimm, U. (2013) Aperiodic Order. Volume 1: A Mathematical Invitation, (Cambridge University Press).  
 [8] Barbé, A. and von Haeseler, F. (2003) J. Phys. A: Math. Gen. 38 2599-2622. 
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Developing realistic three-dimensional growth models for quasicrystals is a fundamental requirement. Uchida found a general 

principle for building crystal structures (the Uchida stacking motif) in complex alloys such as the μ-Al4Mn phase [1, 2]. Uchida 

stacking motif is illustrated in Fig. 1(a)-(c). It comprises three different types of layers—A, B and C—which are stacked in the order C 

B A B C. The A-layer is a close-packed layer with atomic vacancies. Atoms in the B-layer are located above and below the atomic 

vacancy sites in the A-layer, while atoms in the C-layer lie above and below interstices in the A-layer. The μ-Al4Mn phase is a 

representative approximant crystal, and its structure has a large hexagonal unit cell (with the space group P63/mmc, lattice constants a 

= 19.98 and c = 24.673 Å)(Fig. 1(d)). Here, we investigated the Uchida stacking motif using molecular dynamics (MD) simulations to 

search for clues to the origins of the atomic arrangements in quasicrystals.  

We used the LAMMPS code for the MD simulations. Because of the lack of a potential for Mn, all the atoms in the simulation were 

Al atoms. Thus, we investigated the adsorption of Al on a close-packed Al layer containing one, two or many atomic vacancies as the 

μ-Al4Mn phase. The model we used for this close-packed layer was a supercell of Al atoms in an 8a0 × 8a0 hexagonal cell containing 

atomic vacancies, where a0 is the Al–Al interatomic distance (Fig. 2(a)). All simulations were performed under the canonical NVT 

ensemble. 

The simulation result for the case of the μ-Al4Mn phase is shown in Fig. 2(b). Our MD simulation results well reproduce the Uchida 

stacking motif seen in the μ-Al4Mn phase. The simulations also reveal the formation of a deformed icosahedron. Our results provide 

new insights into the growth mechanism and origin of complex alloys and quasicrystals.  

  

Figure 1. The Uchida stacking motif of atoms. (a) Structure in 

the A-layer. (b) Structures of the A-, B- and C-layers. (c) Side 

view of the structure. (d) The stacking motif of atoms in the μ-

Al4Mn phase. 

Figure 2. (a) Ball-and-stick view of a close-packed layer of Al 

(the A-layer) with atomic vacancies for MD simulations at 800 

K as the μ-Al4Mn phase. (b) Snapshot of the arrangement of Al 

atoms adsorbed on the A-layer produced after 1 fs in a MD 

simulation at 800 K. 

 

[1] Uchida, M. & Matsui. Y. (2000). Acta Cryst. B56, 654. 

[2] Uchida, M. & Horiuchi, S. (1999). J. Appl. Cryst. 32, 417. 
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The atomic-resolution holography (ARH) technique [1,2] offers the possibility to experimentally determine the local atomic-scale 

structure of quasicrystals. This method can selectively investigate specific elements and their 3-dimensional local atomic environment 

in a range of up to around 2 nm, without the need of a priori information on the structure. Therefore, it can provide a novel 

perspective for the visualization of the structure of aperiodic systems. 

Recently, we have described the results of the ARH reconstruction for the Penrose lattice, which can be regarded as a reference system 

for decagonal quasicrystals. The resulting pattern of atomic images can be interpreted a projection of the average structure.[3] Using 

this framework, we can now describe how the experimental results for decagonal Al-Co-Ni quasicrystals compare with the projection 

of the average structure from a computational model.[4] 

An example is shown in the Figure below, with exemplary data of an experimental hologram of an Al-Co-Ni quasicrystal (a). The 

intense lines in the hologram are the so-called X-ray standing wave lines, which indicate the 10-fold symmetry of the system. The 

reconstruction of the environment around the Co atoms from the holograms is illustrated in (b), and is compared with the 

corresponding projection from the computational model (c). Shown here is the quasi-periodic plane that includes the emitter atom at 

the origin. The atomic images at the vertices of the dashed polygons can be identified with transition metal atoms, while Al atoms are 

mainly distributed along the polygon edges.  

We will also demonstrate the differences of the quasiperiodic structure versus a crystalline approximant and illustrate the ARH results 

for icosahedral structures.  

Figure 1. (a) X-ray Co K hologram of decagonal Al-Co-Ni sample measured at 10 keV, measured at BM02 / ESRF. 

(b) Reconstruction of the average structure around the Co atoms from the experimental holograms, and (c) the projection of the 

average structure from a computational model [4]. The dashed lines indicate the average structure of the Penrose tiling [3]. 

[1] M. Tegze and G. Feigel (1996), Nature 380, 49. 

[2] K. Hayashi et al. (2012), J. Phys.: Condens. Matter 24, 093201. 

[3] J. R. Stellhorn et al. (2021), Mater. Trans. 62, 342-349.  

[4] M. Mihalkovic et al. (2010), Phil. Mag. 91, 2557. 
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The decision to create a new program for solving regular, modulated and magnetic structures stems from the fact that the graphical 

interface of the Jana2006 program [1] does not allow further improvement. The main aim was to create a program that would 

significantly facilitate solving and refining complicated crystal structures. A new original drawing procedure, JanaDraw, lies in the 

centre of this effort as it enables editing of structure parameters directly through the plot. JanaDraw displays regular as well as 

modulated structures and includes visualisation of the magnetic moments. The procedure makes full use of magnetic and superspace 

magnetic symmetry. Moreover, it naturally uses all specific options used in Jana, like rigid body groups, local symmetry, and special 

modulation functions. Editing of structural parameters can be done directly on atoms selected from the current structure plot, and this 

new feature greatly simplifies refining and completing the structure model. JanaDraw also supports so-called animations, where a 

modulated structure is continuously modified and redrawn according to its modulation functions.  

At each refinement cycle, the processing can be monitored through the variation of statistical parameters such as R-factors. Users can 

directly see changes in the position of atoms, the shape of ADPs, or the magnitude of the magnetic moment in the JanaDraw plot. 

Similarly, profile changes during the refinement using powder data can be monitored with the Profile viewer. Both of these options 

can be extremely helpful in the refinement of difficult structures. 

 

Figure 1. Magnetic and structural incommensurability in [CH3NH3][Ni(COOH)3] [2]  

 

For magnetic structures, the program allows representation analysis based on irreducible representations of the parent structure. In 

addition, more advanced methods can be used by direct connection to the ISODISTORT system [3] and the Bilbao Crystallographic 

server [4]. Jana2020 also contains significantly improved procedures for analysing possible twinning of the crystal during the 

transition from a higher magnetic group to a subgroup. This feature is extensively used for phase transitions studies. For magnetic 

structures with k = 0 and commensurately modulated magnetic structures, the possibility to refine the magnetic modes has been 

implemented as an alternative to the refinement of magnetic moments.  

In the lecture, we will present applications of the latest version of the Jana2020 program.  

[1] Petříček, V., Dušek, M., Palatinus, L. (2014).  Z. Kristallogr. - Cryst. Mater. 229 (5), 345. 

[2] Cañadillas-Delgado, L., Mazzuca, L., Fabelo, O., Rodríguez-Carvajal, J., Petříček, V., (2020). Inorganic Chemistry 59, 17896. 

[3] H. T. Stokes, H.T.,  D. M. Hatch, D.M., Campbell, B. J., ISODISTORT, ISOTROPY Software Suite, https://iso.byu.edu  

[4] Campbell, B. J., Stokes, H. T., Tanner, D. E., Hatch, D. M., (2006) J. Appl. Cryst. 39, 607. 

[5] S. V. Gallego, S.V., Tasci, E. S., de la Flor, G., Perez-Mato, J.M., Aroyo, M.I., J. Appl. Cryst. (2012), 45 1236. 
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In the last three years, a series of developments within the FullProf Suite [1], concerned with magnetic structures (both commensurate 

and incommensurate), have been performed. From the the first publication describing shortly the program FullProf [2] in 1993 many 

changes and re-writing of the code were done. In particular, the phase convention in the expression of the magnetic structure factor 

were changed. In 1993, we introduced for the first time the Simulated Annealing (SAnn) procedure for solving magnetic structures in a 

program called MagSan [2] that was later developed for incommensurate structures and embedded within FullProf. The method to 

make a symmetry analysis during many years was based in the Bertaut’s and Izyumov proposals [3-5] and we developed the program 

BasIreps to help the a priori construction of magnetic models to be refined. The use of magnetic space groups (MSG) was possible 

but, in the absence of appropriate tables or computing tools, the user had to construct the symmetry operators by hand. The treatment 

of incommensurate magnetic structures either was only possible by using basis vectors of irreducible representations or by 

constructing a series of 3D operators accompanied by a phase factor that was done by looking at the output of BasIreps and 

completing the information if the user was able to understand group theory. 

The availability of new tools on the Web [6-8] and the creation of the Commission on Magnetic Structures of the IUCr has allowed the 

development of precise and unambiguous ways of describing magnetic structures using MSG and magnetic superspace groups 

(MSSG) [8, 9] by mean of magnetic CIF files. The team working in the FullProf Suite has accompanied these developments and 

created new tools to import these CIF files and convert them to input control files for FullProf. We have now the possibility of treating 

MSSG within FullProf with up to three independent modulation wave vectors, both for powders and single crystals, with automatic 

symmetry constraints determination for the amplitudes of modulations [10]. The displacement and thermal amplitudes are 

implemented but, for the moment, the calculation of structure factors using integration in internal coordinates is not yet available.  

One important feature of FullProf is the use of SAnn, using the full powder diffraction pattern in which the components of the 

magnetic amplitudes are free parameters, in either crystallographic or spherical settings. This is very important for the powder case in 

which the loss of information may give rise to ambiguous or degenerate solutions. Moreover, the SAnn method may be used as an 

alternative to refinement because in such cases the least squares refinement procedure diverges of it is unable to arrive to convergence.  

In this talk, after summarizing the full set of changes performed during the last years (interoperability with the Bilbao 

Crystallographic Server [6, 7] and ISODISTORT [8], the use of magnetic Hall symbols [11], magnetic symmetry modes, etc.) I will 

present few recent examples of the use of FullProf in the magnetic structure determination of magneto-electric and multiferroic 

materials. 

[1] https://www.ill.eu/sites/fullprof/ 

[2] Rodriguez-Carvajal J. (1993). Physica B. 192, 55. 
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[5] Rodriguez-Carvajal J. and Bourée F. (2012). EPJ Web of Conferences 22, 10, https://doi.org/10.1051/epjconf/20122200010. 
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Resonant elastic X-ray scattering (REXS) is a unique element, site, and valence specific probe to study the charge, spin and orbital 

degrees of freedom and multipole orders in solids and thin films [1, 2]. This technique, which combines elements of diffraction and 

spectroscopy, has been successful in unraveling different order parameters and solving magnetic structures. 

Concerning magnetic structure determination, REXS is complementary to neutron techniques. Several situations make it essential: 

when the involved magnetic species present a neutron absorption cross-section that is too large, like Eu, Dy, Gd… [3], when the 

magnetic moments cannot be determined unambiguously with neutron experiments [4], or when more than one magnetic species are 

involved. 

Different types of data can be collected during a REXS experiments: intensities of a set of magnetic reflections, full linear polarization 

analysis of a specific magnetic reflection, or its azimuthal dependence. The analysis of these experimental data is highly complex and 

no crystallographic software has been developed yet to enable users to perform this analysis.  

MagStREXS is a crystallographic software dedicated to the determination of Magnetic Structures through Resonant Elastic X-ray 

Scattering. It is under development since mid-2017 at beamline P09 [5] at PETRA III (DESY) and is based on CrysFML, a library 

developed to facilitate the creation of crystallographic software that includes also some functionalities especially oriented to deal with 

magnetic structures. The aim of this program is to facilitate this type of analysis to the non-specialist in this technique and also to 

provide tools for the preparation of these magnetic diffraction experiments. 

Hereby, we will present an overview of MagStREXS, its current status and some of the magnetic structures which have already been 

determined with it in the field of highly correlated systems. 

[1] Vettier, C. (2012). Eur. Phys. J. Spec. Top. 208, 3 

[2] Murakami, Y., & Ishihara, S. (2017). Resonant X-Ray Scattering in Correlated Systems, Berlin: Springer 

[3] Kurumaji, T., Nakajima, T., Hirschberger, M., Kikkawa, A., Yamasaki, Y., Sagayama, H., Nakao, H., Taguchi, Y., Arima, T. & Tokura, Y. 

(2019). Science 365, 914 

[4] Sears, J. A., Chern, L. E., Kim, S., Bereciartua, P. J., Francoual, S., Kim, Y. B. & Kim, Y.-J. (2020). Nat. Phys. 16, 837 

[5] Strempfer, J., Francoual, S., Reuther, D., Shukla, D. K., Skaugen, A., Schulte-Schrepping, H., Kracht, T. & Franz, H. (2013). J. Synchrotron 

Rad. 20, 541 
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Lanthanide ions play a crucial role in various research fields. Much theoretical effort, that aims understanding and enhancing magnetic 

anisotropy in multiferroics and molecular magnetic materials, shows that the variation of magnetisation anisotropy is accompanied by 

important changes of 4f-electron, spin and orbital distributions. However, the experimental determination of the shape of these 

distributions is a non-trivial task especially in the case of unquenched orbital moment. Here, the procedure of magnetisation density 

reconstruction in lanthanides with unquenched orbital moment is developed, based on the iterative entropy maximization and the site 

susceptibility approach. The calculation was performed by recently developed code written as part of a crystallographic CrysPy 

library [1]. 

 We illustrate the possibilities of the method by the first joint magnetisation density reconstruction and susceptibility refinement of 

locally anisotropic lanthanide pyrochlores  [2]. An oblate asphericity of  density and prolate 

these of  and  was revealed (fig.1). Reconstructed distributions and refined susceptibility parameters are compared with 

these predicted by the crystal field theory in frame of single ion anisotropy model using McPhase software [3]. 

 

       

 

Figure 1. Magnetic moment distributions obtained for R2Ti2O7 )  at 5K 1T by the MEM procedure. The projection 

of the magnetic moments on the ac-plane is depicted. Resulting (integrated) magnetic moments of R-ions are shown in insets. HSL 

color wheel with hue equal 60° is used in figures to visualize the deviation of induced magnetic moments from the field direction. 

 

1.        GitHub page of CrysPy library: https://ikibalin.github.io/cryspy/ 

2. H. Cao et al. Phys. Rev. Lett.  (2009) 103, 056402  

3. M. Rotter et al J. Phys.: Conf. Ser. (2011) 325 012005. 

 

Keywords: magnetisation density, magnetic anisotropy, maximum entropy, polarized neutron diffraction, rare-earth 
pyrochlores. 
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Magnetic x-ray standing waves (MXSW) - a combination of x-ray standing waves (XSW) [1] and x-ray magnetic circular dichroism 

(XMCD) - is a new method for direct investigation of magnetic structure of crystals and thin films on the atomic level. In the regular 

XSW technique a standing wave emerging in the region where incoming and Bragg reflected waves interfere is employed to study 

atomic positions in element specific manner. The standing wave has a periodicity of the lattice and moves by half of its period as the 

sample is rocked through the reflection domain. This movement across the lattice causes modulations in the amount of emitted 

fluorescence - their character is characteristic for a distribution of given atomic kind. This gives - in contrary to diffraction methods - a 

direct, element specific structural information. In MXSW, additional magnetic sensitivity is achieved by using circularly polarised 

incoming wave and magnetising the sample. The normalised difference between fluorescence yields recorded for each 

helicity/magnetic field orientation (XMCD signal) is proportional to the distribution of magnetic atoms and their magnetic moments. 

This makes MXSW site, element and magnetic sensitive method. 

The theoretical framework of MXSW method is based on dynamical theory of x-ray diffraction and time-dependent perturbation 

theory. The first is used to describe the phenomena of the scattering of x-rays by the crystal lattice and yields a form of the wavefield 

inside the crystal for circularly polarised incident wave. The latter provides a tool to evaluate the absorption cross-section for the 

considered wavefield. What is obtained finally is an angular dependence of XMCD signal, which similarly as a single fluorescence 

yield in XSW method, exhibits variations dependent on the distribution of magnetic atoms. 

The Fig. 1 shows an exemplary, simulated MXSW signal for the magnetite crystal, (004) reflection. The insets present schematically 

the magnetic structure and the positions of the standing wave at the low (marked by green colour) and high (blue) angular side of the 

reflection domain. Iron ions in the magnetite structure are arranged in two sublattices – octahedrally (marked by blue colour) and 

tetrahedrally (green) coordinated ones. Since the magnetic moment on each of two sublattices is different and oriented opposite, the 

contribution of the sublattices to the overall XMCD signal changes depending on the position of the nodes and antinodes of the 

standing wave. The variations are characteristic for this arrangement of the iron atoms and their shape would be different for any other 

one. Therefore, the MXSW signal directly provides information about the magnetic structure. 

 

Figure 1. MXSW signal for magnetite, (004) reflection. The schemas show a unit cell of magnetite and standing waves formed on the 

low (green) and high (blue) angular side of the reflection domain. 

 

The first experiment aiming at proving the feasibility of the method and confirming the established theory was performed at PETRA 

III synchrotron on the single crystal sample of Pt3Co alloy. The measurements were conducted at the Pt L3 absorption edge. A clear 

variation in XMCD signal of the magnetic origin was observed. As a next step, an experiment on magnetite is planned to show the 

power of the method to probe the arrangement of the magnetic ions. 

[1] Zegenhagen, J., Kazimirov, A., The X-Ray standing Wave Technique: Principles and Applications  (2013). 

Keywords: x-ray standing waves; magnetic structure; direct method 
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The local minima of optimized non-linear functions are a reason for ambiguity of the obtained solutions in crystal structure analysis 

and magnetic structure analysis (Figure 1). In this study [1], semidefinite programming relaxation (SDR) was applied for the first time 

to the determination of magnetic structure.  Use of SDR allows us the following things (i) completing the global optimization 

procedure in a very short time (less than several seconds in many cases), (ii) judging whether the obtained solution is truly global one, 

there are multiple good candidates, or the irreducible representations considered are wrong with 100 % probability. The solid 

foundation is provided by the duality theorem for convex optimization problems (Figure 2). 

Figure 1. Local minimums of the 

optimized functions 

Figure 2. Global optimization by semidefinite 

programming relaxation (SDR) 

Figure 3. Example for 

almost periodic atomic 

coordinates  

In general, the global optimization of SDR is applicable for estimating not only magnetic moment vectors but also atomic occupancies 

at a fixed set of coordinates x1, …, xm from the absolute values of structure factors. Therefore, the method can be also used to judge if 

xi is an atomic site or a void.  

In many cases, this problem has a unique minimum solution. In some cases, there are a few distinct solutions, all of which can be 

constructed from the output of SDR. In a very few cases, the existence of multiple solutions is suggested by the SDR result. This often 

occurs when the atomic coordinates x1, …, xm in the unit cell are periodic or almost completely periodic as in Figure 3. If the 

symmetry of the atomic coordinates is considered, the existence of such multiple solutions can be largely eliminated. 

As a result, SDR can provide a numerical answer to the classical problem of the uniqueness of solutions in crystal structure analysis 

[2]. Global optimization of the SDR method is now being implemented into Z-Rietveld software [3] distributed for users of J-PARC 

(Japan Proton Accelerator Research Complex). 

[1] K. Tomiyasu, R. Oishi-Tomiyasu (mathematician & one of corresponding authors), M. Matsuda and K. Matsuhira, Scientific Reports 8:16228 

(2018). 

[2] P. ENGEL, Comput. Math. Applic. 16 (1988), 425--436. 

[3] https://z-code.kek.jp/zrg/ 

Keywords: Global optimization, Magnetic structure analysis, Rietveld software, Semidefinite relaxation (SDR) 
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The idea for ptychography dates back to 1969, but its realization as a practical imaging method awaited the development of iterative 

phase retrieval algorithms. By now, it is firmly established for nanoscale studies of materials using X rays, both in transmission mode 

and also using Bragg diffraction. While focusing optics greatly aid its implementation, the spatial resolution is determined not by 

optics but by the finest length scales from which one can measure elastic scattering. On the experimental side, the hundredfold 

increases in quasi-time-continuous coherent flux provided by diffraction-limited storage rings will dramatically advance what 

ptychography can do. On the computational side, the application of nonlinear optimization approaches has allowed one to compensate 

for many experimental limitations, including errors in nanopositioning as well as partial coherence, and allow one to re-think how one 

might acquire ptychographic data. Thus far, x-ray ptychography has been applied to millimeter-size samples in 2D, and roughly 10 

micrometer size samples in 3D. How far might that go? Can one combine the advantages of X rays of high penetration power and low 

multiple scattering to image even larger samples? Can one carry out nanoscale imaging of cubic centimeter volumes? I outline some 

of the opportunities this might provide, and some of the challenges in achieving this. 

Keywords: X-ray ptychography, x-ray microscopy, nanoscale imaging 
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Recent developments in 4th generation light sources and high-speed detectors are leading to rapid growth in data rates and data 

volumes, increasing the demand for automated data collection, handling/reduction/storage, and analysis processes. In combination 

with limited in-person access to experimental setups in times of the pandemic, portable and user-friendly tools for remote access as 

well as improved workflows are critical for enabling scientists from various disciplines to leverage ptychographic imaging to answer 

scientific questions. 

With the growing popularity of ptychography, a broad range of data formats, acquisition schemes, and algorithms has been developed 

over the years, e.g. [1-3]. Whereas this variety has been advantageous to tackle different real-world deviations from the ideal 

ptychographic model such as partial incoherence [4], positioning errors [5], broad-bandwidth radiation [6], or multi-scattering [7], it 

also complicates the comparability and reproducibility of results. With ptychography being established as an everyday workhorse 

technique at many instruments around the world, it is important to find common ground and establish standards to support reliable 

algorithm and collaborative software development addressing the big data challenges of today and the future. 

In this presentation, I will cover recent cross-facility efforts [8] to develop and promote data standards for ptychography. Furthermore, 

I will give an overview of ongoing software development at the Advanced Light Source in collaboration with the other DOE light 

sources for building data acquisition and analysis tools leveraging existing python packages with an outlook for future progress in 

terms of remote access and workflows. 

[1] Enders B.,  & Thibault P., (2016). Proc Math Phys Eng Sci. 472(2196) 20160640. 

[2] Wakonig K., Stadler H.-C., Odstrčil M., Tsai E. H. R., Diaz A.,Holler M.,Usov I., Raabe J., Menzel A., & Guizar-Sicairos M.     (2020). Journal 

of Applied Crystallography, 53(2) 574-586 

[3] Favre-Nicolin V., Girard G., Leake S., Carnis J., Chushkin Y., Kieffer J, Paleo P. & Richard M.-I. (2020). J. Appl. Cryst. 53, 1404-1413 

[4] Thibault P. & Menzel A. (2013). Nature  494, pages 68–71 

[5] Maiden A.M., Humphry M.J., Sarahan M.C., Kraus B. & Rodenburg J.M., (2012). Ultramicroscopy, 120,  64-72 

[6] Enders B., Dierolf M., Cloetens P., Stockmar M., Pfeiffer F. & Thibault P., (2014). Appl. Phys. Lett. 104, 171104  

[7] M Kahnt, Grote L, Brückner B., Seyrich M., Wittwer F., Koziej D. & Schroer C. G., (2021). Sci Rep 11, 1500  

[8] Data Solution Task Force Pilot https://www.bnl.gov/newsroom/news.php?a=216902  
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Cement manufacturing is responsible for ~7% of the anthropogenic CO2 emissions and hence, decreasing the CO2 footprint, in a 

sustainable, safe, and cost-effective way, is a top priority. It is also key to develop more durable binders as the estimated world 

concrete stock is 315 Gt which currently results in ~0.3 Gt/yr of concrete demolition waste (CDW). Moreover, models under 

development predict a skyrocketing increase of CDW to 20–40 Gt/yr by 2100. This amount could not be easily reprocessed as 

aggregates for new concretes as such volumes would be more than two times the predicted need. Furthermore, concretes have very 

complex hierarchical microstructures. The largest components are coarse aggregates with dimensions bigger than a few centimetres 

and the smallest ones are amorphous components and the calcium silicate hydrate gel with nanoparticle sizes smaller than a few 

nanometres. To fully understand the properties of current and new cement binders and to optimize their performances, a sound 

description of their spatially resolved contents is compulsory. However, there is not a tomographic technique that can cover the spatial 

range of heterogeneity and features of concretes and mortars. This can only be attained within a multitechnique approach overlapping 

the spatial scales in order to build an accurate picture of the different microstructural features. Here, we have employed far-field and 

near-field synchrotron X-ray ptychographic nanotomographies to gain a deeper insight into the submicrometer microstructures of 

Portland cement binders. With these techniques, the available fields of view range from 40 to 300 m with a true spatial resolution 

(not voxel sizes) evolving between ~50 nm to ~300 nm. It is explicitly acknowledged here that other techniques like X-ray 

synchrotron microtomography are necessary to develop the whole picture accessing to larger fields of view (millimetres and even 

centimetres) albeit with poorer spatial resolution and without the quantitativeness in the reconstructed electron densities. 

After framing the problems which are being tackled, we plan to present here our recent results using X-ray ptychographic 

nanotomography. We will start introducing the outputs obtained using far-field ptychographic nanotomography to determine phase 

assemblages and mass densities of amorphous components [1,2]. Then, we will move to cover the secondary porosity induced by 

cement conversion with temperature [3]. Finally, we will present our ongoing work with near-field ptychographic nanotomography in 

Portland and Belite cements with a larger field of view, capillaries from 200 to 300 m of diameter. Between other features, Hadley 

grains (hollow shells hydrated particles) have been imaged in 3D and their properties are being statistically extracted, see Figure 1. 

Further details will be discussed and the comparison between far-field and near-field nanotomographies will be carried out. 

 
Figure 1. (Centre) orthoslice of the Portland paste capillary reconstructed by near-field ptychographic nanotomography. 

(Left) Enlarged view of a large Hadley grain typical of the alite hydration mechanism. (Right) 500 nm thick ettringite needle 

highlighting the excellent spatial resolution for such a large field of view (two other smaller Hadley grains are evident here). 

[1] Cuesta, A., et al. (2017) Chemistry and Mass Density of Aluminum Hydroxide Gel in Eco-Cements by Ptychographic X‑ray Computed 

Tomography. J. Phys. Chem. C, 121, 3044−3054.  

[2] Cuesta, A., et al. (2019) Quantitative disentanglement of nanocrystalline phases in cement pastes by synchrotron ptychographic X-ray 

tomography. IUCrJ, 6, 473–491.  

[3] Shirani, S., et al. (2020) Calcium aluminate cement conversion analysed by ptychographic nanotomography. Cem. Con. Res. 137, 106201. 
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Wiring diagrams of neural circuits are of central importance in delineating mechanisms of computation in the brain (1). Hereby, the 

individual parts of neurons - axons, dendrites and synapses - need to be densely identified in 3-dimensional volumes of neuronal 

tissue. This is typically achieved by volume electron microscopy (2), which requires ultrathin physical sectioning or ablation, using 

high precision slicing techniques or ion beams, either before or during the image acquisition process (3-6). Here, we demonstrate that 

cryogenic X-ray ptychographic tomography (7-9), a coherent diffractive X-ray imaging technique, can acquire 3-dimensional images 

of metal-stained mouse neuronal tissue with sufficient resolution to densely resolve axon bundles, boutons, dendrites and synapses 

without physical sectioning. We show that the tissue volume can be subsequently imaged in 3D using high-resolution, focussed ion 

beam-scanning electron microscopy (FIB-SEM). This suggests that metal-stained neuronal tissue can be highly radiation-stable. Using 

FIB-SEM as ground truth, we could show that X-ray ptychography reliably resolves 60% of the synaptic contacts in the mouse 

olfactory bulb external plexiform layer with an 80% precision. Ongoing improvements in synchrotron, X-ray and detector 

technologies (8, 10, 11) as well as further optimization of sample preparation and staining procedures (12, 13) could lead to substantial 

improvements in acquisition speed. Combined with laminography (14) and nano-holotomography (15, 16) it could allow for non-

destructive x-ray imaging of synapses and neural circuits in increasingly larger volumes. 

1. A. Litwin-Kumar, S. C. Turaga, Constraining computational models using electron microscopy wiring diagrams. Current opinion in 

neurobiology 58, 94-100 (2019). 

2. J. Kornfeld, W. Denk, Progress and remaining challenges in high-throughput volume electron microscopy. Current opinion in 

neurobiology 50, 261-267 (2018). 

3. W. Denk, H. Horstmann, Serial block-face scanning electron microscopy to reconstruct three-dimensional tissue nanostructure. PLoS 

biology 2, e329 (2004). 

4. K. J. Hayworth et al., Gas cluster ion beam SEM for imaging of large tissue samples with 10 nm isotropic resolution. Nature methods 17, 

68-71 (2020). 

5. C. S. Xu et al., Enhanced FIB-SEM systems for large-volume 3D imaging. Elife 6,  (2017). 

6. N. Kasthuri et al., Saturated Reconstruction of a Volume of Neocortex. Cell 162, 648-661 (2015). 

7. P. Thibault et al., High-resolution scanning x-ray diffraction microscopy. Science 321, 379-382 (2008). 

8. M. Holler et al., High-resolution non-destructive three-dimensional imaging of integrated circuits. Nature 543, 402-406 (2017). 

9. H. T. Tran et al., Alterations in Sub-Axonal Architecture Between Normal Aging and Parkinson's Diseased Human Brains Using Label-

Free Cryogenic X-ray Nanotomography. Front Neurosci 14, 570019 (2020). 

10. M. Eriksson et al., Some small-emittance light-source lattices with multi-bend achromats. Nuclear Instruments and Methods in Physics 

Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 587, 221-226 (2008). 

11. J. H. Jungmann-Smith et al., Radiation hardness assessment of the charge-integrating hybrid pixel detector JUNGFRAU 1.0 for photon 

science. Rev Sci Instrum 86, 123110 (2015). 

12. Y. Hua, P. Laserstein, M. Helmstaedter, Large-volume en-bloc staining for electron microscopy-based connectomics. Nature 
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14. M. Holler et al., Three-dimensional imaging of integrated circuits with macro- to nanoscale zoom. Nature Electronics 2, 464-470 (2019). 

15. P. Cloetens, J. Baruchel, Holotomography: Quantitative phase tomography with micrometer resolution using hard synchrotron radiation x 
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Catalysts are ubiquitous materials that play a major role in many areas of economy and everyday life. The development and study 

of catalysts is important for progress in areas such as environment, energy, and fuels, with the main goal being to improve the 

performance and efficiency of catalysts, especially at the industrial scale. Therefore, a thorough analysis is crucial to understand the 

relation between structure and performance, the deactivation process and the reasons for the loss of efficiency over the lifetime. 

This analysis is challenging, because technical catalysts are complex multicomponent bodies, ranging from dozens of μm to several 

cm, consisting of active phases, supports and additives in shaped forms suitable for their application. One of the most important 

conversion processes in petroleum refineries is Fluid Catalytic Cracking (FCC) in which heavy hydrocarbon fractions of crude oil 

are converted into valuable products such as olefins and aromatics [1]. For this process, FCC particles of 50 - 100 µm diameter are 

used in an up-flow reactor, where they move up, whereas the feed flows downward. During the short contact time, catalyst and feed 

can react. During this reaction the catalyst is partially deactivated by coke formed during the cracking and a subsequent regeneration 

cycle is required [2]. Thus, the characterization of the microstructure at different length scales with a spatial resolution at the 

nanometer length scale and a large field of view is necessary, but also the investigation of the location and chemical state of the 

active metallic sites in the structure. 

The imaging of a large field of view with a resolution of ~ 30 - 100 nm is possible with ptychography, even for low absorbing 

samples. To get spatial resolved spectral information, spectro-ptychography can be used, where the measurements are repeated at 

different energies, including the absorption edge of a specific element. This method has already been applied for the nanoscale 

chemical imaging and structural analysis of a heterogeneous catalyst [3]. 

 

 

We investigated a FCC catalyst containing 10 wt.% Mn2O3 at different lifetimes by means of spectro-ptychography. Ptychographic 

scans are repeated at 40 different energies around the Mn K-edge. We show here the results of the experiment carried out at the 

beamline ID16B at ESRF, where this method has never been used before.  The absorption is weak due to the low concentration of 

Mn and the small thickness of the samples, and hence we work with the phase contrast images. The phase contrast can be associated 

with the anomalous scattering factor f’, which is energy dependent in the proximity of absorption edges. The f’ spectra can be 

extracted by comparing the reconstructed phase contrast images recorded at different energies. The work includes the preparation 

of the instrumentation, the development of the algorithms for the data preparation and the python programs for the spectral analysis. 

We show the methodological developments necessary for the extraction of the information from the obtained measurements, starting 

from the phase retrieval and normalization of the phase images, to the alignment of the images of different energies, to the extraction 

of the f’ spectra and the search for the Mn signature in the sample.  

[1] W. Letzsch,Handbook of Petroleum Processing, Springer Int. Publishing, Cham 2015, 216-316. 

[2] A. Corma, et al., Catalysis Science & Technology 2017, 7, 12. 

[3] M. Hirose, et al., Angew. Chem. Int. Ed. 2017, 56, 1-6. 

Keyword : technical catalyst ; fluid catalytic cracking (FCC) ; X-ray ptychography ; spectro-ptychography 

Figure 1 :  Reconstructed phase images of a FCC particle at different lifetimes. Left: fresh; middle: spent; right: regenerated.  
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Three-dimensional X-ray microscopy by ptychographic tomography is usually per formed by separating the steps of acquiring two-

dimensional ptychographic reconstructed projection images at different projection angles and afterwards performing the three-

dimensional tomographic reconstruction. Recently it has been suggested that those two separate steps can be coupled / joined together, 

allowing for the sharing of information between angular views during the ptychographic reconstruction step [1, 2, 3]. We performed 

such a coupled X-ray ptychographic tomography reconstruction for the first time on an experimental dataset, improving the achieved 

resolution in the process [4]. Furthermore we validated the predicted relaxation of the overlap criterion between adjacent scan 

positions in the tomographic plane by successively leaving out columns of recorded diffraction patterns and achieving robust 

reconstructions even beyond the point of no overlap between neighboring scan points. 

 

[1]  D. Gürsoy, “Direct coupling of tomography and ptychography,” Opt. Lett., vol. 42, pp.  3169–3172, Aug 2017. 

[2]  T. Ramos, B. E. Grønager, M. S. Andersen, and J. W. Andreasen, “Direct three- dimensional tomographic reconstruction and phase retrieval 

of far-field coherent 

 diffraction patterns,” Phys. Rev. A, vol. 99, p. 023801, Feb 2019. 

[3] S. Aslan, V. Nikitin, D. J. Ching, T. Bicer, S. Leyffer, and D. Gürsoy, “Joint ptycho- tomography reconstruction through alternating 

direction method of multipliers,” Opt. 

 Express, vol. 27, pp. 9128–9143, Mar 2019. 

[4]  M. Kahnt, J. Becher, D. Brückner, Y. Fam, T. Sheppard, T. Weissenberger, F. Wittwer, J.-D.  Grunwaldt, W. Schwieger, and C. G. 

Schroer, “Coupled ptychography and tomography  algorithm improves reconstruction of experimental data,” Optica, vol. 6, pp. 1282–1289, 

 Oct 2019. 

Keywords: Ptychography, Tomography 



MS-24-1                           Microsymposium  

Acta Cryst. (2021), A77, C187 
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A major objective in recent computational materials research has been the search and discovery of novel materials with superior 

properties. However, prior to the availability of immense computational power, materials design was guided by conceptual 

frameworks for synthesis-structure-property relationships, such as Pauling’s Rules, the Hume-Rothery Rules, Pettifor Tables, 

Structure Maps, Ashby Tables, etc. Not only can these heuristic frameworks point us towards new and valuable materials, they also 

provide a satisfying conceptual foundation upon which to base our scientific intuition. In this talk, I will discuss how we can leverage 

unsupervised machine-learning algorithms to extract new heuristic relationships from modern large-scale materials databases. In order 

to extract meaningful synthesis-structure-property relationships, we will first need physically-relevant materials features. Many 

relevant materials features are not immediately available in current materials property databases. Determination of which features to 

construct will likely rely on domain knowledge and physical intuition, at least in the near-term future. We will demonstrate how these 

computational materials discovery and informatics tools can be used to survey, visualize, and explain stability relationships across the 

inorganic ternary metal nitrides.* 

*W. Sun et al., "A map of the inorganic ternary metal nitrides", Nature Materials (2019) 

Keywords: Computational materials discovery, Exploratory synthesis, Unsupervised Machine Learning, Stability Maps 
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We present a method to predict the crystal structure of any given composition using machine learning methods. Then, using the 

example of bismuth ferrite, we illustrate how crystal structure, decomposed into distortion modes, can be implemented as a feature to 

explore the energy surface leading to the identification of metastable polymorphs. Crystal structure plays a crucial role in determining 

the electronic structure and property of any composition. Therefore, it has always been of great interest to predict the crystal structure 

of any composition without requiring synthesis and characterization. To achieve this goal, we combine machine learning and density 

functional theory (DFT) calculations. Initially, a classification model predicts the point groups of the given stoichiometries. Based on 

the predicted point group, a series of high-throughput DFT calculations determine the ground state of non-centrosymmetric crystal 

structures. In addition to the ground state structure, identifying metastable polymorphs that might get stabilized by controlling the 

synthetic conditions is of great importance as they can exhibit different functionalities. Therefore, we studied BiFeO3 as a 

multifunctional compound with a rich low-energy phase space. A training set is constructed by mapping the phase space based on 

possible distortion modes starting from the cubic perovskite structure. A machine learning model is built using the generated training 

set predicting the energy surface of BiFeO3 to explore new metastable phases. 

Keywords: Machine Learning; Bismuth Ferrite; Distortion Modes; DFT 
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Do we know all conceivable crystal structures? This question appears naive at first, because crystallography is a mature field. But the 

list of reported inorganic crystal structures is not necessarily representative of all kinds of order that are possible on other scales. Atomic 

crystal structures are affected by the discreteness of the periodic table and the resulting constraints on chemical bonding. Molecular 

crystals, metal organic frameworks, nanoparticle superlattices, and other soft-matter assemblies are free from these chemical constraints 

and can exhibit entirely new types of crystallographic order distinct from those found with atoms. A universal list of all plausible crystal 

structures in systems of particles ranging from the angstrom to the micrometer scale would benefit the search for—and design of—new 

materials. 

Here, we perform a data-driven simulation strategy to systematically crystallize one-component systems of particles interacting with 

isotropic multiwell pair potentials resembling Friedel oscillations and encoding and generalizing quantum mechanical interactions [1]. 

We investigate two tunable families of pairwise interaction potentials. Our simulations self-assemble a multitude of crystal structures 

ranging from basic lattices to complex networks. The goal is to discover crystal structures on the computer de novo, a strategy which 

has so far not been attempted on such a diverse set of systems. We perform a semi-automatic crystal structure analysis of simulation 

data. Our analysis reveals sixteen structures that have natural analogues spanning all coordination numbers found in inorganic chemistry. 

Fifteen more are hitherto unknown and occupy the space between covalent and metallic coordination environments. We describe the 

numerical search, the analysis technique, phase diagrams, and details of the known and previously unknown crystal structures. The 

discovered crystal structures constitute novel targets for self-assembly and expand our understanding of what a crystal structure can 

look like. 

 

 

[1] Dshemuchadse, J., Damasceno, P.F., Phillips, C.L., Engel, M., Glotzer, S.C. (2021). Proc. Natl. Acad. Sci. U.S.A. 118, e2024034118. 

Keywords: self-assembly; crystal structures; isotropic pair potentials 

Figure 1. Coordination polyhedra in the 31 

crystal structures self-assembled in our 

molecular dynamics simulations (displayed in 

colours representing their structures). 

Coordination polyhedra are grouped by 

coordination number (CN) in the range 

CN = 4 − 16. Reported structures are listed by 

Pearson symbols below the CN axis and 

indicated by arrows pointing to their average 

coordination number ⟨CN⟩ (the largest average 

coordination number observed is ⟨CN⟩ = 14). 

Pearson symbols of previously unknown 

structures are labelled in bold font. 
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Advances in synchrotron X-ray scattering experiments have greatly increased the acquisition rates of pair distribution function (PDF) 

data. The analysis and interpretation of the data, however, are lagging behind the experimental advances because PDF analysis is met 

by the challenge of finding the correct structure model to fit against the data, which is a time-consuming process. We aim to apply 

data-driven methods to accelerate the analysis process of PDF data and the characterization of local material structures. Principal 

component analysis (PCA) and non-negative matrix factorization (NMF) are used to separate different features and/or constituents 

from the sample PDF data. We first applied these two methods on in-situ PDF measurement during tin oxide synthesis and then on the 

simulated PDFs of defected anatase titanium dioxide (TiO2). It is found that for the in-situ PDF of tin oxide synthesis, NMF is able to 

separate constituents during different stages of the synthesis process and their relative concentrations are consistent with the 

experiments. For the PDF dataset of defected anatase (TiO2), we found that NMF can separate the PDF signal of the defects from that 

of the perfect phase. This technique provides a tool to identify and quantify the defects from PDF data of materials. 

 

 

Keywords: Defect, Pair distribution function, Data-driven, Matrix factorization 

 

 

 



MS-24-5                        Microsymposium  

Acta Cryst. (2021), A77, C191 

 

First-principle diffraction simulations as a tool to solve the nanodiffraction problem  
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Computer simulations are being increasingly used to understand the diffraction phenomenon from nanomaterials. Typically, such 

simulations are performed with the goal of establishing a mathematical relationship between the diffracting material and its diffraction 

profile under certain assumptions. For simulation of powder diffraction, the famous Debye equation [1] is generally used which also 

relies on particular assumptions about the diffracting material such as all Bragg reflections being represented by enough number of 

particles in the ensemble [2]. In this talk we will describe an alternative methodology that relies only on the far-field diffraction 

formulation [3] and starts off from the scattering phenomenon of x-rays from individual atomic positions. This methodology will be 

shown to be powerful and more general than the Debye equation -by relaxing some of the implicit requirements imposed by the Debye 

formula- enabling direct connection between each diffracted spot on a 2D detector and the diffracting crystallites [4, 5]. Once the 

methodology is explained, example studies on nanodiffraction experiments will be introduced and new information obtained by the 

computational tool will be demonstrated [6]. Although the proposed computational methodology is quite time-consuming since large 

number of calculations need to be performed for simulating diffraction from relatively larger nanocrystals, parallellization algorithms 

combined with exponentially increasing computational power becoming much more available to most researchers will potentially 

popularize its use in nanocharacterization studies in the near future.  

 

[1] Debye, P.  (1915). Annalen der Physik.  46, 809-823. 

[2] Bertolotti, F., Moscheni, D., Migliori, A. et al.  (2016). Acta Crystallographica Section A.,72, 632-644. 

[3] Warren, B. E. (1990). X-ray Diffraction. Dover Books on Physics. Courier Dover Publications.  

[4] Öztürk, H, Yan, H., Hill J. & Noyan, I. C.  (2014). Journal of Applied Crystallography, 47, 1016-1025. 

[5] Öztürk, H, Yan, H., Hill J. & Noyan, I. C.  (2015). Journal of Applied Crystallography, 48, 1212-1227. 

[6] Xiong, S., Öztürk, H, Lee, S-Y., Mooney P., & Noyan, I. C., Journal of Applied Crystallography, 51, 1102-1115.  

 

Keywords: Powder diffraction; nanocrystals; x-rays; computer simulations 
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In the recent review it was point out that the crystal structures in the Cambridge Structural Database (CSD), collected, have contribute 

to various fields of chemical research such as geometries of molecules, noncovalent interactions of molecules, and large assemblies of 

molecules. The CSD also contributed to the study and the design of biologically active molecules and the study of gas storage and 

delivery [1].  

In our group we use analysis of the crystal structures in the CSD to recognize and characterize new types of noncovalent interactions 

and to study already known noncovalent interactions. Based on the data from the CSD we can determine existence of the interactions, 

frequency of the interactions, and preferred geometries of the interactions in the crystal structures. In addition, we perform quantum 

chemical calculations to evaluate the energies of the interactions. Based on the calculated potential energy surfaces for the 

interactions, we can determine the most stable geometries, as well as stability of various geometries. We also can determine the 

interaction energies for the preferred geometries in the crystal structures. In the cases where the most preferred geometries in the 

crystal structures are not the most stable geometries at the potential energy surface, one can find significant influence of the 

supramolecular structures in the crystals.  

Using this methodology our group recognized stacking interactions of planar metal-chelate rings; stacking interactions with organic 

aromatic rings and stacking interactions between two chelate rings. The calculated energies indicate strong stacking interactions of 

metal-chelate rings; the stacking of metal-chelate rings is stronger than stacking between two benzene molecules [2]. The data indicate 

influence of the metal and ligand type in the metal chelate ring on the strength of the interactions. Our results also indicate strong 

stacking interactions of coordinated aromatic rings [3]. Studies of interactions of coordinated water indicate stronger hydrogen bonds 

and stronger OH/π interactions of coordinated in comparison to noncoordianted water molecule [4,5]. The calculations on OH/M 

interactions between metal ion in square-planar complexes and water molecule indicate that these interactions are among the strongest 

hydrogen bonds in any molecular system [6].  

The studies on stacking interactions of benzene molecules in the crystal structures in the CSD show preference for interactions at large 

horizontal displacements, while high level quantum chemical calculations indicate significantly strong interactions at large offsets; the 

energy is 70% of the strongest stacking geometry [7]. 

 [1] Taylor, R., Wood P. A. (2019) , Chem. Rev. 119, 9427 

2 Malenov, D. P., Janjić, G. V., Medaković, V. B., Hall, M. B., Zarić, S. D. (2017)  Cood. Chem. Rev. 345, 318.  

3 Malenov, D. P., Zarić, S. D. (2020)  Cood. Chem. Rev. 419, 213338   

[4] Andrić, J. M., Janjić, G. V., Ninković, D. B., Zarić, S. D. (2012) PhysChemChemPhys, 14, 10896.   

[5] Andrić, J. M., Misini-Ignjatović, M. Z., Murray, J. S., Politzer. P., Zarić, S. D. (2016) ChemPhysChem. 17, 2035.  

[6] Janjic, G. V.,  Milosavljević, M., Veljković, D. Ž., Zarić S. D. (2017) Phys. Chem. Chem. Phys., 19, 8657 

[7] Ninković, D. B., Blagojević Filipović, J. P., Hall, M. B., Brothers, E. N., Zarić, S. D. (2020) ACS Central Science, 6, 420. 
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Protein conformational dynamics play an important role in numerous biological processes. Markov State Models (MSMs) provide a 

powerful approach to study these dynamic processes by predicting long time scale dynamics based on many short molecular dynamics 

(MD) simulations. To improve the efficiency of MSMs, we recently developed quasi-MSM (qMSM) that encodes the non-Markovian 

dynamics in a generally time-dependent memory kernel. We successfully applied qMSMs to elucidate molecular mechanisms of DNA 

loading into a bacterial RNA polymerase complex via flexible loading gate (consisting of the clamp and β-lobe domain), a process 

occurs at millisecond. Using qMSMs, we showed that the opening of β-lobe is orders of magnitude faster than that of the clamp, 

which depends on the structure of the Switch 2 region. Strikingly, opening of the β-lobe is sufficient geometrically to accommodate 

DNA loading even when the clamp is partially closed. These two observations highlight β-lobe’s critical role allowing DNA loading 

during initiation. In my talk, I will also present our recent results in elucidating molecular mechanisms of 1′-Ribose cyano substitution 

allows Remdesivir to effectively inhibit nucleotide addition of the SARS-CoV-2 RNA-dependent RNA polymerase (RdRp). 

Keywords: Molecular Dynamics, RNA polymerase, SARS-CoV-2 RdRp 
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COVID-19 pandemic is a great threat to the general and global public health and economy. The rapid development of new antiviral 

compounds and vaccines is needed to control the current pandemic as well as to prepare for the emergence of new variants. Among 

the proteins encoded by the SARS-CoV-2 genome, Mpro is one of the primary drug targets due to its essential role in maturation of the 

viral polyprotein. In this study, we describe a high-density acoustic droplet ejection (ADE) method for co-crystallization of Mpro-

ligand complexes using only 40 nL Mpro solution. Also, we will briefly describe crystallographic data from crystals obtained using 

ADE and other methods as evidence that three clinically approved anti hepatitis C virus (HCV) drugs are capable of covalent binding 

to the Mpro Cys145 catalytic residue in the active site (Fig. 1). Activities of the National Virtual Biotechnology Laboratory (NVBL) for 

the design and development of new antiviral inhibitors for SARS-CoV-2 is briefly discussed. 

 

 

 

Figure 1. Crystal structure of SARS-CoV-2 main protease in complex with covalent inhibitor Telaprevir at 1.48 Å (PDB: 7K6D) 

 

Keywords: IUCr2020; SARS-CoV-2; main protease; acoustic droplet ejection; Telaprevir 
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The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative agent of COVID-19 illness is responsible for more 

than half a million deaths in the United States alone. The SARS-CoV-2 nsp16/nsp10 enzyme complex modifies the 2’-OH of the first 

transcribed nucleotide (N1 base) of the viral mRNA by covalently attaching a methyl group to it. This single RNA modification event 

converts the status of the mRNA cap from Cap-0 (m7GpppA) to Cap-1 (m7GpppAm) and helps the virus evade immune surveillance in 

the host cell. Here, we report three high-resolution crystal structures of nsp16/nsp10 heterodimer representing substrate (Cap-0)-bound 

state, and pre- and post-release states of the RNA product (Cap-1). The binding of Cap-0 induces large conformational changes. This 

‘induced fit’ model provides new mechanistic insights into the 2’-O methylation of the viral mRNA cap. We reveal the structural basis 

for the RNA specificity of nsp16/nsp10. We also discover an alternative ligand-binding site unique to SARS-CoV-2 [1]. We also 

observe overall widening of the enzyme upon product formation, and an inward twisting motion in the substrate-binding region upon 

product release. These changes reset the enzyme for the next round of catalysis, and may be the structural basis of dissociation nsp10 

from nsp16. The structures also identify a unique binding mode of a divalent metal ion in nsp16, which aligns the first two bases of the 

viral RNA in the catalytic pocket for efficient Cap-1 formation. Using LC/MS-based intact mass analysis, we show dramatic 

perturbations in Cap-1 formation by an emerging clinical variant of SARS-CoV-2, previous SARS-CoV outbreak strain, and their 

altered sensitivity to divalent metal ions [2]. Such reliance and preference for metals also suggests that an imbalance in cellular metal 

concentrations could differentially alter the RNA capping and thus, host innate immune response to infections by various CoVs. 

Altogether, our work provides a revised framework from which new therapeutic modalities may be designed for the treatment of 

COVID-19 and emerging coronavirus illnesses. 

[1] Viswanathan, T., Arya, S., Chan, S. H., Qi, S., Dai, N., Misra, A., Park, J. G., Oladunni, F., Kovalskyy, D., Hromas, R. A., Martinez-Sobrido, L., 

and Gupta, Y. K. (2020) Structural basis of RNA cap modification by SARS-CoV-2, Nat Commun 11, 3718. 

[2] Viswanathan, T., Misra, A., Chan, S. H., Qi, S., Dai, N., Arya, S., Martinez-Sobrido, L., and Gupta, Y. K. (2021) A metal ion orients mRNA to 

ensure accurate 2'- O methylation of its first nucleotide, Nat Commun 12(1):3287 
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SARS-CoV-2 is a novel coronavirus and causative agent of the zoonotic disease Covid-19, which has been responsible for over 3 

million deaths globally. Although the rapid development of several highly efficacious vaccines is proving effective in reducing the 

spread and severity of the disease, the development of novel, low cost and globally available anti-viral therapeutics remains an 

essential goal, both for this pandemic and for future outbreaks of related coronaviruses. 

To identify starting points for such therapeutics, the XChem team at Diamond Light Source, in collaboration with various international 

colleagues, have performed large crystallographic fragment screens against 7 key SARS-CoV-2 proteins including the Main protease, 

the Nsp3 macrodomain and the helicase Nsp13 [1-3]. The expeditious collection and dissemination of data from these screens has 

been enabled by the well-established platform at Diamond and by the implementation of various new tools in the XChem pipeline. 

This work has identified numerous starting points for the development of more potent inhibitors as exemplified by the ongoing work 

from the open science drug discovery project, the Covid Moonshot [4]. By merging fragment hits from the initial XChem screen and 

harnessing crowdsourced medicinal chemistry designs from the global community we have been able to rapidly develop potent 

inhibitors of the Main protease that exhibit promising antiviral activity. 

 

Figure 1. SARS-CoV-2 genome and proteins screened on the XChem platform at Diamond Light Source 

 

[1] Douangamath, A., et al., Nature Communications, 11, 2020. 

[2] Schuller, M., et al., Science Advances, 7, 2021. 

[3] Newman, J., et al., BioRxiv, 2021. 

[4] The COVID Moonshot Consortium, BioRxiv, 2021. 
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A structure-guided, taxonomic-based approach to the design of broad-spectrum coronavirus 
protease inhibitors 
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Human coronaviruses such as SARS-CoV, MERS and SARS-CoV-2 continue to emerge as significant threats to public health. Other 

human coronaviruses such as NL63, HKU1, 229E and OC43 continue to persist in the population but are significantly less deadly. 

Since the SARS-CoV epidemic emerged in 2003, we have worked to develop small-molecule inhibitors of coronavirus 3C-like 

protease (3CLpro, also known as main protease or Mpro) and the papain-like protease (PLP or PLpro). Initially, we focused on the 

proteases from SARS and then on NL63 and MERS. However, the differences in inhibitory potencies of our compounds and the 

taxonomic distance of the alpha and beta coronavirus genera taught us that approach of studying one virus at a time was too slow and 

provided to little molecular information to inhibit multiple coronaviruses. Moreover, it was not allowing us to predict how to inhibit 

emerging coronavirus pathogens. In the interest of pandemic preparedness, we are now taking what we call a taxonomically-driven 

approach to the structure-based design of coronavirus protease inhibitors. We targeted 12 different 3CLpros from the alpha-, beta- and 

gamma-coronavirus genera with a series of 50 compounds that we designed and synthesized using the Automated Synthesis and 

Purification platform at Eli Lilly. We identified inhibitor templates that potently inhibit the enzymes from the alpha and beta genera 

but not the gamma genus. To ascertain the structural basis of the selectivity, we utilized LS-CAT and LRL-CAT beamlines at the APS 

and performed a sparse-matrix sampling approach and determined multiple X-ray structures of 3CLpro from the different coronavirus 

genera in complex with different inhibitors. We identified precise structural regions that define inhibitor selectivity for different 

inhibitor scaffolds and we are now extending this approach to PLpro. We have been able to design and synthesize over 350 additional 

compounds against SARS-CoV-2 3CLpro. These compounds include potent non-covalent inhibitors, reversible-covalent and covalent 

inhibitors with low nanomolar to picomolar potency including inhibitors with broad-spectrum, i.e. pancoronavirus, activity against 12 

different alpha, beta and gamma coronavirus. 

Keywords: COVID-19, SARS-CoV-2, inhibitor, drug, structure 
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Structure of SARS-CoV-2 papain-like protease PLpro reveals a framework for antiviral inhibitor 
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) papain-like protease (PLpro) is essential for the virus replication 

and covers multiple functions (1,2). In this context PLpro is a most interesting drug target to identify compounds that inhibit the 

activity and can be further optimized towards drugs to cure Covid-19 in the future. Beside the cysteine-protease activity, PLpro has the 

additional and vital function of removing ubiquitin and ISG15 (Interferon-stimulated gene 15) from host-cell proteins to aid 

coronaviruses in their evasion of the host innate immune responses. Therefore, in terms of drug discovery investigations PLpro is thus 

an excellent drug target allowing a two-fold strategy, to identify compounds that inhibit viral replication and strengthen the immune 

response of the host in parallel.  To establish a framework allowing an efficient and high throughput screening of compounds to 

identify inhibitors, we first expressed, purified and crystallized PLpro (Fig. 1); determined and refined the native crystal structure to 

atomic resolution of 1.42 Å (Fig. 2, pdb code: 7NFV).  

Further, we initiated screening via co-crystallization utilizing a library of 2.500 selected natural compounds, obtained from ICCBS 

Karachi, and identified first potential inhibitors binding to a site that has been previously shown to bind to the ISG15 molecule, 

refined structures were deposited with pdb codes: 7OFS, 7OFT, 7OFU. Comparing the PLpro-ligand complex structures with the 

PLpro-ISG15 complex crystal structure (pdb code: 6XAA) clearly shows that several regions of the Ubiquitin fold domain move 

dynamically, showing functional flexibility to accommodate the ligands (Fig. 3). Corresponding structural data and details, as well as 

on-going structural efforts to identify new antiviral compounds to combat the coronavirus spread will be presented. 

 

[1] Shin, D., Mukherjee, R., Grewe, D. et al. Papain-like protease regulates SARS-CoV-2 viral spread and innate immunity. Nature 587, 657–662 

(2020). https://doi.org/10.1038/s41586-020-2601-5 

[2] Klemm, T., et al. Mechanism and inhibition of the papain‐like protease, PLpro, of SARS‐CoV‐2. The EMBO Journal (2020) 39: 

e106275https://doi.org/10.15252/embj.2020106275 
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Motion of a Membrane Enzyme as Seen by SANS 
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Small Angle Neutron Scattering is a low-resolution technique enabling to probe the solution structure of individual 

biomacromolecules possibly in complex with its partners. In particular, concerning membrane proteins, the membrane-like 

environment can be made invisible in order to see only the protein. Here, we combined SANS with X-ray crystallography, cryoEM, 

H/D exchange coupled with mass spectrometry and limited proteolysis to reveal the flexibility and ligand-induced conformational 

changes of the multidrug ABC transporter BmrA. 

Limited proteolysis revealed an important flexibility of BmrA WT in most steps of its catalytic cycle. Cryo-EM provided high-

resolution of the closed conformation by analysis of an artificially monodisperse sample, and X-ray crystallography data enabled to 

build homology models of other conformations, which constituted the starting point of SANS analysis. H/D X-MS pinpointed the 

flexible part along the transporter sequence and SANS revealed the extent of this flexibility. 

Together, these techniques enable us to describe the ABC transporter cycle in term of successive conformational equilibria, a much 

more realistic and accurate vision of this biological process [1].  

 

Figure 1. A: Main steps of the enzymatic cycle of ABC transporters (from [2]); B: Structural definition of these steps in solution by 

sequential conformational equilibria [1]. 

 

[1] Javed et al. in preparation (or submitted) 

[2] Wannes Dermauw, Thomas Van Leeuwen, The ABC gene family in arthropods: Comparative genomics and role in insecticide transport and 

resistance, Insect Biochemistry and Molecular Biology, Volume 45, 2014 
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MD-SAXS: Hybrid method of molecular dynamics simulations and small-angle x-ray scattering 
experiments 
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Molecular dynamics (MD) is crucially important for protein functions. MD simulation is a powerful computational tool for 

investigating molecular dynamics of proteins in atom detail. However, due to the time-scale limitation of MD simulation, 

conformational samplings in MD simulation are occasionally insufficient. Thus, to validate simulation structures, the comparison of 

the simulation structures with experimental results is useful. 

Small-angle x-ray scattering (SAXS) experiments is a powerful method to measure protein structures in solution. Although the 

resolution of SAXS is limited to low because of the orientational and conformational averaging, the information of protein 

conformations in solution can be obtained. Therefore, the comparison of simulation results with SAXS data serves to obtain the 

protein solution structures consistent with experiments. 

We have developed a hybrid method of MD simulations and SAXS (MD-SAXS) [1–3]. The first example of MD-SAXS applications 

was EcoO109I, a type II restriction endonuclease [1]. The enzyme was revealed to be substantially flexible, and the intrinsic flexibility 

was found to be closely related to the structural changes upon DNA binding. 

Ion effects on SAXS data were investigated using MD-SAXS [2]. At a series of ion concentrations from 0 to 1 M, the MD-SAXS 

analysis for lysozyme was performed. The SAXS excess intensities were strongly dependent on ion concentrations. Based on the MD-

SAXS, we developed a fast method to handle ion effects. 

MD-SAXS was also applied to the drug target protein [4]. Vitamin D receptor (VDR) is a member of the nuclear receptor family, and 

functions as the control of the expression of genes through Vitamin D binding. The VDR ligand binding domain (LBD) is expected to 

undergo conformational changes upon agonist or antagonist binding. However, the crystal structures of VDR-LBD share a similar 

structure even with bound agonist or antagonist. The crystal structure of VDR-LBD in the ligand-free state has not been determined. 

The SAXS experiments suggest that both the ligand-free and antagonist-bound structures in solution are different from the crystal 

structure. Thus, the MD-SAXS analysis was performed to elucidate the solution structures of VDR-LBD in both the states. In the 

ligand-free and antagonist-bound state, the obtained solution structures were in good agreement with their SAXS data. Their structural 

features were consistent with the function of VDR. 

Sampling capability of all-atom MD simulations is occasionally insufficient for very flexible and large molecules. To overcome the 

limitation, we developed a hybrid method of a coarse-grained MD simulations and SAXS (CG-MD-SAXS) [5]. Even in the coarse-

grained models (e.g., Cα only), SAXS data were accurately reproduced from the structure models. CG-MD-SAXS was applied to the 

three types of nucleosomes (canonical, CENP-A, and H2A.B nucleosomes), and revealed the substantial difference in the dynamics of 

DNA around histones. 

[1] Oroguchi, T., Hashimoto, H., Shimizu, T., Sato, M., Ikeguchi, M. (2009) Biophys. J. 96, 2808. 

[2] Oroguchi, T., Ikeguchi, M. (2011) J. Chem. Phys. 134, 025102. 

[3] Oroguchi, T., Ikeguchi, M. (2012) Chem. Phys. Lett. 541, 117. 

[4] Anami, Y., Shimizu, N., Ekimoto, T., Egawa, D., Itoh, T., Ikeguchi, M., Yamamoto, K. (2016) J. Med. Chem. 59, 7888. 

[5] Ekimoto, T., Kokabu, Y., Oroguchi, T., Ikeguchi, M. (2019) Biophys. Physicobiol. 16, 377. 
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Transient complexes of the Nsp7, Nsp8 and Nsp12 in SARS-CoV-2 replication transcription 
complex 

Greg Hura 
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The RNA transcription complex (RTC) from the virus, SARS-CoV-2, is responsible for recognizing and processing RNA for two 

principal purposes. The RTC copies viral RNA for propagation into new virus and for ribosomal transcription of viral proteins. To 

accomplish these activities the RTC mechanism must also conform to a large number of imperatives including RNA over DNA base 

recognition, base pairing, distinguishing viral and host RNA, production of mRNA that conforms to host ribosome conventions, 

interface with error checking machinery and evading host immune responses. In addition, the RTC will discontinuously transcribe 

specific sections of viral RNA to amplify certain proteins over others. Central to SARS-CoV-2 viability, the RTC is therefore dynamic 

and sophisticated. We have conducted a systematic structural investigation of three components that make up the RTC: Nsp7, Nsp8 

and Nsp12 (also known as RNA dependent RNA polymerase (RdRp)). We have solved high resolution crystal structures of the Nsp7/8 

complex providing insight into the interaction between the proteins. We have used small angle X-ray and neutron solution scattering 

(SAXS and SANS) on each component individually as pairs and higher order complexes and with and without RNA. Using size 

exclusion chromatography and multi-angle light scattering coupled SAXS (SEC-MALS-SAXS) we defined which combination of 

components form transient or stable complexes. We used contrast matching neutron scattering to mask specific complex forming 

components to test whether components change conformation upon complexation. Altogether, we find that individual Nsp7, Nsp8 and 

Nsp12 structures vary based on whether other proteins in their complex are present. Combining our crystal structure, atomic 

coordinates reported elsewhere, SAXS, SANS and other biophysical techniques we provide greater insight into the RTC assembly, 

mechanism and potential avenues for disruption of the complex and its functions. 

 

Keywords: SAXS SANS SARS-CoV-2 transcription multimodal 
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The dynamics and interactions of Scs proteins from Proteus mirabilis 
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Correct formation of disulfide bonds is critical to the folding of a wide variety of proteins. Bacterial virulence factors are one class of 

proteins containing disulfide bonds, thus, an approach to disarm virulent bacterial might involve shutting down the machinery 

involved in the formation of disulfide bonds. The suppressor of copper sensitivity (Scs) proteins form part of the disulfide bond 

forming machinery in bacteria, and it is hoped that determining the structure of molecules such as this may lead to the development of 

new classes of antibiotics. There are four Scs proteins (ScsA, B, C and D) present in numerous Gram-negative bacteria, and few have 

been structurally characterised. In this work we show that the ScsC protein from Proteus mirabilis is trimeric and flexible, where the 

high level of flexibility is afforded by a glutamine rich motif. We also show that the protein interacts with ScsB and that this 

interaction rigidifies the ScsC protein. 

Keywords: Small-angle scattering; protein complex; protein dynamics 
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Despite their importance in function, the conformational states and changes of proteins are often poorly understood mainly because of
the lack of an efficient tool. MurD, a 47-kDa three-domain protein enzyme responsible for peptidoglycan biosynthesis, is one of those
proteins whose conformational states and changes during its catalytic cycle are not well understood. The previous crystallographic
studies have identified two major conformational states of MurD, open and closed conformations, in which the domain 3 has distinct
orientations with respect to the other two domains. The conformational difference between the two crystal structures suggested that
MurD can undergo drastic conformational changes in solution. However, the details about the conformational states and changes of
MurD in solution coupled with the binding with the ligands or the inhibitors remained to be elucidated.

In our study, we exploited multiple biophysical methods including nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR), small-angle X-ray scattering (SAXS), and molecular dynamics (MD) simulation to demonstrate evaluation of the
conformational states and distribution of MurD. We exploited paramagnetic lanthanide ions that can be attached to the specific
position(s) on the protein by the use of the lanthanide tags [1]. In NMR, the effects of the paramagnetic lanthanide ions are observed
as pseudo-contact shifts (PCSs) that can provide long-range (< ~40 Å) distance and angular information of each of the observed nuclei
in the protein [1]. The lanthanide ion was fixed on the domain 2 of MurD and PCSs were observed from the resonances derived from
the domain 3. Analysis of PCSs achieved estimation of conformational states of MurD in solution and detection of the conformational
changes of MurD induced by its ligands and inhibitors [2]. The paramagnetic lanthanide ions, especially gadolinium ions, can be
exploited by EPR and double electron–electron resonance (DEER) measurement that provides inter-gadolinium distance and
population (distance distribution) [1]. The distance distributions obtained from DEER measurement were consistent with the
information derived from PCS-NMR, SAXS, and MD simulation.

Our study highlights several biophysical methods to investigate the overall conformational states of a multi-domain protein. The
integrated use of these methods can be an efficient strategy to evaluate the conformational states and distribution of proteins in
solution.

[1] Saio, T., Ishimori, K. (2020) Biochim. Biophys. Acta. Gen. Subj. 1864.

[2] Saio, T., Ogura, K., Kumeta, H., Kobashigawa, Y., Shimizu, K., Yokochi, M., Kodama, K., Yamaguchi, H., Tsujishita, H., Inagaki, F. (2015) Sci.
Rep. 5, 16685.

Keywords: Multi-domain protein, integrative structural biology, lanthanide ion
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Small-angle X-ray scattering (SAXS) experiments provide an estimation of biological macromolecule geometry on the level of 

domain structure. The reliability of structural inference drawn from SAXS data is dependent on the accurate measurement as well as 

the proper post-processing procedure. The methods improving raw data quality and gaining more information are widely explored. 

Among those innovations, size-exclusion chromatography small-angle X-ray solution scattering (SEC-SAXS) has become a standard 

method for modern bio-SAXS synchrotron light sources (Ryan et al. 2018; Brennich et al. 2016; Blanchet et al. 2015). However, the 

principle of data post-processing for SEC-SAXS remains rather unclear. This includes background correction and averaging of the raw 

data. Several statistical tools have been developed to assess solution SAXS data quality (Rambo and Tainer 2013; Franke et al. 2015). 

These are mostly useful for “rejecting” significantly different data points or data frames, based on the assumption that the rest of the 

data are close to the “truth”. But this can lead to a situation where mediocre data, for example data contaminated with radiation 

damage, are not correctable or simply cannot be evaluated before any interpretation is done. 

To alleviate this problem, an objective metric, correction-state score (CSS) is proposed. CSS can be used to both verify the data 

quality and identify the optimal data correction procedure for post-processing of SEC-SAXS data. CSS can be represented as a 

numerical likelihood with a scale of 0 to 1. Using this objective score it is possible to quantitatively assess the “goodness” or 

appropriateness of a background correction for SEC-SAXS data. Under the guidance of CSS, the metadata recorded during a SEC-

SAXS experiment can be used to maximise the fidelity of the post-processing as well as reduce the ambiguity in further data 

interpretation. 

 

Blanchet, C.E., Spilotros, A., Schwemmer, F., et al. 2015. Versatile sample environments and automation for biological solution X-ray 

scattering experiments at the P12 beamline (PETRA III, DESY). Journal of Applied Crystallography 48(Pt 2), pp. 431–443. 

Brennich, M.E., Kieffer, J., Bonamis, G., et al. 2016. Online data analysis at the ESRF bioSAXS beamline, BM29. Journal of Applied 

Crystallography 49(1), pp. 203–212. 

Franke, D., Jeffries, C.M. and Svergun, D.I. 2015. Correlation Map, a goodness-of-fit test for one-dimensional X-ray scattering spectra. 

Nature Methods 12(5), pp. 419–422. 

Rambo, R.P. and Tainer, J.A. 2013. Accurate assessment of mass, models and resolution by small-angle scattering. Nature 496(7446), pp. 

477–481. 

Ryan, T.M., Trewhella, J., Murphy, J.M., et al. 2018. An optimized SEC-SAXS system enabling high X-ray dose for rapid SAXS assessment 

with correlated UV measurements for biomolecular structure analysis. Journal of Applied Crystallography 51(1), pp. 97–111. 
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Water plays a critical role in many steps of the pharmaceutical development as this small molecule has the ability to interact with 

compounds in numerous ways and may therefore significantly affect manufacturing processes and finally the quality of 

(pharmaceutical) products. The formation of a molecular compound (hydrate), where water becomes a part of the crystal lattice, is 

mostly accompanied with a significant change in the solid-state properties, and therefore this type of interaction must be seen as 

critical [1]. Hydrate formation itself is a widespread phenomenon and is known to occur for at least one third of drug molecules [2,3], 

and this trend is increasing significantly for new drug substances. Nevertheless, we are still not able to predict hydrates, their stability 

and dehydration mechanisms based on the molecular diagram only. 

This talk will emphasise on the efforts that are sometimes required to identify solid forms of complex hydrate forming systems. 

Examples from our research will be used to illustrate how the combination of a variety of experimental techniques, covering 

temperature- and moisture-dependent stability, and computational modelling allows to generate sufficient kinetic, thermodynamic and 

structural information to understand hydrate formation and its impacts on relevant physicochemical properties.  

The solid form landscape of brucine sulphate was elucidated, resulting in three hydrate forms and amorphous brucine sulphate. HyA 

was produced from water and the other two by dehydration starting from HyA. Removal of the essential water molecules stabilising 

the hydrate structures causes a collapse to the amorphous state [4]. Eight hydrate forms were verified for the related compound, 

strychnine sulphate. Three of the hydrates were found to be stable at ambient conditions. The other five hydrates are only observable 

at low(est) relative humidity (RH) levels at room temperature. Some of the hydrates can only exist within a very narrow RH range and 

are therefore regarded as intermediate phases. The specific moisture and temperature conditions of none of the applied drying 

conditions yielded a crystalline water-free form, highlighting the essential role of water molecules for the formation and stability of 

crystalline strychnine sulphate [5]. 

Despite their structural similarity, marked differences in the formation of solid forms are seen for brucine and strychnine. One 

anhydrous form and 1,4-dioxane solvates were crystallized for strychnine, whereas two non-solvated polymorphs, four hydrates, an 

isostructural dehydrate, twelve solvates and two hetero-solvates are known to exist for brucine [6-8]. One of the brucine hydrates 

shows a non-stoichiometric (de)hydration behaviour, one collapses to an amorphous phase, and the third one to the polymorph which 

is stable at room temperature. Interestingly, each of the three hydrates may become the most stable form depending on temperature 

and water activity.  

To conclude, this study demonstrates the importance of applying complimentary analytical techniques and appropriate approaches for 

understanding the stability ranges and transition behaviour between the solid forms of compounds with multiple hydrates. 

 

[1] Khankari, R. K. & Grant, D. J. W. (1995). Thermochim. Acta, 248, 61. 

[2] Stahly, G. P. (2007). Cryst. Growth Des, 7, 1007. 

[3] Reutzel-Edens, S. M., Braun D. E. & Newman A. W. (2019). Polymorphism in the Pharmaceutical Industry: Solid Form and Drug 

Development, edited by R. Hilfiker & M. Von Raumer: Wiley-VCH, pp. 159-188. 

[4] Braun, D. E. (2020). CrystEngComm, 22, 7204. 

[5] Braun, D. E., Gelbrich, T., Kahlenberg, V. & Griesser, U. J. (2020). Cryst. Growth Des., 20, 6069. 

[6] Braun, D. E. and Griesser, U. J. (2016). Cryst. Growth Des., 16, 6405. 

[7] Braun, D. E. and Griesser, U. J. (2016). Cryst. Growth Des., 16, 6111. 

[8] Watabe, T., Kobayashi, K., Hisaki, I., Tohnai, N. & Miyata, M.Bull. (2007). Chem. Soc. Jpn., 80, 464. 
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We have recently studied a diarylamine compound, tolfenamic acid (TFA), and examined its solution chemistry, crystallization 

kinetics, and molecular interactions. The polymorphic system typically crystalizes as From I or Form II, or both concurrently, with 

Form I being the most stable at room temperature. Both polymorphs are composed of hydrogen-bonded, carboxyl homodimers as the 

supramolecular synthon in their respective crystal structures. One interesting kinetic phenomenon that we experimentally discovered 

was an intermediate or transitional retraction of the mass composition of Form I in crystallized samples over the course of concomitant 

crystallization. The composition retraction bears two characteristic attributes, the retraction depth and the onset fraction. The former 

quantifies the maximal extent to which the Form I composition retracts prior to elevation, whereas the later attribute characterizes the 

initially measured Form I composition. Conversely, during solvent-mediated phase transformation, the mass composition of Form I 

monotonically increases and only Form II nucleates initially. We further learned through population balance simulations that this 

characteristically kinetic phenomenon is a sufficient condition indictor of concomitant crystallization of polymorphic systems. 

Interestingly, when experimental observation is made at a later time after the kinetic retraction, it seems unlikely to kinetically 

differentiate the two crystallization pathways. 

Keywords: concomitant polymorphism; solvent-mediated phase transition; population balance modeling
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“Particle Informatics”: Evolving methods for understanding particle properties 
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In recent years, considerable investment has been made towards advancing pharmaceutical development and manufacturing through 

Digital Design approaches [1]. Industrial scientists are moving away from time and resource intensive screening techniques to more 

rapid in silico methods to inform key decisions throughout the drug manufacturing process. 

The links between solid form and structural properties are well developed [2], but our understanding of the relationship between particle 

and surface properties and downstream manufacturability of an Active Pharmaceutical Ingredient (API) are considerably less 

established. By providing new methods for visualising and describing these key attributes, we can gain a deeper insight into properties 

that contribute to the way particles flow or how they form tablets under compression. 

Since describing these approaches and their application to the drug lamotrigine [3], we have continued to develop and refine the way 

that we can describe a particle and its properties. This presentation will discuss those advances and the challenges that lie ahead. 

 

Figure 1. The “Particle Informatics” workflow follows the journey from molecule to product. 

 

[1] www.addopt.org 

[2] Galek, P. T. A., Pidcock, E., Wood, P. A., Bruno, I. J. & Groom, C. R. (2012). CrystEngComm, 14, 2391-2403. 

[3] Bryant, M. J., Rosbottom, I., Bruno, I. J., Docherty, R., Edge, C. M., Hammond, R. B., Peeling, R., Pickering, J., Roberts, K. J. & Maloney, A. G. 

P. (2019). Cryst. Growth Des. 19, 9, 5258-5288. 
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Pharmaceutical industries have witnessed an increasing trend towards poor aqueous solubility and according to a report 75% of the 

marketed drugs belong to BCS class II or IV. Efforts to improve aqueous solubility by modifying the chemical structures are carried 

out during lead optimization in early drug discovery stage while trying to maintain desired potency and ADME properties. However, 

experimental aqueous solubility assays available during lead optimization are prone to overestimate solubility to a variable extent. 

This overprediction of aqueous solubility can result in overly optimistic view of developability with negative implications for 

compounds differentiation and candidate selection for development. On the other hand, failure to improve aqueous solubility could 

lead to inadequate evaluation of safety and efficacy profile of candidates and resource intensive formulation approaches. With the 

advancement of computations as well as due to immense pressure to shorten development timelines, in-silico approaches to predict 

aqueous thermodynamic solubility are of greater importance. In this presentation a physics-based ensemble modeling approach 

consisting of high-fidelity cloud-based crystal structure prediction (CSP) methodology optimized for computational cost and a novel 

free energy perturbation (FEP+) workflow is discussed to predict aqueous thermodynamic crystalline solubility of chemically 

structurally related compounds during lead optimization stage using just the 2-D structure as an input.   

Keywords: crystal structure prediction, property prediction, aqueous thermodynamic solubility, pharmaceuticals, free energy 
perturbation 
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The various aspects of drug design or catalysis is compartmentalized within defined research fields, i.e. bioactivity testing versus pure 

synthetic chemistry; homogeneous versus heterogeneous catalysis. These are independent and often non-interactive specialities which 

have developed along parallel pathways with a common objective. The world economic drive towards the 4 th industrial revolution 

captures the idea of the confluence of new technologies and their cumulative impact on our world. Hence the ability to merge, bridge 

and remove boundaries will result in the establishment of interoperable research.  

Drug design, particularly the development of target specific radiopharmaceuticals which involves the selective receptor binding of a 

radioactive organometallic complex to a possible disease site involves multiple facets. Simple manipulation of the ligand system 

bound to the metal centre can significantly alter parameters such as steric and electronic character, chirality, stability, biological and 

hydro/lipophilicity properties. Our organometallic research utilising the group 7 transition metal triad of manganese, technetium and 

rhenium for nuclear medical imaging and therapeutic agents, includes the interactions with proteins using protein crystallography. 

This provides valuable structural information in a similar vein to fragment based drug discovery (FBDD). The domain of chemical 

versus macromolecular crystallography has resulted in multiple discipline variations, such as incompatible software, data formatting 

and terminology. A key challenge which hinders research advancement is the lack of interoperability between chemical and biological 

crystallographic data.  

This perspective will highlight the opportunities of harvesting both small molecule and macromolecular structural data, the joint usage 

of the CSD and PDB databases, as well as the advantages of software which can convert organometallic small molecule structural data 

for use in protein refinement software. This multidiscipline approach to radiopharmaceutical development will include kinetic 

reactivity studies highlighting how subtle structural changes can significantly affect chemical reactivity and hence the protein 

coordination in macromolecular structures.  Trends similarly witnessed in catalysis research.  

 

Figure 1. The structure and reaction kinetic usage of chemical and macromolecular data during the formation of tetranuclear rhenium clusters.  
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24, 10397-10402 

[6] Jacobs, F.J.F., Venter, G.J.S., Brink, A. (2021).  Dalton Trans., unpublished results. 

Keywords: Interoperability; radiopharmaceutical drug development; catalysis; rhenium cluster formation 



MS-27-6                           Microsymposium  

Acta Cryst. (2021), A77, C210 

 

Absolute configuration directly determined from 3D electron diffraction data 

P.B. Klar1, P. Brázda1, Y. Krysiak1,2, M. Klementová1, L. Palatinus1 

1Institute of Physics of the Czech Academy of Sciences; Prague, Czech Republic 
2Institute of Inorganic Chemistry of the Leibniz University Hannover; Hannover, Germany 

klar@fzu.cz 

Multiple scattering in 3D electron diffraction (3D ED) experiments is responsible for deviations of diffracted intensities from 

intensities expected from kinematical diffraction theory [1]. Though this is usually considered a disturbing factor in routine structure 

determinations, these deviations also contain valuable information on the absolute structure [2]. Analysing 3D ED measurements from 

different laboratories around the world, we demonstrate that the absolute structure of single submicrometric crystals can be reliably 

and easily determined in a routine way if dynamical diffraction effects are incorporated in the refinement of the structure model. 

We investigated and reinvestigated data sets of non-centrosymmetric samples recorded with beam-precession (precession-assisted 3D 

ED) and with continuous-rotation 3D ED (IEDT, MicroED, cRED) to determine the absolute structure, which directly determines the 

absolute configuration of chiral molecules in the unit cell. Dynamical effects are very sensitive to the absolute structure due to the 

interference of multiple beams contributing to each reflection [3]. In comparison to X-ray diffraction-based methods, the requirements 

for a successful determination of the absolute structure are strongly reduced. We demonstrate that with a completeness as low as 25% 

(Figure 1), a limited resolution dmin > 1 Å and only a preliminary structure model the correct chirality can still be identified. The low 

requirements also allow significantly reducing the number of refinement parameters so that the computationally demanding 

calculations applying dynamical diffraction theory are only a matter of minutes even for unit cells with a volume of several thousand 

Å3. The determination is based on a simple comparison of residual factors (Robs and wRall) of the refined, inversion-related models 

(Figure 1). With this approach, the routine determination of the chirality of molecules in submicrometric crystals is ready to be 

implemented in any laboratory with access to 3D electron diffraction measurements. Considering ongoing developments, 

improvements and increasing level of automatization of data acquisition and analysis [1], we believe that especially the 

pharmaceutical industry will strongly benefit from the presented approach. 

 

Figure 1. Identification of (+)-limaspermidine by comparing wRall of refinements with different completeness. Even with low 

completeness data sets, the identification is straightforward as refinements of (−)-limaspermidine have a clearly higher wRall. 

 

[1] Gemmi, M., Mugnaioli, E., Gorelik, T., Kolb, U., et al. (2019). ACS Cent. Sci. 5, 1315−1329. 
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Propertios of halogen (X), chalcogen (E) and pnictogen (Pn) bonds can be modulated by changing (i) the nature of the X, E and Pn, 

(ii) the chemical environment of the X, E and Pn, and (iii) properties of the electron donor. Apart from small molecular complexes [1], 

this has been demonstrated in protein-ligand complexes, e.g. on a series of aldose reductase inhibitors [2]. The counterintuitive ability 

of heteroboranes to form strong σ-hole interactions was found and attributed to the multicenter bonding [3]. It breaks the classical 

electronegativity concept and results highly positive σ-holes on heterovetices that are incorporated into the skeleton via multicenter 

type of bonding [3]. X, E and Pn elements in neutral heteroboranes can thus have highly positive σ-holes that are responsible for 

strong σ-hole interactions. The E···π [4], X···π [5], Pn···π [6] and Pn···H-B [7] types of σ-hole interactions of heteroboranes have 

been observed in the corresponding crystal packings. σ-Hole interactions can be used for designing protein-ligand interactions as well 

as for crystal engineering.  

  

 

 

 

 

 

 

 

 

 

Figure 1. Chalcogen (a), pnictogen (b) and halogen (c) bonding found in heteroborane crystal structures [4-6]. Color coding: black – 

carbon, yellow – sulfur, orange – phosphorus, pink – boron, dark red – bromine, magenta – chlorine. Hydrogen atom not shown. 
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Materials which switch their optical spectroscopic properties (i.e., color, fluorescence) upon physical external stimulation (i.e.,
pressure, temperature) arouse much interest owing to their potential applications in fields as varied as sensing, construction, recording,
display technologies or rewritable paper [1]. In the quest for new organic stimuli responsive materials, the 2,1,3-benzothiadiazole
moiety (BTD) have emerged as a promising building block, since the absorption and emission properties of this moiety is strongly
influenced by its external environment. In the last few years several BTD-based chromogenic and fluorogenic materials have been
reported, but although there are some recent exceptions, in most examples crystalline-to-amorphous transitions are in the origin of this
behaviour. This fact prevents an in-depth study of the mechanism behind this process and limits the rational development of new
chromophores with predesigned properties.

Herein we present a variety of BTD-derivatives, which crystallizes in different polymorphs with layer-like organization, exhibit
distinct light emitting properties under UV illumination and can be readily interconverted by means of external stimuli [2, 3].
Through a joined crystallographic, spectroscopical and theoretical approach we have been able to unravel the origin of the
polymorphic transformation and fluorogenic behavior.

In this communication we will discuss interesting design principles, to obtain novel BTD stimuli-responsive organic materials that we
have been able to establish as a result of this study. A special emphasis will be placed on the role of “2S–2N” square synthon [4] in the
supramolecular arrangement and switchable light emission properties of BTD derivatives.

Figure 1. Example of one of the BTD -based mechanochromic systems developed.
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In the pharmaceutical area, the screening of multicomponent forms of a drug is a well-known strategy to assess new crystalline forms with 

improved physicochemical properties, such as solubility, dissolution, absorption, and others [1-3]. Among the possible multicomponent 

forms, co-crystals, salts, and solvates, are obtained from the inclusion of other suitable molecules (co-formers) within the target molecule‘s

crystalline structure. The process to obtain multicomponent crystalline forms of a drug could be an expensive and long-term process, since 

there is an infinity of possible co-former molecules, in addition to the large number of crystallization techniques that can be used [4]. Thus, it 

is necessary a strategy to help in the screening of new multicomponent forms of a target molecule through the rationalization of co-former 

selection, associated with lower consumption of materials and other costs, such as the final disposal of toxic waste. Aiming this, it is proposed 

a new methodology to optimize and to rationalize the co-former selection using knowledge-based supramolecular chemistry [5]. This new 

methodology aims to predict the formation of a multicomponent form through the evaluation of the molecular complementarity and the 

possible intermolecular interactions between the target molecule and the co-former through the use of three statistical tools developed by the 

Cambridge Crystallographic Data Centre (CCDC) [6]. The SFIMP (Statistical Analysis of Frequency of Interaction for Multicomponent 

Prediction) method [7] was developed based on the optimization of three CCDC tools – Molecular Complementarity (MC), Coordination 

Value likelihood calculation (CV), and  H-Bond Propensity (HBP) [4, 8-10] – to perform a multicomponent analysis and to allow the 

combination of their results to obtain a single multicomponent score. Nevirapine (NVP), an antiretroviral drug that exhibits low-aqueous 

solubility, was used as the target molecule in this study. A bunch of 470 possible co-former molecules was evaluated and the multicomponent 

score obtained for each one was used to rank these molecules according to the possibility of forming a NVP multicomponent. The SFIMP 

method was validated through an experimental screening of new multicomponent forms of NVP. The results obtained from the prediction 

were used in the experimental screening and it enabled the obtention of four new co-crystals of NVP with benzoic acid, 3-hydroxybenzoic 

acid, 4-hydroxybenzoic acid, and 2,5-dihydroxybenzoic acid [5, 11]. The crystalline structures of these new co-crystals were characterized 

through single-crystal and powder X-ray diffraction, and differential scanning calorimetry. The SFIMP method shows improvements 

compared to what is currently available in the CSD system for the analysis and prediction of multicomponent forms. Besides, the results show 

this methodology as a promising strategy to evaluate the possibility of multicomponent formation in new systems. 
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The distribution of the electron density at the outer regions of bonded atoms is anisotropic. This feature was first proposed for 

explaining the noncovalent interactions formed by bonded atoms early nineteen nineties [1] and now it is successfully used for 

rationalizing interactions of elements of all groups of the p block of the periodic table [2]. This mindset began to be extended to d 

block elements four years ago, being first applied to elements of group 11, then to elements of groups 10 and 12 [3]. For instance, 

some theoretical studies and experimental results have shown that gold can behave as an effective acceptor of electron density in some 

of its derivatives, e.g., attractive interactions, named coinage bond (CiB) [3], can be formed between donors of electron density and 

regions of most positive electrostatic potential at the outer surface of gold nanoparticles and halides.   

In this communication we describe that gold can function as acceptor of electron density not only in neutral species, as mentioned 

above, but also in negatively charged species. It will be proven that the Au(III)∙∙∙nucleophile supramolecular synthon is quite robust 

and effectively controls the packing of ionic crystals [4]. This synthon may complement the opportunities offered by the aurophilic 

interactions which are now dominating the interactional landscape of gold. Specifically, we report single crystal structures wherein 

AuCl4ˉ anions act as self-complementary tectons, chlorine and gold atoms functioning as donors and acceptors of electron density, 

respectively. Au and Cl atoms of different units form short Au∙∙∙Cl contacts and construct supramolecular anionic polymers (Figure) 

wherein gold forms a second CiB with a lone pair possessing atom (the oxygen of an ester group). The electrophilic role of gold and 

the attractive nature of Au∙∙∙Cl/O interactions will be proven by some modelling. A survey of the Cambridge Structural Database 

(CSD) will be reported suggesting that this behaviour is quite general. Indeed, a non-minor fraction of CSD structures containing the 

AuCl4ˉ anion show the presence of the Au∙∙∙nucleophile supramolecular synthon and the same holds for structures containing the 

AuBr4ˉ and Au(CN)4ˉ anions. 
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Figure. Coinage bonded anionic supramolecular polymers in the tetrachloridoaurates of acetylcholine (left) and the methyl ester of 

propiothetin (right). Coinage bonds are black dashed lines; normalized contact (Nc) values are reported close to the interactions (Nc 

for an interaction involving atoms i and j is the ratio Dij/(rvdW,i+rvdW,j), where Dij is the experimental distance between i and j and 

rvdW,i and rvdW,j are the van-der-Waals radii of i and j. If the electron donor j is an anionic atom, rvdW,j is substituted by the 

Pauling ionic radius of the anion atom j). H atoms are omitted for sake of clarity. Color code: grey, carbon; red, oxygen; light blue, 

nitrogen; green, chloride; yellow, gold; ocher, sulfur. 
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Crystal engineering requires precise insight into intermolecular interactions, which results in the crystal symmetry enabling the
emergence of desired physical properties [1, 2]. Such a process is based on structural and thermodynamic information, and should also
consider the possibility of polymorphism or phase transitions of engineered crystals [3, 4]. Therefore, the controlled synthesis and
development of new multifunctional materials and pharmaceuticals should involve the understanding of the dynamics of their
interaction networks. One of the most important and abundant intermolecular interactions in crystalline systems are the hydrogen
bonds. Several classifications are available for H-bond description, which are based on geometrical parameters, spectroscopic features
and charge density calculations. The analysis of different molecular arrangements formed via H-bonds is crucial to understand the
stability of crystal phases and the origins of their physical properties [3-5].

In this investigation, the dynamics of complicated H-bond systems in selected crystals were studied using Born-Oppenheimer
molecular dynamics (BOMD) simulations. Ab initio molecular dynamics computations provide on the flight evaluation of atomic force
evolution using first-principles DFT calculations at every time step. BOMD simulations enable the characterization of solid-state
phase dynamics in several statistical ensembles. The insight into crystal entropy and energy is given by the appropriate ensemble
averages. The canonical ensemble (NVT) gives the possibility to study the temperature influence on the molecular motion, elastic
properties as well as spectroscopic features. In addition, BOMD features allow considering the influence of anharmonicity and
quantum effects at the vibrational spectra of examined materials.

In our computations, different cluster sizes were used for investigated H-bonded systems. The system dynamics were studied at
different temperatures mainly in the NVT ensemble. Time and space correlations between molecular motions were analysed through
the detailed study of interaction network changes along the obtained trajectories. The power spectra were used to investigate the
spectroscopic features and the dynamics of considered H-bond systems. Additionally, the structural analysis based on X-ray
diffraction experiments was performed, including H-bond propensities and coordination scores. These methods were used to assess the
likelihood of specific H-bond formation, and the efficiency of entire H-bond systems according to donor and acceptor expected
saturation.
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There has been a growing interest in mechanically responsive molecular crystals that show reversible and unusually large positive and 

negative thermal expansion triggered by external stimuli, a property which could be applied to the design of actuators for soft robotics, 

artificial muscles, and microfluidic and electrical devices [1]. However, controlling molecular motion to execute sufficiently larger 

and practically useful thermal expansion in crystals remains a formidable challenge, and strong deformation of such crystals usually 

results in their destruction [2]. Here we report a single crystal of simple organic compound which exhibits giant thermal expansion due 

to collective reorientation of molecules in the crystal lattice which is reversible after more than fifty heating and cooling cycles. Such 

atypical molecular motion, revealed by single crystal X-ray diffraction and microscopy analyses, drives an exceptionally large 

expansion of the crystal. The applicability of the material as an actuator with electrical properties is demonstrated by dielectric, 

capacitance, conductance and current measurements. The large shape change of the crystal, combined with remarkable durability and 

electrical properties, suggest that this material is a strong candidate for microscopic multifunctional thermal actuating devices. 

[1] Naumov, P., Chizhik, S, Panda, M. K, Nath, N. K., Boldyreva, E.  (2015). Chem. Rev. 115, 12440. 

[2] Colin-Molina, A., Karothu, D. P., Jellen, M. J., Toscano, R. A., Garcia-Garibay, M. A., Naumov, P., Rodríguez-Molina, B. (2019). Matter. 1, 

627. 

Keywords: Smart materials, Soft crystals, thermal actuators, Crystal adaptronics. 
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Laser Powder bed fusion (L-PBF) has attracted a lot of interest in recent years, not only for its profound advantage of producing 

metallic components of complex geometries but also for the possibility of manipulating microstructures and crystallographic textures. 

Additionally, recent observations on wrought austenitic steels have revealed the strong dependence of the transformation induced 

plasticity (TRIP) effect in metastable stainless steels on the crystallographic texture [1–3]. Taking the aforementioned observations 

into consideration, we can now process TRIP steels such as 304L by L-PBF, in order to produce differently textured specimens and 

manipulate the TRIP effect. In this contribution, in situ uniaxial tension and compression tests with neutron diffraction, are utilized for 

monitoring of the microstructural evolution during deformation. The present study highlights how different microstructures, produced 

by L-PBF, lead to different deformation behavior in austenitic stainless steels and paves the way for tailored microstructures in 

different types of steels and for studies under different loading conditions. 

[1] E. Polatidis et al., “The interplay between deformation mechanisms in austenitic 304 steel during uniaxial and equibiaxial loading,” 2019, doi: 

10.1016/j.msea.2019.138222. 

[2] E. Polatidis et al., “Suppressed martensitic transformation under biaxial loading in low stacking fault energy metastable austenitic steels,” Scr. 

Mater., vol. 147, pp. 27–32, Apr. 2018, doi: 10.1016/j.scriptamat.2017.12.026. 

[3] E. Polatidis, J. Čapek, A. Arabi-Hashemi, C. Leinenbach, and M. Strobl, “High ductility and transformation-induced-plasticity in metastable 

stainless steel processed by selective laser melting with low power,” Scr. Mater., vol. 176, pp. 53–57, Feb. 2020, doi: 

10.1016/j.scriptamat.2019.09.035. 
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Phase transformations in a single crystal of a metastable β titanium alloy (Ti-15Mo in wt %) were investigated in situ during heating 

by synchrotron x-ray diffraction. Metastable β titanium alloys contain such type and amount of alloying elements that the 

high-temperature β phase (body-centred cubic) can be retained in a metastable state during fast cooling to room temperature; i.e. the 

formation of low-temperature α phase (hexagonal close-packed) is prevented. Ti alloys from this class generally undergo a wide range 

of phase transformations due to their metastable nature. First, nano-sized particles of metastable ω phase form in this class of Ti alloys 

during fast cooling by a difusionless displacement mechanism, which can be characterized as a collapse of neighbouring (111)β planes 

into their intermediate position. During ageing or heating, ω particles grow by a combined displacement and diffusion process which 

is accompanied by rejection of alloying elements from the ω phase into the surrounding β matrix. At higher temperatures, lamellae of 

the thermodynamically stable α phase precipitate in the material; this process can be assisted either directly or indirectly by the 

previous β+ω microstructure. 

In situ x-ray diffraction was measured using 60 keV photons at the high-energy beamline ID11, ESRF, Grenoble, France. This 

experiment was performed using an oriented single crystal of Ti-15Mo prepared in an optical floating zone furnace. A slice of the 

single-crystalline material with the [100]β crystallographic axis parallel to the primary beam was placed in a special quartz chamber 

furnace which allowed measuring in a high vacuum. X-ray diffraction patterns were acquired in situ during heating with a constant 

heating rate of 5 C/min. An example of a measured diffraction pattern is shown in Fig. 1(a). 

 

Figure 1. (a) Measured diffraction pattern at room temperature and (b) corresponding calculated pattern with β and ω diffraction 

maxima denoted by black squares and coloured ellipses, respectively. The four colours represent the four possible orientations of the 

ω  phase with respect to the matrix. The shapes represent the actual shape of ω diffraction spots arising from the shape of ω  particles. 

 

Fitting of the temperature dependence of intensity of selected representative single-crystalline diffraction spots showed that at the 

beginning of linear heating, up to approximately 350°C, the volume of ω phase decreased, which is likely connected with 

displacement-accompanied ω to β reversion. Between 350°C and 420°C, the volume fraction of ω particles increased which is the 

consequence of diffusion-driven coarsening of ω phase particles. Subsequently, as the temperature approached the stability limit of the 

ω phase, the volume of ω decreased. A complete dissolution was observed at 560°C. Finally, a rapid growth of the α phase 

commenced at about 580°C. It was also verified that during linear heating, none of the crystallographic variants of ω and α phase is 

preferred.  

Keywords: Ti alloys; phase transformations; synchrotron x-ray diffraction 
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Many mechanical structures are submitted to repeated loadings during their life span and can break under stress lower than the ultimate tensile 

stress. This phenomenon, called fatigue of materials, has attracted the scientific community attention due to its effect in many industrial 

sectors, such as the transport, aeronautic and energy. Fatigue design is thus crucial in engineering and it requires the accurate characterization 

of material behavior under cyclic loadings to ensure the safety and reliability of structures throughout their life. It is presently common to find 

mechanical systems subjected to several billion cycles, in what is called the gigacycle fatigue domain or very high cycle fatigue (VHCF) 

domain [1]. The characterization of the fatigue behavior of materials have been largely investigated with fatigue tests requiring long testing 

time with standard laboratory. To overcome this inconvenient new approaches using ultrasonic fatigue machines have been developed during 

the last decades. In particular, the present research group developed recently a new method for the fast determination of fatigue behavior 

interpreting diffraction patterns with a temporal resolution of ∼1 µs during an ultrasonic fatigue test and loading frequency of about 20 kHz. 

The present study points on the estimation of the amount of energy stored by the specimen during its deformation due to an ultrasonic 

fatigue loading. This energy is a crucial parameter as it is strictly related to the fatigue damage and can be estimated from the intrinsic 

dissipation and the mechanical work supplied to the specimen.  

X-ray diffraction analysis were performed to measure the supplied work by integrating over one fatigue cycle of the product of the 

strain rate by the stress. In particular, pure copper and steel specimens were loaded using a 20 kHz ultrasonic fatigue machine mounted 

on the six-circle diffractometer available at the DiffAbs beamline on the SOLEIL synchrotron facility in France. Then, in order to 

obtain the mechanical work: 1) from the shift of Bragg peaks is possible to estimate the total stress applied to the sample, 2) from both 

the broadening and shift of peaks one can measure the mean elastic lattice strain distribution, and 3) from the peak broadening the 

fluctuation of elastic strain is deduced, providing information about intragranular strain heterogeneity and dislocation density.  

[1] Bathias, C. & Paris, P. (2005). Gigacycle Fatigue in Mechanical Practice. New York: Marcel Dekker. 

Keywords: ultrasonic fatigue tests; very high cycle fatigue; X-ray diffraction; time-resolved stress measurement  
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Important problem studied in this work is the anisotropy of mechanical properties for textured polycrystalline materials [1]. The 

mechanical behaviour during in-situ loading tests for magnesium AZ-31 alloy was studied using neutron diffraction. The lattice strains 

were measured during tensile by using angle-dispersive neutron diffraction (TKSN 400 at NPI in Řež, Czech Republic) and changing 

sample orientation with respect to the scattering vector [2]. The measurements were done for sets of poles (Fig. 1a) corresponding to 

different orientations of the grains in strongly textured Mg alloy. Subsequent experiment was performed using time of flight (TOF) 

neutron diffraction at the pulsed reactor IBR-2 in Joint Institute for Nuclear Research (Dubna, Russia), using EPSILON-MDS 

instrument equipped with 9 detectors. The experiments allowed to develop an experimental methodology based on the so-called 

crystallite group method [3] in order to determine the evolution of the stresses localised in polycrystalline grains having different 

crystallographic orientations. The components of stress tensor were determined directly from measured lattice strains corresponding to 

chosen orientations of crystallite lattice.  

It was found that the crystallites having two main orientations, named A and B, are harder when compared with other ones (Fig. 1a,b). 

For these orientations the basal slip system cannot be activated because the load is applied in direction parallel to the basal plane. 

Orientation B was completely transformed to twins (having T orientation, cf. Fig. 1b) during the compression test. In the case of the 

soft orientations C and D, the direction of the load is inclined from the basal plane, i.e. the basal system can be activated. Using the 

experimental data the evolution of stress tensor and von Mises stress were determined for selected groups of grains. A large difference 

in the hardness of crystallites having different lattice orientations (Fig. 1c) was found. The highest von Mises stress appeared on twins, 

which was compensated by low stresses localised on soft orientations C and D.  

The novelty of our study is in original methodology used for direct determining of stress tensor for groups of polycrystalline grains 

having different orientations (especially for preferred texture orientations). The stress evolution measured during sample loading  

allowed us to find out the critical resolved shear stress (CRSS) values for different slip systems and twinning process.  
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Figure 1. a) The groups of poles for which lattice strains were measured (marked in red) for given crystallite orientation A. b) 

Selected orientations of crystallites A B, C, D and T – twin. c) Evolution of von Mises stress for selected  orientations. The red line 

corresponds to the macroscopic stress-strain curve. 

[1] Wang, H., Clausen, B., Capolungo, L., Beyerlein, I.J., Wang, J., Tomé, C.N., Int. J. Plast. 79 (2016) 275–292. 

[2] Baczmański, A., Kot, B., Wroński, S., Wróbel, M.  Wroński,  M., Pilch, J.,  Muzyka, M., et al.,  Mater. Sci. Eng. A. 801 (2021) 140355 

[3] Hauk, V., Structural and Residual Stress Analysis by Nondestructive Methods, 1997 
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Research on lead-free piezoceramics is a trending topic [1]. A significant component of this search is the characterization of the effect 

of texture on the properties of polycrystalline electroceramics. The present contribution describes an integrated methodology, 

systematized in a software package, to solve the following tasks: (a) interpretation by numerical simulation of XRD patterns produced 

by textured samples; (b) forecast of the effective elasto-electrical properties of piezoceramics, starting from the knowledge of the 

corresponding single-crystal tensors and the texture determined in (a). 

Part (a) considers 1D and 2D diffraction experiments, with Bragg-Brentano, grazing incidence and transmission geometries. The 

inverse pole figure of the symmetry axis of fiber-textured piezoceramics is proposed and refined by a Rietveld-type procedure [2]. 

The calculations in part (b) are performed using a variant of the Voigt-Reuss-Hill approximations. Particular precautions are taken 

with regard to the selection of the quantities considered as independent variables [3]. 

The computer programs developed to solve the proposed tasks are shown, the use of the MPOD database [4] in this type of work is 

described, and representative case studies are presented. 

Fig. 1 shows as an example the computerized modelling of the variation of the representative longitudinal surfaces of the elastic 

compliance s(h) and the charge constant d(h) of the lead-free piezoceramic 0.95(Na0.5Bi0.5)TiO3-0.05BaTiO3 (BNBT5) as the texture 

evolves from relatively sharp to a random distribution. 

                                 

Figure 1. Modelled effect of axial texture on elastic compliance and piezoelectric charge constant of lead-free BNBT5 piezoceramic. 

As the width of the orientation distribution () increases, the elasticity tends to isotropic and the piezoelectricity collapses to zero. 

 

[1] Villafuerte-Castrejón, M. E., Morán, E., Reyes-Montero, A., Vivar-Ocampo, R., Peña-Jiménez, J. A., Rea-López, S. O., & Pardo, L. 

(2016). Materials 9, 21. 

[2] Burciaga-Valencia, D. C., Villalobos-Portillo, E. E., Marín-Romero, J. A., Del Río, M. S., Montero-Cabrera, M. E., Fuentes-Cobas, L.E. & 

Fuentes-Montero, L. (2018). J. Mater. Sci: Mater. Electron. 29, 15376. 

[3] Villalobos-Portillo, E. E., Fuentes-Montero, L., Montero-Cabrera, M. E., Burciaga-Valencia, D. C. & Fuentes-Cobas, L. E. (2019). Mater. Res. 

Express 6, 115705. 

[4] Fuentes-Cobas, L. E., Chateigner, D., Fuentes-Montero, M. E., Pepponi, G & Grazulis, S. (2017). Adv. Appl. Ceram. 116, 428. 
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Production of nanostructures of extended covalent systems has remained a long-standing challenge, mainly due to the elevated 

activation energies required for their crystallization.[1] Such solids tend to exhibit outstanding mechanical properties, i.e. 

superhardness, the most illustrative case being diamond. Moreover, if nanostructuration is achieved (ideally in the ≈10 nm size range), 

further enhancement of the hardness can be obtained. For instance, diamond nanorods show an increase of the hardness by 86% 

compared to the bulk (from 80 GPa to 150 GPa).[2] Superhard materials are of great industrial importance, with applications as 

cutting and polishing tools, coatings and abrasives. Diamond is indeed the traditional choice for such purposes, but it has well-known 

limitations: it is brittle, oxidizes to carbon dioxide at 800–900 °C in air and reacts with Fe-containing solids during cutting, not to 

mention the difficulty and cost of its production associated to the high-pressure machinery needed. 

While several possible diamond substitutes have been suggested, boron carbide (B4+δC) stands as one of the few superhard phases that 

can be reached at room pressure. Boron carbide crystallizes in the R m spacegroup and its network is based on B icosahedra linked to 

each other through both direct B-B bond and CBC chains, as depicted in Figure 1. B4+δC exhibits an intrinsic hardness of 38 GPa, yet 

far from the industrially profitable range. Plenty of effort has been devoted to the optimization of boron carbide’s particle size and 

consequent amelioration of its mechanical properties. Approaches using different reactants, lower temperatures (down to 600°C) 

and/or liquid-phase reactions have not been able to enable further lower the B4+δC particle size. In this work, instead of using pristine 

reagents, we demonstrate the capacity to produce 10 nm B4+δC nanoparticles from a nano-precursor, namely NaB5C. The structure of 

this cubic compound (space group Fd c) resembles that of perovskites, where B5C octahedra form an anionic network that leaves 

cavities filled by Na+ cations (Figure 1 left). 5-7 nm NaB5C nanoparticles were synthesized by using a high temperature liquid-phase 

procedure in molten salts.[3] The intrinsic carbon and boron mixture in a composition lying well within the range of the B4+δC solid 

solubility makes it an interesting precursor to yield boron carbide. Indeed, upon calcination, the NaB5C nanostructures are transformed 

to B4+δC with nanostructuration preservation at circa 10 nm. After hot-pressing densification, the synthesized powders show 

enhancement of their mechanical properties above any previous record. We have used powder X-ray diffraction to shed light on the 

transformation from NaB5C to B4+δC at the atomic level. The implications of the new morphology of B4+δC on the mechanical 

properties will be discussed as well as the importance of the templating effect remaining from the original NaB5C nanostructures.  

 

Figure 1. Transmission electron microscopy and crystal structures of recursor NaB5C (left) and product B4+δC (right). 

 

[1] Solozhenko, V., et al. Adv. Mater. 2012, 24, 1540. [2] Irifune, T., et al. Nature. 2003, 421, 599. [3] Delacroix, S., Igoa, F., et al. 

Inorg. Chem. 2021, 60, 4252. 
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(NH4)2[FeCl5(H2O)] is a rare molecular magnet exhibiting coupled magnetic and ferroelectric properties as a function of temperature 

and applied magnetic field [1-4]. Unlike its counterpart compounds where NH4 group is replaced by K, Cs, and Rb, 

(NH4)2[FeCl5(H2O)] is the only system in this family that exhibits magnetically induced ferroelectricity at low temperature, suggesting 

that NH4 plays a critical role in the unusual properties of (NH4)2[FeCl5(H2O)]. Neutron scattering is a powerful tool to study the 

magnetism of a materials. In this talk, I will present results of neutron scattering studies on deuterated (NHD4)2[FeCl5(D2O)] single 

crystals that provide insights on the nature of the coupled phenomena. Both elastic and inelastic neutron scattering experiments were 

performed at the High Flux Isotope Reactor (HFIR) and the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory to 

determine the magnetic structures and investigate the dynamics in this material. Our inelastic neutron scattering results also reveal the 

role the ion played in the intriguing properties observed in (NH4)2[FeCl5(H2O)]. 

[1] M Ackermann et al, New Journal of Physics 15, 123001 (2013). 

[2] Jose Alberto Rodriguez-Velamazan, et al, Scientific Reports, 5:14475, DOI:10.1038/srep14475; Phys. Rev. B 95, 174439 (2017). 

[3] W. Tian et al, Phys. Rev. B 94, 214405 (2016); Phys. Rev. B 98, 054407 (2018). 

[4] Amanda J. Clune et al, npj Quantum Materials 4:44 (2019) 
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In topological materials science, the aim is to find pronounced phenomena rooted in the concepts of topology in new materials, and 

harness them for novel and robust functions. Promising materials classes include magnetic materials hosting nanoscale magnetic 

skyrmions, or Dirac and Weyl semimetals, which are hallmarked by topological invariants in real- or reciprocal spaces, respectively. 

With recent attention focused on magnetic topological materials, here we consider the question if novel functionalities may be found 

in systems with electronic and magnetic structures that are both topologically nontrivial, and where they coexist and may be coupled. 

In this context, I will present our recent experimental work on the polar tetragonal magnet CeAlGe [1]. This system was predicted 

recently to be an easy-plane ferromagnetic type-II Weyl semimetal, with the magnetic and electrical properties little-explored. We 

combine magnetometry, neutron scattering and electrical transport measurements to reveal CeAlGe as a host of incommensurately-

modulated multi-k magnetic phases with a nanometric length-scale. Application of modern magnetic symmetry analysis methods for 

refining neutron diffraction data reveals the ground state magnetic structure contains topological merons and antimerons, which can be 

thought of as 'half-skyrmions' carrying half-integer topological charge. While the ground state carries no topological Hall effect, the 

effect emerges for a phase induced by an intermediate field along the polar c-axis, which may be generated by a magnetic structure 

containing anti-meron pairs. We discuss the implication for the existence of such magnetic phases in Weyl semimetals and the 

possibilities for new functionalities. 

[1]. P. Puphal et al. and J.S. White, Phys. Rev. Lett. 124, 017202 (2020) 
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The magnetetoelectric CaBaCo4O7 compound offers an interesting scenario to study frustrated magnetic configurations. The Co2+ and 

Co3+ ions in tetrahedral oxygen coordination form a three-dimensional framework of interconnected triangular and kagome layered 

arrangements [1]. The compound becomes ferrimagnetic below 60 K, and displays a strong increase of electric polarization of 17 000 

μC/cm2, driven by exchange-striction. In this work, we present our results on the thermal evolution of magnetic and crystallographic 

properties of powder samples of Ca1-xSrxBaCo4O7 (x = 0, 0.02, 0.05, 0.07) to study the effect of substitution at the Ca site. We will 

show that low doping levels (<10 at.%) change quite dramatically the magnetic behavior of the compound, as observed in 

magnetization vs. temperature measurements. Combined with extensive use of Neutron Power Diffraction we analysed the evolution 

of the magnetic order as a function of temperature and composition of the samples. The reported non collinear ferrimagnetic order of 

the parent compound is only retained for the lowest doping level x = 0.02 and is accompanied by a strong unit cell distortion. In turn, 

further Sr doping blurs this distortion and favors other magnetic arrangements. In the temperature range 62 K < T < 82 K, samples 

with x ≥ 0.02 show a plateau in the magnetization. By using the superspace group theory and its implementation in the Rietveld 

refinement of neutron diffraction data, we have solved the incommensurate magnetic structure that appears at these intermediate 

temperatures. The magnetic order has a propagation vector k = (1/2, 1/2, g) with g ≈ 0.02 and it belongs to the superspace 

group Pna211’(1/2, 1/2, g)qq0s. This phase corresponds to a modulated spin structure with distinct behaviors of the triangular and 

kagome cobalt sites and could explain previous findings reported in the literature for other substitution sites in the CaBaCo4O7 family. 

[1] V. Caignaert, V. Pralong, A. Maignan, B. Raveau. Solid State Communications 149 ,453 (2009) 
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In crystal engineering hydrogen and halogen bonds have proven to be very valuable crystal engineering tool for design of 

supramolecular architectures by self-assemblies of small building blocks, shaping their final architectures and determine the resultant 

topology and ultimately controlling many physical properties. [1] A number of supramolecular synthetic strategies to harness their 

potential have already been developed, but only for purely organic system. Although metal-organic supramolecular assemblies exhibit 

many technologically important properties, their design is often difficult to predict because introduction of metal cations and charge-

balancing entities into metal-free solids commonly disrupt well-established connectivity of the key functional groups.[2] This is 

especially pronounced for magnetic metal-organic systems where magnetic behaviour not only depends on fine tuned parameters in 

the crystal packing but as well on the functional group, nature of the acceptor (A) and donor (D) atoms, lengths and angles of non-

covalent interactions. When all of this is taken into account, targeting supramolecular architectures with desired magnetic properties 

becomes even more difficult and multiplex. Therefore, in those systems hydrogen and halogen bonds are rarely explored as magnetic 

exchange pathways or as a crystal engineering tool for directing magnetic behaviour. As well as molecular interactions, in field of 

molecular magnetism, metal-organic systems are not even approximately investigated as a miscellaneous copper oxide compounds, 

especially compounds with pyrazine and pyridine based ligands in which copper is bridged by halogen element. So far it is known that 

pyrazine and pyrazine derivates can be mediators of magnetic exchange within dimers, linear chains and two-dimensional lattices, and 

they are used in preparation of low-dimensional magnetic materials.[3] However, some insight in functional group effects on magnetic 

exchange of these systems in literature is not observed.  

In order to understand the magnetic behaviour of crystalline coordination compounds with general formula (n-Rpz/pym/py)CuX2 and 

correlate structural features (in particular, functional groups, chemical linkages, bond length and angles) to magnetic exchange, we 

presented statistical and magneto-structural analysis of crystallography database and prepared a series of 1D polymeric chain 

copper(II) halides with pyrazine-, pyrimidine- and pyridine based ligands bearing the lactam or halogen  functionality as a 

supramolecular synthetic vector. For all obtained coordination compounds ([CuCl2(2-NH2pz)2]n, [CuCl2(2-pyz)2]n, [CuCl2(4-pym)2]n, 

[CuBr2(4-pym)2]n, [CuBr2(3-Clpy)2]n, [CuBr2(3-Brpy)2]n and [CuBr2(3-Ipy)2]n) temperature dependence of magnetization M(T) was 

measured using SQUID magnetometer in the temperature range 2‒300 K. Linear dependence between magnetization and magnetic 

field allows usage of the linear magnetic susceptibility, χ. In accordance with crystal structure, we applied approach of Bonner–

Fischer and modelled entire M(T) curves for all obtained compounds using spin chain of antiferromagnetically interacting 

neighbouring Cu2+ ions along structural chains. [4] These results are compared and discussed within structural features influence on 

magnetic superexchange J.  

[1]    Bernstein J.; Crystal growth, polymorphism and structure-property relationships in organic crystals properties, J. Phys. D: Appl. Phys. 1993, 26, 

 B66 

[2]   Desiraju, G.R. Crystal engineering: a holistic view, Angew. Chem. Int. Ed. 2007, 46, 8342-8356 

[3]   Herringer S. N.; Longendyke A. J.; Turnbull M. M.; Landee C. P.; Wikaira J. L.; Jameson G. B.; Telfer S. G. Synthesis, structure, and magnetic 

 properties of  bis(monosubstituted-pyrazine)dihalocopper(II) Dalton Trans. 2010, 39, 2785–2797 

[4]   O. Kahn, Molecular magnetism, Wiley-VCH, 1992. 
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Lacunar spinel is a class of compounds that are derivative of the spinel family, AB2X4, with some vacancies at the A-site. They are 

very interesting both crystallographically and with respect to the physical properties as several members exhibit structural phase 

transition from F-43m to R3m and long-range magnetic ordering at low-temperature.[1,2] Having R3m (C3v symmetry) space group 

along with long-range magnetism make these compounds interesting in the aspect of spintronics, as they may host Néel-type 

skyrmions.[3] One such very well-studied compound is GaV4S8 that hosts skyrmion with individual size of 22 nm. [3] Here, we report 

a study on a different member of the lacunar spinel family, GaMo4Se8 that is expected to have smaller skyrmions size. We performed 

high-resolution powder neutron diffraction across the structural phase transition (TS = 51 K). Through Rietveld refinement, it is found 

out that there are two coexisting low-temperature crystal structures with space group R3m (major phase) and Imm2 (minor phase) 

(Fig.1), which is very unique only for GaMo4Se8.[4] We propose an explanation for the coexisting of both crystal structures through 

mode-crystallographic and bond-valence sum analysis and postulate that the large strain in the rhombohedral structure is alleviated by 

the formation of the orthorhombic phase with larger displacive distortion amplitude. Furthermore, we have carried out magnetization 

measurements and performed magnetic critical behavior analysis. We find that the magnetic transition in GaMo4Se8 is close to a 

tricritical mean-field model, and the analysis of the magnetic phase diagram using magneto-entropic map revealed a positive phase-

field which might be an indication of the presence of complex magnetic structures such as cycloid or skyrmions states. 

Figure 1. The percentage change in cubic (F-43m), rhombohedral (R3m), and orthorhombic (Imm2) phases of GaMo4Se8 as a function 

of temperature. The Mo4 tetrahedron (green color) corresponding to each phase is shown along with the possible distortion direction 

(red color arrow).  

[1] R. Pocha et. al., Chem. Mater. 12, 2882−2887 (2000). 

[2] D. I. Khomskii et. al., Chem. Rev. 121, 2992-3030 (2021). 

[3] I. Kézsmárki et. al., Nat. Mat. 14, 1116–1122 (2015). 

[4] E. C. Schueller et. al., Phys. Rev. Materials 4, 064402 (2020). 
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The orthorhombic iron- and chromium-based perovskites (orthoferrites RFeO3 and orthochromites RCrO3, where R is a lanthanide) 

have been studied for a long time for their wide variety of magnetic properties [1, 2]. Given the flexibility in chemical composition 

allowed within the perovskite structure, there are plenty of opportunities for cation substitutions in the search for novel properties. In 

this work, several new quaternary perovskites were studied in an attempt to tune different magnetic properties. Most of these materials 

display a magnetic transition called spin reorientation (SR), which is outlined on Fig. 1. To evaluate the diverse magnetic transitions, 

neutron powder diffraction (NPD) experiments were performed in the instruments HRPT (Paul Scherrer Institute) and D1B and D2B 

(Institut Laue Langevin). 

Among the studied compounds, the perovskites RCr0.5Fe0.5O3 (R = Tb, Dy, Ho, Er, Tm, Yb, Lu) display magnetic properties which are 

mainly determined by the lanthanide cation, particularly at low temperatures. These materials also retain similarities with the 

corresponding orthochromites and orthoferrites, providing a framework to understand their magnetic properties. Other interesting 

findings in these perovskites include negative thermal expansion, metamagnetic transitions and magnetization reversal (MR) [3, 4]. 

The next step was assessing different strategies for the tuning of the magnetic transition temperatures, with substitutions in the A and 

B sites of the perovskite structure (Sm1-xTmxFeO3 and TmCr1-xFexO3, respectively). Both systems enabled the tuning of their magnetic 

transitions as a function of composition. In the former, the SR transition was successfully shifted to room temperature, while in the 

latter, three different magnetic transition temperatures (TSR, Tcompensation of MR and TNéel) could be tuned. 

This work covers a wide compositional space within the mixed orthochromite-orthoferrite system, exploring many interesting and 

puzzling magnetic properties. In all cases, NPD was used along extensive magnetization measurements to understand the different 

magnetic transitions in detail. 

Figure 1. Outline of a spin reorientation transition in the transition metal substructure of an orthorhombic perovskite (Pbnm setting). 

[1] White, R. L. (1969). J. Appl. Phys. 40, 1061. 

[2] Hornreich, R. M. (1978). J. Magn. Magn. Mater. 7, 280. 

[3] Pomiro, F., Sánchez, R. D., Cuello, G., Maignan, A., Martin, C. & Carbonio, R. E. (2016). Phys. Rev. B 94, 134402. 

[4] Bolletta, J. P., Pomiro, F., Sánchez, R. D., Pomjakushin, V., Aurelio, G., Maignan, A., Martin, C. & Carbonio, R. E. (2018). Phys. Rev. B 98,

134417. 

Keywords: perovskite, magnetic structure, spin reorientation, neutron powder diffraction. 
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A proposal for a high brilliance upgrade to the SOLEIL synchrotron radiation source is expected to increase the beam brightness by > 

50 times on beamlines used for life sciences. The combined expertise of the life sciences beamline teams at SOLEIL form the 

HelioBiology section, which has been, for the last 4 years, developing a post-upgrade approach to structural biology. This approach 

will be presented, paying particular attention to facilities that are novel to SOLEIL including in-vivo crystallisation [1] , microfluidic 

devices and their synchrotron applications [2], and concrete efforts towards an integrated approach to structural problems. Initial 

proposals for structural biology facilities (including an on- and off- beamline portfolio of instruments) will be presented, drawing on 

recent examples to illustrate the approach. 

This work is presented on behalf of the members of the HelioBio scientific section at SOLEIL (https://www.synchrotron-

soleil.fr/en/research/house-research/biology-health-heliobio). 

[1]. Banerjee, S., Montaville, P., Chavas, L.M.G., Ramaswamy, S. "The New Era of Microcrystallography" Journal of the Indian Institute of 

Science., 98(3): 273–281. (2018). 

[2]. Chaussavoine, I., Beauvois, A., Mateo, T., Vasireddi, R., Douri, N., Priam, J., Liatimi, Y., Lefrançois, S., Tabuteau, H., Davranche, M., 

Vantelon, D., Bizien, T., Chavas, L.M.G., Lassalle-Kaiser, B. "The microfluidic laboratory at Synchrotron SOLEIL" Journal of Synchrotron 

Radiation., 27(1): 230-237. (2020). 
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The global need to collect diffraction data from micro-crystals has been reflected by the development of dedicated microfocus 

beamlines for macromolecular crystallography worldwide. The increased intensity and brightness of these beamlines imposes a 

fundamental limitation however which precludes successful structure determination from a single microcrystal: radiation induced 

damage. X-ray induced radiation damage means that data must often be merged from many crystals to yield a complete dataset for 

structure solution [1, 2]. This is frequently the case for challenging projects when only crystals of limited size are available. Increasing 

the X-ray energy beyond the typical 10-15 keV range promises to provide a solution to this problem via an increase in the amount of 

information that can be obtained per unit absorbed dose or ‘diffraction efficiency’ [3-5].  

To date however hardware limitations have negated any possible high energy gains. Typically the sensor material of detectors used in 

macromolecular crystallography is silicon. With its low atomic number, silicon becomes transparent as the X-ray energy is increased 

and the detector quantum efficiency falls rapidly as a function of energy. Recently, detectors using cadmium telluride as a sensor 

material have been developed; resulting in a quantum efficiency of 90% below the cadmium absorption edge (26.7 keV) and nearly 

80% up to energies of 80 keV [6]. 

Through use of a new cryogenic permanent magnet undulator and a Cadmium Telluride Eiger2 detector high photon fluxes at high 

energies (>20 keV) can be generated and resulting microcrystal diffraction efficiently detected.  Our results show that at higher 

energies fewer crystals will be required to obtain complete data, as the diffracted intensity per unit dose increases significantly 

between 12.4 and 25 keV. In an additional gain for the crystallographer, we observe that data collected at higher energies typically 

extend to higher resolution. Taken together our results illustrate that the use of high energies allows the best possible data to be 

collected from small protein crystals pointing to a high energy future for synchrotron-based macromolecular crystallography. 

[1] Liu, Q., Zhang, Z. & Hendrickson, W. A. Multi-crystal anomalous diffraction for low-resolution macromolecular phasing. Acta Crystallogr. D  

Biol. Crystallogr. 67, 45–59 (2011). 

[2] Yamamoto, M. et al. Protein microcrystallography using synchrotron radiation. IUCrJ 4, 529–539 (2017).  

[3] Arndt, U. W. Optimum X-ray wavelength for protein crystallography. J. Appl. Crystallogr. 17, 118–119 (1984). 

[4] Fourme, R. et al. Reduction of radiation damage and other benefits of short wavelengths for macromolecular crystallography data collection. J. 

Appl. Crystallogr. 45, 652–661 (2012). 

[5] Helliwell, J. R., Ealick, S., Doing, P., Irving, T. & Szebenyi, M. Towards the measurement of ideal data for macromolecular crystallography 

using synchrotron sources. Acta Crystallogr. D Biol. Crystallogr. 49, 120–128 (1993). 

[6] Zambon, P. et al. Spectral response characterization of CdTe sensors of different pixel size with the IBEX ASIC. Nucl. Instrum. Methods Phys. 

Res. Sect. Accel. Spectrometers Detect. Assoc. Equip. 892, 106–113 (2018). 
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During the last decades, structural biology had a major impact in understanding the structure-functional aspects of some of the most 

important biological machineries. The new ESRF Extremely Brilliant Source opened a new age in microcrystallography and permitted 

to extend further the capabilities of the macromolecular crystallography beamlines and will open new pathways in the study of time-

dependent structural changes. This is the scope of the upgrade of the ID29 beamline. 

The new beamline combined cutting edge instrumentations to fully exploit serial crystallography experiments at room temperature. 

This presentaition will present the the beamline design with particular relevance to the new instrumentations and present the new 

scientifc opportunities that it will offer to the structural biology user community. 
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To study the effect of high pressure on any sample property, suitable pressure devices are a fundamental requirement. Their design has 

to be tailored to the experimental demands regarding the intended pressure, the employed instrumentation and the expected scientific 

results. Our work presents the development of high pressure cells for neutron scattering on polycrystalline and single-crystalline samples 

at low temperatures and with applied magnetic fields. 

One of the most common devices for high-pressure neutron experiments is the clamp cell [1], where the pressure is applied ex situ and 

which can be used independently in various setups. Our cell design [2] has been specifically developed for neutron scattering 

experiments at low temperatures in the closed-cycle cryostats on the instruments DNS (diffuse scattering neutron spectrometer), MIRA 

(cold three axes spectrometer), and POLI (polarized hot neutron diffractometer) at the Heinz Maier-Leibnitz Zentrum (MLZ) in 

Garching, Germany. Two variants of the compact monobloc cell (Fig. 1) were produced, one from CuBe alloy and from NiCrAl “Russian 

Alloy”, working up to about 1.1 GPa and 1.5 GPa, respectively. The low paramagnetic moment of both alloys allows also measurements 

of magnetic properties. 

First tests of the cell with neutron radiation were performed to calibrate the load/pressure-curve of the CuBe cell (up to 1.15 GPa) (at 

POLI), to estimate its neutron absorption and background (at MIRA), and to measure magnetic reflections (at MIRA). In addition, the 

thermal response in the cryostat of DNS was measured, and the experimental findings were complemented by simulations. 

Ultimately, these cells are intended as standard cells for high pressure measurements on different instruments at MLZ suitable for all 

available magnets and cryostats down to 1.5 K. Further tests under various conditions (temperature, pressure, magnetic field) as well as 

simulations are planned for both cells in the near future. The results will help both to establish the present cells and to optimise the 

design of subsequent cells to achieve higher pressures, to fit into smaller cryostats and to enable neutron-independent pressure 

calibration.  

 

Figure 1. Schematic drawing of the clamp cell. 

 

[1] Klotz, S. (2013). Techniques in High Pressure Neutron Scattering. CRC Press. 

[2] Eich, A., Hölzle, M., Su, Y., Hutanu, V., Georgii, R., Beddrich, L. & Grzechnik, A. (2020). High Press. Res. 41[1], 88–96. 

Keywords: high pressure; neutron scattering; clamp cells 
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High-end x-ray scattering techniques such as BIO-SAXS (e.g. SEC-SAXS), non-ambient SAXS and GISAXS rely heavily on the x-

ray source brightness for resolution and exposure time. Traditional solid or rotating anode x-ray tubes are typically limited in 

brightness by when the e-beam power density melts the anode. The liquid-metal-jet technology has overcome this limitation by using 

an anode that is already in the molten state. 

We have previously demonstrated prototype performance of a metal-jet anode x-ray source concept with unprecedented brightness in 

the range of one order of magnitude above current state-of-the art sources. Over the last years, the liquid-metal-jet technology has 

developed from prototypes into fully operational and stable X-ray tubes running in many labs over the world. Small angle scattering 

has been identified as a key application for this x-ray tube technology, since this application benefits greatly from high-brightness and 

small spot-sizes, to achieve a high flux x-ray beam with low divergence. Multiple users and system manufacturers have since installed 

the metal-jet anode x-ray source into their SAXS set-ups with successful results. With the high brightness from the liquid-metal-jet x-

ray source, time resolved and in-situ SAXS studies can be performed – even in the home laboratory. 

This presentation will review the current status of the metal-jet technology specifically in terms of flux and brightness and the impact 

of SAXS measurement. Such as the influence of the size of the x-ray source and its distance to the x-ray optics on the divergence will 

be discussed, and how to minimize the divergence and maximize the flux in SAXS experiments targeted to specific applications. It 

will furthermore refer to some recent SAXS / WAXS and GISAXS data from users of metal-jet x-ray tubes. 

 



MS-31-6                           Microsymposium  

Acta Cryst. (2021), A77, C234 

 

Holistically Optimized Laboratory XAS Systems 

Wenbing Yun, Srivatsan Sechadri, Ian Spink, Ruimin Qiao, Sylvia Lewis 

Sigray, Inc., 5750 Imhoff Drive, Suite I, Concord, CA USA 94520 

wyun@sigray.com 

 

For the first time, holistically optimized laboratory x-ray absorption spectroscopy (XAS) systems enable XAS measurements of most 

elements in the periodic table (Z>13) in minutes with energy resolution better than 0.7 eV, approaching capabilities of XAS facilities 

using bending magnet beamlines at second generation synchrotron light sources. The optimizations include: 

• High brightness x-ray source with high thermal conductivity target incorporating diamond substrate, multiple target materials 

providing smooth spectrum free from characteristic x-ray lines, x-ray source size and shape optimized for using low miller 

index diffraction planes of cylindrically bent Johannsson crystal analyzers at low-medium Bragg angles, which provides 

optimal tradeoff between x-ray energy resolution and flux. 

• Making use of dispersion of cylindrically bent Johannsson crystal analyzers in both tangential and sagittal directions for 

efficient use of source x-rays.  

• 2D photon counting detector for recording x-rays dispersed by the crystal analyzer in tangential and sagittal directions and 

rejecting harmonics reflected by a crystal analyzer.    

With those options, we have developed laboratory XAS systems operating from 1.7 keV to 25 keV, providing monochromatic x-ray 

flux over 2*10^7/s, and achieved energy resolution better than 0.7eV.  The design and performances of the systems will be presented.   
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In scanning transmission electron microscopy (STEM), real space image quantification allows the counting of the number of atoms in 

a crystallographic projection, perpendicular to the electron probe. Atom counting is an established method in high-angle annular dark-

field (HAADF) imaging and has applications that include the estimation of 3D shapes in metallic nanoparticles [1-2], or local 

composition variations in high-Z materials with known, constant thickness [3]. The incoherent nature of the HAADF contrast yields a 

monotonic increase of the image counts with Z, and this allows us to directly interpret image contrast at atomic columns positions as 

the number of atoms in projection. However, HAADF is only valid for atom counting of heavy elements that scatter strongly at high-

angle. Phase imaging techniques are more appropriate for counting light elements because they ensure the collection of weak 

scattering signals at low angles. Phase methods recover the phase of the electron wavefunction scattered by both light and heavy 

elements; however, this phase is not directly quantifiable due to coherence [4]. Here, we present a novel approach to phase 

quantification, based on the combination of HAADF atom counting and electron ptychography. Electron ptychography is a 4D STEM 

phase technique whereby we recover the complex exit wavefunction from a set of 2D coherent electron diffraction patterns collected 

over a 2D image grid. Unlike other phase recovery techniques, electron ptychography has the unique advantage that it can be 

performed simultaneously with HAADF imaging. This allows for atom counting of heavy elements which can be used as means to 

rescale the ptychographic phase and count the light elements [5-6]. Herein, we apply this novel quantitative ptychographic approach to 

determine the local sub-stoichiometric composition of CeO2-x nanoparticles. Fig. 1 (a) illustrates a schematic of the 4D STEM 

ptychographic method, where the Ce atom count in (b), obtained from the simultaneously recorded HAADF image, is used to calibrate 

the ptychographic phase in (c) to count O atoms. 
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Figure 1. Schematic of quantitative electron ptychography applied to the measurement of local stoichiometry in ceria.  

 

[1] L. Jones et al., Nanolett. 14 (2014) 6336. 

[2] S. Van Aert et al, Phys. Rev. B 87 (2013) 064107. 

[3] A. Rosenauer et al., Ultramic. 109 (2009) 1171. 

[4] D. Van Dyck et al., Nature 486 (2012) 243. 

[5] H. Yang et al., Nat. Comm. 7 (2016) 12532. 

[6] A. De Backer et al., Ultramic. 171 (2016) 104. 
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Knowing the 3D atomic structures of materials or biomolecules is crucial for understanding their functions. X-ray diffraction is 

currently the most important technique for determination of 3D atomic structures, but requires large crystals which are often difficult 

to obtain. Electrons, similar to X-rays and neutrons, are powerful source for diffraction experiments. Due to the strong interactions 

between electrons and matter, crystals that are considered as powder in X-ray crystallography can be treated as single crystals by 3D 

electron diffraction methods [1]. This enables structure determination of materials and organic molecules from micron- to nanometer-

sized 3D crystals that are too small for conventional X-ray diffraction. Furthermore, by taking the advantages of the unique properties 

of electron scattering, it is possible to determine the charge states of atoms/ions [2] and the absolute structure of chiral crystals [3]. 

Over the past decades, a number of 3D ED methods have been developed for structure determination. At the early stages of 3D ED 

method development, tilting of the crystal was done manually, while diffraction patterns were collected on negative film. It could take 

years before sufficient data were obtained and processed in order to determine the crystal structure. The computerization of TEMs and 

the development of CCD detectors allowed software to be developed that can semi-automatically collect 3D ED data in less than an 

hour [1]. Thanks to the recent advancement in CMOS and hybrid detector technology, it is now feasible to collect diffraction data in 

movie mode while continuously rotating the crystal (continuous rotation election diffraction, cRED, also known as MicroED [4] in 

structural biology). Benefiting from these technological advances, structure determination can now be accomplished within a few 

hours. Recently, fully automated serial rotation electron diffraction data collection and processing has been realized by our group [5]. 

By using 3D ED / MicroED methods, we have solved more than 200 novel crystal structures of small inorganic compounds [6] 

(including zeolite, MOF, COF and minerals) and biomolecules [7,8] (pharmaceuticals, small organic molecules, peptides and proteins) 

in the past 7 years. Recently, we have solved two novel protein [9,10] structures with 3D ED/MicroED and shown that it is feasible to 

use MicroED for structure-based drug discovery [11]. We aim to further improve these methods, develop new methods and more 

importantly spread them to labs around the world. 

[1]  Gemmi M., Mugnaioli E., Gorelik T. E., Kolb U., Palatinus L., Boullay P., Hovmöller S. & Abrahams J. P. (2019). ACS Cent. Sci. 5, 1315–

1329. 

[2]  Yonekura K., Kato K., Ogasawara M., Tomita M. & Toyoshima C. (2015). Proc. Natl. Acad. Sci. 112, 3368–3373.  

[3]  Brázda P., Palatinus L. & Babor M. (2019). Science. 364, 667–669. 

[4]  Shi D., Nannenga B. L., Iadanza M. G. & Gonen T. (2013). eLife. 2, e01345. 

[5]  Wang B., Zou X. & Smeets S. (2019). IUCrJ. 6, 854–867. 

[6]  Huang Z., Willhammar T. & Zou X. (2021). Chem. Sci. 12, 1206–1219. 

[7]  Clabbers M. T. B. & Xu H. (2020). Drug Discov. Today Technol., S1740674920300354. 

[8]  Clabbers M. T. B. & Xu H. (2021). Acta Crystallogr. Sect. Struct. Biol. 77, 313–324. 

[9]  Xu H., Lebrette H., Clabbers M. T. B., Zhao J., Griese J. J., Zou X. & Högbom M. (2019). Sci. Adv. 5, eaax4621. 

[10]  Clabbers M. T. B., Holmes S., Muusse T. W., Vajjhala P., Thygesen S. J., Malde A. K., Hunter D. J. B., Croll T. I., Flueckiger L., Nanson J. 

D., Rahaman H., Aquila A., Hunter M. S., Liang M., Yoon C. H., Zhao J., Zatsepin N. A., Abbey B., Sierecki E., Gambin Y., Stacey K. J., 

Darmanin C., Kobe B., Xu H. & Ve T. Nat. Commun. (In Press) 

[11]  Clabbers M. T. B., Fisher S. Z., Coinçon M., Zou X. & Xu H. (2020). Commun. Biol. 3, 417. 
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Quantitative convergent-beam electron diffraction (QCBED) has become renowned for its accuracy and precision when it comes to 

measuring bonding electrostatic potentials and electron densities [1 – 3].  Density functional theory (DFT) needs no introduction 

because of its ubiquity in materials science and crystallography.  It is efficient but compromised in accuracy by the approximations 

needed to make it less computationally expensive than many-body wave-function calculations.  It is also feared by some that DFT is 

becoming over-parametrised in the bid to deal with the shortcomings of approximations and is therefore “straying from the path 

toward the exact functional” [4]. 

We have integrated DFT into QCBED in such a way that allows DFT model parameters, including parameters associated with density 

functionals, to be refined by fitting DFT-calculated convergent-beam electron diffraction (CBED) patterns to experimental CBED 

patterns from a real material.  We call this QCBED-DFT [5] and illustrate the basic principle of the method in Fig. 1 below. 

We will present a number of experimental measurements of density functional parameters such as the Hubbard energy, U, in some 

strongly correlated electron materials, NiO and CeB6, from our recently published work [5], as well as some new, unpublished trials. 

 

Figure 1. The basic operation of QCBED-DFT.  An experimental CBED pattern from a real material is fitted with a calculated pattern 

by adjusting the DFT model parameters.  This changes the real space electron distribution calculated by DFT, changing all of the 

structure factors to new values, Vg
DFT, instead of a small subset of them as is normally the case in conventional QCBED.  These are 

then used in the calculation of the corresponding simulated CBED pattern that is matched to the experimental one.  This figure has 

been modified from a component of a figure presented in [5]. 

[1] Zuo, J. -M., Kim, M., O’Keeffe, M. & Spence, J. C. H. (1999). Nature 401, 49. 

[2] Nakashima, P. N. H., Smith, A. E., Etheridge, J. & Muddle, B. C. (2011). Science 331, 1583. 

[3] A. Genoni, L. Bučinský, N. Claiser, J. Contreras‐García, B. Dittrich, P.M. Dominiak, E. Espinosa, C. Gatti, P. Giannozzi, J. Gillet, D. Jayatilaka, 

P. Macchi, A.Ø. Madsen, L. Massa, C.F. Matta, K.M. Merz Jr, P.N.H. Nakashima, H. Ott, U. Ryde, K. Schwarz, M. Sierka, S. Grabowsky 

(2018). Chem. Eur. J. 24, 10881. 

[4] Medvedev, M. G., Bushmarinov, I. S., Sun, J., Perdew, J. P. & Lyssenko, K. A. (2017). Science 355, 49. 

[5] Peng, D. & Nakashima, P. N. H. (2021). Phys. Rev. Lett. 126, in press. 
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3D electron diffraction (3D ED) undergoes rapid development in the past years. Structure solution is relatively easy, dynamical 

refinement provides accurate structure models and also absolute structure determination [1], but the accuracy of the lattice parameters 

remains a problem despite some effort. Lattice parameters obtained by 3D ED have at least an order of magnitude lower accuracy than 

single crystal x-ray data and the comparison is even worse with powder x-ray data. The reasons causing this poor accuracy are 

instrument-induced geometrical distortions present in the data and, in case of beam sensitive samples, crystal damage induced by the 

electron beam. In 2D diffraction patterns, distortions caused by aberrations of electromagnetic lenses are well known and have been 

analysed several times [2], but the precession assisted data collection induces new distortion, which were never analysed and we 

quantify and describe them for the first time. For mathematical description, we split the total in-plane difference between the expected 

and observed position of the diffraction maxima into radial and tangential (r and t) contributions, which are then described by 

circular harmonics - function of diffraction vector length r and azimuth  of the diffraction maximum (eq. 1).  

,       (1)  

Parameters r,n, t,n, n,m and n,m need to be determined either by the calibration of the microscope or by the refinement against the 

diffraction data. This general approach allowed us to compensate for all observed distortions, not only the classical pincushion-barrel, 

spiral and elliptical. The distortions depend on excitation of the lenses and can be calibrated. Tools for distortion refinement are 

incorporated in software PETS 2 [3] and distortion refinement workflow may be found in Jana Cookbook example Borane [4]. 

The effects of geometrical distortions in 3D ED data was so far only marginally analysed [3]. Here we analyse the effects of both the 

distortions in the plane of diffraction image and also the errors in the crystal orientation. The effect of the accumulated electron dose is 

also significant (Figure 1). Measurements of anti-B18H22 molecular crystal shows that the beam damage results in lattice parameters 

increase by about 1.5(5)‰ per accumulated dose of 1 e-.Å-2.  

 

Figure 1. Left: beam scan of crystal of anti-B18H22 with marked frame numbers. Right: apparent magnification changes (reciprocal 

space) due to crystal deterioration.  

 

1. Palatinus, L., et al., (2017) Science 355, 166; Brázda, P., Palatinus, L., Babor, M., (2019) Science 364, 667.  

2. Capitani, G. C., Oleynikov, P., Hovmöller, S., Mellini, M., (2006) Ultramicroscopy 106, 66.  

3. Palatinus, L., et al., Acta Crystallogr. (2019) B75, 512.  
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Recent developments in the ability to control the shape of metal nanocrystals using wet chemistry synthesis techniques have drawn 

significant attention for potential applications in plasmonics, photonics and catalysis. It is conjectured that shape control can be 

achieved by controlling the nanocrystal surface structure, primarily using surfactants and metal additives. For example, various shapes 

of Au nanoparticles, including rods, cubes, decahedra and octahedra, can be grown selectively using a trace amount of Ag [1] or Cu 

[2] additives. Understanding the underlying mechanisms of shape control by metal additives is therefore vital for the further 

engineering of nanocrystals. However, the establishment of atomic structure models of metal additives on the nanocrystal surface, that 

are just a few atoms wide, is still challenging. 

For this aim, there are three essential requirements of the characterisation technique: (1) sufficient chemical sensitivity to distinguish 

surface additives; (2) spatial resolution at the atomic scale; (3) avoidance of damage to the surface structure from the probe.  

Scanning transmission electron microscopy (STEM) has been widely used as a powerful means of resolving atomistic structures of 

nanocrystals. In this study, we studied the structure of Cu additives on the surface of Au nanocubes using conventional energy 

dispersive X-ray spectroscopy STEM (EDX-STEM) and high-angle annular dark filed STEM (HAADF-STEM), as well as four-

dimensional STEM (4D-STEM) tuned specifically for the detection of surface adatoms. 

EDX-STEM mapping reveals the presence of Cu on the {100} surfaces of Au nanocubes. However, the high electron dose required to 

achieve meaningful statistics can damage the structure during acquisition so a quantitative, high resolution analysis of an undamaged 

surface is not possible. 

HAADF-STEM collects electrons at high angles by an annular detector and presents intensity sensitive to the atomic number (Z), 

however, it is also sensitive to other material parameters such as thickness and local environments (such as vacuum) [3,4]. We observe 

the intensity to drop at the nanoparticle atomic surface layer in the HAADF-STEM image but cannot distinguish whether this is due 

exclusively to the presence of (lower Z) Cu atoms or just fewer atoms on the surface layer. Furthermore, this is a dose-inefficient 

technique, using only those electrons scattered to high angles, and surface modification can be observed during acquisition. 

4D-STEM using a fast pixelated detector records the full diffraction patterns at each probe position during the STEM experiment. The 

collected 4D datasets enable us to investigate features in diffraction patterns that are specifically related to different material 

parameters [4]. This method has the advantages of a lower dose than EDX-STEM and access to much more specimen information 

than HAADF-STEM. In this work, we developed an iterative method by starting with an ideal nanocube model with uniform thickness 

and with/without surface Cu layers. Dynamic diffraction conditions and scattering angles sensitive to the presence of Cu additives 

were identified based on the comprehensive dynamical scattering 4D-STEM simulations of this initial model. We then collected 

experimental 4D-STEM datasets using our optimised imaging conditions, from which Cu adatoms on the surface were evident with 

excellent contrast. In the next step, a matching of experimental diffraction patterns with simulated diffraction patterns was conducted 

to determine the realistic surface thickness profile. These allowed us to further refine the nanocube model using the observed surface 

structure of Cu adatoms and fitted thickness profile for the ultimate 4D-STEM simulations. Excellent agreement was achieved in both 

qualitative and quantitative comparisons between 4D-STEM simulations and 4D-STEM experiments over various imaging models 

(which each correspond to different diffraction physics). This suggests that the refined nanocube surface model represents the actual 

structure of Cu additives on the surface of Au nanocubes. This provides an approach for identifying the type and arrangement of the 

critical surface atoms that play an important role in controlling the growth and shape of nanoparticles.  

[1] Personick, Michelle L., et al. Nano letters 11.8 (2011): 3394-3398.  [2] Sun, Jianhua, et al. Crystal Growth and Design 8.3 (2008): 906-910. 

[3] LeBeau, James M., et al. 100.20 (2008): 206101. [4] Cowley, John. M. Surface Science 114.2-3 (1982): 587-606. 

[4] Ophus, Colin. Microscopy and Microanalysis 25.3 (2019): 563-582. 
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One of major crystallographic challenges is how to determine the structure of severely distorted crystal lattices, such as at a 

dislocation core and in high entropy alloys where distortion is non-uniform. Here we propose a new 4D scanning transmission electron 

microscopy (4D-STEM) based technique, called Cepstral STEM, for imaging disordered crystals using electron diffuse scattering. 

Local fluctuations of diffuse scattering are captured by scanning electron nanodiffraction (SEND) using a coherent probe. The 

harmonic signals in electron diffuse scattering are detected through Cepstral analysis and used for imaging. By integrating Cepstral 

analysis with 4D-STEM, we demonstrate that information about the distortive part of electron scattering potential can be separated 

and imaged at nm spatial resolution. We apply our technique to the analysis of a dislocation core in SiGe and lattice distortions in high 

entropy alloy [1]. 

[1] Yu-Tsun Shao, Renliang Yuan, Haw-Wen Hsiao, Qun Yang, Yang Hu, and Jian-Min Zuo, "Cepstral scanning transmission electron microscopy 

imaging of severe lattice distortions", Ultramicroscopy, 113252 (2021). 
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We are investigating bacterial and eukaryotic ribosomes and their functional complexes to obtain insights into the process of protein 

synthesis. Building on our studies aimed at revealing the structures of eukaryotic cytosolic and mitochondrial ribosomes, we are now 

investigating eukaryotic translation initiation, targeting of proteins to membranes, regulation of protein synthesis, and how viruses 

reprogram host translation. Previously, we studied how Hepatitis C virus genomic RNA can bind mammalian ribosomes to achieve 

translation of viral mRNAs in the absence of some canonical cellular translation initiation factors. With our recent research activities 

we contributed to the understanding of how SARS-CoV-2, the virus that is responsible for the COVID-19 pandemic, shuts off host 

translation to prevent cellular defence mechanisms against the virus (Schubert et al. 2020). Furthermore, using a combination of cryo-

electron microsocpy and biochemical assays we also investigated the mechanism of programmed ribosomal frameshifting, one of the 

key events during translation of the SARS-CoV-2 RNA genome that leads to synthesis of the viral RNA-dependent RNA polymerase 

and downstream viral proteins (Bhat et al. 2021). 

Schubert K, Karousis ED, Jomaa A, Scaiola A, Echeverria B, Gurzeler LA, Leibundgut M, Thiel V, Mühlemann O, Ban N. (2020) SARS-CoV-2 

Nsp1 binds the ribosomal mRNA channel to inhibit translation. Nat Struct Mol Biol. (10):959-966 

Bhatt PR, Scaiola A, Loughran G, Leibundgut M, Kratzel A, McMillan A, O’ Connor KM, Bode JW, Thiel V, Atkins JF and Ban N, 2021, Structural 

basis of ribosomal frameshifting during translation of the SARS-CoV-2 RNA genome, Science, doi: 10.1126/science.abf3546. 
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Single Particle Analysis (SPA) application of cryo-electron microscopy (cryo-EM) has become one of the dominating methods for 3D 

structure determination of a wide variety of biological macromolecules to understand their function, mechanism of action [1] and 

protein ligand/drug interactions. However, as the popularity of this technique increases, so does the need for accessibility and 

improved efficiency. In this abstract, we describe two cryo-Transmission Electron Microscopes (cryo-TEMs), that are equivalent to 

home source X-ray diffractometers, but for cryo-EM. 

The first is the Thermo Scientific Tundra cryo-TEM operating at 100kV with a semi-automated grid loading system and automated 

data collection for SPA. Tundra allows users to load the sample in an effortless and robust way. Using this new microscope, we solved 

structures of several soluble and membrane protein samples. Standard sample such as apoferritin protein (equivalent to lysozyme 

crystals for X-ray crystallography) was solved to 2.6 Å resolution. More challenging samples such as homo-pentameric human 

GABAA (gamma-aminobutyric acid type A) receptor was resolved to 3.4 Å reconstruction. The GABAA receptor is a small membrane 

protein and ligand-gated chloride-ion channel that mediates inhibitory neurotransmission. GABAA receptors are important therapeutic 

drug targets and hence it is vital to understand the molecular mechanism by which these receptors mediate neurotransmission. After 

decades of efforts, in 2014, this same sample of GABAA receptor was crystallized and structure resolved to 3.0 Å[2]. With cryo-EM on 

Tundra, we obtained similar resolution without the need of crystallization and in near native conditions. 

To further push for more automation and high-throughput, we used the Thermo Scientific GlaciosTM cryo-TEM. Glacios has an 

AutoloaderTM, with a robotic arm which can load 12 grids simultaneously and switch the grids automatically. To push for higher 

resolution, Glacios is also equipped with direct electron detector (DED) and can be combined with Selectris energy filter. Using this 

system, we achieved a 2.4 Å resolution cryo-EM map for the same GABAA receptor. Both these microscopes are not only good for 

sample screening and optimization but are also capable for generating high resolution structures comparable to those obtained from X-

ray crystallography experiments.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A, 3.4A reconstruction of GABAA receptor from Tundra. B, ligand density and C, sugars.  

 

[1] Michael Eisenstein. The field that came in from the cold. Nature, Vol.13 No.1, (2016). 

[2] Miller, P., Aricescu, A. Crystal structure of a human GABAA receptor. Nature 512, 270–275 (2014).  
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Flaviviruses pose a complex threat to human health including a few global pathogens and numerous viruses with an epidemic potential. 

In the context of the co-circulation of closely-related viruses, non-neutralising immune responses may aggravate subsequent 

heterologous infections. Sub-optimal responses to vaccination entails a similar risk. To address these challenges, a detailed structural 

understanding of flavivirus infectious particles is essential to characterise quaternary epitopes responsible for broadly protective 

responses or, on the contrary, deleterious immune responses. Immature-like features and conformational “breathing” in circulating 

virions have been linked to the latter prompting for a better understanding of structural transitions underpinning viral maturation. 

Taking advantage of an insect-specific flavivirus (ISF), we have determined high-resolution structures of immature and mature particles 

revealing key features in the maturation process. First, we produced chimeric viruses between the ISF and medically-relevant 

flaviviruses. We show that the outer shell of the chimeric viruses is native, which allowed cryo-EM structure determination at high-

resolution for West Nile virus, Murray Valley Encephalitis virus and dengue virus. The structure of the dengue virus chimera at a 

resolution of 2.5Å reveals lipid-like ligands with a structural role likely to be conserved across all pathogenic flaviviruses. The structure 

of the immature ISF particle at a resolution of 3.9Å shows how the stem region of the E protein, where these ligands bind, is remodelled 

during maturation. Unexpectedly, the immature spike adopts a topology where prM forms a central pillar rather than the peripheral 

drawstring proposed earlier (Fig. 1A). This topology implies a revised organisation of the immature virion, which supports a collapse 

model for viral maturation (Fig. 1B). In this model, folding down of prM onto the membrane guides the collapse of the trimeric spikes. 

Together, these structures provide new avenues to target the stem regions of E and prM for the development of improved vaccines and 

new therapeutics. More generally, we propose that the chimeric platform could be a largely applicable tool to investigate flavivirus 

biology. 

 

 

Figure 1. (A) Structure of the immature Binjari virus. The inset represents a spike, with E subunits forming a splayed tripod buttressed 

by a central pillar of prM subunits. (B) Comparison of the heterodimers (pr)M-E in the immature and mature particles. 
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Most of the rhinoviruses, which are the leading cause of common cold, utilize intercellular adhesion molecule-1 (ICAM-1) as a 

receptor to infect cells. Before genome release, rhinoviruses convert to activated particles that contain pores in the capsid, lack capsid 

proteins VP4, and have altered genome organization. The binding of rhinoviruses to ICAM-1 promotes virus activation; however, the 

molecular details of the process remain unknown. Here we present the structures of the native rhinovirus 14 and rhinovirus14-ICAM-1 

complex at a resolution of 2.6 and 2.4 Å. The structures revealed a mechanism by which binding of rhinovirus 14 to ICAM-1 primes 

the virus for activation and subsequent genome release. The attachment of rhinovirus 14 to ICAM-1 induces conformational changes 

in the virion, which include translocation of the C-termini of VP4 subunits towards twofold symmetry axes of the capsid. Thus, VP4 

subunits become poised for release through pores that open in the capsid upon particle activation. The cryo-EM reconstruction of 

rhinovirus 14 virion contains the resolved density of octa-nucleotides from the RNA genome, which interact with VP2 subunits near 

two-fold symmetry axes of the capsid. VP4 subunits with altered conformation, induced by the binding of rhinovirus 14 to ICAM-1, 

block the RNA-VP2 interactions and expose patches of positively charged residues around threefold symmetry axes of the capsid. The 

conformational changes of the capsid induce reorganization of the virus genome. The rearrangements of the capsid and genome 

probably lower the energy barrier of conversion of rhinovirus 14 virions to activated particles. The structure of rhinovirus 14 in 

complex with ICAM-1 represents an essential intermediate in the pathway of enterovirus genome release. 

Keywords: rhinovirus, ICAM-1, cryo-EM, single particle analysis, receptor 
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Enolase is a ubiquitous enzyme found in the glycolytic pathway of organisms of all three domains of life and is involved in the 

catalysis of the reversible conversion of 2-Phosphoglycerate (2-PG) to Phosphoenolpyruvate (PEP). It plays an important role in 

Mycobacterium tuberculosis (Mtb) virulence by acting as cell surface receptor of human plasminogen. Enolase in Mtb stands out from 

most of its homologs by being catalytically active only in an octameric state. While the forward reaction is well understood, not much 

is known about how the catalytic conversion of PEP to 2PG takes place. Here we present structural snapshots of Mtb enolase 

(MtENO) at various stages as it progresses through the reverse reaction. We found a plausible catalytic pathway involving a novel 

transient product bound state called ‘alternate conformation’, in addition to the canonical one. We observed two major deviations from 

the forward reaction: presence of MgB is non-obligatory for the reaction and flipping of 2PG to an alternate conformation makes it 

energetically feasible to exit the site.  Molecular dynamics and free energy calculation further indicate that alternate conformation may 

act as exit conformation and facilitate the opening of active site loops due to distortion in metal ion coordination and H-bond 

interactions. Additionally, P-P docking and simulation study of enolase and plasminogen helps us to understand the molecular 

interaction of the complex.  

 

Figure. 1. (A) CryoEM structure of apo enolase (B) FoFc map at 3σ of novel alternate conformation of 2PG. 

Keywords: Mycobacterium tuberculosis, Enolase, CryoEM, X-ray crystallography, In-silico study 
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Heparan sulfate (HS) is a ubiquitous glycosaminoglycan component of the extracellular matrix (ECM), which facilitates important 

structural and signalling interactions between cells and their surroundings. The principal enzyme responsible for extracellular HS 

breakdown is heparanase (HPSE), an endo-glucuronidase of the CAZy GH79 family. Whilst normal HPSE activity is essential for HS 

processing, excessive HPSE overexpression weakens HS networks in the ECM, leading to increased cell mobility and release of 

growth factors stored by HS. Thus HPSE is an oncogene whose overexpression promotes metastasis in a range of cancers. 

In this talk, I will give an overview of our work in this area over the last few years, covering our initial structural investigations into 

the molecular basis of HPSE activity, the development of probes to visualize HPSE in tissues, and most recently, the structure guided 

rational design of HPSE inhibitors as anti-metastatic agents. 

1. L. Wu, C. M. Viola et al (2015), Nat. Struct. Mol. Biol. (22) 1016–1022 

2. L. Wu, J. Jiang, Y. Jin et al (2017), Nat. Chem. Biol. (13) 867–873 
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High-resolution structure and reaction cycle of Fatty Acid Photodecarboxylase: anatomy of a 
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Fatty Acid Photodecarboxylase (FAP) is a recently discovered photoenzyme that catalyzes the conversion of fatty acids into alkane 

and CO2 under light, with potential importance in green chemistry applications [1]. Its mechanism was still not fully understood and 

partly relied on a low-resolution crystal structure obtained from crystals with a twinning default [1]. Here, we present high-resolution 

crystal structures of FAP obtained in the dark and after light illumination at cryogenic temperatures (Figure 1). Combined with 

structural, computational, and spectroscopic techniques we are now able to provide a detailed reaction cycle of FAP. The reaction 

mechanism starts with an electron transfer from the fatty acid to a photoexcited oxidized flavin cofactor. Decarboxylation yields an 

alkyl radical, which is then reduced by back electron transfer and protonation rather than hydrogen atom transfer. Along with flavin 

reoxidation by the alkyl radical intermediate, a major fraction of the cleaved CO2 unexpectedly transforms in 100 ns, most likely into 

bicarbonate. This is orders of magnitude faster than in solution, which indicates a catalytic step. FT-IR, structural and functional 

studies on variants centered on two conserved active site residues (R451 and C432) showed that R451 is essential for substrate 

stabilization and proton transfer. Altogether this study provides a detailed characterization of this unique enzyme and reveals a striking 

and unanticipated mechanistic complexity [2]. 

  
Figure 1. Overall structure of FAP and trapping of a key reaction intermediate at 100 K. (A) Overall structure of FAP, with two 

substrates stabilized (FA1and FA2). (B) Building of a key reaction intermediate (FAD in a red-shifted state) along blue-light 

illumination at 100 K. (C) Experimental difference density map (Flight-Fdark) contoured at +/- 4σ around the active site substrate, 

superimposed on the structures of the dark state (gray) and the red-shifted form (cyan, with FAD in yellow and alkane/CO2 in green). 

CO2 formation is clearly visible, together with the retreat of the alkane product and a rotation of the side chain of Y466.  

 

 [1] Sorigué D, Légeret B, Cuiné S, Blangy S, Moulin S, Billon E, Richaud P, Brugière S, Couté Y, Nurizzo D, Müller P, Brettel K, Pignol D, 

Arnoux P, Li-Beisson Y, Peltier G, Beisson F. (2017) Science. 357, 903. 

 [2] Sorigué, D., K. Hadjidemetriou, S. Blangy, G. Gotthard, A. Bonvalet, N. Coquelle, P. Samire, A. Aleksandrov, L. Antonucci, A. Benachir, S. 

Boutet, M. Byrdin, M. Cammarata, S. Carbajo, S. Cuiné, R. B. Doak, L. Foucar, A. Gorel, M. Grünbein, E. Hartmann, R. Hienerwadel, M. 

Hilpert, M. Kloos, T. J. Lane, B. Légeret, P. Legrand, Y. Li-Beisson, S. L. Y. Moulin, D. Nurizzo, G. Peltier, G. Schirò, R. L. Shoeman, M. 

Sliwa, X. Solinas, B. Zhuang, T. R. M. Barends, J.-P. Colletier, M. Joffre, A. Royant, C. Berthomieu, M. Weik, T. Domratcheva, K. Brettel, 

M. H. Vos, I. Schlichting, P. Arnoux, P. Müller, F. Beisson (2021) Science 372, 148. 

Keywords: Photoenzyme; Fatty Acid Photodecarboxylase; Reaction mechanism; Alkane biosynthesis 
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Structural insights into the enzymatic mechanism of lytic polysaccharide monooxygenases 
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Lytic polysaccharide monooxygenases (LPMOs) have been intensely studied since their first characterization in 2010 as a unique class 

of copper enzymes capable of oxidizing carbohydrates. LPMOs require the input of electrons and of O2 or H2O2 to achieve 

hydroxylation of one carbon in the glycosidic bond. We focus on three aspects of the LPMO’s reaction mechanism: 1) What are the 

structural determinants of O2 and H2O2 binding? 2) How do conserved second shell residues contribute to activity? 3) Does the 

O2 based mechanism follow a superoxyl, hydroperoxyl or oxyl catalytic pathway? The ability to pinpoint hydrogen atoms to 

determine protonation states at and around the active site through the catalytic pathway is key to decipher the chemistry catalyzed by 

LPMOs. To achieve this, we combine high resolution X-ray and neutron protein crystallography to deliver precise, all atom structures 

of key reaction intermediates that can reveal i) the positions and interactions of all hydrogen atoms in the enzyme, ii) atomistic details 

of the active site without perturbing the metal oxidation state, and iii) the chemical nature of the activated dioxygen species 

coordinated to the active site copper. We will present our recent X-ray and neutron crystallographic studies that provide new insights 

into the LPMO mechanism. 

  

Keywords: monooxygenase, O2 activation, protonation state, neutron crystallography 
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Structural studies on a unique glucosamine kinase unveil a novel enzyme family 
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The discovery of novel enzymes from antibiotic production pathways is nowadays a topic of utmost importance due to worldwide 

concerns with the increased resistance of pathogenic bacteria to antibiotics. In this work, we used a combination of X-ray 

crystallography, SAXS, and biochemical studies to identify the molecular fingerprints for a novel glucosamine kinase (GlcNK) family 

potentially implicated in antibiotic biosynthesis in Actinobacteria. We determined the high-resolution structure of a bacterial GlcNK 

in apo form and in complex with its biological substrates, providing unparalleled structural evidence of a transition state of the 

phosphoryl-transfer mechanism in this unique family of enzymes (PDB IDs 6HWJ, 6HWK and 6HWL; Fig. 1a-c). Conservation of 

glucosamine-contacting residues across a large number of uncharacterized proteins unveiled a specific glucosamine binding sequence 

motif. As result, a new UniProt annotation rule was created (MF_02218; Fig. 1d). The structural characterization of this enzyme 

provides new insights into the role of these unique GlcNKs as the missing link for the incorporation of environmental glucosamine to 

the metabolism of important intermediates in antibiotic production [1]. 

 

Figure 1. Molecular fingerprints for a novel GlcNK family in Actinobacteria. a) Structural organization of GlcNK. b-c) Cartoon and 

solid surface representations of the 3D structure of GlcNK in its apo form and in complex with its biological substrates (electron 

density map (2mFo-DFc contoured at 1.0 ) represented as a grey mesh). d) Scheme of the glucosamine-protein interactions. 

 

[1] Manso, J. A., Nunes-Costa, D., Macedo-Ribeiro, S., Empadinhas, N., Pereira, P. J. B. (2019). mBio. 10, e00239-19. 

Keywords: Glucosamine kinase; antibiotic production; X-ray crystallography; small-angle X-ray scattering 
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Biosynthesis of mycobacterial methylmannose polysaccharides requires a unique 1-O-
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Mycobacteria are priority pathogens in terms of drug resistance worldwide and efforts aimed at deciphering their unique metabolic 

pathways and unveiling new targets for innovative drugs should be intensified. In particular, nontuberculous mycobacteria (NTM) are 

environmental organisms increasingly associated to opportunistic infections [1] and known to produce methylmannose 

polysaccharides (MMP). MMP have been implicated in the metabolism of precursors of cell envelope lipids crucial for stress 

resistance and pathogenesis. Although the functions of MMP remain to be confirmed experimentally, their tight interactions with fatty 

acids are intrinsically associated to unique and extensive methylation patterns, resulting from the action of hitherto uncharacterized 

methyltransferases. 

In this work, we identified and characterized biochemically a novel mycobacterial methyltransferase (MeT1) that specifically blocks 

the non-reducing end of a MMP precursor. We crystallized and determined the first X-ray structure of the SAM-dependent MeT1 

from M. hassiacum in complex with magnesium and its exhausted cofactor, SAH. In particular, the three high-resolution 3D structures 

(in space groups P3221 and C2221; PDB entries 6H40, 6G7D and 6G80) in combination with SAXS data (SASBDB entry SASDDJ6) 

unveiled a dimeric arrangement of the enzyme in solution and a highly flexible lid important for its catalytic cycle. This structural 

information, together with molecular docking simulations, allowed the elucidation of the enzyme’s reaction mechanism, furthering our 

knowledge of MMP biosynthesis and providing important tools to dissect the role of MMP in NTM physiology and resilience [2]. 

[1] Falkinham III, J. O., (2015). Clin. Chest. Med. 36, 35. 

[2] Ripoll-Rozada, J., Costa, M., Manso, J. A., Maranha, A., Miranda, V., Sequeira, A., Rita Ventura, M,. Macedo-Ribeiro, S., Pereira, P. J. B., 

Empadinhas, N. (2019). Proc. Natl. Acad. Sci. U.S.A. 116, 835. 

Keywords: Mycobacterium; polymethylated polysaccharides; methyltransferase; S-adenosyl-L-methionine; 3D structure 
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Time-resolved serial femtosecond crystallography (TR-SFX) at X-ray free electron lasers (XFELs) allows studying the structural 

dynamics of crystalline biological macromolecules down to the sub-picosecond time scale [1]. According to a pump-probe scheme, 

optical pump pulses initiate activity in light sensitive crystalline proteins and XFEL pulses generate diffraction patterns that allow 

determining intermediate-state structures. We apply TR-SFX to study light-induced dynamics in a reversibly photoswitchable 

fluorescent protein, rsEGFP2. 

Reversibly photoswitchable fluorescent proteins are essential tools in advanced fluorescence nanoscopy of live cells. They can be 

repeatedly toggled back and forth between a fluorescent (on) and a non-fluorescent (off) state by irradiation with light at two different 

wavelengths. Our consortium (*) combines TR-SFX at XFELs, ultrafast absorption spectroscopy and simulation methods to study 

photoswitching intermediates in rsEGFP2 on the picosecond to nanosecond time scale. We have been able to identify the transient 

structure of rsEGFP2 in its excited state 1 ps after photoexcitation, and to observe the chromophore in a twisted state, midway 

between the stable configurations of the on and off states [2]. This observation, together with a ground-state intermediate structure 

determined 10 ns after photoexcitation, has allowed us to uncover details of the photo-switching mechanism of rsEGFP2 [3].  

Based on the reaction intermediates determined by TR-SFX [2, 3] two rationally designed mutants of the rsEGFP2 have been 

generated. Pico- to nanosecond TR-SFX results experiments on these rsEGFP2 variants have been carried out at SACLA and the 

LCLS and provide insight into modified energy landscapes (unpublished). 

[1] Colletier, J-P., Schirò, G. & Weik, M. (2018). Time-Resolved Serial Femtosecond Crystallography, Towards Molecular Movies of Biomolecules 

in Action in X-ray Free Electron Lasers: A Revolution in Structural Biology, edited by Fromme, P., Boutet, S., Hunter. M. Eds., Springer 

International Publishing, 11:331-356 

[2] Coquelle. N., Sliwa. M., Woodhouse. J., Schiro. G., Adam. A. … Colletier, J-P., I. Schlichting. & M. Weik. (2018). Nat. Chem. 10, 31-37  

[3] Woodhouse. J., … Sliwa. M., Colletier, J-P., I. Schlichting. & M. Weik. (2020). Nat. Comm. 11, 1-11 

Keywords: x-ray free electron lasers; time-resolved studies; photoswitchable fluorescent proteins 
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Jensen N., Joti Y., Kloos M., Koglin J., Lane T., Liang M., Levy B., de la Mora E., Nass-Kovacs G., Owada S., Richard J., Robinson 

J., Roome C., Ruckebusch C., Schirò G., Schlichting I., Seaberg M., Shoeman R., Sierra R., Sliwa M., Stricker M., Thepaut M., Tono 

K., Uriarte L., Weik M., Woodhouse J., Yabashi M., You D., Zala N. 
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In this talk, I will describe our recent work on the design and preparation of novel supramolecular architectures based on a range of 

element-based non-covalent interactions such as halogen bonds, chalcogen bonds, and pnictogen bonds.  In addition to standard wet 

chemistry and slow evaporation methods, the utility of mechanochemical and cosublimation techniques will be discussed.  Considered 

together, these methods enable a broad exploration of the polymorphic cocrystalline landscape.  For example, the cosublimation 

approach overcomes an anticooperative halogen-bonding effect to produce fully saturated cocrystals of the tritopic halogen bond 

donor 1,3,5-trifluoro-2,4,6-triiodobenzene with 1,4-diazabicyclo[2.2.2]octane.1  I also report on dicyanoselenodiazole and 

dicyanotelluradiazole derivatives which work as promising supramolecular synthons with the ability to form double chalcogen bonds 

with a wide range of electron donors including halides and oxygen‐ and nitrogen‐containing heterocycles.2  In addition to X-ray 

diffraction, solid-state multinuclear magnetic resonance (SSNMR) and nuclear quadrupolar resonance (NQR) spectroscopies are 

employed to characterize all products and to establish spectral signatures for the various classes of bonds.  Given the elements 

involved in these bonds, we report on a wide range of nuclides including e.g., 17O, 31P, 35/37Cl, 77Se, 79/81Br, 125Te, 127I, 121/123Sb, etc.  As 

most of these are quadrupolar nuclides, the utility of specialized NMR techniques and very high applied magnetic fields will be 

discussed.  In favourable cases, in-situ solid-state NMR spectroscopy allows for real-time monitoring of cocrystallization reactions 

and for the determination of activation energies.3 

1. Szell, P. M. J.; Gabriel, S. A.; Caron-Poulin, E.; Jeannin, O.; Fourmigué, M.; Bryce, D. L. Cryst. Growth Des. 2018, 18, 6227. 

https://doi.org/10.1021/acs.cgd.8b01089 

2. Kumar, V.; Xu, Y.; Bryce, D. L. Chem. Eur. J. 2020, 26, 3275-3286. https://doi.org/10.1002/chem.201904795 

3. Xu, Y.; Champion, L.; Gabidullin, B.; Bryce, D. L. Chem. Commun. 2017, 53, 9930.  

https://doi.org/10.1039/C7CC05051H 
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Different crystallization and screening techniques have been developed for the discovery of new multicomponent molecular crystals. 

Exploring the polymorphic space for a given organic molecule typically includes searches across well-defined conditions, among 

other solvents, additives, and temperature. In recent years, especially mechanochemistry has been used intensively for the screening 

for new solid forms and as a promising, alternative method for accessing new polymorphs of active pharmaceutical ingredients (APIs) 

and API-cocrystals. [1-2] The ever-increasing interest in this method is contrasted by a still limited mechanistic understanding of the 

mechanochemical reactivity and selectivity. Furthermore, the influence of liquids used during the grinding on the polymorphic 

outcome is still far from being understood. Time-resolved in situ investigations of milling reactions provide direct insights in the 

underlying mechanisms. [3-5] We recently introduced different setups enabling in situ investigation of mechanochemical reactions 

using synchrotron XRD combined with Raman spectroscopy and thermography allowing to detect crystalline, amorphous, eutectic, 

and liquid intermediates. In this contribution, we will discuss our recent results investigating the formation of (polymorphic) 

cocrystals and salts, thereby elucidating the influence of solvents and seeds on the polymorph formation. [6-8] Our results indicate that 

in situ investigation of milling reactions offer a new approach to tune and optimize mechanochemical processes.  

 
[1] James, S. L., Adams, C. J., Bolm, C., Braga, D., Collier, P., Friscic, T., Grepioni, F., Harris, K. D. M., Hyett, G., Jones, W.et al.(2012) Chem. 

Soc. Rev., 41, 413. 

[2] Hasa, D., Jones, W. (2017). Adv. Drug. Deliv. Rev. 117, 147. 

[3] Batzdorf, L., Fischer, F., Wilke, M., Wenzel, K. J., Emmerling, F. (2015) Angew. Chem. Int. Edit. 54, 1799. 

[4] Kulla, H., Wilke, M., Fischer, F., Rollig, M., Maierhofer, C., Emmerling, F. (2017) Chem. Commun. 53, 1664. 

[5] Kulla, H., Haferkamp, S., Akhmetova, I., Rollig, M., Maierhofer, C., Rademann, K., Emmerling, F. (2018) Angew. Chem. Int. Edit., 57, 

5930. 

[6] Kulla, H., Michalchuk, A. A. L., Emmerling, F. (2019) Chem. Commun. 2019, 55, 9793. 

[7] Kulla, H., Becker, C., Michalchuk, A. A. L., Linberg, K., Paulus, B. & Emmerling, F. (2019). Cryst. Growth. Des. 19, 7271. 

[8] Linberg, K., Ali, N. Z., Etter, M., Michalchuk, A. A. L., Rademann, K. & Emmerling, F. (2019). Cryst. Growth. Des. 19, 6822. 
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A careful investigation of the packing in the nearly 1500 organic, well-refined (R0.050), P1, Z>1 structures archived in the 2019 version 

of the Cambridge Structural Database [1] has revealed that the molecules (or ions) in ca. 85% of those structures are related by obvious 

approximate symmetry that is periodic in at least two dimensions. An example is shown in Fig. 1.  The nearly 250 P1, Z=1 structures of 

molecules that could lie on special positions were also analyzed; ca. 70% were found to have approximate symmetry. 

 

Figure 1.  Views of LUSMAN, P1, Z=2 [2];  the second view, of a bilayer, is rotated by 90° around the horizontal from the first. The approximate 

c211 symmetry of a layer (001) with 0.5 < z < 1.5 (axes [110], [11,¯0]; angle 89.9°) is obvious. The angles of those axes with c are 77.8° and 81.8°. 

 

In only 8% of the Z>1 structures does it seem likely that refinement in a higher symmetry space group or smaller unit cell would have 

been preferable.  That percentage is, however, much higher (39%) for P1 crystals of achiral or racemic material, which account for 11% 

of all Z>1 structures considered. For P1, Z>1 crystals that are enantiomerically pure the frequency of overlooked symmetry is only 2%. 

For the Z=1 crystals the percentage is 10% overall and 17% for the crystals of achiral or racemic material. 

In the abstract of R. E. Marsh’s (1999) paper titled “P1 or P1,¯? Or something else?” [3] he wrote  
 In approximately one-third of the structures in which chiral molecules crystallize in P1 with Z=2, the two molecules are related by  

 an approximate center of inversion.  

The present study found that 32% of the P1, Z=2 structures of enantiomerically pure material are P1,¯ mimics.  Molecular features that 

promote P1,¯ mimicry have been identified; they may have implications for the probability of formation of solid solutions. 

The approximate symmetry is often subperiodic, as it is in the example shown in Fig. 1. The ratio of structures having 2-D to those 

having 3-D approximate periodic symmetry is about 2:3 but the ratio is imprecise because of the difficulty of deciding on the 

dimensionality. In some structures the approximate symmetry is clearly 3-D and in others it is clearly 2-D, but in many others the 

dimensionality is at the 3-D/2-D borderline. In only 22 structures, however, was the approximate symmetry identified as 1-D.  The 

approximate subperiodic symmetry was described with the labels for layer and rod groups found in Vol. E of International Tables [4]. 

The surprisingly exact approximate symmetry found in many P1 crystals could result from a distortion during growth or cooling of a 

more symmetric nucleus, but in more than 3% of the Z>1 structures quite different layers alternate so that the P1 symmetry must have 

been established at the time of crystal nucleation. 

[1] Groom, C. R., Bruno, I. J., Lightfoot, M. P. & Ward, S. C. (2016), Acta Cryst. B72, 171-179. 

[2] Adam, W. & Zhang. A. (2003) Eur. J. Org. Chem. 2003, 587-591. 

[3] Marsh, R. E. (1999). Acta Cryst. B55, 931-936. 

[4] Kopský, V. & Litvin, D. B. (2002). Editors. International Tables for Crystallography, Vol. E, Subperiodic groups, Kluwer Academic Publishers, 

Dordrecht/Boston/London, 2002. 

Keywords: P1 structures; approximate symmetry; subperiodic symmetry 
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Crystal Structure of Indomethacin Polymorph δ Solved by 3D Electron Diffraction 
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A 47-year-old polymorphic structure (Form δ) of the drug indomethacin (IDM) has been solved by 3D electron diffraction (3D ED). 

Since its discovery in 1974, the structure of δ-IDM had remained a mystery. By performing a unique crystallisation technique, we 

successfully cultivated its single crystal. The very thin, ribbon-like crystal was too small (~1 µm in width) to be studied by X-ray 

diffraction—including even the third generation of synchrotron radiation. With the aid of 3D ED, we finally elucidated the crystal 

structure of δ-IDM. The structure exhibits a very long b-axis with the slowest growth and shortest crystal dimension occurring along 

this direction. Consequently, reflections along 0k0 were missing in the 3D ED data and the structure could not be solved by direct 

methods. Instead, simulated annealing was employed to overcome this problem. This work highlights the powerfulness of 3D ED for 

structure determination of small crystals, which complements X-ray diffraction. 

 

Keywords: polymorphism, electron diffraction, crystallization 
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Analysis of the experimental parameters impacting Non-Photochemical Laser-Induced
nucleation of glycine in water

N. Bosnjaković-Pavlović1, B. Clair1, A. Ikni1, W. Li2, S. Novaković3, P. Gemeiner1, P. Scouflaire4,
A. Spasojević-de Biré1*

1 Laboratory “Structures Propriétés et Modélisation des Solides” (SPMS), CNRS, UMR 8580, Université Paris-Saclay,
CentraleSupélec, 8-10 rue Joliot-Curie,91190 Gif-sur-Yvette, France

2 BUCT Paris Curie Engineer School, Beijing, China
3 Laboratory “Énergétique Moléculaire et Macroscopique, Combustion” (EM2C), CNRS, UPR 288, Université Paris-Saclay,

CentraleSupélec, 8-10 rue Joliot-Curie,91190 Gif-sur-Yvette, France
4 Department of Physical Chemistry, Vinča Institute of Nuclear Sciences - National Institute of the Republic of Serbia, University of
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anne.spasojevic@centralesupelec.fr

Non-Photochemical Laser-Induced nucleation (NPLIN) is a promising nucleation technique [1] for which more than eighty papers have been
published. In an NPLIN experiment, a supersaturated solution of a molecule is irradiated by a laser (pulsed or continuous, focused or non-
focused) that induces the molecule's nucleation. Even though glycine nucleation constitutes almost one-quarter of these research
activities reported in the literature, the impact of different experimental conditions on its nucleation is still not fully understood [2]. NPLIN
of glycine in water has been demonstrated at different molarities and different energy densities induced using a non-focalized pulsed laser
(532 nm) at 290 K. A new index (Ind50), allowing easy comparison with the literature, was used to characterize the impact of
molarities and energy densities on the nucleation efficiency. A threshold index (IndThrs( )) indicating the minimum energy density required
to obtain in a given experimental condition one crystal per vials in average has been determined. The impact of the circular or linear
polarization of the laser beam on the glycine polymorphism ( - or -glycine) has been studied and characterized using a third new index
named NPLIN determinant. The experimental interface (glass-solution or air-solution) gives the opposite polymorphism behavior. The
relationship between devices, solution, and experimental conditions and observable such as nucleation efficiency, nucleation site,
induction time, crystal counting, and polymorphism have been modelized in a mind-map (figure
1). Within this context, this work is a contribution towards a better understanding of the impact of experimental conditions on NPLIN
nucleation that will permit a better design and control of NPLIN experimental setups.

Figure 1. NPLIN mind-map parameters. Parameters inside the red dashed circles has a significant influence on the mechanism.

[1] Garetz, B. A.; Aber, J. E.; Goddard, N. L.; Young, R. G.; Myerson, A. S. (1996) Phys. Rev. Lett. 77, 3475−3476.

[2] Clair, B.; Ikni, A.; Li, W.; Scouflaire, P.; Quemener, V.; Spasojević-de Biré, A. (2014) J. Appl. Crystallogr., 47, 1252−1260

Keywords: laser-induced nucleation; NPLIN; glycine; polymorphism; polarization switching
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Photo-induced electron transfer in Pyrene-(CH2)2-N,N-Dimethylaniline: Time-resolved pink 
Laue X-ray diffraction studies on crystalline polymorphs 
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Photo-induced electron transfer (PET) reactions are crucial for many biological and chemical reactions that occur in nature. Several studies are 

performed on many donor-bridge-acceptor (D-B-A) systems to have a better understanding of PET in terms of the rate of transfer and the 

overall geometry.[1] A mono-substituted pyrene derivative, pyrene-(CH2)2-N,N-dimethylaniline, were designed where dimethylaniline 

(DMA) (electron donor) is connected to pyrene (electron acceptor) through alkane chain. Two polymorphic crystal forms, A and B, were 

crystallized in two separate crystallization batches in ethanol/ethyl acetate binary mixture. While, in the crystal structure A, pyrene and 

dimethylaniline are in axial orientation (P-1) with respect to each other, in B they are equatorial (P21/n). Studies on intramolecular PET has 

revealed the importance of conformational parameters of the molecules such as rotation around bonds that affects the distance and relative 

orientation of the donor and acceptor.[2] We have performed time-resolved (TR) pump-probe pink Laue X-ray diffraction experiments with 

the polymorphic crystals in ns time domain. TR pump-probe data was processed by RATIO[3] method by employing LaueUtil software[4]. 

The photodifference maps obtained from TR pump-probe diffraction measurements with polymorphic crystals, suggest electron transfer from 

DMA moiety. A thorough crystallographic and spectroscopic investigation with the polymorphic crystals, have allowed us to understand the 

important aspects of PET in this particular (D-B-A) system.  

Figure 1. Crystallographic asymmetric unit of (a) PyDMA1 and (b) PyDMA2. (c) Superposition of PyDMA1 and PyDMA2 molecules. (d) Emission 

spectrum of PyDMA1 in toluene. Photodifference map of (e) PyDMA1 (1ns delay) and (f) PyDMA2 (2ns delay). 

[1] a) Paddon-Row, M. N. Acc. Chem. Res. 1994, 27, 18. b) M. D. Newton, Chem. Rev., 1991, 91, 767.  

[2] a) Bleisteiner et al., Phys. Chem. Chem. Phys. 2001, 3, 2070. b) Verhoeven, J. W.; Wegewijs, B.; Scherer, T.; Rettschnik, R. P. H.; Warman, J. 

M.; Jäger, W.; Schneider, S. J. Phys. Org. Chem. 1996, 9, 387. (c) Wegewijs, B.; Ng, A. K. F.; Verhoeven, J. W. Recl. TraV. Chim. Pays-Bas 

1995, 114, 6.  

[3] Coppens et al. J. Synchrotron Rad. 2009, 16, 226.  

[4] (a) Kalinowski et al., J. Appl. Cryst. 2011, 44, 1182 (b) Kalinowski et al., J. Synchrotron Rad. 2012, 19, 637. [1] Margilies, L., Kramer, M. J., 

McCallum, R. W., Kycia, S., Haeffner, D. R., Lang, J. C. & Goldman, A. I. (1999). Rev. Sci. Instrum. 70, 3554. 

Keywords: Time-resolved study; Photocrystallogrphy; Ultrafast dynamics; Polymorphs; Intramolecular charge transfer. 
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The in-surface crystallography of the family of three-periodic minimal surfaces (TPMS) consisting of the Primitive, Diamond, and
Gyroid surfaces has been explored in detail in recent decades [1, 2]. We begin by reviewing the underlying group theory and geometry
as well as the relationship between the TPMS and their universal covering space, hyperbolic two-space, the fundamentals of which are
shown in Figure 1(a).

We describe how these methods can be used to tailor the topology and geometry of three-periodic nets realised as embeddings
commensurate with the symmetries of these surfaces [3-5] as shown in Figure 1(b). Using these ideas, we demonstrate how a number
of nets with pre-specified topological properties are readily produced in this manner and assess their relevance for further study in the
context of reticular chemistry and soft matter materials science.

Finally, we present preliminary results on visualisation methods for understanding how these patterns and nets are realised in
simulations of liquid crystals in bulk [6] and confined polymer systems. Using an array of methods from computational geometry, we
visualise these simulations in hyperbolic two-space to facilitate easy comparisons and further analysis as shown in Figure 1(c).

Figure 1. In (a), three renderings of the Primitive, Diamond, and Gyroid three-periodic minimal surfaces in their conventional unit cell. Also shown
is a hyperbolic dodecagon (visualized using the Poincaré disk model of hyperbolic two-space) corresponding to the primitive unit cell of these
surfaces. In (b), a ten-connected net with symmetries commensurate with the surfaces in (a) is “lifted” to a three-periodic net in euclidean three-space
by embedding the net on a TPMS. In (c), a structure emerging in a simulation of a bulk polymer system yielding a Gyroid-like film for the minority
polymer components and a representation of this pattern in hyperbolic two-space by way of numerical (quasi-)conformal mapping.

[1] Sadoc, J.-F. & Charvolin, J. (1989). Acta Crystallogr. A 45, 10-20.

[2] Robins, V., Ramsden, S., & Hyde, S. T. (2004). Eur. Phys. J. B 39(3), 365-375.

[3] Pedersen, M. C. & Hyde, S. T. (2018). Proc. Natl. Acad. Sci. U. S. A. 115(27), 6905-6910.

[4] Pedersen, M. C., Delgado-Friedrichs, O., & Hyde, S. T. (2018). Acta Crystallogr. A 74(3), 223-232.

[5] Hyde, S. T. & Pedersen, M. C. (2021). Proc. Roy. Soc. A 477, 20200372.

[6] Kirkensgaard, J. J. K., Evans, M. E., de Campo, L., & Hyde, S. T. (2014). Proc. Natl. Acad. Sci. U. S. A. 111(4), 1271-1276.
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We introduce flat-branched semisimplicial (FBS) complexes as a universal language to describe aperiodic structures of finite local 

complexity. An FBS-complex naturally represents the set of local atomic arrangements occurring in the structure. It includes both 

metric and combinatorial data; the flexibility of the latter allows for incorporation of structural constraints on a longer range. An FBS-

complex can embody "local rules" of any kind, whether or not they impose a perfect long-range order. We propose an algorithm for 

exploration of local rules in terms of an FBS-complex directly from the phased diffraction data [1]. The FBS complex describing a 

structure entirely determines the density of atomic species, and yields experimentally verifiable constraints on their contribution to the 

structure factors [2]. 

[1] Kalugin, P, Katz, A. (2019). Acta Cryst. A 75(5), 669-693. 

[2] Kalugin, P, Katz, A. (2021) in preparation 

Keywords: aperiodic solids, quasicrystals, matching rules, diffraction, density 
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Coordinated Colorings and their Chromatic Groups 
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The study of chromatic symmetries to describe physical properties of crystals and mapping of individual orientations in twins has 

extended the field of mathematical crystallography. This paper discusses chromatic, partially chromatic or achromatic properties of 

symmetries or partial operations of a coordinated coloring of a symmetrical pattern, which has a potential to describe a crystalline 

structure. Here, we consider a symmetrical pattern 𝒫 consisting of disjoint congruent copies of a symmetrical motif ℳ.  

A coordinated coloring of 𝒫 is a coloring that is perfect and transitive under the global symmetry group 𝐺 of 𝒫, satisfying the condition 

that the coloring of ℳ is also perfect and transitive under its symmetry group 𝐾 (a local symmetry group).  This means that 𝐺 and 𝐾 

consists of elements that effect a permutation of the colors of the coloring of 𝒫 and ℳ respectively. If the coloring of 𝒫 or ℳ has two 

(respectively more than two) colors, then 𝐺 or 𝐾 is called a dichromatic (respectively polychromatic) symmetry group. 

A global symmetry, a local symmetry, or a partial operation (an isometry of the plane that sends one motif to another, which may not 

be a global or local symmetry of 𝒫) of a coordinated coloring of 𝒫 can be classified as either achromatic if it fixes all the colors; 

chromatic if it moves all the colors, and partially chromatic if it exchanges some colors, and fixes the rest [2]. 

As an example, consider the coordinated 4 – coloring of 𝒫 given in Figure 1. Each region in every motif is assigned a color from the set 

𝑆 = {𝑏𝑙𝑢𝑒, 𝑦𝑒𝑙𝑙𝑜𝑤, 𝑟𝑒𝑑, 𝑔𝑟𝑒𝑒𝑛}. Every element of 𝐺 =< 2 0,0; 𝑚[10]; 𝑚[01]; 𝑧(1,0) >≅ p2mm (a polychromatic symmetry group) 

permutes the colors in the 4 – coloring of 𝒫. We also note that in this coloring, every element of 𝐾 =< 4+ 0,0; 𝑚[10] >≅ 4𝑚𝑚 permutes 

the colors assigned to the triangles in the motif ℳ. The dichromatic group of ℳ is 4′𝑚𝑚′: we have the 90𝑜 rotation and two reflections 

that change colors, while two reflections fix colors. The dichromatic group of each of the other motifs is also 4′𝑚𝑚′. 

The local chromatic symmetries of 𝑀 exchanging blue and red are 4′+
, 4′, 𝑚[11]

′ , and 𝑚[11̅]
′ . On the other hand, the local achromatic 

symmetries of 𝑀 fixing the colors blue and red are 2, 𝑚[10], and 𝑚[01]. The global symmetries in 𝒫 can be characterized as: 𝑧(4)(1,0) 

(chromatic) sending blue to yellow, yellow to red, red to green, and green to blue; 2(2,2)0, 0, and 𝑚[01]
(2,2)

 (partially chromatic) exchanging 

yellow and green, and fixing red and blue; and 𝑚[10] (achromatic) fixing all the colors. The 4-coloring of the frieze pattern is described 

by the group [𝑝(4)2(2,2)𝑚(2,2)𝑚]
(4)

. The chromatic partial operations that map 𝑀 to 𝑧𝑀 are also shown in Figure 1. Sending blue to 

yellow as well as red to green are 𝑧(2)(1,0), 2(2) 1

2
, 0 , 𝑚[01]

(2) 1

2
, 0 , and 𝑔[01]

(2)
(1,0). Sending blue to green and red to yellow are 

4(2)+ 1

2
,

1

2
, 4(2)− 1

2
,

1

2

̅
, 𝑔[11]

(2)
(

1

2
,

1

2
)

1

2
, 0 and 𝑔[11̅]

(2)
 (

1

2
,

1

2
)

1

2
, 0.  

 

Figure 1. Partial operations relating 𝑀 to 𝑧𝑀. 

In this talk, examples of coordinated colorings of Frieze and Plane Crystallographic patterns will be presented. 

[1] Sadanaga, R., Sawada, T., Ohsumi, K. & Kamiya, K. (1980). J. Jpn.Assoc. Min. Petr. Econ. Geol. Spec. 2, 23–29. 

[2] Massimo Nespolo. The chromatic symmetry of twins and allotwins. Acta Crystallographica Section A Foundations and Advances, International 

Union of Crystallography, 2019, 75 (3), pp.551-573. 

Keywords: local and global color symmetry, coordinated colorings, chromatic groups 



MS-36-4                           Microsymposium  

Acta Cryst. (2021), A77, C261 

 

Advances in the application of magnetic and non-magnetic superspace-group symmetry  
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Superspace-group symmetry is essential to the unambiguous description of modulated structures, and a correct understanding of their 

physical properties.  An exhaustive enumeration of superspace groups in up to 3+3 dimensions were announced previously [1-2].  We 

now announce an exhaustive enumeration of magnetic superspace groups in up to 3+3 dimensions (over 250,000 groups).  With these 

tables in hand, we have developed an algorithm and tool that detects the unique superspace-group (magnetic or non-magnetic) of an 

arbitrary modulated structure, given the amplitudes and phases of its modulations, and identifies it in the exhaustive symmetry-group 

table.  This capability has been integrated into both the FINSYM and ISOCIF packages of the ISOTROPY software suite [3], and to 

JANA2000.  The ISODISTORT package [4], which uses group-representations to generate incommensurate structure models based on 

a given parent structure [5], now automatically identifies the unique magnetic superspace-group of each magnetically modulated child 

structure.  Anyone can access these data sources and tools online to generate, symmetrize, transform, or otherwise explore magnetic or 

non-magnetic modulated structure models. 

[1] H. T. Stokes, B. J. Campbell & S. van Smaalen, Acta Cryst. A 67, 45-55 (2011). 

[2] S. van Smaalen, B. J. Campbell & H. T. Stokes, Acta Cryst. A 69, 75-90 (2013).  

[3] H. T. Stokes, D. M. Hatch & B. J. Campbell, ISOTROPY Software Suite, iso.byu.edu. 

[4] B. J. Campbell, H. T. Stokes, D. E. Tanner & D. M. Hatch, J. Appl. Cryst. 39, 607-614 (2006).  

[5] H. T. Stokes, S. van Orden, & B. J. Campbell, J. Appl Cryst. 49, 1849-1853 (2016). 

Keywords: magnetic superspace group; superspace symmetry detection; incommensurate; modulated; isotropy subgroup 



MS-36-5                           Microsymposium  

Acta Cryst. (2021), A77, C262 

 

Magnetic modes compatible with the symmetry of crystals 
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We present a classification of magnetic point groups which give an answer to the question: Which magnetic groups can describe a 

given magnetic mode? There are 32 categories of magnetic point groups which describe 64 unique different magnetic modes: 16 with 

a ferromagnetic component and 48 without. This classification focused on magnetic modes is helpful for finding the magnetic space 

group which can describe the magnetic symmetry of the material. 

The classification selects the magnetic space groups and the magnetic site-symmetry point groups which are compatible with a 

number of magnetic phenomena e.g. collinear antiferromagnetism and ferromagnetism, spin roerientation, antiferromagnetism with 

weak ferromagnetism. The use of our classification is demonstrated on a number of well-studied materials, e.g. alpha-Fe2O3, rare 

earth orthoferrites, RFeO3. It is particularly useful for materials with weak ferromagnetism. Examples of use for neutron powder 

diffraction studies are discussed in the context of the paper by Shirane (1958). 

This presentation based on the paper (ib5097) recently accepted to Acta Cryst A. 

 Keywords: symmetry, magnetic ordering, magnetic groups, neutron diffraction 
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Pair Distribution Function Analysis in Materials Science 
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X-ray diffraction from powders and single crystals has for decades been the key analytical tool in materials science. Bragg intensities 

provide information about the average crystals structure, but often it is disorder and specific local structure that control key material 

properties. For 1D data there has been an immense growth in combined analysis of Bragg and diffuse scattering using the Pair 

Distribution Function (PDF), and in our group we frequently use 1D PDF analysis to study nanocrystal nucleation in solvothermal 

processes [1] or thin films [2], or to analyse materials under operating conditions [3]. For single crystals, diffuse scattering studies 

have a long history with elaborate analysis in reciprocal space, but direct space analysis of the 3D-PDF is still in its infancy. We have 

used 3D-PDF analysis to study the crystal structures of high performance thermoelectric materials Cu2Se (Fig 1) [4], PbTe [5], and 19-

e half-heusler Nb1-xCoSb [6], where the true local structure is essential for understanding the unique properties. For frustrated 

magnetic materials direct space analysis of diffuse magnetic scattering provides a new route to magnetic structures [7]. 

 

[1] N. L. N. Broge et al., Auto-catalytic formation of high entropy alloy nanoparticles, Angew. Chem. Intl. Ed., 59, 21920-21924 (2020) 

[2] M. Roelsgaard et al., Time-Resolved Surface Pair Distribution Functions during Deposition by RF Magnetron Sputtering, IUCrJ, 6, 299–304 

(2019) 

[3] L. R. Jørgensen et al., Operando X-ray scattering study of thermoelectric β-Zn4Sb3, IUCr-J, 7, 100-104 (2020) 

[4] N. Roth et al., Solving the disordered structure of β-Cu2-xSe using the three-dimensional difference pair distribution function, Acta Crystallogr. 

Sect. A, 75, 465–473 (2019) 

[5] K. A. U. Holm et al., Temperature Dependence of Dynamic Dipole Formation in PbTe, Phys. Rev. B, 102, 024112 (2020) 

[6] N. Roth et al., A simple model for vacancy order and disorder in defective half-Heusler systems, IUCrJ, 7, 673-680 (2020) 

[7] N. Roth et al., Model-free reconstruction of magnetic correlations in frustrated magnets, IUCr-J, 5, 410–416 (2018) 
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Recent developments in measuring and analysing large 3D volumes of scattering data to 
investigate the role of complex disorder on crystalline materials properties 
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Many advanced functional properties of crystalline materials derive from complex disorder and short-range correlations that emerge 

from a subtle balance among competing interactions involving spin, charge, orbital, and strain degrees of freedom. Materials that 

harbor such disorder generally exhibit strongly enhanced responses, with electronic, magnetic, optical, and thermal properties that are 

extremely sensitive to perturbations such as magnetic or electric fields and are of considerable importance for future applications. 
Obtaining a detailed understanding of such complex disorder is required to control and exploit these unusual patterns that persist 

within short-range ordered states in order to access functional responses inaccessible to conventional, long-range ordered materials. 

Diffuse scattering is a powerful probe of such complex disorder and when measured from single crystals over large 3D volumes of 

reciprocal space provides detailed information regarding the existence and morphology of local distortions, as well as defect–defect 

correlations, i.e., the tendency for defects to cluster into nanoscale ordered structures [1,2].  

Recent developments in instrumental advances now allow efficient measurements of single crystal diffraction data over large volumes 

of reciprocal space using synchrotron x-rays or neutrons. In the case of the latter, dedicated instrumentation, in particular the Corelli 

instrument at the Spallation Neutron Source, enables measurements of such volumes with elastic discrimination [3]. The value of 

combining the complementarity of neutrons and x-rays of such measurements over large space of temperature and compositions will 

be demonstrated on recent investigations that provide new insight on the relation of local order to material properties in relaxor 

ferroelectrics [4]. While analyzing diffuse scattering data and obtaining detailed models of the underlying structural motifs remains 

challenging, the availability of comprehensive scattering intensities over large 3D volumes enables new ways of analyzing the data, by 

utilizing the 3D-ΔPDF method [5]. This method allows to derive for example, direct, model free reconstructions of ionic correlations 

[6], which are essential to the properties of many energy materials, as well as magnetic correlations in frustrated magnets [7]. Recent 

advances in Machine Learning methods further provide invaluable and new, rapid insight into the information contained in these large 

data sets, in particular when measured over varying experimental parameters such as temperature or external fields [8]. 

x-raysneutrons

 
 

Figure 1. The shape difference of the diffuse butterflies 

observed with neutrons and x-rays in a relaxor compound 

illuminates the important role of  light elements in these 

compounds [4]. 

 

Figure 2. Real space model (a) of sodium correlations in Na0.45V2O5 derived 

from the ΔPDF transform (b). The Na sites form two-leg ladders and the zig-

zag model in (a) is derived by connecting occupied sites with more probable 

(red) vectors, ignoring neighboring sites with less probable (blue) vectors [6]. 

 

[1] Welberry,T.R. Weber, T.  (2016) Crystallography Reviews 22, 2-78 

[2] see contributions in Issue Diffuse Scattering (2005). Z. Kristallogr. Cryst. Mater. 220, Issue 12  

[3] Ye, F., et al. (2018). J. Appl. Cryst.. 51, 315 - 322. 

[4] Krogstad, M.J., et al. (2018). Nat. Mater. 17, 718 - 724. 

[5] Weber, T., Simonov, A. (2012). Z. Kristallogr. 225, 238. 

[6] Krogstad, M.J, et al. (2020). Nat. Mater. 19, 63 - 68. 

[7] Roth, N.,  May, A.F., Ye, F., Chakoumakos, B.C., Iversen, B.B. (2018). IUrJ. 5, 410. 

[8] Venderley, J., et al. (2020). Cond-Mat. Archiv arXiv:2008.03275. 
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Many important functional materials are complex mixtures that derive their properties from the interplay of various individual 

component phases. In each case, the interfaces between phases are a crucial component in their own right, since they are the point at 

which much of the key chemistry (and/or physics) takes place [1, 2]. By their very nature, interfaces are notoriously more difficult to 

characterise than the bulk phases they connect; and the process of translating experimental measurements into a picture of atomic-

scale structure remains a significant general challenge [3]. Here we explore the possibility that pair distribution function (PDF) 

measurements offer sensitivity to interface structure in a way that is strongly complementary to existing experimental and 

computational approaches.  

Using a non-negative matrix factorisation (NMF) approach [4, 5], we show how the PDF of complex mixtures can be deconvolved 

into the contributions from the individual phase components and also the interface between phases. Our focus is on the model system 

Fe||Fe3O4. First, we establish proof-of-concept using idealised PDF data generated from established theory-driven models of the Fe|| 

Fe3O4 interface. Using X-ray PDF measurements for corroded Fe samples, and employing our newly-developed NMF analysis, we 

extract the experimental interface PDF (‘iPDF’) for this same system. We find excellent agreement between theory and experiment.  

 

Figure 1. a) Representative model used to study Fe||Fe3O4 interface, comprising Fe (bottom) and Fe3O4 (top); Fe atoms grey, oxygen 

atoms red. (b) PDFs calculated from Fe|| Fe3O4 model (red), a two-phase fit (black) using Fe and Fe3O4 PDFs, and the corresponding 

difference function (grey) off-set by −0.5 units. 
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Complementary to x-ray diffraction patterns that represent the crystal lattice in Q space, the atomic pair distribution function (PDF) 

describes the structure of a material as a histogram of interatomic distances r in real space. The total scattering (TS) approach that 

enables PDF analysis requires that scattering data is collected over a wide Q range of the order of 20 Å-1 and subsequent Fourier 

transformation of the entire scattering pattern into direct space. While TS at high-energy beamlines has become a standard routine for 

bulk-type samples, the unfavorable thickness ratio of a thin film (nanometer regime) to its substrate (micrometer regime) limits the 

detectability of the film signal in simple transmission geometry as described e.g. in Ref. [1]. Therefore, we applied the high-energy 

surface diffraction technique established for single-crystal surfaces [2] to less ordered films and thus pushed the capabilities for PDF 

analysis of thin films to unprecedented limits in terms of minimum thickness and time resolution. [3,4]  Besides polycrystalline and 

textured metal and oxide layers, we studied amorphous and naocrystalline thin films. By careful data treatment, we successfully 

derived PDFs of comparable data quality from different HfO2 films with thicknesses down to 15 nm independent on their degree of 

ordering with domain sizes between ~5 and >30 Å. All films were deposited on fused silica which provides an easily scalable 

background to subtract from the sample data to isolate the film signal. Real thin film devices e.g. for electronic applications, however, 

typically consist of multiple layers, and the film growth is largely affected by the nature of the underlying layer. Therefore, we further 

developed grazing incidence total scattering towards a depth-resolving method by scanning the incidence angle. In this way, the 

technique provided insight into the structure of different types of bilayer samples studied for their use e.g. in next-generation computer 

memory applications. PDFs were successfully extracted from the individual layers of different combinations and stackings of 

amorphous and crystalline materials exhibiting high and low (electron) density and, hence, x-ray scattering power from TiO2 to Pt [5]. 

As thermal treatment is an essential part of thin film device manufacturing, we are developing a laser-interferometer based system 

that, beyond data collection during isothermal heat-treatment as applied in [4], enables following structural changes during variable-

temperature processes up to several hundred degrees. Fig. 1 shows data from the proof-of-concept experiment on a 30 nm HfO2 thin 

film deposited by chemical vapor deposition in an amorphous state, crystallized in situ while continuously acquiring TS data.  

 
Figure 1. PDFs of an amorphous hafnium oxide film acquired during crystallization at the given heating rate of 100 K min -1, incl. the 

fluctuations of the sample and the actual motor movements necessary to compensate for the thermal expansion. 
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The antiferromagnetic semiconductor MnTe has recently attracted significant attention as both a high-performance thermoelectric and 

a candidate material for spintronics. The magnetic properties of MnTe play a crucial role in both of these technological applications. 

MnTe has a hexagonal layered structure in which magnetic Mn2+ spins order ferromagnetically within the plane and 

antiferromagnetically between the planes below TN = 307 K. Above TN, robust short-range magnetic correlations survive to high 

temperature. It has been shown that these short-range correlations are a significant contributor to the high thermoelectric figure of 

merit zT in MnTe through a mechanism known as paramagnon drag. Here, we present comprehensive atomic and magnetic pair 

distribution function (PDF) analysis of neutron total scattering data collected from pure and doped MnTe powders, together with 

three-dimensional magnetic PDF data obtained from a single crystal of MnTe. These complementary data sets allow us to track in 

detail the evolution of the magnetic correlations from the long-range ordered state at low temperature to the short-range ordered state 

at high temperature. We present real-space magnetic models that reproduce the observed mPDF patterns with quantitative accuracy 

and discuss the significance of these results in the context of existing work on MnTe. 
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The local structure of NaTiSi2O6 is examined across its Ti-dimerization orbital-assisted Peierls transition at 210 K. An atomic pair 

distribution function approach evidences local symmetry breaking pre-existing far above the transition. The analysis shows the dimers 

evolve on heating into a short-range orbital degeneracy lifted (ODL)[1] state of dual orbital character, present up to at least 490 K. The 

ODL state is correlated over the length scale spanning ~6 sites of the Ti zigzag chains. Our results imply that the ODL 

phenomenology extends to strongly correlated electron systems. 

 

Figure 1. (a) C2/c structure of NaTiSi2O6 (b) Quasi-1D zigzag TiO6 chains; (c) undistorted TiO2 plaquettes of the C2/c phase, with 

uniform Ti-Ti and O-O distances; (d) distorted TiO2 plaquettes of the dimerized P 1  phase, with Ti-Ti and O-O distances split 

(S=short, L=long).  The nearest neighbour Ti-Ti distances from  P 1 -based model fits over (e) 15-30 Å and (f) 1-15 Å ranges. The 

assocaited r(Ti-Ti) splitting are shown in (g). 
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The material α-RuCl3 has been the subject of intense study for the past few years owing to the expectation that it exhibits competing 
uniaxial exchange interactions characteristic of what are now termed Kitaev materials [1].  coordinated Ru3+ ions form a honeycomb 
lattice with layers weakly bonded via van der Waals interactions.  The ease of formation of stacking faults and domains has made a 
definitive determination of the low temperature crystallographic space group difficult since many possible arrangements of the layers 
are energetically similar.  In the absence of a magnetic field single crystals with few stacking faults show a phase transition near a 
Neel temperature TN = 7 K to an antiferromagnetic structure that has zigzag order in a single plane and a 3-fold out of plane 
periodicity [2,3].  The introduction of stacking faults results in a structure with a 2-layer periodicity with TN = 14 K [2,3].     The phase 
diagram in the presence of external  in-plane  magnetic field perpendicular to a Ru-Ru bond has not been fully resolved, but some 
features are clear, including a transition to an ordered state with a different layered periodicity near 6 Tesla and the complete 
suppression of zigzag order above roughly 7.5 Tesla [4,5,6].  Substitution of non-magnetic Ir4+ for Ru3+ also suppresses the zigzag 
order [7].This talk discusses these results in the context of  measurements of the magnetic excitations, and the possible presence of  a 
quantized thermal Hall effect and other interesting phenomena.  
[1] Takagi, H., Takayama, T., Jackeli, G.,  Khaliullin G.,  &  Nagler,S.E. (2019).  Nature Reviews Physics 1, 264. 
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A central line of inquiry in condensed matter science has been to understand how the competition between different states of matter 

give rise to emergent physical properties. Perhaps some of the most studied systems in this respect are the hole-doped LaMnO3 

perovskites, with interest in the past three decades being stimulated on account of their colossal magnetoresistance (CMR). However, 

phase segregation between ferromagnetic (FM) metallic and antiferromagnetic (AFM) insulating states, which itself is believed to be 

responsible for the colossal change in resistance under applied magnetic field, has until now prevented a full atomistic level 

understanding of the orbital ordered (OO) state at the optimally doped level. Here, through the detailed crystallographic analysis of the 

hole-doped phase diagram of a prototype system, we show that the superposition of two distinct lattice modes gives rise to a striped 

structure of OO Jahn-Teller active Mn3+ and charge disordered (CD) Mn3.5+ layers in a 1:3 ratio. This superposition leads to a 

cancellation of the Jahn-Teller-like oxygen atom displacements in the CD layers only at the 3/8th doping level, coincident with the 

maximum CMR response of the manganties. Furthermore, the periodic striping of layers containing Mn3.5+, separated by layers of 

fully ordered Mn3+, provides a natural mechanism though which long range OO can melt, a prerequisite for the emergence of the FM 

conducting state. The competition between insulating and conducting states is seen to be a key feature in understanding the properties 

in highly correlated electron systems, many of which, such as the CMR and high temperature superconductivity, only emerge at or 

near specific doping values. 
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Orbital molecules are clusters of transition metal cations formed by orbital- and charge-ordering in systems with direct d-d interactions 

[1]. Vanadium oxides exhibit a particularly rich variety of orbital molecule states, notably the V-V dimerisation that accompanies the 

metal-insulator transition in VO2 [2]. In vanadium oxide spinels such as AlV2O4 and GaV2O4 the 3D connectivity of V-V nearest 

neighbours allows larger orbital molecules to form, and these also persist into a hidden high-temperature disordered state [3]. 

Not all AV2O4 spinels have orbital molecule ground states, but as the formation of V-V bonds is associated with marked lattice 

distortions we have employed synchrotron X-ray powder diffraction and pair-distribution function analysis to determine the structural 

and electronic requirements for V-V bonding to be stabilised. Studying the ZnxGa1−xV2O4 family of materials revealed that, whilst the 

long-range order of orbital molecules in the ground state of GaV2O4 is highly sensitive to A-site substitution, local V-V bonding 

interactions are stable to x > 0.75 before the ground state of ZnV2O4, which is orbitally ordered but without V-V bonding, emerges [4]. 

Furthermore, we have found a monoclinic distortion coincident with the reported pressure-driven metal-insulator transition in LiV2O4 

that suggests it to be the result of orbital-molecule formation [5]. Overall, we have determined that the formation and ordering of 

orbital molecules bonds in AV2O4 spinels is principally dependent on the V-V nearest-neighbour distance (Fig. 1). 

 

Figure 1. Phase diagram illustrating the dependence of V-V bonding in the ground states of AV2O4 spinels on the ratio of observed to 

ideal V-V nearest neighbour distances d/dideal. n is the average number of 3d electrons per V cation [4]. 
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Perovskites are one of the most prevalent classes of functional materials and are already known to exhibit a wide range of properties, 

including ferroelectricity, superconductivity and magnetism amongst others [1]. Many traditional perovskites have poor toxicity and 

sustainability; however, the inclusion of organic components could help alleviate these issues and provide greater structural diversity. 

Several examples of hybrid perovskites with interesting properties have already been reported with the inclusion of complex anions 

such as cyanides, formates and azides on the X site of the perovskite [2]. Whilst the oxalate ligand has already been extensively used 

in coordination polymers, its use in perovskite materials has only recently been reported in the compound KLi3Fe(C2O4)3 [3], the 

compound exhibits simultaneous 1:3 ordering on both the A and B sites of the perovskite Fig 1. In order to gain a more detailed 

understanding of this structure type, a series of compounds with the general formula AILi3MII(C2O4)3 where A = K+, Rb+, Cs+ and M = 

Fe2+, Co2+, Ni2+ have been synthesised and characterised [4]. 

      

Figure 1. Comparison of hypothetical cubic perovskite with 1:3 cation ordering at the A and B site (left) and the corresponding crystal 

structure of the perovzalates (right). Li octahedra blue, M octahedra brown and A cation purple. 
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The Aurivillius materials are well known for their ferroelectric properties [1] and associated structural distortions.[2] They form a 

class of layered perovskite-related phases with general formula Bi2An-1BnX3n+3 (X is usually oxide, but halides are also known), with 

structures built up from alternating fluorite-like [Bi2O2]2+ layers and [An-1BnX3n+1]2- perovskite-like layers. The search for 

magnetoelectrics, with coupled magnetic and ferroelectric order, has motivated investigations to introduce magnetic ions into the B 

cation sites. However, this has been challenging and the concentrations of magnetic B cations in Aurivillius oxides is typically low. [3-

5] Redirecting research away from oxides and towards mixed-anion systems, including Aurivillius oxyfluorides, opens up a wider 

compositional range, as well as the possibility of tuning structure and properties by anion order.[6, 7]  

This presentation describes work on n = 1 Aurivillius oxyfluorides including Bi2TiO4F2 and Bi2CoO2F4. Our symmetry analysis [8] of 

possible anion-ordered structures highlights the challenges of packing polar heteroanionic units to break inversion symmetry, as well 

as means by which this might be achieved for Bi2TiO4F2. We also explore methods to determine anion ordering in materials with 

anions with similar scattering lengths.[9]  

Increasing the fluoride content in these oxyfluorides gives access to phases with lower oxidation states for B cations, and the report of 

Bi2CoO2F4, with long-range magnetic order of the Co2+ sublattice,[10] motivated our investigation using neutron powder diffraction. 

We’ve explored its nuclear structure and in particular, the anion sublattice and structural distortions, and determined its magnetic 

structure.[11] This gives insight into its physical properties and opens the door to designing and preparing new multiferroics.   
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Heusler alloys close to stoichiometric Ni2MnGa undergo a sequence of difussionless, displacive phase transformations from parent, 

cubic austenite to various martensitic or ferroelastic phases, modulated 10M and 14M (also marked 5M and 10M) and non-modulated 

(NM) tetragonal phase depending on composition. Often the cascade of intermartensitic transformations (10M-14M-NM) is observed 

with decreasing temperature or with increasing mechanical stress [1]. Owing to ferromagnetic state and highly mobile twin boundaries 

in modulated phases the relatively weak magnetic field can induce the reorientation of ferroelastic domains via twin boundary motion 

resulting in giant magnetic-field-induced strain up to 12% in single crystal [2] called magnetic shape memory (MSM) effect [3]. 

Although the martensitic transformation is relatively well understood the nature of intermartensitic transformation (IMT) is still 

disputed. One reason is that even the character of modulated phases is not settled [4-6].  Understanding IMT can provide some clue to 

the character of modulated phases and has also practical impact as IMT limits the operational range of MSM effect. Despite the 

various studies performed on polycrystalline samples, little neutron research has been done on single-crystals. Regarding the complex 

nature of the modulated phases and continuing discussion about their character (nanotwinning v. harmonic modulation) [4-6] only 

single crystalline studies represent proper way in attempt to understand the 10M-14M intermartensitic transformation. The neutron 

diffraction as bulk method is particularly suitable for direct comparison with magnetic [7] and transport measurements [6].  

Here we present study of 10M-14M transformation by neutron diffraction using the D9 and D10 single-crystal four-circle 

diffractometers and CYCLOPS (neutron Laue single-crystal diffractometer) in ILL Grenoble. The Laue method allowed continuous 

tracing of the transition and broader survey of the reciprocal space with temperature revealing any changes in crystal orientation and 

newly occurring twinning in transformed phase. Additional laboratory X-ray diffraction using rotating anode diffractometer gave an 

further insight and better precision. The q-scans measured across the transition revealed the details of the modulation pointing to their 

nanotwinning character. Fine features in the q-scan patterns suggested the traces of 10M within 14M phase in the temperature well 

below IMT. The structural changes indicated by the diffraction were related to the changes of magnetic properties. In presentation we 

will also look on preference of 14M phase in epitaxial thin films compared to bulk single crystal.   

[1] Martynov V. V. and Kokorin V. V. (1992) J. Phys III Fr. 2 739–49.  

[2] Sozinov, A. et al. (2020) Scripta Mater. 178, 62-66  

[3] Heczko O.  Scheerbaum N., Gutfleisch O. (2009) Magnetic shape memory phenomena, in: J.P. Liu, E. Fullerton, O. Gutfleisch, D.J. Sellmyer 

(Eds.), Nanoscale Magnetic Materials and Applications, Springer US, pp. 399-439. 

[4] Mariager S. O., Huber T. and Ingold G. (2014) Acta Mater. 66 192–8  

[5] S. Kaufmann et al. (2010) Phys. Rev. Lett. 104 145702  

[6] Veřtát, P. et al. (2021) J. Phys.: Condens. Matter 33 265404 

[7] Molnar, P. et al (2008) J. Phys.: Condens. Matter 20 104224  
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Formate-mediated Magnetic Superexchange in the Model Hybrid Perovskite 
[(CH3)2NH2]Cu(HCOO)3: Applicability criteria for the GKA rules 
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We have investigated the magnetic and electronic structures of crystalline dimethylammonium copper formate 

[(CH3)2NH2]Cu(HCOO)3; a model compound that belongs to a wide class of hybrid organic-inorganic perovskites. We present the 

results of a combined experimental approach, where neutron diffraction and magnetisation measurements were used to solve the 

ground state magnetic structure in which the same ligand mediate antiferromagnetic and ferromagnetic interactions, while electron 

charge density distribution and orbital occupancy were determined by high-resolution x-ray diffraction [1]. The latter provided a 

microscopic analysis of the chemical bonding from which we established a detailed correlation between the structural, electronic, and 

magnetic properties of [(CH3)2NH2]Cu(HCOO)3, demonstrating the primary role of Cu-O bonding in establishing the nature of the 

exchange (Figure 1). Our results elucidate the mechanism of magnetic exchange mediated by formate anions, from which we examine 

the applicability of foundational theories of purely inorganic perovskites and define characteristics that the ligands should meet to 

support the use of the Goodenough-Kanamori-Anderson (GKA) rules [2]. The derived criteria for the applicability of GKA rules 

where used to predict the magnetic structure, then verified experimentally, of hybrid perovskites including different ligands, such as 

[(CH3)2NH2]Cu(HCOO)2(NO3) and Cu(HCOO)2(pyrimidine). Charge density analysis enabled us to account for qualitative and 

quantitative differences in the superexchange mediated by formate, nitrate and pyrimidine. 

 

Figure 1. Spatial electronic configuration of Cu2+ ions pertinent to superexchange via molecular (formate) ligands, as determined by 

quantum crystallography in [(CH3)2NH2]Cu(HCOO)3. Blue and red contours (0.2 e/Å3) for excess and depletion of electron density. 

Yellow sticks depict Jahn-Teller elongated bonds. Inset: schematic representation of GKA rules. 

 
[1] R. Scatena, R. D. Johnson, P. Manuel, P. Macchi, J. Mater. Chem. C 2020, 8, 12840–12847. 

[2] S. V. Streltsov, D. I. Khomskii, Uspekhi Fiz. Nauk 2017, 187, 1205–1235. 
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The Electric Field of ATP-Synthase  
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This talk will underscore the importance of developing fast Quantum Crystallographic (QCr) [1] approaches to accurately calculate 

the electric fields and their associated electrostatic potentials of large molecules such as proteins. Crystallographic structures of ATP 

synthase from five species have been used to calculate (approximately) and compare their intrinsic electrostatic potentials and fields 

[2-4]. Striking consistent patterns (and differences) in the topographies of these scalar and vector fields are uncovered across the five 

studied ATP synthases [2]. The role of these fields in the biological function of ATP synthase will be discussed within the context of 

Mitchell’s chemisomotic theory. Our calculations suggest that, due to the intrinsic field of ATP synthase itself, the standard equation 

of chemiosmotic must be augmented by including a term that accounts for the contribution to ΔG of the difference in ATP synthase’s 

electrostatic potential, 
ATPase , between the points of entry and exit of the protons in the mitochondrion. With this inclusion, our 

proposed amended equation for the chemisomotic ΔG, in standard notation, becomes [2-4]: 

 

                                                                           (1) 

Our results can be summed-up into assigning two separate but complementary roles to ATP synthase [2]: 

(1) Its putative role, and that is the catalysis (i.e. lowering the ΔG‡) of the reaction: . 

(2) A novel role, that is, of altering the ΔG of the reaction of translocation of protons from the inter-membrane gap in the 

mitochondrion to the mitochondrial matrix, i.e. the reactions: .  

Said differently, due to the enzyme’s very structure and due to the chemiosmotic origin of the free energy it harnesses, ATP synthase 

functions over an above its role as an enzyme and is more than strictly a biological catalyst. 

The crucial role played by the enzyme’s own electric properties calls for their accurate and fast determinations especially with the 

advent of QCr [1]. An example of such approaches is the Kernel Energy Method [5-6] fragmentation whereby, given a molecular 

geometry, one can perform quantum calculations on fragments and obtain an approximate total electrostatic potential of the full 

molecules. Since this is a part of a larger project, time permitting, the talk may touch upon some of the hot current open questions such 

as the one we term “Mitochondrion Paradox” [7-10]. 

 [1] Genoni, A. ; Bucinskż, L.;  Claiser, N.; Contreras-Garcia, J.; Dittrich, B.; Dominiak, P. M.; Espinosa, E.; Gatti, C.; Giannozzi, P.; Gillet, J.-

M.; Jayatilaka, D.; Macchi, P.;  Madsen, A. Ų.; Massa, L.; Matta, C. F.; Merz Jr., K. M.; Nakashima, P.; Ott, H.; Ryde, U.; Scherer, W.; 

Schwarz, K.; Sierka, M.; Grabowsky, S. (2018) Chem. Eur. J. 24, 10881-10905. 

[2] Vigneau, J. N.; Fahimi, P.; Ebert, M.; Cheng, Y.; Tannahill, C.; Muir, P.; Nguyen-Dang, T.-T.; Matta, C. F.  (2021) Submitted, in review. 

[3] Cheng, Y. (2019). A Computational Investigation of the Intrinsic Electric Field of ATP Synthase (M.Sc. Thesis); Saint Mary's University: 

Halifax, Canada. 

[4] Matta, C. F. (2016). Dipolar field of ATP Synthase: Unpublished results presented in a number of seminars. 

[5] Huang L.; Massa, L.; Karle, J. (2010). Chapter 1 in: Quantum Biochemistry: Electronic Structure and Biological Activity, Vol. I; Matta, C. F. 

(Ed.), Wiley-VCH: Weinheim, 2010. 

[6] Polkosnik, W.; Matta, C. F.; Huang, L.; Massa, L. (2019). Int. J. Quantum Chem. 119, e26095. 

[7] Fahimi, P. ; Matta, C. F. (2021). Phys. Biol. 18 , in press (DOI: 10.1088/1478-3975/abf7d9). 

[8] Fahimi, P. ; Matta, C. F. (2021) Submitted, in review. 

[9] Nasr, M. A.; Dovbeshko, G. I.; Bearne, S. L.; El-Badri, N.; Matta, C. F. (2019). BioEssays 41, 1900055.  

[10] Matta, C. F.; Massa, L. (2017). J. Phys. Chem. A 121, 9131-9135. 
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Melt-quenched glasses from metal-organic frameworks (MOF) represents a new class of hybrid functional materials, which have 

generated a lot of attention amongst the material science community due to their novel short-range structures and potential 

applications such as gas-mixture separations, ion conductivity, etc 1. To improve the thermal stability window of the liquid phase of 

MOFs, substantial efforts are directed to lower the melting temperature of the crystalline MOF state 2, 3. However, in this context, 

the relationship between chemical bonding and melting/decomposition of MOFs is still unexplored.  

In this work, we compare the electron density distribution of two isostructural Zeolitic Imidazole Framework (ZIF) molecules-

meltable Zn-ZIF-zni with Co-ZIF-zni that undergoes thermolysis, using high-resolution synchrotron single-crystal X-ray diffraction 

data measured at 25 K. Several ZIFs such as ZIF-4, ZIF-1, ZIF-3, ZIF-zeg, ZIF-nog undergo thermal amorphization and 

recrystallization to ZIF-zni prior to melting/decomposition 4. Charge density analysis along with derived topological parameters 

based on Bader’s QTAIM theory 5 shows that Zn‒N bonds are primarily closed shell ionic in nature and weaker in strength. On the 

other hand, Co‒N bonds are dominated by polar covalent interactions with significant electron density accumulation in bonding region 

and distinct -backbonding features (Fig. 1). 

In situ temperature dependent Raman spectroscopy (300 K-773 K) revealed a greater degree of bond weakening in the imidazolate 

ligands of Co-ZIF-zni during heating. In addition, variable temperature crystallography (25 K-400 K) confirmed that Zn-ZIF-zni are 

less prone to framework distortion in comparison to a more rigid framework in Co-ZIF-zni. To further validate the role of 

metal‒ligand bonds on thermal behavior of these ZIF compounds, for the first time we prepared a set of eight novel solid solutions-

CoxZn1-x-ZIF-zni where mole fraction (x) of Co ranges from 0.4 to as low as 0.003. Using differential scanning calorimetry (DSC)/ 

thermogravimetric analysis (TGA), we observed that a presence of very low quantity (~4%) of doped Co in Zn-ZIF-zni lattice results 

in thermal decomposition of the crystal framework. We identified this phenomenon as ‘butterfly effect’ of Co‒N bonds on thermal 

stability of these solid solution MOFs. 

 

Figure 1. 2D deformation maps along N‒M‒N plane plotted at a contour level of ± 0.1 eÅ-3. Blue represents charge concentration, 

and red represents charge depletion regions  

[1] Bennett, T. D. & Horike, S. (2018). Nat. Rev Mat. 3, 431-440. 

[2] Frentzel-Beyme, L., Kloß, M., Kolodzeiski, P., Pallach, R. & Henke, S. (2019). J. Am. Chem. Soc. 141, 12362-12371. 

[3] Hou, J., Ríos Gómez, M. L., Krajnc, A., McCaul, A., Li, S., Bumstead, A. M., Sapnik, A. F., Deng, Z., Lin, R., Chater, P. A., Keeble, D. S., Keen, 

D. A., Appadoo, D., Chan, B., Chen, V., Mali, G. & Bennett, T. D. (2020). J. Am. Chem. Soc. 142, 3880-3890. 

[4] Bennett, T. D., Keen, D. A., Tan, J.-C., Barney, E. R., Goodwin, A. L. & Cheetham, A. K. (2011). Angew. Chem. Int. Ed. 50, 3067-3071. 

[5] Bader, R. F. (1990). Atoms in molecules. Wiley Online Library. 
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Thermoelectric materials are able to interconvert thermal and electrical energy, and thus offer the potential to harvest waste heat 

through solid-state devices. A particularly interesting class of thermoelectric materials are the cubic intermetallic Half-Heusler 

semiconductors with XYZ stoichiometry, which show promising high temperature thermoelectric properties commonly attributed to 

the high degeneracy of carrier pockets in the band structure and weak electron-phonon coupling. 

Half-Heuslers crystallize with YZ and XY forming tetrahedrally coordinated zinc blende networks, and XZ forming a rock salt 

network. Stable stoichiometric Half-Heuslers have valence electron counts of 8 or 18, which has led to interpretation of their bonding 

and properties within Zintl chemistry [1]. Applying Zintl chemistry to Half-Heuslers, the electroposive cation, Xn+, donates all its 

valence electrons to the covalently bonded [YZ]n- polyanion, which then fulfils the 8- or 18-electron rule. Thus, ionic and covalent 

bonding patterns coexist and there is a clear distinction between the bonding within the polyanion and the bonding between formal 

cation and polyanion. Zintl chemistry is often applied for engineering thermoelectric materials, and for Half-Heuslers, it gives rise to 

predictions regarding the electronic structure and defect chemistry. 

Expanding on previous investigations on chemical bonding in Half-Heuslers [2,3], we present the results of computational real space 

chemical bonding analysis using Bader’s quantum theory of atoms in molecules and delocalization indices on a range of Half-Heusler 

semiconductors. This shows strong deviations from predictions from Zintl chemistry for transition metal based materials and reveal 

interesting relations between chemical bonding and thermoelectric and response properties [4]. 

We construct a map of chemical bonding in Half-Heuslers based on real space indicators [5], onto which we map important calculated 

thermoelectric properties. This reveals that strong covalent bonding between formal cation and polyanion results in increased carrier 

pocket degeneracies, and therefore improved thermoelectric properties. Thus, the materials least in line with the commonly applied 

Zintl concept are in fact the ones with the best thermoelectric properties. 

This works extends our previous studies showing the inability of Zintl chemistry to explain the unexpected isotropic properties in 

thermoelectric Mg3Sb2 [6], and thus presents a critical view on the simplistic chemical concepts too often applied for rational materials 

design. Furthermore, it highlights the potential of applying tools from chemical bonding analysis and quantum crystallography for 

materials design. 

[1] Zeier, W. G., Schmitt, J., Hautier, G., Aydemir, U., Gibbs, Z. M., Felser, C., Snyder, G. J. (2016). Nat. Rev. Mater. 1, 16032 

[2] Bende, D., Grin, Y., Wagner, F. R. (2014). Chem. Eur. J. 20, 9702-9708 

[3] Bende, D., Wagner, F. R., Grin., Y. (2015). Inorg. Chem. 54, 3970-3978 

[4] Tolborg, K., Iversen, B.B. (2021). Submitted 

[5] Raty, J. Y., Schumacher, M., Golub, P., Deringer, V. L., Gatti, C., Wuttig, M. (2019). Adv. Mater. 31, 1806280 

[6] Zhang, J., Song, L., Sist, M., Tolborg, K., Iversen, B. B. (2018). Nat. Commun. 9, 4716 
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Quantitative convergent-beam electron diffraction (QCBED) has become established as a highly accurate and precise means of 

measuring bonding electrostatic potentials and electron densities [1].  To date, it has almost exclusively been performed using the Bloch-

wave electron scattering formalism [2], which requires 3-dimensional periodicity throughout the scattering volume.  This has restricted 

QCBED to bonding measurements in homogeneous, single-phased crystalline materials (just like X-ray diffraction). 

The multislice formalism [3] for electron scattering dispenses with the requirement of periodicity in the direction of the electron beam.  

Furthermore, electron probe sizes are typically of order 1 nm in dimension for QCBED, rendering even very highly curved features in 

nanostructured materials locally planar relative to the electron probe.  This means that nanostructures that share a crystallographically 

coherent interface with the surrounding matrix in which they are embedded, could in principle be analysed by multislice-based QCBED.  

Add to this the routine sub-nanometre precision in positioning electron probes in transmission electron microscopes, and there is the 

potential to map bonding charge density as a function of position in nanostructured materials for the first time. 

We are attempting to measure bonding electron densities within a number of different nanostructures and also across their interfaces 

with the surrounding matrix material, using QCBED based on the multislice formalism.  We will present some early results from several 

nanostructured materials such as those shown in Fig. 1 below. 

 

Figure 1. High angle annular dark field scanning transmission electron microscopy of an Al-Cu alloy [4] (a); a (ZnO)kIn2O3 (k = 5) 

thermoelectric oxide superlattice [5] (b); an Al-Cu-Sn alloy containing Sn-coated voids [6] (c & d).  The figure also presents a CBED 

pattern (e) from the material in part b and a CBED pattern (f) taken through a void like the one shown in parts c and d. 
 

[1] Nakashima, P. N. H., Smith, A. E., Etheridge, J. & Muddle, B. C. (2011). Science 331, 1583. 

[2] Bethe, H. A. (1928). Ann. Phys. (Berlin) 392, 55. 

[3] Cowley, J. M. & Moodie, A. F. (1957). Acta Cryst. 10, 609. 

[4] Bourgeois, L., Zhang, Y., Zhang, Z., Chen, Y. & Medhekar, N. V. (2020). Nature Commun. 11, 1248. 

[5] Liang, X. & Clarke, D. R. (2018). J. Appl. Phys. 124, 025101. 

[6] Tan, X., Weyland, M., Chen, Y., Williams, T., Nakashima, P. N. H. & Bourgeois, L. (2021). Acta Mater. 206, 116594. 
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Transition metal (TM) bound hydrides can be used as hydrogen storage materials, they also play the key role in processeses of catalysis, 

energy conversion and search for superconductvity. However, they are very difficult to study with the method of X-ray diffraction, on 

the one hand, due to the fact that hydrogen atom has only one electron with density is usually strongly shifted towards its bonding 

partner, on the other hand, because its weak diffraction signal is strongly screened by scattering from the electron-rich heavy metal. 

Moreover, it is difficult to collect high quality, let alone high resolution X-ray diffraction data for such compounds. The availability of 

neutron diffraction data, which are the a benchmark of hydrogen positions, is even more limited. 

Recently, it was proven that Hirshfeld Atom Refinement (HAR), using aspherical atomic scattering factors, allows locating hydrogen 

atoms bonded to light elements based on standard resolution X-ray diffraction data with accuracy and precision very close to the one of 

neutron experiments [1]. This was a significant improvement compared to the most popular Independent Atom Model (IAM). Nevertheless, 

excluding this study, only 5 structures of complexes with TM-H bonds have been successfully refined with HAR [1,2] for only two of 

which a complementary neutron data set is available. 

We present the results of HAR of around 11 X-ray structures of crystals of metaloorganic compounds containing hydrogen atoms bonded to 

heavy metals from period IV (Fe, Co, Cu, Ni), V (Nb, Ru, Rh, Sb) and VI (Os) for which also the corresponding neutron structure is 

available. Refinements were performed using Olex2 with application of atomic aspherical structure factors computed with the DiSCaMB 

library [3], based on Hirshfeld partition of molecular electron density calculated for the central molecule embeddded in a cluster of atomic 

charges and dipoles centered on the atomic nuclei of the surrounding molecules within the radius of 8 Å. Additionally, HARs without a 

cluster of multipoles were carried out with NoSpherA2 [2]. Wave functions were calculated using the DFT method, in each case B3LYP, 

PBE and M062X functionals were used. All the calculations were performed also in the version including relativistic effects as implemented 

in the DKH2 Hamiltonian approach. Various basis sets were tested. 

Overall, the DiSCaMB-HAR procedure elongates the TM-H bond lengths, bringing them closer to the neutron values [4]. The level of 

improvement is dependent on the quality of the experimental data and the refinement. The most prominent example of a successful refinement 

is the structure of a metalloorganic complex containing a Ru-H bond, which can be refined anisotropically to obtain the Ru-H distance in very 

high agreement with the one in the neutron structure (neutron: 1.598(3) Å, IAM: 1.56(2) Å, DiSCaMBHAR(B3LYP/cc-pVTZ-DK): 

1.593(11) Å, DiSCaMB-HAR(PBE/cc-pVTZ-DK): 1.599(11) Å). In four cases (Fe, Ru and Rh complexes), refinement of ADPs of hydrogen 

atoms was feasible. In the case of the Fe complex, HAR performed with SHADE2-estimated H ADPs was feasible and was used to evaluate 

the H APDs reifned with HAR. For two structures X-ray and neutron experiments were performed at the same temperature, thus a direct 

comparison of HAR and neutron isotropic temperature factors of hydrogen atoms will be presented. The data sets were ranked according to 

various parameters describing data quality and refinement quality both for the neutron and the X-ray data sets, which lead to the final joint 

neutron and X-ray data-refinement quality ranking. The ranking reflects well how favourable the HAR-neurton TM-H bond length 

comparison is and correlates with the number of electrons in the TM. Examples showing the influence of factors such as the position in the 

ranking and the method of obtaining the molecular wave function on the quality of TM-H and other X-H bond lengths obtained with HAR will 

be presented. 

[1] Woińska, M., Grabowsky, S., Dominiak, P. M., Woźniak, K. & Jayatilaka, D. (2016). Sci. Adv. 2, e1600192. 
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      L. Spencer, F. White, B. Grundkötter-Stock, S. Steinhauer, D. Lentz, H. Puschmann, S. Grabowsky (2021). Chem. Sci. 12, 1675-1692. 

[3] Chodkiewicz, M. L., Migacz, S., Rudnicki, W., Makal, A., Kalinowski, J. A., Moriarty, N. W., Grosse-Kunstleve, R. W., Afonine, 

      P. V., Adams, P. D. & Dominiak, P. M. (2018). J. Appl. Cryst. 51, 193-199. 
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In this presentation, I will highlight research opportunities and challenges in probing structural dynamics of molecular systems using X-ray 

Photon Correlation Spectroscopy (XPCS). The development of new X-ray sources, such as 4th generation storage rings and X-ray free-

electron lasers (XFELs), provides promising new insights into molecular motion. Employing XPCS at these sources allows to capture a very 

broad range of timescales and lengthscales, spanning from femtoseconds to minutes and atomic scales to the mesoscale. Here, I will discuss 

the scientific questions that can be addressed with these novel tools for two prominent examples: the dynamics of supercooled water [1,2] and 

proteins [3]. Finally, I will provide practical tips for designing and estimating feasibility of XPCS experiments as well as on detecting and 

mitigating radiation damage.  

Figure 1. A typical experimental setup of X-ray Photon Correlation Spectroscopy (XPCS). The scattering intensity is recorded with a 

pixelated 2D array detector. The scattering intensity is recorded as a function of time, which fluctuates due the changes of the speckle 

pattern (upper right-hand panel). By calculating the intensity correlation function g2 one can obtain information about the dynamics. 

The amplitude of the correlation function relates to the speckle contrast b and the decay constant reflects the timescale of motion 

associated with the given momentum transfer Q. 
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Schreck, S. Song, T. Sato, M. Sikorski, A. Eilert, T. McQueen, H. Ogasawara, D. Nordlund, W. Roseker, J. Koralek, S. Nelson, P. Hart, R. 

Alonso-Mori, Y. Feng, D. Zhu, A. Robert, G. Grübel, L. G. M. Pettersson, and A. Nilsson,  

Nature Comm. 9, 1917 (2018) 

[3] F. Perakis and C. Gutt, Phys. Chem. Chem. Phys., 22, 19443-19453 (2020)   
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Visualizing the effect additives have on the nanostructure of individual bio-inspired calcite 
crystals  
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Additives provide a versatile strategy for controlling crystallization processes, enabling selection of properties including crystal sizes, 

morphologies, and structures. The additive species can also be incorporated within the crystal and even the crystal lattice itself, 

leading for example to enhanced mechanical properties. However, while many techniques are available for analysing particle shape 

and structure, it remains challenging to characterize the structural inhomogeneities and defects introduced into individual crystals by 

these additives, where these govern many important material properties. Here, we exploit coherent diffraction imaging methods to 

visualize the distribution of additives within as well as the effects additives have on the internal structure of individual calcite crystals. 

Highlighted are how factors including supersaturation, solution composition and additive-crystal interactions govern the distribution 

of additives in single crystals. Further, emphasized is the emergence of a range of complex strain and zonation patterns depending on 

the nature of the additive, diverging in part and locally from commonly suggested distribution models. This work contributes to our 

understanding of the factors that govern the structure-property relationships of crystalline materials, where a controlled utilization of 

additives will ultimately inform the design of next-generation materials. 

Keywords: BCDI, PXCT, Calcite, Additives, Composite  
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Cateretê: The Coherent X-ray Scattering Beamline at the 4th generation synchrotron facility 
SIRIUS  
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Brazilian Synchrotron Light Laboratory (LNLS), Brazilian Center for Research in Energy and Materials (CNPEM), 13083-970, 
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Cateretê, the coherent X-ray scattering beamline at the new Brazilian synchrotron 5bent-achromat source, Sirius [1] is dedicated to 

coherent diffraction imaging (CDI) as well as X-ray photon correlation spectroscopy (XPCS) studies. Making the most of the coherence 

properties of the ultra-low emittance of the Sirius accelerator, will enable to perform 3D imaging of micrometer sized specimen down 

to few nanometers spatial resolution.  

The Cateretê beamline is equipped with an undulator source, in a low-beta straight section, and two cryo-cooled focussing mirrors 

creating a 41 x 36 m2 (FWHM at 9 keV) coherent beam at 88 m from the source. The beamline operates in the 4 to 24 keV energy 

range using a horizontally deflecting 4-bounce crystal monochromator (4CM). Moving the 4CM laterally by a few mm, enables to 

operate the beamline in pink beam mode, maintaining the beam position unchanged. The experimental station is located 88 m from the 

source, followed by a 28 meters vacuum chamber hosting the Medipix (3k x 3k pixels2) in-vacuum detector. 

The beamline, now under commissioning, will enable to perform imaging in reciprocal space, with a particular focus on in situ

imaging  as well as cryo-imaging experiments [2], [3]. To date, we measured and obtained the first three-dimensional reconstruction of 

a 6 microns cube zeolite crystal. XPCS studies of zeolite nucleation and growth have also been performed and will be presented. 

An operando reaction cell, enabling to image catalysts under realistic catalytic conditions and a cryogenic sample environment are 

under development. The latter will allow 2D and tomographic data acquisition of specimens loaded in capillaries or flat substrates 

such as Si3N4 membranes. The cryo-system is based on a low-flow cryo-cooled He gas preserving the sample stability and operates in 

a controlled humidity atmosphere preventing ice formation. 

I will describe the Cateretê beamline and present the latest results obtained using plane-wave CDI as well as XPCS. 

Figure 1. Panoramic view of the Cateretê experimental hutch and the 28 meters vacuum chamber hosting the medipix 540D detector. 

[1] L. Liu, N. Milas, A. H. C. Mukai, X. R. Resende, and F. H. De Sá, “The sirius project,” J. Synchrotron Radiat., vol. 21, no. 5, pp. 904–911, 

2014. 

[2] A. R. Passos et al., “Three-dimensional strain dynamics govern the hysteresis in heterogeneous catalysis,” Nat. Commun., vol. 11, no. 1, pp. 

1–8, 2020. 

[3] C. C. Polo et al., “Correlations between lignin content and structural robustness in plants revealed by X-ray ptychography,” Sci. Rep., vol. 10, 

no. 1, pp. 1–11, 2020. 

Keywords: plane-wave CDI; cryo-imaging; operando;  XPCS, ultra-low emittance synchrotron 
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Burning cups and donuts: what coherent X-rays can reveal about topological defects 
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Topological defects are at the heart of many intriguing phenomena in fields as diverse as biology and materials science. Ability to 

manipulate the topological order at will has transformative implications for nanotechnology, particularly for next generation spintronic 

devices, solar cells, photonics, reconfigurable electronics, catalysts, and energy and information storage. To achieve such control, we 

must deepen our understanding of topological textures. It is therefore essential to comprehend their nature in 3D.  

While electron microscopy methods achieve very high spatial resolution even in 3D, for this they rely on destructive slicing/milling 

techniques that (1) induce excessive strain on the samples, potentially significantly altering the energy landscape; and (2) render time-

dependent studies impossible. On the other hand, X-rays have high penetration depth that allows them to access whole-volume 

information and are (mostly) non-destructive, preserving the structures under study. Moreover, X-rays do not interfere with electric 

and magnetic fields (as well as with visible light photons), allowing studies to be performed under external influences. 

In this talk, we will show how Bragg coherent diffractive imaging, with help of Landau phase-field modelling, can be extended to the 

studies of ferroelectric domains, polar vortices [1] and 1D strings [2] in individual nanoparticles under external electric fields. Our 

results show that topological structures in ferroic materials can modulate the structural phase transition driven by electric field. When 

analyzing projections of toroidal moment, we also observed controllable chirality, which can be applied in next generation electronics. 

Tracking of the domain morphology and the vortex core lines suggests that some ferroic materials feature topological structures of the 

same universality class as hypothetical cosmic strings. This suggests that our methodology can be applied to the studies as exciting 

and fundamental as cosmology. We will further discuss how the same methodology can be adapted to the studies of large-scale 

topological textures in photonic networks imaged using ptychographic X-ray computed tomography [3]. We will emphasize the 

similarities between imaged topological entities and discuss implications of next generation synchrotron sources for the field. 

 

Figure 1. a, principle experimental scheme of Bragg coherent diffractive imaging experiment of a vortex in a BaTiO3 nanoparticle 

under external electric field [1]. b, rendering of ferroelectric 1D strings in individual nanoparticle of BaFe12O19 [2]. 

 

[1] D. Karpov, Z. Liu, T. dos Santos Rolo, R. Harder, P. V. Balachandran, D. Xue, T. Lookman, and E. Fohtung, “Three-dimensional imaging of 

vortex structure in a ferroelectric nanoparticle driven by an electric field”, Nat. Comm. 8, 280 (2017) 

[2] D. Karpov, Z. Liu, A. Kumar, B. Kiefer, R. Harder, T. Lookman, and E. Fohtung, “Nanoscale topological defects and improper ferroelectric 

domains in multiferroic barium hexaferrite nanocrystals”, Phys. Rev. B 100, 054432 (2019) 

[3] High-resolution three-dimensional imaging of topological textures in gyroid networks (manuscript in preparation). 

Keywords: topological defects; Bragg coherent diffractive imaging; ptychographic X-ray computed tomography; ferroelectric 
materials; photonic structures 
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Coherent diffraction imaging at space-group forbidden reflections  
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On one hand, coherent diffraction imaging (CDI) in Bragg geometry has emerged as a unique 3D microscopy of nanocrystals thanks 

to 3rd generation synchrotron sources. Away from absorption edges and at space-group allowed reflections, it provides not only the 

electronic density, but also, encoded in the phase, the atomic displacement field with respect to the mean lattice, which in turn reveals 

crystal strain, defects and domains [1–3]. On the other hand, some crystal structures have crystallographic reflections which are 

forbidden by the space-group symmetry but can nevertheless be observed at a suitable X-ray absorption edge, due to the anisotropy of 

the tensor of scattering (ATS) [4]. They are several orders of magnitude weaker than allowed reflections, but the absence of Thomson 

scattering allows the observation of various electronic phenomena related to electronic orders (magnetic, charge, orbital), static and 

dynamic atomic displacements. 

The new generation of synchrotron sources, such as the ESRF “Extremely Bright Source”, opens opportunities to perform CDI on 

such weak reflections. Here we report on the measurement of the (115) forbidden reflection of a GaN nanopillar at the Ga K edge. 

Sufficient statistics could be obtained in a total accumulation time of ~30 minutes for an entire rocking curve to retrieve the phase of 

the scattering function. Such measurement at high temperature would provide an image of the inhomogeneity of thermal motion in the 

crystal [5], which would be particularly interesting close to surfaces, inversion domain boundaries [3] and crystal defects. This proof-

of-principle experiment demonstrates that forbidden reflections are a new opportunity for CDI with the new synchrotron sources. 

 

Figure 1. Left: electron microscopy of a typical area of the sample. Centre: (HK0) slice through the reciprocal space map around the 

(115) forbidden reflection. Right: 2D image of the complex scattering function in the basal plane as obtained from phase retrieval (the 

modulus and the phase are encoded by the brightness and the colour, respectively). The bright hexagon is a guide to the eye. 

 

[1] Robinson, I. & Harder, R. (2009). Nature Materials 8, 291. 

[2] Clarke, J., Ihli, J., Schenk, A. S., Kim, Y.-Y., Kulak, A. N., Campbell, J. M., Nisbet, G., Meldrum, F. C. & Robinson, I. K. (2015). Nature 

Materials 14, 780. 

[3] Labat, S., Richard, M.-I., Dupraz, M., Gailhanou, M., Beutier, G., Verdier, M., Mastropietro, F., Cornelius, T. W., Schülli, T. U., Eymery, J. & 

Thomas, O. (2015). ACS Nano 9, 9210. 

[4] Dmitrienko, V. E.  (1983). Acta Cryst. A 39, 29. 

[5] Beutier, G., Collins, S. P., Nisbet, G., Ovchinnikova, E. N. & Dmitrienko, V. E. (2012). Eur. Phys. J. Special Topics 208, 53. 

Keywords: coherent diffraction imaging; forbidden reflection; resonant X-ray scattering 
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Machine Learning approach to the phase problem in Bragg Coherent Diffraction Imaging 
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i.robinson@ucl.ac.uk 

A solution to the crystallographic “phase problem” was proposed by David Sayre immediately after the announcement of the Shannon 

Information Theorem, requiring the diffraction to be sampled more than twice as finely as the Bragg peak spacing [1].  The implicit 

need for X-ray coherence has been happily solved with the development of the latest synchrotron sources, where Bragg Coherent 

Diffraction Imaging (BCDI) experiments are routinely performed.  The fringed diffraction patterns can be oversampled so as to 

overdetermine the phase problem and iterative algorithms can converge on the solution. Despite meeting all the oversampling 

requirements of Sayre and Shannon, current projection-based iterative phase retrieval approaches still have trouble achieving a unique 

inversion of experimental data in the presence of noise. We propose to overcome this limitation by employing Machine Learning in a 

Convolutional Neural Network model which combines supervised training with unsupervised refinement.  Remarkably, our model can 

be used without any prior training to learn the missing phases of an image based on minimization of an appropriate “loss function” 

alone. We demonstrate significantly improved performance with experimental Bragg CDI data over traditional iterative phase retrieval 

algorithms [1,2]. An example is shown in Figure 1, which compares the reconstructions of a cube-shaped SrTiO3 nanocrystal using the 

traditional iterative procedure with our new Machine learning approach. 

 

Figure 1. BCDI images of a SrTiO3 nanocrystal reconstructed with traditional “shrink wrap” interative algorithms (left three 

examples) and the new Machine Learning approach (right). Colors encode the image phase value on the surfaces in radians. 

 

[1] Some implications of a theorem due to Shannon, D. Sayre, Acta Cryst. 5, 843 (1952). 

[2] Complex Imaging of Phase Domains by Deep Neural Network Longlong Wu, Pavol Juhas, Shinjae Yoo and Ian Robinson, IUCrJ 8 12-21 (2021)  

[3] 3D Coherent X-ray Imaging via Deep Convolutional Neural Networks, Longlong Wu, Shinjae Yoo, Ana F. Suzana, Tadesse A. Assefa, Jiecheng 

Diao, Ross J. Harder, WonsukCha and Ian K. Robinson,to be published 

Keywords: Machine Learning; Phase problem; Nanocrystal Structure; Coherent Imaging 
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Structural biology of prokaryotic cell surfaces 

Tanmay Bharat 
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My laboratory studies how molecules on the surface of prokaryotic cells mediate cellular interaction with the environment, enabling 

cellular motility, initiating cellular adhesion to surfaces, and facilitating biofilm formation. For our work, we leverage our expertise in 

electron cryotomography (cryo-ET) in situ imaging, together with ongoing method development in subtomogram averaging 

approaches for structure determination of macromolecules in their native context. We combine cryo-EM with FIB milling of 

specimens and cryo-light microscopy to study molecules on prokaryotic cells. 

Keywords: cryo-EM, cryo-ET, prokaryotes, cellular structural biology 
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Order from disorder in the sarcomere: FATZ forms a fuzzy complex and phase-separated 
condensates with α-actinin 
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In sarcomeres, α-actinin crosslinks actin filaments and anchors them to the Z-disk. FATZ proteins interact with α-actinin and five 

other core Z-disk proteins, contributing to myofibril assembly and maintenance as a protein interaction hub. 

Here we report the first structure and its cellular validation of α-actinin-2 in complex with a Z-disk partner, FATZ-1, which is best 

described as a conformational ensemble. We show that FATZ-1 forms a tight fuzzy complex with α-actinin-2 and propose a molecular 

interaction mechanism via main molecular recognition elements and secondary binding sites. The obtained integrative model reveals a 

polar architecture of the complex which, in combination with FATZ-1 multivalent scaffold function, might organise interaction 

partners and stabilise α-actinin-2 preferential orientation in the Z-disk. 

Finally, we uncover FATZ-1 ability to phase-separate and form biomolecular condensates with α-actinin-2, raising the intriguing 

question whether FATZ proteins can create an interaction hub for Z-disk proteins through membrane-less compartmentalization 

during myofibrillogenesis. 
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Deciphering the role of unique bacterial transcription-associated factor HelD.  
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Bacterial RNA polymerase (RNAP) is an essential multisubunit enzyme performing transcription. Regulation of this process is 

secured through the stage-dependent interactions of RNAP with different factors (mostly proteins). Here we report the structure-

function analysis of the functional complexes between RNAP and a unique helicase-like factor HelD [1] which is present in many 

Gram-positive bacteria (e.g. Bacillus subtilis and Mycobacterium smegmatis) [2, 3]. HelD forms tightly bound complexes with RNAP. 

It simultaneously penetrates into RNAP primary and secondary channels which are responsible for nucleic acids binding and substrate 

delivery. HelD can also interact with the RNAP active site. Structurally, these interactions are incompatible with the binding of DNA 

to the RNAP core and thus with the elongation stage of transcription. This is in accordance to our functional data showing that HelD is 

capable of clearing RNAP of nucleic acids and that HelD can dismantle RNAP-DNA complexes. HelD itself is composed of several 

domains, showing structural changes in solution [2] as well as in complexes with RNAP (three different structural states obtained from 

the cryo-EM analysis) [3]. Although we were able to link the observed dynamic behaviour with the DNA-clearing role of HelD, the 

recycling of HelD-bound RNAP and subsequent restart of transcription remains to be explained. 

HelD as well as its complexes with RNAP resisted our attempts to crystallize them for many years. In order to get to the structural 

details we took the advantage of recent developments in the field of single-particle cryo-EM and were able to obtain ~3Å resolution 

structures.  The structure of HelD itself was completely unknown with no homologue in the PDB. We combined X-ray 

crystallography (structure of one domain) and cryo-EM, together with bioinformatics and homologous modelling and successfully 

built de novo a complete atomic model of the HelD protein. For the analysis of condition-dependent dynamic behaviour we used 

small-angle X-ray scattering [2]. Results from our structural studies were supplemented with biochemical and biophysical assays 

(enzymology, analysis of interactions and stability) and by computational analyses [3].  

 [1] Wiedermannová, J., Sudzinová, P., Kovaľ, T., Rabatinová, A., Šanderova, H., Ramaniuk, O., Rittich, Š. & Dohnálek, J. (2014). Nucleic Acids 

Res. 42, 5151-5163. 

[2] Kovaľ, T., Sudzinová, P., Perháčová, T., Trundová, M., Skálová, T., Fejfarová, K., Šanderová, H., Krásný, L., Dušková, J. & Dohnálek, J. (2019). 

FEBS Lett. 593, 996-1005. 

[3] Kouba, T., Koval', T., Sudzinová, P., Pospíšil, J., Brezovská, B., Hnilicová, J., Šanderová, H., Janoušková, M., Šiková, M., Halada, P., Sýkora, 

M., Barvík, I., Nováček, J., Trundová, M., Dušková, J., Skálová, T., Chon, U., Murakami, K.S., Dohnálek, J. & Krásný, L. (2020). Nat 

Commun.11, 6419. 

Keywords: regulation of transcription; RNA polymerase, helicase-like factor HelD, structural changes 

This work was supported by MEYS (LM2015043 and CZ.1.05/1.1.00/02.0109), CSF (20-12109S and 20-07473S), NIH (grant R35 

GM131860), AS CR (86652036), ERDF (CZ.02.1.01/0.0/0.0/16_013/0001776 and CZ.02.1.01/0.0/0.0/15_003/0000447), EMBL 

(EI3POD) and Marie Skłodowska-Curie grant (664726). 



MS-41-4                           Microsymposium  

Acta Cryst. (2021), A77, C290 
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Anomalous small-angle X-ray scattering (ASAXS) utilizes the changes of the scattering patterns emerging due to the variation of the 

scattering amplitude of a particular atom type upon changing the X-ray wavelength in the vicinity of the absorption edge of the atom. 

ASAXS on biological macromolecules is challenging due to the weak anomalous scattering effect. Biological macromolecules are 

also prone to radiation damage and often only available in small quantities, which further complicates the ASAXS measurements. 

First biological ASAXS experiments were done in the early 80-s at the European Molecular Biology Laboratory (EMBL) beamlines of 

the synchrotron DESY in Hamburg on metallo-proteins [1] but overall, ASAXS was not widely used in biological studies. 

Recent progress in synchrotron instrumentation and dramatic increase of the brilliance of modern synchrotron sources revitalized the 

interest to biological ASAXS. The biological SAXS beamline P12 operated by EMBL at PETRA III storage ring (DESY, Hamburg) is 

dedicated to study macromolecular solutions [2] and allows for ASAXS on macromolecular solutions. The beamline was adapted to 

accommodate the needs for ASAXS by implementing careful data collection and reduction procedures and we report the recent 

developments at P12 allowing to conduct ASAXS on different macromolecular systems. Examples of utilizing ASAXS on various 

systems including, in particular, surfactants, nanoparticles, polymers and metal-loaded proteins are presented. The beamline control, 

data acquisition and data reduction pipeline developed for ASAXS on P12 are now available as standard tools for the biological SAXS 

community. 

[1] H. B. Stuhrmann, Q. Rev. Biophys. 14, 433 (1981). 

[2] C. E. Blanchet et al., J. Appl. Crystallogr. 48, 431 (2015). 
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An asymmetric structure of the filament is key to inducing flagellar curvature and enabling 
motility in the Leptospira spirochete 
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Bacterial flagella are self-assembling nanomachines that enable cell motility by connecting a rotary motor to a long filament. Members 

of the Spirochaetes phylum, which includes important pathogens, swim using body undulations powered by the rotation of supercoiled 

flagella that remain confined within the periplasmic space and wrap around the cell body [1]. This behaviour diverges from that of other 

bacteria, where flagella function as extracellular propellers [2]. Spirochetal filaments are correspondingly distinct in composition and 

organization, but their molecular structure has remained elusive, obscuring the underlying mechanism for locomotion.  

Here we show that, unlike all other known bacterial flagella, a highly asymmetric sheath layer coats the flagellar filament of the 

Leptospira spirochete and enforces filament supercoiling [3]. We solved 3D structures of wild-type and mutant flagellar filaments from 

L. biflexa, by integrating customized cryo-electron tomographic averaging methods with X-ray crystallographic analyses of sheath 

components FcpA and FcpB (Fig. 1). A central core made by FlaB (flagellin-like) protein units, delimits a central ~2nm pore. 

 

Figure 1. Crystal structures of FcpA and FcpB, fit into the subtomogram-averaged cryo-electron tomography map of L. biflexa filaments. 

  

Surrounding the core, FcpA and FcpB proteins co-localize exclusively on the outer, convex side of the filament, as an asymmetric 

sheath. Distinct sheath components, likely corresponding to FlaA isoforms, instead localize on the concave, inner side of the appendage. 

Sheath proteins were shown to produce filament supercoiling, an essential feature for flagellar-driven motility [1]. Such radial 

asymmetry represents a new paradigm of bacterial flagellar architecture, promoting filament supercoiling and ultimately enabling 

periplasmic flagella to exert their function in Leptospira translational motility. Given the large conservation of most flagellar proteins 

across the Phylum, this asymmetric filament paradigm might prove valid for other spirochetes. 

[1] Charon, N. W., et al. (2012). Annu. Rev. Microbiol. 66, 349. 

[2] Erhardt, M., Namba, K. & Hughes, K. T. Cold Spring Harb. Perspect. Biol. 2, a000299. 

[3] Gibson, K. H.*, Trajtenberg, F.*, Wunder, E. A., Brady, M. R., San Martin, F., Mechaly, A., Shang, Z., Liu, J., Picardeau, M., Ko, A. I., Buschiazzo, 

A. & Sindelar, C. V. (2020). eLife 9, e53672. 

Keywords: bacterial locomotion; endoflagella; integrative structural biology 
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Candida albicans is the most common commensal fungus colonizing humans, and normally it does not impact the human health. 

However under certain conditions, it can rapidly outgrow bacterial flora causing mucocutaneous or systemic (and potentially fatal) 

infections. In most (mild) cases the treatment with topical and oral medications works well, however the resistant strains of C. 

albicans appear at the alarming pace, requiring the prompt development of new medications targeting this pathogen.  One of the most 

promising routes to fight pathogens is to interfere with their protein synthesis machinery, therefore the structural information on 

ribosomes from pathogenic organisms is essential.  

In this research we used an integrative structural biology approach based on the combination of single-particle cryo-Electron 

microscopy and macromolecular X-ray crystallography to resolve the structure of C. albicans ribosome.  

 We obtained 2.4 Å resolution structure of the 80S ribosome from C. albicans with the bound antibiotic and 4.2 Å resolution structure 

of the vacant C. albicans ribosome by single particle cryo-EM and X-ray crystallography. The comparison with other available 

eukaryotic ribosomes revealed unique features of C. albicans. These results can be used as a structural basis to decipher the 

mechanisms of antifungal resistance in C. albicans and to design novel inhibitors. 

. 

Keywords: ribosome; Candida albicans; integrative structural biology; single particle cryo-electron microscopy; X-ray 
crystallography,  
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Concurrent crystallization of multiple proteins in a single cell without interfering each other’s 
phase separation events 
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Intracellular protein crystallization occurs in many branches of life, yet the underlying cellular processes remain largely unknown. 

This is partly because of the scarcity of easily accessible, reproducible recombinant protein models that allow in-depth 

characterization of intracellular liquid-solid phase separation events. Such limitation prompts the need for identifying various classes 

of model proteins to examine the similarities, differences, or generalizability of such intracellular crystallization events. Furthermore, 

to exploit the potential values of cell-made protein crystals and the platforms to produce them, intracellular crystallization should first 

be understood using diverse classes of model proteins. After validating the individual crystallization events of cellular and viral 

proteins that readily crystallize in the ER, cytosol or nucleus, I demonstrate up to four independent crystallization events can take 

place concurrently in various combinations in different subcellular compartments of a single cell. For instance, by co-expressing 

NEU1 and human IgGs that undergo crystallization or liquid-liquid phase separation in the ER, I demonstrate two independent phase 

separation events can be simultaneously induced in the same continuous space of the ER lumen without mixing or interfering each 

other’s phase separation behaviors. Likewise, two concurrent crystallization events can take place in the cytosol or in the nucleus 

without mixing or interfering each other. Intracellular protein crystallization thus can happen in a crowded physiological cellular 

environment and does not require high protein purity. Furthermore, I report a simple method to increase the yield of intracellular 

protein crystals, in terms of crystal size and numbers, by treating the cells with a topoisomerase II inhibitor that blocks cell division 

without preventing cell size growth. This study not only presents accessible model tools for studying intriguing intracellular protein 

crystallization events, but also paves a way toward establishing methods and controlling the induction, quality, size, and yield of 

intracellular protein crystals for high-value proteins. 

 

 

 

Figure 1. Induction of three independent phase separation events in different subcellular compartments of a single cell.  DIC 

micrographs of HEK293 cells co-expressing three model proteins NEU1, CLC protein, and CRYGD-R37S variant, simultaneously. 

Images were captured on day-5 post transfection. Unlabeled scale bar represents 10 m. 

Keywords: intracellular protein crystallization, phase separation, ER, cytosol, nucleus 
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Microfluidic Tools Reducing Sample Amount in Serial Crystallography with XFELs 
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The recent advances of X-ray free electron lasers (XFEL) have enabled serial femtosecond crystallography (SFX) and structure 

determination for complex proteins such as membrane proteins in high resolution.1-3Importantly, time-resolved (TR) studies have 

emerged allowing to assess their reaction dynamics. Initial demonstrations focused on light induced reactions; however, a large class 

of biological macromolecules acts by reaction with specific substrates requiring fast mixing approaches for TR-studies. Microfluidic 

tools in combination with common liquid injectors for protein crystals allow mixing times in the millisecond to second range, which is 

suitable to study the dynamics of enzymatic reactions with SFX at XFELs. A large drawback for TR-SFX with substrate-initiated 

reactions remains the large amount of protein and crystals needed to study the time evolution of a reaction. Every time point to be 

assessed requires a full data set which multiplies the amount of protein crystals needed by the number of time points to be studied. 

This may result in unsurmountable protein sample limitations requiring hundreds of mg of protein, which are not attainable for many 

proteins. Microfluidics allows to tackle this issue by reducing the required amount of protein sample. We propose to inject protein 

crystals with segmented flow approaches, which deliver crystals to the XFEL only when it pulses. We demonstrate how protein 

crystals in their mother liquor can be encapsulated in droplets surrounded by an immiscible oil and how these droplets can be 

intersected with an XFEL using common liquid jet injection methods. We demonstrated this approach reducing the amount of sample 

required to solve the room temperature structure of 3-deoxy-D-manno-2-octulosonate-8-phosphate synthase (KDO8PS) at the 

SPB/SFX instrument at the EuXFEL.4 Furthermore, we demonstrated the ability to electrically trigger the crystal laden droplet release 

in the microfluidic droplet generator, the interfacing of this approach with miniaturized optical droplet detection and an electronic 

feedback mechanism to tune the droplet release at a desired frequency matching the repetition rate of a particular XFEL instrument. 

This approach has been recently tested at the Macromolecular Femtosecond Crystallography instrument at the Linac Coherent Light 

Source, where the feedback mechanism was successfully implemented. Diffraction was recorded for lysozyme and the protein 

KDO8PS and the ability to tune the droplet release with a desired delay to the XFEL reference signal was also achieved. This is 

important to optimize the synchronization with the XFEL when implemented in particular chambers and various geometrical 

realizations of the droplet generator in relation to the XFEL interaction spot. In follow up experiments, we will assess the amount of 

sample that is required to obtain a full data set for KDO8PS and couple this strategy with microfluidic mixers, which have already 

been integrated into the 3D-printed droplet generators. With this approach, we predict that the amount of protein required to achieve a 

full data set can be reduced by nearly 90 %. 

1. Spence, J. C. H.; Weierstall, U.; Chapman, H. N. Reports on Progress in Physics 2012, 75. 

2. Chapman, H. N.; Fromme, P.; Barty, A., et al. Nature 2011, 470, 73-U81. 

3. Martin-Garcia, J. M.; Conrad, C. E.; Coe, J., et al. Archives of Biochemistry and Biophysics 2016, 602, 32-47. 

4. Echelmeier, A.; Villarreal, J. C.; Kim, D., et al. Nat Comm 2020, 4511. 
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MyD88 TIR domain higher-order assembly interactions revealed by microcrystal electron 
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Myeloid differentiation primary response gene 88 (MyD88) and MyD88 adaptor-like/TIRAP (MAL) are Toll-like receptor (TLR) 

adaptors that signal to induce proinflammatory cytokine production. The TLR responds to a pathogen or endogenous molecules 

identified as ‘dangerous’ to our cells. This results in triggering the cytoplasmic/interleukin-1 receptor followed by the recruitment of 

adaptor proteins MAL and MyD88.  We previously observed that the TIR domain of MAL (MALTIR) forms filaments in vitro and 

induces formation of crystalline higher-order assemblies of the MyD88 TIR domain (MyD88TIR). These crystals are too small for 

conventional Xray crystallography but are ideally suited to structure determination by microcrystal electron diffraction (MicroED) and 

serial femtosecond crystallography (SFX). Here, we present MicroED and SFX structures of the MyD88TIR assembly, which reveals a 

two-stranded higherorder assembly arrangement of TIR domains analogous to that seen previously for MALTIR. Through mutagenesis 

studies we reveal the MyD88TIR assembly interfaces are critical for TLR4 signaling, in vivo, and provide evidence to show MAL 

promotes unidirectional assembly of MyD88TIR. Together our results provide structural and mechanistic insight into TLR signal 

transduction and allows a direct comparison of the MicroED and SFX techniques on the same protein crystal [1]. 

 
1. Clabbers, M., Holmes, S. et.al. MyD88 TIR domain higher-order assembly interactions revealed by microcrystal electron diffraction and 

serial femtosecond crystallography, Nature Communications, accepted March 2021, DOI: 10.1038/s41467-021-22590-6 
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The crystallomics pipeline, a shotgun approach on native proteomes to (re)discover the 
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Recombinant protein overproduction can lead to aggregation and aberrant artefacts due to the intrinsic specificities of proteins and the 

requirement of physiological factors (O2 or light-sensitivity, partners, chaperones, cofactors and post-translational modifications 

requirements). The Wagner’s group (MPI Bremen) has developed a native shotgun approach baptized Crystallomics (Figure) to 

directly explore native protein complexes from anaerobic microorganisms that contain numerous exotic cofactors (e.g. iron-sulfur 

cluster).1,2 After protein extraction, the soluble proteome is fractionated through successive chromatography types and the selective 

process of crystallisation is used as an ultimate purification step. Since this approach targets the most abundant proteins from the 

soluble fraction, a significant amount of protein crystals representative of the microorganism’s metabolic landscape have been 

obtained. Ab initio phasing was systematically used for the X-ray structure determination of these unidentified proteins. Crystals were 

sorted based on their colours. Sulfur-SAD3,4 were performed on the transparent crystals by collecting high multiplicity and multi-

orientations data at low energies on X06DA at the Swiss Light Source or on BL-1A at KEK. To reduce noise and improve the 

accuracy of the data quality some of the protein crystals were shaped with a deep-UV laser (to decrease X-ray absorption) and 

diffraction experiments were performed under helium environment with the recently developed PSI JUNGFRAU detector.5 For 

coloured crystals containing their native cofactors and heavy elements, X-ray fluorescent spectra were systematically measured. SAD 

were then performed at the edge of the atom of interest. Protein targets were then identified either by manual sequencing in the 

electron density maps or by fold similarity after reconstruction of a poly-alanine model. In complement to X-ray diffraction, in 

cristallo UV/vis absorption spectra were recorded by using the microspectrophotometer icOS6 at the ESRF to further investigate the 

nature of the state adopted by metal/absorbing centers. This synergistic approach proved that crystallisation not only separates proteins 

from each other but is also a powerful tool to isolate and characterized different protein states from a mixture.  
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Obtaining crystals and solving the phase problem remain major hurdles encountered by bio-crystallographers in their race to get new 

high-quality structures. The crystallophore, Xo4, is a family of nucleating and phasing molecules based on lanthanide complexes. Tb-

Xo4 was the first molecule of this family to be described [1].  

Results obtained on more than fifteen proteins will be described and will show that Tb-Xo4 is an efficient tool to promote protein 

crystallization. Among these results, we will show that (i) Tb-Xo4 increases the number of crystallization conditions by promoting 

unique ones [1,2] (ii) the crystalline forms promoted by the crystallophore bypass crystal defects often encountered by 

crystallographers such as low-resolution diffracting samples or crystals with twinning [3] and (iii) the crystallization reproducibility is 

largely improved, a particular issue in structure-based drug design. 

Contrary to the dogma that crystallization can only be promoted from pure protein sample, we have shown that crystals can be 

obtained from enriched fractions containing several proteins [3] leading to the structure determination of a protein complex [4]. Even 

more unexpected, the crystallophore is able to induce crystallization directly from the protein solution, as exemplified by the 

crystallization of hen egg white lysozyme in water [5]. 

Finally, we will also present preliminary results on several crystallophore variants showing complementarity with Tb-Xo4 thus 

enlarging the success in defining exploitable crystallization conditions. 

Altogether, crystallophore is an efficient solution for protein crystallization and structure determination in the bio-crystallographer 

toolbox. 

 

[1] Engilberge, S., Riobé, F., Di Pietro, S., Lassalle, L., Coquelle, N., Arnaud, C.-A., Pitrat, D., Mulatier, J.-C., Madern, D., Breyton, C., Maury, O. 

& Girard, E. (2017). Chem. Sci. 8, 5909–5917. 

[2] Jiang, T., Roux, A., Engilberge, S., Alsalman, Z., Di Pietro, S., Franzetti, B., Riobé, F., Maury, O. & Girard, E. (2020). Crystal Growth & Design. 

20, 5322–5329. 

[3] Engilberge, S., Wagner, T., Santoni, G., Breyton, C., Shima, S., Franzetti, B., Riobé, F., Maury, O. & Girard, E. (2019). Journal of Applied 

Crystallography. 52, 722–731. 
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Crystallization in hydrogels is not a frequent practice in bio-crystallography, although the benefits are multiple: prevents convection 

and crystal sedimentation, acts as impurity filter, etc., and have been proven to be the cheapest means to produce protein crystals of 

high quality similar to those obtained under microgravity conditions [1-2]. Moreover, gel grown protein crystals are excellent 

candidates as seeds to produce crystals of bigger size for neutron diffraction or as media for crystals delivery in serial femtosecond 

crystallography [3].  

Hydrogel should also be considered to exert control over the nucleation and growth processes. In this work we will present our most 

recent studies on the influence of agarose over the nucleation and growth of protein crystals. Crystal number and size was successfully 

tuned in a wide range of agarose concentration while keeping constant other conditions. Using five model proteins we demonstrate 

that the influence of gel content is independent of the protein nature, allowing the mathematical prediction of crystals flux and size 

with little experimental effort. The convection free environment obtained even at low agarose concentration [4] permits the obtention 

of high homogeneous micro-crystals slurries (Figure 1) that could be used for serial crystallography application [3] or for the mass 

production of enzyme crystals for industrial application [5]. Last, we will also show how it allows to explore the phase diagram under 

a kinetic regime that may facilitate the growth of different polymorphs.  

 

Figure 1. Crystal size and number are fine-tuned using agarose as non-convective media during the crystallization process. (a) 

Proteinase-K crystals size as a function of agarose concentration and (b) as a function of precipitant concentration at fix agarose 

concentration of 0.1% (w/v). Scale bar is 100 µm. 

[1] Gavira, J. A., Otálora, F., González-Ramírez, L. A., Melero, E., Driessche, A. E. S. v., & García-Ruíz, J. M. (2020). Crystals, 10, 68. 

[2] Lorber, B.; Sauter, C.; Théobald-Dietrich, A.; Moreno, A.; Schellenberger, P.; Robert, M.C.; Capelle, B.; Sanglier, S.; Potier, N.; Giegé, R. 

(2009). Prog. Biophys. Mol. Biol. 101, 13. 

[3] Artusio, F.; Castellví, A.; Sacristán, A.; Pisano, R.; Gavira, J.A. (2020). Cryst. Growth Des., 20, 5564. 
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Hollow molecular structures capable of guest inclusion represent an area of raising interest and lie at the forefront of the modern 

supramolecular chemistry.[1,2] Originally studied in solution, this concept has been extended in the solid state, after the pioneer work 

on the “crystalline sponge method” (CSM). [3] The CSM primary application has been the unambiguous structural determination via 

SC-XRD of a single analyte encapsulated inside a porous MOF. However, as the host-guest systems often show severe disorder, their 

reliable crystallographic determination is very demanding [1,2] thus the dynamics of the guest entering and the formation of 

nanoconfined molecular aggregates has not been in the spotlight yet.  

We extended the concept of the CSM stepwisely monitoring the structural evolution of nanoconfined supramolecular aggregates of 

guest molecules with the concomitant displacement of pristine DMF inside the cavities of a novel flexible MOF, PUM168. 

Furthermore, we correlated this phenomenon to the structural reorganization of the host framework, elucidating the dynamic interplay 

between the container and the content. [4] In order to deeply understand the “physiology” of PUM168 breathing during the guest 

uptake, we focused our attention on the three main actors involved in the play: i) the MOF structure, ii) the leaving DMF molecules 

trapped during the synthesis of the MOF and iii) the incoming guest molecules uptaken during the soaking process. [5] 

The fate of each actor influences and is influenced by the other two characters, in a play that shows how the structure of the 

framework changes in response of the guest positioning and composition. [5] 

 

 

Figure 1. a) schematic representation of the PUM168 solvent-to-guest exchange. b) After 1-day of soaking DMF is partially replaced by 

guest, after 7 days PUM168 nets rearrange and guests organize in a supramolecular cluster. 

 

[1] K. Rissanen, Chem. Soc. Rev 2017, 46, 2638. 
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[4] M. Shivanna, Q. Yang, A. Bajpai, M. J. Zaworotko, E. Patyk-kazmierczak, Nat. Commun. 2018, 9, 1–7. 
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 Keywords: crystalline sponge method; MOFs; nanoaggregates; molecular motion; crystal-to-crystal investigation  
  



MS-43-2 Microsymposium  

Acta Cryst. (2021), A77, C301 

 

Kinetic assembly of coordination networks creates flexible and functional materials  
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Interactive pores in porous coordination networks play a key role in trapping unstable species, chemical transformation, and so on[1-

3]. We reported porous coordination networks prepared by kinetic assembly which can be used to produce interactive pores.  The 

interactive pore can be used for I2 chemisorption and chemical transformation of small sulfur allotropes, from S2 to bent-S3 via cyclo-

S3. We performed selective formation of porous coordination networks kinetically/thermodynamically from CuI cluster and rigid Td 

symmetry ligand, 4-TPPM (tetra-4-(4-pyridyl)phenylmethane), by changing cooling ratio of the hot DMSO solution of the mixture. 

Because the interactive pore is the key component to create functionality, it is required to extend the availability of interactive pores. 

Such interactive pores can be modified by changing metal source (clusters) and ligand coordination geometry. Here we report the 

kinetic assembly of porous coordination using Cu-Halide clusters and several pyridine-type ligands (Figure 1) to generate several 

interactive pore sites; we report new kinetic network formation using 4-TPPM and CuX cluster and the dynamic structural change of 

the kinetic network to produce highly luminescence coordination networks and flexible network formation using 3-TPPM and CuI 

cluster to show dual interactive sites showing iodide interactive pore sites and Cu pseudo-open metal sites.  

 When we performed kinetic/thermodynamic assembly using [Cu4Br4(PPh3)4] and 4-TPPM, we obtained coordination network 

composed of Cu2Br2 dimer and 4-TPPM as kinetic network and that composed of CuBr helical chain and 4-TPPM as thermodynamic 

network. When we heat the kinetic network at 573 K, it turned to luminescent crystalline powder. Both single crystal analysis and 

Rietveld refinement of PXRD indicates the transformation to the network composed of Cu+ connectors and 4-TPPM linkers with 

CuBr2
- guests. The high quantum yield was obtained for this network (13%). We clarified that the electronic transitions in this network 

include TSCT in addition to the typical metal–ligand charge transfer (MLCT) observed in conventional Cu complexes. The atomic 

coordinates of the molecules determined from X-ray structure analysis enabled a clear understanding of the nature of the TSCT 

transitions. 

 When we performed kinetic/thermodynamic assembly using [Cu4I4(PPh3)4] and 3-TPPM, we obtained coordination network composed 

of Cu2I2 dimer and 3-TPPM as kinetic network and that composed of CuI helical chain and 3-TPPM as thermodynamic network. 

Using 3-TPPM, rotation motion of pyridine ring was restricted. Interestingly the thermodynamic network, CuI helical network shows 

2I2 chemisorption to make chemical bond with iodide in the interactive pore and Cu in the network so that Cu act as pseudo-open 

metal sites. 

               

Figure 1. Kinetic assembly using CuBr cluster and 4-TPPM (left) and I2 chemisorption to helical network with CuI and 3-TPPM. 

 

[1] Kitagawa, H., Ohtsu, H. & Kawano, M. (2013) Angew. Chem. Int. Ed., 52, 12395. 

[2] Ohtsu, H., Cruz-Cabeza, A. J. & Kawano, M. (2016) IUCrJ, 3, 232. 

[3] Ohtsu, H. & Kawano, M. (2017) Chem. Commun. 53, 8818. 

Keywords: Coordination networks; Metal Organic Frameworks; Luminescence; Iodine 
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In-situ XRD and PDF investigation of battery fluoride materials MF3.3H2O (M = Fe, Cr) in 
controlled atmosphere: accessing new phases with controlled chemistry  

M. Schreyer1, G. Nénert1, K. Forsberg2, C. V. Colin3 

1 Malvern Panalytical, Lelyweg 1, 7602 EA, Almelo, The Netherlands, 2School of Chemical Science and Engineering, Royal Institute 
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Iron fluoride (FeF3.nH2O) shows high capacity as cathode material for lithium-ion batteries combined to low toxicity and low cost. 

The water content of iron fluoride has been shown to be of prime importance in the performances of the cathode. So far, the various 

synthesis route doesn’t allow for a precise water content control, especially on the low amount regime which is the most interesting 

range of composition [1]. In addition, CrF3 has been shown to significantly increase the conductivity of LiF film [2]. Consequently, it 

is of interest to look for the in-situ formation of the various MF3-x(OH)x.nH2O phases (M = Cr, Fe). 

In this contribution, we report on the in-situ formation of MF3-x(OH)x.nH2O (M = Fe, Cr) phases using self-generated atmosphere. 

Traditionally, the heating MF3.3H2O in open air results in the full oxidation and decomposition of the fluorides giving rise to nano 

based oxides. Here, we make use of self-generated atmosphere to control the precise crystal chemistry of those phases upon heating 

preventing full oxidation at mild temperatures while stabilizing new phases relevant for battery applications.  

Some of the results are presented in Figure 1 about the FeF3-x(OH)x.nH2O phases. Precise controlled of the water content of the FeF3-

x(OH)x.nH2O series could be reached with n ranging from 1/3 to 0 with about 10 new pure phases. We demonstrate experimentally the 

initial assumption on the role played by the water in the stabilisation of the FeF3.1/3H2O phase, phase which is relevant for battery 

application [1]. In addition, the controlled in-situ decomposition of CrF3.3H2O led to the formation of a new CrF3-x(OH)x pyrochlore 

which was characterized structurally and magnetically. This work demonstrates the added value of in-situ experiment using self-

generated atmosphere for synthetising new phases. 

 

 

Figure 1. Isoline plot of the in-situ diffraction upon heating of FeF3.3H2O illustrating the various stable phases obtained using self-

generated atmosphere. 

 

[1] Kim et al., (2010) Adv. Mater. 22, 5260; Ma et al. (2012), Energy Environ. Sci. 5, 8538. 

[2] Tetsu O. (1984), Materials Research Bulletin 19, 451. 
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Light- and temperature-induced linkage isomerism in a series of NiII, CuII and CoIII complexes 
in the solid state 

S.E. Kutniewska1, P. Borowski1, K. Deresz1 R. Kamiński1, A. Krówczyński1, W. Buchowicz2, D. Schaniel3, 
K. N. Jarzembska1 

1Department of Chemistry, University of Warsaw, Żwirki i Wigury 101, 02-089 Warsaw, Poland   

2Department of Chemistry, Warsaw University of Technology, Noakowskiego 3, 00-664 Warsaw, Poland   

3 CRM2, Jean Barriol Institute, CNRS UMR 7036, University of Lorraine, BP 70239, Boulevard des Aiguillettes, 54506 Vandoeuvre-

lès-Nancy, France 

skutyla@chem.uw.edu.pl  

Investigations of long-lived reaction intermediates and metastable species generated upon external stimuli, such as light or heat, in 

chemical and biological systems are of upmost importance in the context of our understanding of the processes’ mechanisms and related 

phenomena. Linkage isomers can be formed by coordination compounds that contain ambidentate ligands capable of binding to a metal 

centre through various donor atoms. Such metastable species may exhibit lifetimes as long as hours or days and revert back to the ground 

state at elevated temperature. Thanks to their properties, photoswitchable materials may find various technological applications, 

including renewable energy solutions, biosensors or data storage.  

The aim of this project was to thoroughly and systematically investigate conditions and dynamics of light-induced nitro group 

isomerisation reactions which occur in crystals of either designed or literature-reported 4th-row transition-metal complexes. The 

examined series of compounds consists of coordination compounds of nickel(II), copper(II) and cobalt(III). Metal centres in these 

systems are coordinated by the nitrite ligand and either (N,N,O) chelating species, NHC group, or amino ligands. 

The studied complexes were thoroughly examined crystallographically, spectroscopically and computationally. In the case of Ni(II) and 

Co(III) nitro complexes partial conversion to metastable endo-nitrito isomers is achieved after irradiation of respective single crystal 

samples with adjusted UV-Vis LED light at temperatures above 100 K. The metastable-state form is usually stable up to relatively high 

temperatures, e.g. 240 K, while the maximum conversion may reach 100% for powder samples as indicated by solid-state IR 

measurements. Instead, copper systems analogous to the above-described nickel coordination compounds exist as the nitrito form in the 

ground state and work best at 10 K, whereas the metastable nitro form is usually stable only up to 60 K. Such behaviour makes them 

more difficult to be experimentally analysed and less applicable as functional photoactive materials. 

In turn, a very significant 90% nitro-to-nitrito conversion was reported for single-crystals of the Ni(II) nitrite system [Ni(η5Cp)(IMes)(η1-

NO2)]. The studied compound crystallizes with two symmetry-independent molecules comprising the asymmetric unit. Although the 

two moieties are geometrically very much alike, their behaviour upon irradiation or temperature appeared to be somewhat different 

depending on the exact experimental conditions. At 190 K the metastable species reverted back to their ground state. 

Trinitrocobalt(III) coordination compounds constitute another interesting group of photoswitchable systems. For instance, Co(Me-

dpt)(NO2)3 complex contains three different NO2 groups in its molecule, which form different intermolecular interactions in the crystal 

structure, including hydrogen bonds (one is strongly bound, the second one moderately, whereas the third group does not participate in 

any hydrogen-bond-type contacts). After irradiating of the sample with the UV-Vis light only one of them switches to the nitrito linkage 

isomer, which shows the importance of crystal packing and intermolecular interactions effects.  

[1] Hatcher L. E., Skelton J. M, Warren M. R., Raithby P. R., (2019) Accounts of Chemical Research, 52, 4, 1079-1088.  

[2] Kutniewska S. E., Kamiński R., Buchowicz W. , Jarzembska K. N.,(2019)  Inorg. Chem., 58, 24, 16712-16721. 

Keywords: IUCr2020; photoisomerization, photocrystallography, NO2-complexes  
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Studies of the functional characteristics of adaptive X-ray optical elements based on 
combination of longitudinal and transverse acoustic waves in wide frequency ranges 
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X-ray acoustic interactions allowing to implement the control of X-ray parameters are widely studied. Among the numerous researches, 

it is possible to highlight the ability of controlling the spatial and energy spectrum of X-ray radiation [1] and the effect of redistribution 

of intensity between transmitted and diffracted beam [2]. This paper describes the implementation of a combination of these two 

possibilities. 

Fast control of X-ray parameters, including scanning diffraction conditions and controlling by times much shorter than possibilities of 

traditional approaches, is a very relevant scientific task. It will be shown that overcoming of limitation of traditional approach, such as 

complex goniometric systems, possible by using of non-mechanical adaptive X-ray optic elements, such as X-ray acoustic resonators 

of longitudinal oscillations or bimorph piezo-actuators. It allows fast and precise variation of X-ray diffraction parameters, varying the 

angular position of the X-ray beam and controlling its wavelength. Description of schemes and elements for fast tuning of beam 

parameters will be given. 

The effects of the redistribution of intensities between the diffracted and transmitted X-ray beams under the conditions of excitation of 

resonant acoustic thickness oscillations in quartz crystals were investigated. It has been established that the effect of increasing the intensity 

of a diffracted beam almost linearly depends on the amplitude of ultrasound (the FWHM of the rocking curves does not change at the 

same time) and is observed for all the studied reflexes.  

The time characteristics of the observed effects upon excitation and relaxation of ultrasonic oscillations were investigated for the first 

time: the process of increasing intensity takes about 250 microseconds, then its oscillation is observed for about 1 millisecond, and the 

process of complete relaxation takes about 1.5 milliseconds.  

Design of elements combining thickness and longitudinal oscillations are considered, several schemes of implementation are proposed. 

For the first time, the distributions of the FWHM and peak intensities of the rocking curves in a quartz resonator in case of the simultaneous 

excitation of longitudinal and thickness oscillations were measured. It is shown that these two types of oscillations do not have a 

significant mutual influence. Therefore, this combination can be used to create universal adaptive elements of x-ray optics, which allow 

controlling the angular position and intensity of the diffracted beam simultaneously. The effect of intensity redistribution in Potassium 

and Rubidium hydrogen phthalate crystals, which are emerging materials for creating a two-frequency element, was studied for the first 

time. 

Some results and prospects of implementation of such methods and elements at synchrotron radiation as well as laboratory sources 

will be discussed. 

[1] A.E. Blagov, M.V. Kovalchuk et al. JETP letters, t.128, 5 (11) (2005). P.893 

[2] A.P. Mkrtchyan, M.A. Navasardyan, V.K. Mirzoyan. JTP letters, 8, 677 (1982) 

Keywords: X-ray diffraction, X-ray acoustooptics, Longitudinal oscillations, Transverse oscillations 
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In situ control of Photochromic properties with dual photoreactive soft crystal  

Akiko Sekine, Yuta Yamazaki, Masato Tanaka, Hidehiro Uekusa 

Department of Chemistry, School of Science, Tokyo Institute of Technology, Japan 

asekine@chem.titech.ac.jp 
 

Photochromic compounds that change color reversibly by light irradiation are not only chemically interesting but are also expected to 

be applied to light control materials and optical storage media. So far, we have been investigating the reactivity and photochromism of 

salicylideneaniline derivatives and clarified that the factor that determines the photochromic characteristics is the crystal structure [1]. 

The cyanoalkyl cobaloxime complex crystal is a soft crystal that undergoes crystalline state photoisomerization by irradiation with 

visible light.  This crystalline state reaction can be used to change the molecular packing, including the intermolecular interactions and 

the environment around the molecule, to control the reactivity of molecules in the crystal. According to this strategy, we synthesized 

cyanoalkyl cobaloxime complexes coordinated by photochromic compounds such as salicylideneaniline or spiropyran derivatives, 

which became a “dual photoreactive” complex crystal showing photoisomerization by visible light and photochromism with 

ultraviolet light irradiation (Fig.1). We achieved in situ control of the fading rate of these crystals by utilizing changes in the 

crystalline environment due to the isomerization reaction.  

In this study, we synthesized three different -cyanopropyl cobaloximes with N-(3,5-di-tert-butylsalicylidene)-3-aminopyridine(a), N-

(3,5-dibromosalicylidene)-3-aminopyridine(b). and N-(5-methoxysalicylidene)-3-aminopyridine(c), and one -cyanoethyl cobaloxime 

with (2-(3,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-l’yl)ethyl isonicotinate)(d). When the photoreactivity in the solid-state 

was investigated, it was confirmed that the photochromic reaction of the salicylideneaniline derivatives(a,b,c) proceeded by UV light 

irradiation while the photoisomerization of the -cyanopropyl cobaloxime complex proceeded by visible light irradiation. Thus, we 

succeeded in obtaining a novel dual photoreactive complex crystal. After the photochromic reaction, the crystal showed colour fading 

to the original colour. The fading rate was found to become slower for a, c, or faster for b after the − isomerization reaction of the 

cyanopropyl group by visible light irradiation. To elucidate the fading rate change mechanism, we calculated the reaction cavity 

around the central part of the salicylideneaniline moiety, which would show the largest molecular shape change. For a and c, the 

cavity volume was reduced by the − isomerization, which made the movement of the atoms in the cavity more difficult, and as a 

result, the fading rate slowed down. In contrast, in b, the cavity volume and the fading rate increased by − isomerization [2]. 

Similarly, in the spiropyran complexes (d), we succeeded in the in situ control of the colour fading rate by visible light irradiation.   

For this case, the fading rate change mechanism was again rationalized by the cavity size around the spiropyran moiety [3].   

 

 

Figure 1. Scheme of the dual photoreactive complex with salicylidenaniline derivatives. 

 

[1] Johmoto, K., Sekine, A., Uekusa, H., Ohashi, Y. (2009) Bull. Chem. Soc. Jpn.  82, 50. 

[2] Yamazaki, Y., Sekine, A., Uekusa, H. (2017) Cryst. Growth Des. 17, 19. 

[3] Sekine, A., Tanaka, M., Uekusa, H., Yasuda, N., (2018) CrystEngComm 20, 6061. 
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Since the discovery of quasicrystals in 1982, there has been a lot of progress in finding sufficient and necessary conditions for their 

mathematical counterparts such as point sets and measures to have pure point diffraction. A comparatively less tackled issue is the 

presence of absolutely continuous components. An inherent stochasticity or randomness of the underlying structure guarantees the 

presence of absolutely continuous spectrum, but is not the only mechanism that does so. There are deterministic examples arising from 

aperiodic tilings of the d-dimensional Euclidean space which also share this feature [3,4]. In this talk, we will present the 

mathematical requirements for such objects to give rise to absolutely continuous diffraction components [1,5], and we will give some 

deterministic examples which satisfy them. We will also briefly mention several sufficient criteria to conclude the singularity of the 

spectrum (i.e., absence of absolutely continuous components) [1,2]. 

 

This is based on joint works with Michael Baake, Natalie Priebe Frank, Franz Gaehler and Uwe Grimm.  

 

1. M. Baake, F. Gaehler, N. Mañibo, Renormalisation of pair correlation measures for primitive inflation rules and absence of absolutely 

continuous diffraction, Commun. Math. Phys. 370  (2019) 591--635. 

2. M. Baake, U. Grimm, N. Mañibo, Spectral analysis of a family of binary inflation rules, Lett. Math. Phys. 108  (2018) 1783-1805.  

3. L. Chan, U. Grimm, I. Short, Substitution-based structures with absolutely continuous spectrum, Indag. Math. 29 (2018) 1072-1086.  

4. N. P. Frank, Substitution sequences in Z^d with a non-simple Lebesgue component in the spectrum, Ergodic Th. & Dynam. Syst. 23 (2003) 

519-532.  

5. N. Strungaru, On the Fourier analysis of measures with Meyer set support, J. Func. Anal. 278 (2020) 108404.  
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Correlated disorder in crystalline materials gives rise to single crystal diffuse scattering. While the average structure determination via 

Bragg data analysis is considered a standard procedure, disorder analysis is thought of as a lengthy and complicated process. We present 

a mean field approximation to model single crystal diffuse scattering in molecular materials from a simple pair-interaction Hamiltonian. 

Mean filed theory is a self-consistent field theory, which is widely used in statistical physics to model high-dimensional random systems. 

It has proven a valuable tool in the analysis of magnetic diffuse scattering data [1]. Here, the formalism is applied to describe 

orientationally disordered molecular crystals,. 

We present a computational study based on the mean field model suggested by Naya [2] and proof its applicability to strongly correlated 

disorder, where the local building block geometry dictates allowed and prohibited local configurations. The system that will be analysed 

in detail is a two-dimensional analogue of Hg(NH3)2Cl2 as depicted in Figure 1 (a) [3]. The Hg atoms are disordered over the cubic face 

centres to form [H3N – Hg – NH3]2+ molecules. The local arrangement is strictly dictated by these building rules. 

We compare the results of the diffuse scattering analysis using the mean field model as introduced by Naya [2] to the results of RMC 

modelling and PDF models based on a Warren-Cowley short range order parameter refinement (see Figure 1 (b)). Finally, the stability 

of the mean field analysis on limited data availability is demonstrated: Diffraction experiments under pressure or electric field yield a 

limited reciprocal space coverage. Here, we demonstrate the robustness of the proposed method against incomplete data sets. 

 

 

 

Figure 1. (a) Hg(NH3)2Cl2 [3], where the Hg is disordered over the cubic face centres. (b) Simulated data for a two dimensional 

analogue compared to refinements using mean field theory (MF), PDF analysis for the Warren-Cowley short-range order parameters 

(WC) and reverse Monte Carlo modelling (RMC). 

 

[1] Paddison, J.A.M., Stewart, J.R. et al. (2013). Phys. Rev. Letters. 110, 267207. 

[2] Naya S. (1974) J. Phys. Soc. Jap. 37, 340-347. 

[3] Lipscomb, W. N. (1953) Analytical Chemistry 25, 737-739. 
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An alternative way to describe the X-ray Kossel lines [1] assuming that their origin is due to an excitation by the X-Ray emitting atom 

of localized conical X-Ray modes existing in perfect crystals is proposed. A theory of the X-ray Kossel lines is presented in the 

framework of two-wave dynamical diffraction approximation for the conical modes [2]. The theoretical results compared with the 

known experimental results show a good general agreement with the main experimental observation as for the X-ray [3], so for the 

optical [4] Kossel line patterns. The influence of crucial parameters of the crystal (absorption, perfection, sample size, the Borrmann 

Effect etc.) on the shape of Kossel lines are discussed. For confirming a direct connection of Kossel lines with the localized conical X-

Ray modes is proposed to apply a time-delayed techniques in studying the Kossel lines. A direct dependence of the Kossel line 

patterns on the sample eigen modes is revealed by Kossel lines in defect structures where contrary to perfect samples (with forbidden 

Kossel line frequencies in the stop band range) the  Kossel line frequencies might to be located inside the stop band  frequencies 

interval [5].  
1. W. Kossel, V. Loeck and H. Voges, Z. Für Phys. 94, 139 (1935). 

2. V.A.Belyakov, (2019) Diffraction  Optics of Complex  Structured Periodic Media, 2nd. Ed. Springer, Chapts. 5-8. 

3. V.A. Belyakov, JETP, 132, 323 (2021). 

4. V.A. Belyakov, Crystals, 10, 541 (2020). 

5 V. A. Belyakov (2021), Liquid Crystals, DOI: 10.1080/02678292.2021.1933225  
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3DED (three-dimensional electron diffraction) is currently already routinely used for the characterization of the average structure from 

Bragg reflections, and recently its use for quantifying correlated disorder from electron diffuse scattering is also taken off [1,2,3].  

In this work, we used a combination of 3DED, HAADF-STEM and STEM-EDX to quantify the correlated disorder in Ge4Bi2Te7. 

Ge4Bi2Te7 is reported to contain vacancy-layers along <11 >Fm3m and <1 >Fm3m with a higher Bi-concentration neighbouring these 

layers, which leads to the occurrence of streaks of diffuse scattering [4, 5].  

Using the combination of advanced TEM techniques, we have not only confirmed the defects previously found by single crystal X-ray 

Diffraction but also observed and characterized a plethora of other forms of correlated disorder not reported before in literature for this 

material, including domains with locally different structure and composition, interstitial atoms and local periodicity between Ge and 

Bi. This diversity in correlated disorder results in 3D diffuse scattering and superstructure reflections that previously passed unnoticed 

to other techniques. 

This work illustrates the large potential of TEM in characterizing correlated disorder from the analysis of diffuse scattering. 

 

1. Zhao, Haishuang, et al. "Elucidating structural order and disorder phenomena in mullite-type Al4B2O9 by automated electron diffraction 

tomography." Journal of Solid State Chemistry 249 (2017): 114-123. 

2. Brázda, Petr, et al. "Mapping of reciprocal space of La0. 30CoO2 in 3D: Analysis of superstructure diffractions and intergrowths with 

Co3O4." Journal of Solid State Chemistry 227 (2015): 30-34. 

3. Brázda, Petr, et al. "Calcium-induced cation ordering and large resistivity decrease in Pr0. 3CoO2." Journal of Physics and Chemistry of 

Solids 96 (2016): 10-16. 

4. Urban, Philipp, et al. "Real structure of Ge4Bi2Te7: refinement on diffuse scattering data with the 3D-ΔPDF method." Journal of Applied 

Crystallography 48.1 (2015): 200-211. 

5. Callaert, Carolien. "Characterization of defects, modulations and surface layers in topological insulators and structurally related 

compounds." PhD thesis, University of Antwerp, 2020. 
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Disorder is commonly used in chemistry for designing functional materials. For instance, preparation of solid solutions is nothing else 

than the introduction of a controlled number of point defects in a crystal. Disordered systems, though, provide more degrees of 

freedom: not only the number of defects, but also their distribution can be used to optimise the functional properties of materials, 

however up until now, defect distribution was hard to control and thus was rarely used in practice.  

In this talk we will show how to precisely tune distribution of point defects by changing various chemical parameters during crystal 

growth and characterise it with the single crystal diffuse scattering [1].  

We will use Prussian Blue Analogues (PBAs) as our model system. PBAs is a class of cyanide materials with the general formula 

M[M’(CN) 6] 1-δ * xH2O where M and M’ are transition metals.  

Depending on the nature of transition metals, PBAs can accommodate a large number of vacancies on the M’(CN) 6 site (for instance 

δ=0.33 for M=Mn and M’=Co) which makes them highly porous and, as a result, attractive for hydrogen storage applications. 

Distribution of M’(CN) 6 vacancies is important for the performance of this material, since more disordered vacancy configurations 

provide more diffusion pathways through the structure, larger accessible volume, and easier transport.  

 

 

[1] Simonov, Arkadiy, et al. "Hidden diversity of vacancy networks in Prussian blue analogues." Nature 578.7794 (2020): 256-260.  
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Reverse Monte Carlo (RMC) model is a powerful tool based on supercell approach, targeting at the structure model that explains 

comprehensive experimental datasets. Typically, the RMCProfile package can incorporate neutron/X-ray total scattering, Bragg and 

extended X-ray absorption fine structure (EXAFS) data. For practical implementation, apart from theoretical pattern calculation and 

structure model adjustment based on metropolis algorithm, there are various effects under certain circumstances that one needs to take 

into account to avoid artificial effects. Here we are going to introduce several different types of correction that we recently developed 

and implemented, in the framework of RMCProfile, namely, 1) the correction for nano-size effect concerning total scattering 

modelling for nano-systems from 0D nanoparticles to 2D nanosheets [1]. 2) the implementation of arbitrary Bragg peak profile in a 

tabulated manner, through interacting with Topas software [2]. 3) the correction for finite instrument resolution effect going beyond 

the conventionally used analytical approach based on Gaussian assumption for peak shape [2]. Through such development and 

implementation, we hope to extend the scope of application of RMCProfile package for solving structural problems from local 

perspective.  Typically, the implementation of resolution correction enables the modelling to an otherwise-unreachable super-large 

length scale, e.g., 100 Å, following the supercell approach. 

 

Figure 1. (a) Demo for nano-size effect correction concerning total scattering pattern calculation for 1D nanorod. (b) Comparison of 

atomic displacement distribution for structure configuration obtained through fitting against data measured at different 

diffractometers, showing the robustness of our resolution correction routine. 

 

[1] Y. Zhang, M. McDonnell, W. Liu and M. G. Tucker. J. Appl. Cryst. (2019). 52, 1035-1042. 

[2] Y. Zhang, M. Eremenko, V. Krayzman, M. G. Tucker and I. Levin. J. Appl. Cryst. (2020). 53, 1509-1518. 
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The research field of magnetic frustration is dominated by triangle-based lattices, but exotic phenomena can also be observed in 

pentagonal networks, as the well-known Cairo lattice. We demonstrate it here with the prototypical Bi2Fe4O9 material, where a 

peculiar noncollinear magnetic order is stabilized, resulting from the geometric frustration and a complex connectivity with three- and 

four-fold connected Fe1 and Fe2 sites (see Fig. 1) [1]. 

Firstly, we show the rich magnetic excitations, obtained by inelastic neutron scattering, where both collective excitations and local 

modes are present [2]. Those are related to local precession of pairs of spins due to the complex geometry of the lattice. From a 

comparison with spin wave calculations, we determined the antiferromagnetic superexchange interactions whose competition is 

confirmed to be at the origin of the spin arrangement. This analysis additionally unveils a hierarchy in the interactions, leading to a 

paramagnetic state constituted of strongly coupled dimers separated by much less correlated spins (see Fig. 1). This produces two 

types of response to an applied magnetic field associated with the two nonequivalent Fe sites, as observed in the magnetization 

distributions obtained using polarized neutrons. 

In addition, we also report the preliminary results of the magnetic structure evolution of Bi2Fe4O9 under isostatic pressure (from 0 to 

10 GPa), from powder neutron diffraction. At room temperature, we confirm the presence of a structural phase transition observed at 

approximatively 6.89(6) GPa by X-Ray diffraction and Raman spectroscopy [3]. From the low temperature patterns, we find a 

magnetic transition at this pressure toward a new magnetic arrangement that we discuss with respect to magnetic frustration. 

Our study discloses, beyond the canonical examples of frustrated systems, novel behaviors that should be more generally observed in 

materials where the frustration is interlocked with complex connectivity and hierarchal interactions. 

 

 

Figure 1. Magnetic arrangement of the Fe1 (in blue) and Fe2 (in orange) on the pentagonal lattice. Blue ellipses underline strongly 

coupled antiferromagnetic Fe1 spins. 

 

[1] Ressouche, E., Simonet, V., Canals, B., Gospodinov, M. & Skumryev, V. (2009). Phys. Rev. Lett. 103, 267204.  

[2] Beauvois, K., Simonet, V., Petit, S., Robert, J., Bourdarot, F., et al, (2020). Phys. Rev. Lett. 124, 127202.  

[3] Friedrich, A., Biehler, J., Morgenroth, W., Wiehl, L., Winkler, B., et al, (2012). Journal of Physics: Condensed Matter 24, 145401. 
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Crystal electric fields play an essential role in shaping the local electronic density of ions. For ions with strong spin-orbit coupling 

such as rare earths, this also results in defining the single-ion magnetic moment properties. Therefore, the study of crystal electric field 

levels is a common approach to establish the fundamental building blocks of the magnetic Hamiltonian. Indeed, the moment 

anisotropy and the single-ion wavefunction provide crucial information to describe complex magnetic materials such as spin liquids 

and multipolar systems [1,2]. In the first part of my presentation, I will illustrate this approach on the frustrated magnet SrDy2O4. This 

material exhibits two inequivalent zigzag chains of magnetic ions. The combination of low dimensionality and frustration inhibits long 

range order and only short-range magnetic correlations are observed down to 60 mK [3]. Domain walls in the chains decay slowly and 

interchain interactions ultimately lead to their freezing, leading to a weakly fluctuating short range order [4]. The understanding of this 

complex behaviour could only be achieved from the knowledge of the moment anisotropies, established from the analysis of crystal 

field electric levels.  

Above, we took advantage of strong spin-orbit coupling to determine magnetic properties by studying electric ones, i.e. the effect of 

crystal electric fields. This strong coupling between the electric charge and magnetic moment can also be used in the other direction: 

using magnetism to learn more about electric effects beyond the single-ion properties. As spin waves are collective excitations of the 

magnetic moments, the local charge densities can also sustain collective modes. Taking again the magnetic insulator SrDy2O4 as an 

example, I will demonstrate that neutron spectroscopy can measure these electric waves and that this observation is facilitated by the 

material’s magnetism. Interestingly, our results indicate that electric interactions dominate the magnetic interactions in this case, 

although they remain hidden to most measurement techniques. This observation encourages a reassessment of the description of rare-

earth based magnets with unconventional properties.  

[1] P. Santini, S. Carretta, G. Amoretti, R. Caciuffo, N. Magnani, G. H. Lander, Rev. Mod. Phys. 81, 807 (2009). 

[2] R. Sibille, N. Gauthier, E. Lhotel, V. Porée, V. Pomjakushin, R. A. Ewings, T. G. Perring, J. Ollivier, A. Wildes, C. Ritter,  T. C. Hansen, D. A. 

Keen, G. J. Nilsen, L. Keller, S. Petit & T. Fennell, Nat. Phys. 16, 546 (2020).  

[3] A. Fennell, V. Y. Pomjakushin, A. Uldry, B. Delley, B. Prévost, A. Désilets-Benoit, A. D. Bianchi, R. I. Bewley, B. R. Hansen, T. Klimczuk, R. 

J. Cava & M. Kenzelmann, Phys. Rev. B 89, 224511 (2014). 

[4] N. Gauthier, A. Fennell, B. Prévost, A.-C. Uldry, B. Delley, R. Sibille, A. Désilets-Benoit, H. A. Dabkowska, G. J. Nilsen, L.-P. Regnault, J. S.

 White, C. Niedermayer, V. Pomjakushin, A. D. Bianchi & M. Kenzelmann, Phys. Rev. B 95, 134430 (2017).  
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Two-dimensional (2D) materials are of intense current fundamental and applied interest as a route to create novel fundamental 

phenomena beyond well-established classical behaviour within their topologically constrained layers. In this context 2D monolayer 

graphene, formed from the isolation of weakly connected van der Waals (vdW) bonded 2D layers in graphite by exfoliation, ignited 

widespread interest. Exotic quantum relativistic phenomena, such as Dirac semi-metals and quantum anomalous Hall insulators, have 

been predicted in graphene and related materials ranging from isolated 2D monolayers to quasi-2D bulk materials with vdW bonded 

layers. The focus has expanded to “beyond graphene” 2D vdW layered materials with intrinsic properties such as magnetism and 

semiconductivity not present in graphene, however the number of materials is limited and detailed understanding only just beginning.  

MnPSe3 and CrPS4 are such layered vdW materials that are both magnetic and semiconducting, with magnetic ions forming hexagonal 

and rectangular 2D motifs. To access their low dimensional behaviour we probe bulk powder and single crystal samples with neutron 

scattering measurements [1,2]. Through magnetic symmetry analysis and spin wave analysis we are able to isolate and explore the 2D 

structural and magnetic behaviour in these bulk materials. Interactions shown in Fig. 1. The data highlights subtle competing 

interactions in both materials that leads to the stabilization of the determined magnetic ground states. These magnetic ground states 

were further tuned with small applied perturbations of field and temperature and found to undergo both subtle spin alterations and 

more dramatic metamagnetic transitions. The determination of the intralayer and interlayer exchange interactions and anisotropy 

within model spin Hamiltonians allowed the underlying observed exotic bulk behaviour to be explored.  

The results show that for MnPSe3 the Se ion drives unexpectedly strong magnetic interactions between the 2D layers, which forms a 

contrast to the wider studies S analogue MnPS3. While for CrPS4 a further lowering of interaction dimensionality to 1D-chains is 

shown to be of significance. Collectively, these results highlight the subtle role of the crystalline structure on the emergent behaviour 

and show the powerful insights neutron scattering can supply to studies of low dimensional materials. 

Figure 1. Magnetic structure and exchange interaction for the 2D layered materials CrPS4 and MnPSe3. 

. 

[1] S. Calder, A. Haglund, Y. Liu, D. M. Pajerowski, H. B. Cao, T. J. Williams, O. V. Garlea, D. Mandrus, “Magnetic structure and exchange

interactions in the layered semiconductor CrPS4”, Physical Review B, Phys. Rev. B 102, 024408 (2020). 

[2] S. Calder, A. Haglund, A. I. Kolesnikov, D. Mandrus, “Magnetic exchange interactions in the van der Waals layered antiferromagnet MnPSe3”, 

Physical Review B 103, 024414 (2021). 
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Geometrically-frustrated magnets are of fundamental interest because their macroscopic ground state degeneracies give rise to a number 

of exotic effects [1]. Despite the large number of possible nets satisfying this local constraint, much of the field has focused on a few 

structure types common amongst ceramic materials e.g., pyrochlore, kagome etc. The study of frustration on more exotic lattices may 

therefore allow for the discovery of novel magnetic phases and their corresponding physics [2]. 

In the dense metal-organic framework Na[Mn(HCOO)3], Mn2+ ions (S = 5/2) occupy the nodes of a ‘trillium’ net. We show that this 

material exhibits a variety of behaviour characteristic of geometric frustration: the Néel transition is suppressed well below the 

characteristic magnetic interaction strength [Figure 1c]; neutron scattering indicates that short-range magnetic order persists far above 

the Néel temperature [Figure 1d]; and the magnetic susceptibility exhibits a pseudo-plateau at 1/3-saturation magnetisation. We 

demonstrate that a simple nearest-neighbour Heisenberg antiferromagnet model accounts quantitatively for each observation, and hence 

Na[Mn(HCOO)3] is the first experimental realisation of this model on the trillium net. We demonstrate how both link geometric 

frustration within the classical spin liquid regime to a strong magnetocaloric response at low fields. 

 

Figure 1. (a) The trillium lattice, shown here as a 2x2x2 supercell of the corresponding cubic unit-cell [3]. (b) Representation of the 

crystal structure of Na[Mn(HCOO)3]; Na, C, H and O atoms shown as green, black, white and red spheres, respectively, and Mn 

coordination environments shown as filled polyhedra [4]. (c) The magnetic diffuse neutron scattering functions for the same sample, 

measured and simulated at 20 and 1.5 K; The 20K values have been shifted vertically by 1 unit for clarity. (d) Schematic phase 

diagram, showing the low-field / low-temperature (‘Y’) phase stabilised for T < TN, and the UUD and CSL phases that persist to 

higher temperatures. Within the regime TN < T < T, it is possible to cycle between disordered and ordered states under the application 

and removal of a low magnetic field (white circles). 

[1] Moessner, R. & Ramirez, A. P. (2006). Phys. Today 59, 24. 

[2] Paddison J. A. M., Jacobsen H., Petrenko O. A., Fernández-Díaz M. T., Deen P. P. & Goodwin A. L. (2015). Science 350, 179. 

[3] J. M. Hopkinson and H.-Y. Kee, (2006). Phys. Rev. B 74, 224441. 
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The transverse-field Ising model on a triangular lattice is predicted to support a topological Kosterlitz-Thouless (KT) phase at nonzero 

temperature through a mapping of the Ising spins to a complex order parameter defined for each triangular unit. Recently, the 

triangular lattice antiferromagnet TmMgGaO4 has emerged as a candidate material to realize this theoretical scenario. Through the 

complementary use of neutron diffraction and magnetic pair distribution function (mPDF), we have quantitatively investigated the 

spin correlations in TmMgGaO4 in the temperature region of interest, tracking their evolution across the proposed transitions into and 

out of the KT phase. We confirm the presence of the three-sublattice order predicted for the ground state and show that the local 

magnetic structure undergoes distinct changes in the temperature range expected for the KT phase. Modeling the real-space mPDF 

reveals a preferential tendency for the system to form bound vortex-antivortex pairs, the hallmark of the KT phase, precisely in the 

expected temperature range [1]. These findings constitute promising evidence for the KT phase, potentially establishing TmMgGaO4 

as a rare platform for studying KT physics in a dense spin system. 

[1] Dun, Z., Daum, M., Baral, R., Fischer, H.E., Cao, H., Liu, Y., Stone, M.B., Rodriguez-Rivera, J.A., Choi, E.S., Huang, Q., Zhou, H., Mourigal, 

M., & Frandsen, B. A. (2021). Phys. Rev. B 103, 064424. 
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Geometrically frustrated magnets, such as triangular networks of antiferromagnetically coupled spins, can display incredibly rich 

physical properties that may have potential applications in quantum information science and other technologies. Determining if and 

how magnetic order emerges from competing magnetic tendencies is an important objective in this field. Here, we discuss the Jahn-

Teller active triangular AMnO2 (A= Na, Cu; Fig. 1) antiferromagnets [1] to highlight that the degree of frustration, mediated by 

residual disorder, contributes to the rather differing pathways towards a single, stable magnetic ground state, albeit with varying 

ordering temperatures.  

For these insulating sister compounds, complementary high-resolution synchrotron XRD, local-probe muon-spin relaxation (μ+SR) 

studies, corroborate that the layered NaMnO2 adopts a remarkable magnetostructurally inhomogeneous ground state. [2] In view of 

this peculiarity, we employ powerful neutron total scattering and magnetic pair distribution function (PDF) analysis to uncover that

although CuMnO2 undergoes a conventional symmetry-lowering (monoclinic to triclinic) lattice distortion driven by Néel order, in the 

Na-derivative an enhanced, short-range triclinic distortion (Fig. 2) lifts the degeneracy of the isosceles triangular network on the 

nanoscale, thereby enabling long-range magnetism to develop with enhanced magnetic correlations above the transition. [3] More 

generally, the work illuminates the cooperative intertwining of the local atomic and magnetic structures that permits ground state 

selection when spatial inhomogeneity meets geometrical frustration, a mechanism that may also be operative in other frustrated 

materials with electronically active transition metal cations. 

    

Figure 1. Atomic and magnetic

structures of NaMnO2 (top), and 

CuMnO2 (bottom). 

Figure 2. Color map of the strength of triclinic distortion, d (=r2-r3; see inset to panel (b)), as a function of 

temperature in AMnO2 (A= Na, Cu); the horizontal dashed lines mark the Néel order, at 45 (a) and 65 K (b).

Inset: schematic of basal plane Mn3+ sublattice, and its monoclinic to triclinic distortion. 
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Lithium-rich transition metal oxide cathodes are of intense current interest as higher capacity alternatives to the stoichiometric layered 

cathodes currently used in today’s automotive applications. These Li-rich cathodes store extra energy through extensive high-voltage 

oxygen oxidation. The mechanism by which the changes in oxygen redox chemistry is accommodated by the cathode remains actively 

debated, particularly in terms of the structure changes. How does the change in O chemistry impact the structure and dynamics of the 

transition metal and lithium cations? Without understanding how oxygen oxidation is accommodated by the cathode structure, and 

how this is linked to performance limitations, we cannot design strategies to mitigate limitations and displace current automotive 

electrodes or develop new robust electrode chemistries that access additional O-based redox capacity. 

Using operando and complementary ex situ X-ray scattering studies (XRD and SAXS) we explore the dynamic restructuring of 

transition metal cathodes that occurs during cycling. We identify — for the first time — the formation of nanopores within the cathode 

during O oxidation. Upon extended cycling, coarsening of residual pores can be linked to performance degradation 
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Li-ion batteries are ubiquitous in our society. However, producing high performance, safe, and sustainable batteries remains a great 

challenge to foster the industrial development towards e-mobility, portable and stationnary applications. Materials engineering and 

new chemistries are key in this objective, as well as advanced characterization tools to probe the bulk & interfacial properties of active 

materials. In particular, investigations in operando mode, e.g. during battery cycling under realistic conditions, are currently attracting 

an enormous interest. Synchrotron techniques have been widely employed to probe in real-time a large variety of battery technologies, 

e.g. Li-ion and beyond, to observe and map the evolving structures, in relation to materials composition & design and battery 

operating conditions. In this talk, we will focus on the lithiation and ageing mechanisms in advanced electrodes, and show how 

operando X-rays (XRD/WAXS/SAXS) experiments can provide unique insights into the structural changes in graphite [1], silicon [2] 

and silicon-graphite [3-4] anodes with high time/spatial resolution. In particular, spatially-resolved mXRD gives access to 2D 

information in the depth of the electrode, as lithiation heterogeneities and phase distributions [1], while combined SAXS/WAXS allow 

to determine the sequential lithiation mechanism of active phases in a composite nanostructured material [3-4]. We will also adress the 

challenge to build beam-compatible battery cells, which is the pre-requisite to correlate real-time microscopic information to the 

electrochemical performance. Last, we will introduce the novel possibilities of performing 3D quantification of structural features 

evolutions in complex materials. 

[1] S. Tardif et al, J. Mat. Chem. A, 2021. 

[2] S. Tardif et al, ACS Nano, 2017, 11, 11306–11316. 

[3] C. Berhaut et al, ACS Nano, 2019, 13, 10, 11538-11551. 

[4] C. Berhaut et al, Energy Storage Materials, 2020 
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Magnetite (Fe3O4) has emerged as a promising electrode material in rechargeable batteries because of its natural abundance, low cost, 

low toxicity and high specific capacities. Fe3O4 exhibits both intercalation and conversion mechanism and it involves 8 Li ions during 

its reduction. The multi electron transfer enables higher energy density of these electrodes compared to purely intercalation electrodes. 

However, it suffers from high hysteresis and high capacity loss with cycling. The reasons for the capacity fading in conversion 

electrodes are still not very clear and lot of research is going on with an aim to design a high capacity electrode with performance 

stability over a large number of cycles. In-situ/operando research in the area of batteries has gain popularity in recent past as it can 

give valuable information regarding changes taking place in the electrode materials during the charging-discharging of the batteries 

and thus can address various problems associated with battery performance [1,2]. 

In the present work we have used operando XAS to understand the structural changes around Fe cations during the charging-

discharging of the Fe3O4 electrodes in Li ion battery. Fig 1(a) shows the voltage profile of Fe3O4 electrodes during galvanostatic 

cycling at the rate of 53mAg
-1

 in the voltage range of 0.03-3V. The XANES data recorded during the first discharge was analysed 

using chemometric techniques like Principal Component Analysis (PCA) and Multivariate Curve Resolution- Alternate Least Square 

(MCR-ALS). Figure 1 (b) & (c) show the components and their concentration profile obtained from the MCR-ALS analysis of the 

XANES data recorded during the first discharge of Fe3O4 electrode in Li ion battery. 

Figure 1. (a) Voltage profile of Fe3O4 electrode during galvanostatic cycling (b) XANES spectra of the MCR-ALS components during 

first discharge of Fe3O4 electrode (c) Concentration profile of the MCR-ALS components first discharge of Fe3O4 electrode 

The components of the MCR-ALS analysis during the first discharge of Fe3O4 electrode have been identified respectively as Fe3O4, 

LixFe3O4, FeO and metallic Fe. The EXAFS analysis shows that the fraction of tetrahedral Fe cations decreases and after 0.4 electron 

equivalent Fe cations exists in octahedral coordination environment only. Therefore, from the operando XANES and EXAFS analysis, 

it becomes evident that the lithiation of magnetite during the first discharge is a multi-step process, where Li insertion in the Fe3O4

structure results in migration of Fe cations in the tetrahedral 8a site to octahedral sites (16c or 16d) and finally formation of LixFe3O4

where all Fe cations exist in octahedral coordination. The next step is conversion of LixFe3O4 phase into the rocksalt FeO phase, which 

finally converts to metallic Fe phase. From Fig. 1(c) it can also be seen that the intercalation of Fe3O4 which results in formation of 

LixFe3O4, overlaps with the conversion reaction of LixFe3O4 to FeO. Further XANES and EXAFS analysis of the first charge and 

second discharge of Fe3O4 electrodes show that the completely lithiated electrode material never returns to Fe3O4 phase on charging, 

instead the subsequent cycles after the first discharge are due to the conversion reaction between FeO and metallic Fe. In conclusion, 

this study gives a detailed structural analysis of the Fe3O4 electrodes in Li ion battery during charging-discharging cycles.  

[1] Huie, M. M., Bock, D. C., Wang, L., Marschilok, A. C., Takeuchi, K. J. & Takeuchi, E. S. (2018) J. Phys. Chem. C 122, 10316. 

[2] Zhang, W., Bock, D. C., Pelliccione, C. J., Li, Y., Wu, L., Zhu, Y., Marschilok, A. C., Takeuchi, E. S., Takeuchi, K. J. & Wang, F. (2016) Adv. 

Energy Mater. 6, 1502471. 

Keywords: IUCr2020; abstracts; operando XAS; Fe3O4 electrode; Li ion battery; Principal Component Analysis (PCA); 
Multivariate Curve Resolution- Alternate Least Square (MCR-ALS) 
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Recent transformations and expected growth in global energy storage and conversion systems demand developing materials [1]. Such 
materials in demand should be a long lasting, effective, safe, environmentally friendly, cost-effective and recyclable for use in 
different electrochemical applications (e.g., Lithium Sulfur Batteries, Electrochemical Capacitors, Polymer Electrolyte Membrane 
Fuel Cells). These requests by consumers require an innovative non-linear approach combining the materials synthesis, advanced 
multi-dimensional characterization techniques, real-time testing and state of art electrochemistry [2,3]. Despite efforts there are still 
critical challenges that have to be addressed in order to overcome intrinsic limitations and achieve both - a high energy density and a 
high power density [4,5]. The common denominator that the above mentioned energy storage and conversion devices share is the 
carbonaceous material (CM). The amount of carbonaceous material used in the electrode is approx. 30%. The CMs have different 
physico-chemical properties such as surface area, porosity, electronic and ionic conductivity, hydrophilicity and electrocatalytic 
activity. Thus, the well-tailored CM’s structural features enhance ion transport and minimize initial capacity losses even with an 
increase in energy density [6]. A key structural feature of carbonaceous materials together with advanced multi-dimensional 
characterization techniques, real-time testing and state of art electrochemistry so called operando analysis of the Lithium Sulfur 
Battery (LiSB) will be the subject of a presentation (Fig.1) [6,7]. The first part is related to the model-free analysis by small-angle X-
ray scattering. The structural characterization of the well-tailored CMs is a crucial step towards a better understanding of the 
elucidation of structure-morphology-property-relationships [6]. This in turn will shed light on the processes occurring in complex 
energy storage and conversion systems and helps to design cost-effective, safe devices with preferably high capacities and longer 
lifetime over many cycles. In the second part, the simultaneous performance of several independent techniques: small-angle neutron 
scattering, electrochemical impedance spectroscopy, galvanostatic/potentsiostatic cycling of the LiSB test cell will be presented [7]. A 
nanoporous and binder-free carbon electrode was applied as a model electrode for further in situ/operando analysis, which is deemed 
of great importance for mechanism study of batteries. Results obtained by in situ/operando SAS techniques are scientifically 
interesting and technologically very relevant for next generation energy storage and conversion systems. The outline of challenges will 
be presented and discussed. 

Figure 1. operando analysis of the Lithium Sulfur Battery. 

[1] https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en  
[2] K.Fic, A. Platek, J.Piwek, E. Frackowiak, Materials Today, 21, 4, (2018) 437. 
[3] Z.Lin, E.Goikolea, A.Balducci, K.Naoi, P.L.Taberna, M.Salanne, G.Yushin, P.Simon, Materials Today, 21, 4, (2018) 419. 
[4] D.Liu, Z. Shadike, R. Lin, K. Qian, H. Li, K. Li, S. Wang, Q. Yu, M. Liu, S. Ganapathy, X. Qin, Q.‐H. Yang, M. Wagemaker, F. Kang, X.‐Q. Yang, B. Li Adv. 

Mater. 31, 1 (2019) 1806620. 
[5] Y.Yan, C. Cheng, L.Zhang, Y. Li, J. Lu, Adv. Energy Mater. 9 (2019) 1900148. 
[6] E.Härk, A.Petzold, G.Goerigk, S.Risse, I.Tallo, R.Härmas, E.Lust, M.Ballauff, Carbon 146 (2019) 284. 
[7] S.Risse, E. Härk, B. Kent, M. Ballauff , ACS Nano 13 (9) (2019) 10233. 
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Compton scattering imaging is a unique technique to visualize lithiation state on electrodes of large-scale lithium-ion batteries in-situ 
and in-operando conditions. This technique characterized by high-energy synchrotron X-rays allows the non-destructive observation of 
the reaction in closed electrochemical cells and enables us to analyze quantitatively the concentration of light elements, like lithium 
since incoherent scattering effects are enhanced. In this study, Compton scattering imaging is applied to an 18650-type cylindrical 
lithium-ion cell to visualize a spatiotemporal lithiation state, called Turing pattern [1]. 

The Compton scattering imaging was performed at the high-energy inelastic scattering beamline BL08W of the SPring-8. The energy 
of the incident X-rays and the scattering angle is fixed at 115.56 keV and 90 degrees, respectively. The Compton scattered X-ray energy 
spectrum is measured by 9-segments Ge solid-state detector. An observation region of the cell is limited by incident and collimator slits. 
The size of these slits is 5 µm in height, 750 µm in width, and 500 µm in diameter, respectively. The state of charge of the sample cell 
was controlled using a potentiostat/galvanostat. 

 Figure 1 (a) shows the result of line shapes of 
the Compton scattering spectra, called S-parameter 
analysis [2], which obtained by changing the 
sample position along z-direction during the 
charging. By charging the cell, the position of each 
component of the cell is shifted, which is induced 
by intercalation/deintercalation of the lithium. 
Moreover, we observed S-parameter oscillations 
by a depth-resolved analysis of the anode and 
cathode. Fig. 1 (b) shows the space-time S-
parameter modulation S obtained by subtracting 
from S-parameter its average value in the upper 
cathode region. A Fourier analysis of S shows 
that the dominating period of the S-parameter 
oscillation corresponds to the timescale of the 
charging curve and the dominating wavelength of 
the S-parameter oscillation is related to the size of 
the grains of the active material. The reason for the 
appearance of this S-parameter pattern is due to 
different mobilities of lithium ions and electrons 
and non-linear effects in the chemical reaction. 
Therefore, the existence of the S-parameter 
modulation implies that the cell can have an 
optimal cycle speed with a more homogeneous flow of ions. 
[1] Suzuki, K., Suzuki, S., Otsuka, Y., Tsuji, N., Jalkannen, K., Koskinen, J., Hoshi, K., Honkanen, A.-P., Hafiz, H., Sakurai, Y., Kanninen, M., Huotari, 

S., Bansil. A., Sakurai, H. & Barbiellini, B. (2021). Appl. Phys. Lett. 118, 161902. 

[2] Suzuki, K., Barbiellini, B., Orikasa, Y., Kaprzyk, S., Itou, M., Yamamoto, K., Wang, Y.J., Hafiz, H., Uchimoto, Y., Bansil, A., Sakurai, Y., & 
Sakurai, H. (2016). J. Appl. Phys. 119, 025103. 

Keywords: Compton scattering; Lithium-ion battery; Electrode reaction; Turing pattern 

 

Figure 1. (a) S-parameter distribution obtained charging process. (b) the space-
time S-parameter oscillation in the upper cathode. 
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Over the last decades, the increased environmental pollution and vast fossil consumption generated a need for renewable energy 

sources. As these renewable energy sources are not always available, this also needs next-generation energy storage devices, such as 

lithium-ion batteries and solid oxide fuel cells. Despite the great interest in these systems, there are still gaps in the knowledge about 

the crystal structure evolution and phase transitions of these energy materials during the electrochemical reactions due to the 

submicron size of the active particles, which impede single crystal diffraction with X-rays or neutrons.  Filling these gaps is crucial for 

understanding why a particular material functions better or worse than other closely related materials.  

3D electron diffraction can be applied to submicron sized single crystals and is a powerful tool for determining the crystal structure 

and studying the structural changes during the electrochemical reaction [1]. However, ex situ experiments are not sufficient to solve all 

the questions and leave room for misinterpretation of artefacts due to, for instance, air and vacuum exposure and relaxation between 

cycling and structure determination and inherent differences between different crystals. Therefore, we aim to apply in situ 3D electron 

diffraction in a liquid filled electrochemical cell to study the crystal structure evolution upon electrochemical cycling in the 

transmission electron microscope. 

Whereas our group was able to obtain in situ 3DED data of charged particles after a single cycle [2], in situ observation of ongoing 

reactions with electron diffraction has not been realized yet. One challenge is the strong scattering of the electrons by the thick liquid 

layer, which significantly decreases the signal-to-noise ratio [3, 4]. For obtaining data after a single cycle, this thick layer of liquid can 

be partially evaporated using an intense electron beam [3]. However, this procedure leaves contamination behind and prevents further 

cycling.  

Our study aims to perform in situ 3D electron diffraction at different stages of the electrochemical process within the same experiment 

and therefore, without the need for evaporating part of the liquid. Our preliminary experiments on gold nanoparticles established this 

possibility. However, gold is an ideal system because of its high atomic number and the possibility to introduce the particles into the 

electrochemical cell by flushing. Studying complex and lower atomic number compounds of which the particles cannot be flushed 

through the cell will require optimization of the experimental conditions. Controlling all the parameters during the experiments, such 

as particle deposition, liquid thickness, bulging of the windows, beam irradiation and flow rate, is challenging. In this presentation, I  

will discuss the hurdles, the solutions and the results I have obtained so far.  

 

[1] Hadermann J. & Abakumov A. M. (2019). Acta Cryst. B75, 485-494. 

[2]  Karakulina O., Demortière A., Dachraoui W., Abakumov A. M. & Hadermann J. (2018). Nano Lett. 18, 6286-6291. 

[3] De Jonge N. & Ross F. M. (2011). Nature Nanotech. 6, 695-704. 

[4] Tanase M., Winterstein J., Sharma R., Aksyuk V., Holland G. & Liddle J. A. (2015). Microsc Microanal. 21 (6), 1629-1638. 
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Cellulose is our most abundant biopolymer, and hence an important renewable raw material for many materials. Her, we present a 
small and wide angle X-ray scattering (SAXS/WAXS) study of regenerated cellulose textile fibers, air-gap spun from an ionic liquid 
solution.[1] Figure 1 shows SAXS and WAXS patterns from two fibers produced with two different draw ratios, DR=2 and 15, 
respectively. Drawing the fibers result in an increased degree of orientation of the crystalline domains (Figure 1c and d). By analyzing 
the azimuthal angular dependence of the WAXS pattern, both the crystal degree of orientation and the degree of orientation of 
amorphous cellulose chains can be obtained, as well as their relative contributions to the total scattering. Thus, offering an accurate 
determination of the degree of crystallinity. The anisotropic cross-like 2D SAXS pattern, having scattering predominantly 
perpendicular and parallel to the fiber axis, suggests an internal colloidal structure with oriented crystalline lamellae of ca. 10 nm 
thickness, embedded within a continuous matrix of amorphous cellulose. The lamellae are oriented with their normal parallel with the 
fiber axis.  

 

 
Figure 1. 2D SAXS and WAXS patterns obtained for two different draw ratios. a) SAXS for DR=2. b) SAXS for DR=15. c) WAXS 
for DR=2. d) WAXS for DR=15 together with an assignment, Miller indices (h,k,l), of some of the reflections. To the right is shown 
an illustration of the fiber orientation together with the laboratory frame. Here, z is the meridional direction and the equatorial 
scattering is recorded in the x-direction. 
[1] Gubitosi, M., Asaadi, S., Sixta, H., Olsson, U. (2021). Cellulose. 70, 3554. 
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Structure determination of nano-size crystals is always a challenging problem. For quite lots of materials, it is very difficult to 

synthesize large/good enough crystals for single crystal X-ray diffraction studies. Powder X-ray diffraction (PXRD) is the major 

method for their atomic structure determination, PXRD is a quite mature technique and lots of powder structures were solved. 

However, for complicated structures with huge unit cell dimensions or those with crystal sizes smaller than 100nm, it is quite often to 

have severe peak overlapping problems, which makes it extremely difficult to solve the structure from PXRD alone. Electrons which 

interact with matter much stronger than X-ray can produce single-crystal-like diffraction from nano-crystalline materials, which makes 

it possible to collect single-crystal-like diffraction data. 

The 3D electron diffraction technique can be used for collecting 3D electron diffraction data. Compared with traditional electron 

diffraction methods, this technique gives lower dynamical effects and much higher data completeness. Using the intensities abstracted 

from the data, complicated structures can be directly solved using the similar methods as single-crystal X-ray diffraction. Combining it 

with other techniques, such as PXRD or even SXRD, more complicated structures can be solved. 

 

Keywords: nanomaterials, structure determination, 3D electron diffraction 
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A strategy to enhance surface properties of nanocrystals is tailoring their bulk crystalline structure. As an example, the performance of 

metal nanocatalysts is correlated to lattice distortion induced by the mechanical anisotropy of the crystal structure [1]. We 

demonstrated that the stress caused by interior interfaces in core@shell nanocrystals results in larger lattice deformations than the 

elemental lattice mismatch [2]. Plasmonic applications push further the interest for a thorough characterization of the influence of the 

structural anisotropy on the thermal dynamic disorder. 

Here we access the thermal disorder in Pd nanocrystals with molecular dynamics simulation. We focus on cubic nanocrystals, which 

have a particularly pronounced influence of mechanical anisotropy. We find a marked dependence of dynamic disorder on the 

crystallographic direction that enhances as crystal size decreases (see Fig. 1). 10 nm nanocrystals show a clear separation of the 

directional-dynamic disorder profiles. Contrary to theoretical models that ignore mechanical anisotropy, the directional profiles 

deviate from one another starting with the shortest pair distances. 

We extracted an analytical model suitable for include the anisotropic thermal disorder we report here within existing analysis methods 

of both Bragg and PDF powder scattering profiles. Based on experimentally validated atomistic simulations, the model is calibrated 

with well-known characteristic material properties such as the bulk MSD and structural mechanical anisotropy (i.e., contrast factor). 

Finally, we used the whole pair distribution function modelling method [3] to test the model against the analysis of powder X-ray 

diffraction patterns simulated via Debye scattering equation. 

Figure 1. Dependence of the thermal dynamic disorder on the crystallographic direction as a function of the atomic pair distance. 

[1] Scardi, P. Leonardi, A. Gelisio, L. Suchomel, M. R. Sneed, B. T. Sheehan, M. K. Tsung, C.-K. (2015). Phys. Rev. B. 91, 155414 

[2] Gamler, J. T. L. Leonardi, A. Sang, X. Koczkur, K. M. Unocic, R. R. Engel, M. Skrabalak, S. E. (2020). Nanoscale Advances 2, 1105. 

[3] Leonardi, A. (2021). IUCrJ 8, 257 

Keywords: nanocrystals, lattice deformation, shape deformation, common volume function, shape function 
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Cadmium selenide nanocrystals (CdSe NCs) are frequently used in optoelectronic devices, as they possess unique optoelectronic 

properties that are highly sensitive to their size, shape and microstructure. Due to the high sensitivity of the properties to the 

microstructure features, the structure and microstructure of CdSe NCs must be controlled precisely during the synthesis. The CdSe NCs 

crystallize in thermodynamically stable wurtzitic structure (space group 𝑃63𝑚𝑐), in metastable zinc blende structure (space group 

𝐹4̅3𝑚) and in a mixture of both structures [1]. As a result, another critical issue of the CdSe NCs synthesis is the control of phase 

composition and formation of microstructural defects, as both issues affect the optoelectronic properties additionally [2,3]. 

The aim of this study was to correlate the size and morphology of CdSe NCs with their phase composition and with the formation of 

microstructure defects, and to explain the effect of the microstructure defects on the optoelectronic properties of the CdSe NCs. The 

CdSe NCs under study were produced using hot injection at temperatures between 225°C and 250°C. X-ray diffraction and transmission 

electron microscopy with high resolution revealed that the CdSe NCs have a size between 3 and 10 nm, and crystallize predominantly 

in the metastable zinc blende crystal structure. While NCs having a size smaller than 4 nm were practically defect-free, larger particles 

contained planar defects (stacking faults), which number increased with increasing NC size. When the planar defects appeared randomly 

in the interior of the NCs, then they led to an anisotropic broadening of the X-ray diffraction lines as typical for isolated stacking faults 

[4]. When the planar defects appeared on every second cubic lattice plane {111}, then they accomplished the transition of the zinc 

blende structure of CdSe to the thermodynamically stable wurtzitic modification [5]. A combination of XRD measurements and 

simulations using DIFFaX revealed that the interplanar spacing along the stacking direction apparently depends on the density and 

ordering of the planar defects. Our approach is discussed together with the approach of Moscheni et al. [6].  

In general, the planar defects located in the interior of the CdSe NCs deteriorate their photoluminescence quantum yield. Additional 

planar defects originate from the oriented attachment of CdSe NCs along the {111} crystallographic planes. These defects disturb the 

crystallographic coherence of attached NCs. Consequently, agglomerated NCs are not recognized as large NCs but as separated NCs 

both by XRD and by photoluminescence. 

[1] Bawendi, M. G., Kortan, A. R., Steigerwald, M. L. & Brus, L. E. (1989). J. Chem. Phys. 91, 7282. 

[2] Viswanatha, R. & Sarma, D. D. (2009). Chem.: Asian J. 4, 904. 

[3] Orfield, N. J., McBride, J. R., Keene, J. D., Davis, L. M. & Rosenthal, S. J. (2015). ACS Nano 9, 831. 

[4] Warren, B. E. (1990). X-ray Diffraction. New York: Dover Publication. 

[5] Martin, S., Ullrich, C., Šimek, D., Martin, U. & Rafaja, D. (2011). J. Appl. Cryst. 44, 779. 

[6] Moscheni, D., Bertolotti, F., Piveteau, L., Protesescu, L., Dirin, D. N., Kovalenko, M. V., Cervellino, A., Pedersen, S., Masciocchi, N. A. & 

Guagliardi, A. (2018). ACS Nano 12, 12558. 
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Understanding and governing the complex behavior in magnetic materials at the nanoscale is the key and the challenge not only for 

fundamental research but also to exploit them in applications ranging from catalysis,[1] to data storage,[2] sorption,[3-4] 

biomedicine,[5-6] and environmental remediation.[7] In this context, spinel ferrites (M2+Fe2O4, where M2+ = Fe, Co, Mn, etc.) 

represent ideal magnetic materials for tuning the magnetic properties through chemical manipulations, due to their strong dependence 

on the cation distribution, spin-canting, interface, size, shape, and interactions. Furthermore, when coupled with other phases 

(heterostructures), they can display rich and novel physical properties different from the original counterparts (exchange coupling, 

exchange bias, giant magneto-resistance), allowing them to multiply their potential use.[8] For example, the possibility to tune 

magnetic anisotropy and saturation magnetization by coupling magnetically hard and soft materials have found usage recently in 

applications based on magnetic heat induction, such as catalysis or magnetic fluid hyperthermia (MFH).[9] Therefore, it is crucial to 

engineer core-shell nanoparticles with homogeneous coating and low size dispersity for uniform magnetic response and to maximize 

the coupling between the hard and soft phases (i.e. the interface).[10] Even though some studies have reported interesting results in the 

field of magnetic heat induction, a systematic study on an appropriate number of samples for a better comprehension of the 

phenomena to optimize the performance is needed.  

In this contribution, the capability of coupled hard-soft bi-ferrimagnetic nanoparticles to improve the heating ability is exploited to 

understand the influence of the different features on the performances. This systematic study is then based on the correlation between 

the heating abilities of three magnetically hard cobalt ferrite cores, covered with magnetically soft spinel iron oxide and manganese 

ferrite having different thickness, with their composition, structure, morphology and magnetic properties. Direct proof of the core-

shell structure formation was provided by nanoscale chemical mapping, with identical results obtained through STEM-EELS, STEM-

EDX, and STEM-EDX tomography. 57Fe Mössbauer spectroscopy and DC/AC magnetometry proved the magnetic coupling between 

the hard and the soft phases, thanks also to the comparison among core-shell NPs, ad-hoc prepared mixed cobalt-manganese ferrites 

NPs, and cobalt ferrite NPs mechanically mixed with manganese ferrite NPs. The heating abilities of the aqueous colloidal dispersions 

of the three sets of core-shell samples revealed that, in all cases, core-shell nanoparticles showed better performances in comparison 

with the respective cores, with particular emphasis on the spinel iron oxide coated systems and the samples featuring thicker shells. 

This scenario entirely agrees with the hypothesis made based on magnetic parameters (saturation magnetization, Néel relaxation times, 

effective anisotropy) of the powdered samples, and demonstrated the importance of a sophisticated approach based on the synergy of 

chemical, structural, and magnetic probes down to a single-particle level.  
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Monodisperse Cesium lead bromide perovskite nanocrystals (NCs) CsPbBr3 with High 
brightness and stable green emission for application in light emitters devices 
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Lead bromide perovskite nanocrystals (NCs) APbBr3 in where A can be Cs+, FA+: CH(NH2)2
+, MA+: CH3NH3

+ are very promising 

high-color purity light emitters due to their pure green emission and excellent optical properties. In this contribution, the Cesium lead 

bromide perovskite CsPbBr3 nanocrystals have been synthesized by the hot injection method according to Imran et al synthesis 

approach [1], in which the benzoyl bromide was used as halide precursor. The colloidal CsPbBr3 NCs were synthesized by dissolving 

and degassing the cesium carbonate and lead acetate in octadecene, oleylamine, and oleic acid as surfactants at 130°C in a three-neck 

flask. After degassing, the temperature was raised up to 170 °C under Ar flux, following by rapidly injected the benzoyl bromide 

precursor into the reaction flask, provoking immediately the nucleation and growth of the CsPbBr3 NCs. The resultant 12.31 nm of 

highly monodisperse CsPbBr3 nanocubes exhibit excellent optical properties, with high-phase purity, strong green photoluminescence 

emission efficiency at 502 nm with narrow full width at half-maximum 12 nm, along with PLQY as high as 92%, and average 

lifetimes of 14.4 ns. Preliminary studies with magnetic circularly polarized luminescence were carried out to gather insight into the 

electronic structure of the systems. An asymmetry between right and left circularly polarized light was found at the emission peak at 

room temperature, suggesting a magnetic field-induced rearrangement of the population of the ground or excited states. This synthesis 

of CsPbBr3 perovskite NCs presents important optical properties, which are among the best-promoting characteristics for a pure green 

light-emitting device according to the updated recommendation 2020 (Rec. 2020) standard [2]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.  absorption and PL spectra of CsPbBr3, inside photograph of colloidal CsPbBr3 NCs in toluene solution under a UV lamp 

(λ=365 nm), and TEM images of 12.31 nm CsPbBr3 NCs. 

 

[1] Imran, Muhammad, et al. Journal of the American Chemical Society 140.7 (2018): 2656-2664. 

[2] Zhu, Ruidong, et al. Optics express 23.18 (2015): 23680-23693. 

Keywords: lead bromide perovskite, hot injection method, green photoluminescence, LEDs. 
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X-ray powder diffraction and electron single crystal diffraction – two techniques for structure 
analysis of nanocrystals 
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X-ray powder diffraction and electron single crystal diffraction, although having very different methodologies in their cores, target the 

same material, and can deliver complimentary information for the structure characterization.  

X-ray powder diffraction is a well-established technique; its performance can be exemplified by several impressive highlights [1-3]. A 

structure analysis with powder X-ray diffraction runs thorough three main steps – (i) indexing of the powder profile, (ii) structure 

solution, and (ii) structure refinement. The first step represents the bottleneck for the whole procedure, being associated with the 

inherent problem of the powder method – projection of all reflections onto a single axis. The most difficult cases represent polyphasic 

samples, large unit cell volumes, and low symmetry structures.  

Electron diffraction method, being able to address nanocrystals individually, allows to collect 3D single crystal data from crystals with 

the size down to tens of nanometres [4]. A 3D reconstruction of the reciprocal space immediately delivers information on the unit cell 

metric. The inherent problems of electron diffraction appear at later stages when quantification of reflection intensities is required. The 

strong interaction of electrons with matter gives rise to multiple scattering, which modifies intensities of reflections in a complex 

manner. Recently, methods for dynamical structure refinement became available [5]; still the multiple scattering contribution cannot 

be accounted for during the structure solution (model building) step. 

In this light, an obvious beneficial combination of two techniques is the transfer of unit cell parameters, determined from electron 

diffraction to powder X-ray data for subsequent structure solution and refinement. This workflow will be demonstrated by examples. 

Beyond this combination, analysis of diffuse scattering by the two methods will be presented, and combined analysis of total 

scattering for PDF calculation will be discussed. 

 

[1] Vella-Zarb, L., Baisch, U., Dinnebier, R. E. (2013). J. Pharm. Sci., 102, 674. 

[2] Schlesinger, C., Bolte, M. and Schmidt, M. U. (2019). Z. Kristallogr. 234, 257. 

[3] Spiliopoulou, M. Karavassili, F. Triandafillidis, D.-P. Valmas, A. Fili, S. Kosinas, C. Barlos, K. Barlos, K. K. Morin, M. Reinle-Schmitt, M. L. 

Gozzo F. and Margiolaki, I. (2021). Acta Cryst. A77.  

[4] Gemmi, M., Mugnaioli, E., Gorelik, T.E., Kolb, U., Palatinus, L., Boullay, P., Hovmöller, S., Abrahams, J.P. (2019). ACS Cent. Sci. 5, 1315. 

[5] Palatinus, L. Brázda, P. Jelínek, M. Hrdá J., Steciuk, G. Klementová M. (2019). Acta Cryst., B75, 512. 
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In the age of electrons, do we still need powder diffraction?  
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Unit cell determination, phase identification, structure determination, structure refinement. At one point of time, X-ray powder 

diffraction (XRPD) was the way to go for structure characterization of microcrystalline powders, despite the analyses sometimes being 

slow and tedious. For a long time, we have known that electron diffraction (ED) data from microcrystals are useful for unit cell and 

structure determination. We would still resolve to XRPD for structure refinement, because the data are kinematical and therefore 

simpler to model. 

Over the last 15 years, developments in ED methodology, both hardware and software, have reached a point where high-quality data 

can be collected routinely on a large number of crystals [1, 2]. When of sufficient quality, structures refined against these data 

challenge the accuracy of what can be obtained from XRPD data. By combining data from different crystals using cluster analyses, we 

showed that even physically meaningful anisotropic ADPs can be obtained from ED data [3]. These are notoriously difficult to obtain 

from XRPD data. 

What can we not do with ED? Through serial crystallography experiments, we saw that it is possible to collect ED data from hundreds 

or thousands of crystals automatically [2]. This opens the door for automated quantitative phase analysis using ED data [3, 4, 5], 

challenging the bulk information that can be obtained from XRPD data. Then what do we still need XRPD data for?. 

 

[1] M.O. Cichocka, J. Ångström, B. Wang, X. Zou, S. Smeets, J. Appl. Cryst. 51(6), 1652-1661 

[2] B. Wang, X. Zou, S. Smeets, IUCrJ 6(5), 854-867 

[3] S. Smeets, S. I. Zones, D. Xie, L. Palatinus, J. C. Pascual, S.-J. Hwang, J. E. Schmidt, L. B. McCusker, Angew. Chem. Int. Ed. 58(37), 13080-

13086 

[4] S. Smeets, J. Ångström, C. O. A. Olsson, Steel Res. Int. 90(1), 1800300 

[5] Y. Luo, B. Wang, S. Smeets, J. Sun, W. Yang, and X. Zou, Manuscript in preparation. 
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The long-time elusive structure of magadiite,  

solved by 3D electron diffraction and model building 
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Magadiite, Na2Si14O28(OH)2·nH2O, is known as a mineral discovered at the lake Magadi in Kenya by Hans Eugster in 1967 [1]. Since 

then, magadiite-type materials have also frequently been synthesized in the lab and have come into focus for various applications [2-4], 

like CO2 adsorbents, drug carriers or catalysts and maintain a rising interest.  

Despite many attempts, the unique magadiite structure remained unsolved. Finally, a material-specific strategy based on 3D electron 

diffraction successfully deciphered the atomic structure [5]. In order to enable the ab initio structure solution of the electron beam 

sensitive material, a sodium-free dehydrated form of magadiite was synthetically isolated and, from that, it was subsequently possible 

to derive a structure model for the sodium form of magadiite, later successfully refined against powder X-ray diffraction data. 

Furthermore, a geometry optimization, simulations of spectroscopic data and calculation of charge transfer between the water molecules 

and the silicate layer with DFT methods confirmed the obtained crystal structure of sodium magadiite.  

The structure of the silicate layer is quite complex, as it contains 4-, 5-, 6-, 7-, and 8-rings of three- and four-interconnected [SiO4/2] 

tetrahedra. Seven symmetrically independent Si atoms and 15 independent oxygen sites are present forming a dense layer of considerable 

thickness (11.5 Å). The symmetry can be described by the layer group c211. Each layer is chiral, but the chirality of the stacked silicate 

layers in the average structure (F2dd) is alternated, due to the glide plane perpendicular to the stacking axis. Bands of interconnected 

[Na(H2O)6/1.5]+ octahedra are intercalated between neighbouring silicate layers to compensate the charge of the layers.  

The detailed knowledge now achieved on the previously unknown silicate layer and the development of an adapted synthesis combined 

with an ammonia-based titration will have a huge impact on the research of hybrid organic−inorganic nanocomposites based on 

magadiite, related layered silicates and zeolite-like structures in order to design new and more efficient materials.  

Figure 1. Number of publications mentioning magadiite. Inset illustrates the structure of sodium magadiite with view along [110].  
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Polymorphism is a common aspect of most commercially relevant drugs. One-third of crystalline organic molecules and about half of 

marketed active pharmaceutical ingredients (APIs) are known to form polymorphs [1, 2]. The characterization of all polymorphic 

species and the understanding of the overall polymorphic energy landscape represents a prominent aspect of drug development and is 

crucial to establish efficacy, formulation, and shelf life. Moreover, the discovery of new polymorphs with different chemical and 

physical properties may result in treatments that are more effective and with reduced side effects [3].  

Here, we report the crystallization, structure determination and dissolution behaviour of the δ-polymorph of the non-steroidal anti-

inflammatory drug indomethacin (IMC), a poorly studied polymorph first mentioned almost 50 years ago [4] and whose structure has 

remained hitherto unknown. δ-IMC shows a significantly enhanced dissolution rate compared with the more common and thoroughly 

studied α- and γ-polymorphs, potentially connected with an increased bioavailability. 

Pure δ-IMC was obtained via desolvation of the methanol solvate form. Its crystallisation results in fibrous crystals that are too tiny 

for conventional single-crystal X-ray diffraction (XRD). Structure determination was therefore obtained based on continuous three-

dimensional electron diffraction (3D ED) [5], recorded by a single-electron detector [6]. The structural model obtained from 3D ED 

was refined using the Rietveld method against powder XRD data, following the protocol used for other pharmaceutical compounds [7, 

8] and allowing the accurate determination of free torsion angles and intermolecular bonding. 

The structure solution provides a solid clarification of δ-IMC spectroscopic IR and Raman data and a tentative interpretation for still 

unsolved indomethacin metastable polymorphs. Moreover, it explains the observed solid-solid transition from the δ-polymorph to the 

α-polymorph, which is likely driven by similarities in molecular conformation. 

The applied procedure for structure determination may be implemented as a standard protocol for the R&D department of a 

pharmaceutical company.  
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The crystal structure of a novel high pressure, high temperature tin oxynitride phase (Sn2N2O) was solved via Automated Electron 

Diffraction Tomography (ADT) [1]. The new phase was synthesized from a Sn-N-O precursor at 20 GPa and 1200-1500°C. Due to 

strong overlaps of symmetrically non-equivalent reflections, attempts to solve the unknown structure based on X-ray powder 

diffraction data were not successful. The use of the ADT method allows to collect three-dimensional electron diffraction data (3D ED) 

from single nanocrystals in the TEM via a tilt movement of the crystal and sequential diffraction pattern acquisition [2]. Subsequently, 

the reciprocal space is reconstructed and unit cell parameters as well as space group information can be derived. The electron 

diffraction intensities can be extracted and used to solve the crystal structure via approaches like “direct methods”. 

The new oxynitride phase crystallizes in space group Pbcn with the unit cell parameters: a=7.83 Å, b=5.53 Å, c=5.54 Å. The crystal 

structure could be solved ab initio with direct methods and refined taking both the kinematic and dynamic theory of scattering into 

account. It resembles a Rh2S3 type structure where the Sn atoms are sixfold coordinated by O and N atoms. The refined structure 

compares very well with DFT calculations demonstrating the quality of data achievable with ADT and its applicability for the 

structure solution of high pressure and high temperature materials. 

[1] Bhat S., Wiehl L., Haseen S., Kroll P., Glazyrin K., Gollé-Leidreiter P., Kolb U., Farla R., Tseng J., Ionescu E., Katsura T. & Riedel R. 

(2020). Chem. Eur. J. 26, 2187-2194 

[2] Kolb U., Krysiak Y. & Plana-Ruiz S. (2019). Acta Cryst. B 75, (4) 463-474. 
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3D electron diffraction (3D ED) has recently emerged as an alternative to x-ray diffraction to elucidate the atomic structure of nano-

sized beam sensitive crystals1. LD-EDT2 is a recently developed low dose 3D ED technique for ab initio structure determination of 

beam sensitive crystals such as hydrated minerals or MOFs. Low dose conditions are achieved by optimizing exposure during 

specimen tilting. High quality diffraction data can be obtained from very small crystals without damaging the structure, and a precise 

sampling of the reciprocal space is assured by beam precession. We recently applied LD-EDT on Bulachite3, a hydrated Al arsenate 

mineral, to solve its atomic structure. Difficulties related to the small size of crystals as well as beam sensitivity due to the presence of 

H2O molecules inside the lattice were overcome by LD-EDT, where synchrotron x-rays previously failed. The resulting structure4 is 

comprised of layers containing edge-sharing Al-O octahedra, inter-connected with As-O tetrahedra by corner sharing. The localization 

of light atoms in the lattice showcases the potential of electron crystallography for yielding high quality diffraction data even under 

low dose conditions.   

  

 
Figure 1: Schematic Representation of data collection in LD-EDT and the obtained atomic structure of Bulachite  

 

1. M. Gemmi et al., ACS Cent. Sci., 2019, 5, 1315−1329.  
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Producing sufficient amounts or stable, properly folded protein is an essential prerequisite for protein crystallization, especially for 

challenging targets such as membrane proteins. However many proteins in their native form show limited stability and are refractory 

to expression in recombinant hosts. Over the last several years, ancestral sequence reconstruction has (ASR) emerged as a useful tool 

by which protein engineers and crystallographers can obtain highly robust forms of proteins of interest, which are often also expressed 

at relatively high levels in Escherichia coli. ASR involves inferring the ancestral state from an alignment of the sequences of extant 

forms of a given protein family, an evolutionary tree that represents their phylogeny, and an amino acid substitution model. We have 

developed a suite of software (GRASP: Graphical Representation of Ancestral Sequence Predictions) which enables the inference of 

ancestral protein sequences from alignments of up to ~ 10000 sequences using maximum likelihood, joint or marginal reconstruction 

methods. GRASP has been exemplified using several families of eukaryotic cytochrome P450 enzymes, membrane-bound, 

haemoprotein monooxygenases that have typically been challenging to express and crystallise. To date ASR has enabled expression of 

ancestral eukaryotic P450s at levels up to ~ 7 µM in E. coli cultures (~350 mg/L culture) leading to the successful crystallization of 

representative enzymes from several P450 subfamilies. While the resurrected ancestral proteins may not be identical to the extant 

proteins of principal interest, crystallization of ancestral homologues can provide insights into the structure of a protein family, 

including how to stabilize the protein fold. In addition, ancestors provide a robust and relevant template for structure function studies 

as well as protein engineering. When applied to previously uncharacterized sequences, ASR could enable the discovery of new folds 

and accelerate the functional and structural annotation of sequence-structure-function relationships in novel protein families. 
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Atomic crystal structure affects the electromagnetic and thermal properties of common matter. Similarly, the nanoscale structure controls 

the properties of higher length-scale metamaterials, for example nanoparticle superlattices and photonic crystals. We have investigated 

the self-assembly and characterization of binary solids that consist of crystalline arrays of 1) spherical viruses / other protein cages and 

2) functional units [1]. The extremely well defined structure of protein cages (e.g. CCMV, TMV and ferritins) facilitates the construction 

of co-crystals with large domain sizes. The use of a second functional unit allows highly selective pre- or post-functionalization with 

different types of functional units, such as organic dyes [2,3], supramolecular hosts [4] and enzymes [5]. 

In the case of rod-like protein assemblies (e.g. tobacco mosaic virus), well-defined binary superlattice wires can be achieved [6]. The 

superlattice structures are explained by a cooperative assembly pathway that proceeds in a zipper-like manner after nucleation. 

Curiously, the formed superstructure shows right-handed helical twisting due to the right-handed structure of the virus. This leads to 

structure-dependent chiral plasmonic function of the material. 

Our systematic approach identifies the key parameters for the assembly process (ionic strength, electrolyte valence, pH) and highlights 

the effect of the size and aspect ratio of the virus particles, which ultimately control the crystal structure and lattice constant. Protein-

based mesoporous materials, nanoscale multicompartments and metamaterials are all applications that require such high degree of 

structural control. 

 

Figure 1. Electrostatic self-assembly of AB8
fcc-packed virus-gold nanoparticle superlattices. 
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[2] Mikkilä, J., Anaya-Plaza, E., Liljeström, V., Caston, J. R., Torres, T.; De La Escosura, A. & Kostiainen, M. A. (2016). ACS Nano 10, 1565. 

[3] Anaya-Plaza, E., Aljarilla, A., Beaune, G., Nonappa, Timonen, J. V. I., de la Escosura, A., Torres, T. & Kostiainen, M. A. (2019). Adv. Mat. 31, 

1902582. 

[4] Beyeh, N. K., Nonappa, Liljeström, V., Mikkilä, J., Korpi, A., Bochicchio, D., Pavan, G. M., Ikkala, O., Ras, R. H. A. & Kostiainen, M. A. (2018). 

ACS Nano 12, 8029. 
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The functionality of a protein depends on its unique three-dimensional structure, which is a result of the folding process when the 

nascent polypeptide follows a funnel-like energy landscape to reach a global energy minimum. Computer-encoded algorithms are 

increasingly employed to stabilize native proteins for use in research and biotechnology applications [1].  

Here, we reveal a unique example where the computational stabilization of a monomeric α/β-hydrolase fold enzyme (Tm = 73.5°C; 

ΔTm > 23°C) affected the protein folding energy landscape. Introduction of eleven single-point stabilizing mutations based on force 

field calculations and evolutionary analysis yielded catalytically active domain-swapped intermediates trapped in local energy 

minima. Crystallographic structures revealed that these stabilizing mutations target cryptic hinge regions and newly introduced 

secondary interfaces, where they make extensive non-covalent interactions between the intertwined misfolded protomers [2]. The 

existence of domain-swapped dimers in a solution is further confirmed experimentally by data obtained from SAXS and crosslinking 

mass spectrometry. Unfolding experiments showed that the domain-swapped dimers can be irreversibly converted into native-like 

monomers, suggesting that the domain-swapping occurs exclusively in vivo [2].  

Our findings uncovered hidden protein-folding consequences of computational protein design, which need to be taken into account 

when applying a rational stabilization to proteins of biological and pharmaceutical interest. 

 

[1] Markova K., Chmelova K., Marques S. M., Carpentier P., Bednar D., Damborsky J., Marek M. (2020). Decoding the intricate network of 

molecular interactions of a hyperstable engineered biocatalyst. Chemical Science 11, 11162-11178. 

[2] Markova K., Chmelova K., Marques S. M., Carpentier P., Bednar D., Damborsky J., Marek M. (2021). Computational protein stabilization can 

affect folding energy landscapes and lead to domain-swapped dimers. ChemRxiv. Preprint. https://doi.org/10.26434/chemrxiv.13634021.v1 
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L-asparaginases are used in the treatment of Acute Lymphoblastic Leukemia (ALL). However, the currently utilized bacterial-type 

enzymes cause several severe side effects. Therefore, there is an urgent need to develop a new generation of therapeutic L-

asparaginases. Promising candidates can be found among plant-type L-asparaginases, which function as Ntn-hydrolases. 

Ntn-hydrolases are produced as inactive precursors and develop enzymatic activity in an autoproteolytic maturation process. 

Unfortunetely, therapeutic use of wild-type (WT) plant-type enzymes is not possible due to their low substrate affinity (mM). Random 

mutagenesis is a protein engineering tool that can be used to enhance enzyme efficiency and study structure-function relationship. In 

this project, locally performed random mutagenesis was used to generate a library of mutants of plant-type L-asparaginase from E.coli 

(EcAIII). Several new variants of EcAIII were selected from the library and subjected to detailed structural (X-ray crystallography) 

and biophysical studies (nanoDSF, CD, activity/autoproteolytic tests).  
 

 

Figure 1. (A) Melting profiles of EcAIII mutants that retained autoprocessing ability (number and line color represents particular 

mutant from the library). (B) Superposition of WT (green) and EcAIII-8 variant (salmon) with mutation sites and the catalytic T179 

marked by their residue numbers. (C) The mutations in EcAIII-8 caused systematic shifts of atoms in the entire protein chain. 
 

The results of our studies revealed that autoproteolysis and enzymatic activity of EcAIII are unrelated events. Some variants of EcAIII 

retained the ability to autoprocess even in the absence of Arg207 (Fig. 1C), which is critical for catalysis and important for 

maintaining a H-bond network in the active site. Screening of thermal stability by nanoDSF showed that all analyzed unprocessed 

EcAIII variants had decreased Tm with respect to the WT enzyme. Thermal stability of variants cleaved into the mature β subunits 

varied, but some mutants with increased Tm were also found (Fig. 1A). Crystallization experiments proved that it was possible to 

obtain crystals of all variants cleaved into subunits. This was in stark contrast to the unprocessed mutants, which did not produce any 

crystals despite of extensive screening. This effect may be related to the presence of a highly disordered -β linker in the uncleaved 

proteins. CD spectra showed that most of the unprocessed mutants are folded like the WT protein; however, some variants with 

significant changes in the CD signal were also found. The determined crystal structures (resolution 1.6-2.4 Å) showed that the active 

site of EcAIII is flexible enough to accept different amino acid substitutions; however, the type of substitution affects the H-bond 

pattern in the active site. Absence of Arg207 affects the overall conformation of the protein and leads to significant shifts of atomic 

positions in the entire enzyme molecule (Fig. 1B), as illustrated by the C rmsd value of 1.10 Å.   

Keywords: plant-type L-asparaginase; random mutagenesis, protein engineering, Ntn-hydrolase, thermal stability 
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Pseudo symmetric, repeat proteins are favoured targets for computational protein design as they allow for the creation of larger 

domains with limited amino acids by exploiting their symmetric and repeating nature. One of the most common pseudo symmetric, 

repeat domains is the β-propellers fold. In addition, they fulfil many functions from sugar binding to enzymatic and protein-protein 

interaction mediation, thus increasing the potential applications of the designed proteins. Each propeller is built from 4-stranded anti-

parallel β-sheets also known as a blade, repeated around a central axis. The number of blades differs from four to ten with seven and 

eight being the most common. The first successful computational protein design of a β-propeller was the 6-bladed Pizza protein1. The 

RE3volutionary design method2 makes use of ancestral sequence reconstruction and symmetry based template construction methods 

incorporated in Rosetta. Each blade of the pizza protein possess the same amino acid sequence. When two or three repeats of this 

sequence are expressed, they self-assemble into the 6-bladed domain. 

The same design method was employed to design the eight or nine bladed Cake protein3. The protein consists repeating units of 42 

amino acids, when eight repeats are expressed, the protein adopts the nine bladed fold. However, when nine repeats are expressed, the 

protein will adopt a nine bladed fold. This structural plasticity was unseen among β-propellers monomers. Its existence might explain 

the wide diversity of repeat numbers observed in β-propellers by allowing the change from even to odd numbers. Identical to the Pizza 

protein, smaller repeat fragments of Cake will self-assemble into either the eight-bladed protein or the nine-bladed protein. The 

structures of most these assemblies as well as the monomeric eight-and nine-bladed propellers were confirmed with X-ray diffraction 

experiments. 

While the structural plasticity of the Cake protein is novel, we also wanted to create a protein that could only adopt the rare nine-

bladed propeller fold. In order to achieve this a three-blade repeat (124 amino acids) was designed with a similar design strategy, with 

the idea the three-fold symmetry would prevent formation of eight bladed propellers. Two variants, Scone-E and Scone-R were 

created4. Crystallography revealed however that both designs adopted an eight-fold conformation. This failed design showcases that 

more research is needed to create a specific sequence for large β-propellers. In addition to this the Scone-E protein could only be 

crystallized upon addition of the polyoxometalate STA. This charged molecule interacts with multiple positively charged regions on 

the protein surface, neutralizing them. It can also bind multiple chains thus facilitating protein contacts, resulting in higher symmetric 

space groups. 

Some of the designed proteins in this research behaved unexpectedly, thus illustrating the importance of accurate structure 

determination by X-ray diffraction to validate the designed proteins. In addition the design lessons on larger β-propellers could prove 

instrumental in the design of new functional proteins based on this common natural protein fold. 

1.  Computational design of a symmetrical β-propeller, Arnout R.D. Voet, Hiroki Noguchi, Christine Addy, David Simoncini, Daiki Terada, 

Satoru Unzai, Sam-Yong Park, Kam Y. J. Zhang, Jeremy R. H. Tame Proceedings of the National Academy of Sciences Oct 2014, 111 (42) 

15102 15107; DOI: 10.1073/pnas.1412768111 

2.  Evolution-Inspired Computational Design of Symmetric Proteins, Arnout R. D. Voet, David Simoncini, Jeremy R. H. Tame, Kam Y. J. 

Zhang, Computational Protein Design, 2017, Volume 1529 ISBN : 978-1-4939-6635-6 

3.  Structural plasticity of a designer protein sheds light on β‐propeller protein evolution, Mylemans, B., Laier, I., Kamata, K., Akashi, S., 

Noguchi, H., Tame, J.R.H. and Voet, A.R.D. FEBS J, 2021, 288: 530-545. https://doi.org/10.1111/febs.15347 

4.  Crystal structures of Scone, pseudosymmetric folding of a symmetric designer protein, Bram Mylemans, Theo Killian, Laurens Vandebroek, 

Luc Van Meervelt, Jeremy R.H. Tame, Tatjana N. Parac-Vogt, Arnout R.D. Voet bioRxiv 2021.04.12.439409; 

doi:https://doi.org/10.1101/2021.04.12.439409 
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Fluorescent proteins (FPs) play an indispensable role in advanced imaging techniques. Such proteins are considered as “smart labels” 

allowing scientists to overcome the diffraction barrier of conventional light microscopy to visualize subcellular events. Since the first 

discovery of GFPs in the 1960s [1], numerous studies have been conducted to design new fluorophores not only covering the whole 

visible light from cyan to far-red region but also displaying improved photochemical performances. Furthermore, the FP technology 

gains remarkable achievements by developing successfully special classes of FPs which exhibit photo-transformable properties 

including photoactivation (PA), irreversible photo-conversion (PC) and reversible photo-switching (RS) [2]. Currently, irreversible 

photoconvertible and reversible photo-switchable FPs attract wide interest of scientists due to their potential of converting from an 

emissive state to another emissive state or switching between a fluorescent and a non-fluorescent state, respectively. The combination 

of reversibly switchable behavior and spectrally different emission has enabled application of multicolored super-resolution 

microscopy techniques in live-cell imaging. However, various drawbacks of currently used reversibly switchable red FPs (rsRFPs) 

have limited their application greatly and made them still being the least used in GFP-like proteins family. Moreover, the structure-

function relationship and the mechanism controlling photo-switching behavior of rsRFPs have not been understood completely. 

Therefore, structural studies are essential to provide valuable information for the rational design of improved rsRFPs which fit better 

to experimental requirements. 

The rsCherry protein was the first reported reversibly switchable red FP which was developed from mCherry – a good label in 

imaging techniques [3]. However, due to the non-optimal properties of rsCherry such as limited brightness, poor photostability and 

low contrast between on and off states [4] its application in super-resolution microscopy was not very widespread. Our current study 

has shown that rsCherry lost its maximum absorption at 572 nm as well as fluorescence when it aged, despite being well protected 

from light, making studying its molecular structure and photo-mechanisms challenging. We were able to identify that the time-

dependent bleaching in rsCherry is related to chromophore modifications and proposed that oxygen, a critical external reagent in the 

maturation process of FPs, is involved in unexpected chemical reactions of the chromophore. Spectroscopic data, native MS results 

and mutagenesis analysis, and especially structural studies of rsCherry crystallized in strictly anaerobic conditions strongly confirm 

our hypothesis that oxygen diminishes the rsCherry fluorescence through modifying its chromophore. These findings can help to 

develop improved red fluorescent proteins suitable for specific advanced imaging techniques. 

[1] Tsien, R. Y. (1998). Annu. Rev. Biochem. 67, 509. 

[2] Chudakov, D. M., Matz, M. V., Lukyanov, S., & Lukyanov, K. A. (2010). Physiol. Rev. 90, 1103. 

[3] Stiel, A. C., Andresen, M., Bock, H., Hilbert, M., Schilde, J., Schönle, A., ... & Jakobs, S. (2008). Biophys. J. 95, 2989. 

[4] Subach, F. V., Patterson, G. H., Manley, S., Gillette, J. M., Lippincott-Schwartz, J., & Verkhusha, V. V. (2009). Nat. Methods. 6, 153. 
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Single-Molecule Magnets (SMMs) are coordination compounds that exhibit slow relaxation of magnetization of molecular origin. In 

the case when SMMs contain only one paramagnetic metal center we distinguish the group of so-called Single-Ion Magnets (SMMs) 

[1]. In SIMs, the occurrence of slow relaxation of magnetization is closely related to the existence of non-negligible magnetic 

anisotropy on the magnetic center of the molecule. Since the magnetic anisotropy is strongly influenced by the topology and strength 

of the applied ligand field it could be expected that significant prolongation of coordination bonds or occurrence of non-covalent 

interactions involving the metal center may have a fundamental impact on resulting magnetic properties. 

In 2016, we reported on static and dynamic magnetic properties of compound [Co(dpt)(NCS)2], (dpt = 1,7-diamino-4-azaheptane). 

Two non-covalent interactions between the Co(II) atoms and π electrons of NCS- ligands from the neighboring complex molecule 

(d(C···NCcentroid) = 3.55 Å) caused a mediation of ferromagnetic exchange interaction within the centrosymmetric dimer and also the 

dynamic magnetic properties were affected markedly [2]. This inspired us to investigate in greater detail the magnetic properties of 

Co(II) compounds having some of their metal-ligand bonds at distances longer than typical coordination bonds. 

Semicordination bond can be considered as a non-covalent analogue of the coordination bond, which occurs when a weak attractive 

non-covalent interaction between an electrophilic region (associated with a metal center) and a nucleophilic region (associated with a 

nonmetal atom in another or in the same molecular entity) is formed [3,4]. In typical semicoordination bonds, the distances between 

the metal atoms and electron-donating groups are significantly longer than the sum of their covalent radii but shorter than the sum of 

van der Waals radii, the interactions are dominantly of electrostatic character and topology of electron density between the particular 

atoms exhibits bond path and critical point [4]. 

In line with the above-mentioned considerations, we chose to investigate three different series of mononuclear Co(II) compounds: (a) 

[Co(2NH2-R1-py)2(R2COO)2], where R1 = H, 3/4/5-CH3, R2 = CH3, C6H5, t-Bu, the carboxylate ligand form Co-O bonds with lengths 

of 2.0 – 3.1 Å, (b) [Co(bq)(NO3)2(ROH)], where bq is 2,2'-biquinoline and ROH are various alcohol ligands, one of the nitrate ligands 

forms the Co-O bond with lengths of 2.5 – 3.3 Å, (c) [Co(R-pymep)2], where H-R-pymep are various derivatives of 2-{(E)-[(pyridin-

2-yl)imino]methyl}phenol, two Co-N bonds with lengths between 2.5 and 2.7 Å. We studied these compounds by a combination of 

experimental (X-ray diffraction, magnetometry, HF-EPR) and theoretical (DFT, CASSCF, Electronic localization function, non-

covalent interaction index, and QTAIM) methods. In this talk, we report on the character of semicoordination in these compounds and 

the relationship between the structure and observed magnetic properties. 

 

[1] Craig, G.A., Murrie, M. (2015). Chem. Soc. Rev. 44, 2135-2147. 

[2] Nemec, I. et al. (2016). Dalton Trans. 31, 12479–12482. 

[3] Ananyev, I.V. et al. (2020). Acta Cryst. B. 76, 436-449 
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C-H and Si-H bond activation by metal-hydrogen bonding (agostic interactions) plays a central role in catalytic processes [1]. These 

processes are directly dependent on metal-hydrogen bond energies. The versatility of the coordination modes of the heavy metals 

allows wide structure and topology variations of the complexes. Therefore, it is of major importance to accurately describe these 

chemical bonds.   

One important drawback is the difficulty of deriving accurate and precise hydrogen atom positions by any kind of experiment. 

Neutron-diffraction experiments would be the only reliable source of such information, but there is a lack of available accurate X-H 

bond distances with X being a transition metal from neutron diffraction. Therefore, it would be desirable to determine both the 

elongation of the C-H and Si-H bonds in agostic interactions and the metal-hydrogen bonding parameters from standard X-ray 

diffraction experiments. In this context, the capabilities of Hirshfeld Atom Refinement [2] to obtain precise and accurate C-H/Si-

H…X bond parameters (with X=transition metal) are tested.  

Experimental and theoretical charge densities of agostic interactions involving transition metal compounds have been determined and 

analyzed in the past [3]. Here, we use a combination of HAR with subsequent X-ray constrained wavefunction fitting [4] and purely 

theoretical calculations on the accurate HAR and neutron geometries to analyze the related chemical bonding beyond a charge-density 

analysis. We use three different test systems: Figure 1a shows Si-H…Cu/Ag interactions enforced through the ligands used by 

proximity constraints. We discuss whether there are signatures of agostic interactions in these systems with closed-shell (d10) coinage 

metal atoms. [5] Figure 1b shows a system where the proximity enforcing ligands have caused an oxidative addition reaction so that 

the hydrogen atom is now more closely bonded to the transition metal in a Rh-H…Si interaction. We analyze again to which extent 

(inverse) agostic interactions are present in this system. [6] Our findings will be referenced against classical C-H…Ti agostic 

interactions found in titanium amides (Figure 1c).[7] 

                                       

                    (a)                                                          (b)                                                         (c)             

Figure 1. Compounds (a) 1·MCl (M = Cu, Ag). Metal hydrides (b) RhH, (c) Titanium amide compounds.  

 

[1] Bäckvall, J. E. (2002). J. Organomet. Chem. 652(1-2), 105-111. 
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2246. (b) Hauf, C.; Barquera-Lozada, J. E.; Meixner, P.; Eickerling, G.; Altmannshofer, S.; Stalke, D.; Zell, T.; Schmidt, D.; Radius, U.; 

Scherer, W. (2013). Z. Anorg. Allg. Chem., 639, 1996-2004. 
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[5] Hupf, E., Malaspina, L. A., Holsten, S., Kleemiss, F., Edwards, A. J., Price, J. R., Kozich, V., Heyne, K., Mebs, S., Grabowsky, S., Beckmann, J. 

(2019). Inorg. Chem., 58 (24), 16372-16378. 
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Single-ion magnets (SIMs) are a class of metal-organic coordination complexes with the intriguing ability to sustain a magnetic 

moment after the removal of a magnetizing field [1]. This ability originates in orbital angular momentum of unpaired electrons, 

introducing magnetic anisotropy that leads to a barrier to reversal of the SIM magnetic moment. Magnetic anisotropy is therefore a 

key property in the search for new and improved SIMs, and it is imperative to be able to measure magnetic anisotropy experimentally. 

In 2002, it was shown that polarized neutron diffraction from single crystals (PND) could be used to obtain information on so called 

ionic site susceptibilities [2], which are tensor quantities that show the response of the magnetic moment of the ion to an external 

magnetic field. Site susceptibilities give direct access to the magnetic anisotropy of a compound, and we have earlier used this 

technique to measure the magnetic anisotropy of both lanthanide and transition metal SIMs in single crystals [3, 4]. Importantly, the 

technique was recently extended for application to powder samples [5]. 

Utilizing this exciting development, we have performed polarized neutron powder diffraction (pPND) on the SIM CoCl2(tmtu)2, 

tmtu=tetramethylthiourea (1). The compound shows zero-field splitting and slow relaxation of its magnetic moment [6], both 

requirements for a SIM. With pPND we obtain the orientation of the magnetic anisotropy with respect to the molecular structure (Fig. 

1), and follow its dependence on magnetic field strength, directly from a powder sample. Comparison with PND measured on a single 

crystal of the Br-analogue CoBr2(tmtu)2 (2) shows that the powder and single crystal techniques give comparable results. 

In this contribution, I will discuss the site susceptibility model, its application to both single crystal and powder samples and the 

magneto-structural correlations obtained from these measurements. The extension of the technique to powders entails that compounds 

can be studied, for which growth of single crystals for neutron diffraction is unattainable. This opens the possibility for magnetic 

anisotropy studies on a much wider range of molecular magnetic compounds under a larger range of experimental conditions. 

                        

 

                          

 

Figure 1. Left: Site susceptibility of 1 at 2K, 1T measured using polarized neutron powder diffraction and plotted on top of the 

molecular structure. Right: Site susceptibility of 2, measured at 3 K, 1 T using single crystal polarized neutron diffraction. The site 

susceptibilities have been scaled arbitrarily to fit the molecular structure. Atoms are Co (purple), S (yellow), N (blue), C (gray), Cl 

(green), Br (brown). Hydrogens have been omitted. 
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Metal-Organic Frameworks (MOFs) are a class of crystalline organic-inorganic hybrid materials derived from metal nodes and 

organic linkers, that exhibit features like high surface area, well-defined pore, tunable structures and their properties [1]. Use of redox-

active metal nodes or organic linkers, stable radical based ligands can introduce a special feature like conductivity, electrocatalyst, 

electrochromic behavior in MOFs apart from their conventional uses such as gas storage, gas separation, etc. This idea is impeded 

mainly due to the insulating nature of organic linkers and the instability of the framework to the redox process. This hindered the 

study of electroactive MOFs until the last decade. Recent advancement in this field has directed a surge of interest in understanding 

their mechanism of charge transfer. MOFs are a unique platform to investigate the charge transfer mechanism where the 

corresponding metal ions or organic linkers are well defined in a highly crystalline rigid system. Charge transfer is directed by either 

the through-space or through-bond approach [2]. The through-bond mixed-valance charge transfer has been well explored whereas, 

through-space intervalency in MOF is rare [3]. 

We have synthesized a new Cobalt (II) based metal-organic framework using redox-active organic linker, N,N′-di(4-pyridyl)thiazolo-

[5,4-d]thiazole (DPTTZ). The framework exhibits through-space intervalence charge transfer (IVCT) arise from cofacially arranged 

DPTTZ linkers (Figure 1). The IVCT is elucidated computationally using time-dependent density functional theory (TD-DFT) 

methods. The computational study also exploits the distance-dependent through-space intervalence charge transfer (IVCT) in this 

system. 

Here, I will present experimental observation of through-space intervalence charge transfer (IVCT) using redox-active organic linkers 

in the metal-organic framework and its computational understanding using TD-DFT. This interrogation of charge transfer mechanism 

and electrical conductivity in MOF provides a better understanding of conducting materials. 

 

Figure 1. Crystal structure showing cofacial arrangement of DPTTZ ligands and through-space IVCT (inset). 

 

[1] Furukawa, H., Cordova, K. E., O'Keeffe, M., Yaghi, O. M. Science 2013, 341, 1230444.  

[2] Sun, L.; Campbell, M. G.; Dincă, M. Angew. Chem. Int. Ed. 2016, 55, 3566. 

[3] Hua, C. et al. J. Am. Chem. Soc. 2018, 140, 6622. 

[4] Nath, A. et al. (Manuscript under preparation) 
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Molecular framework materials can combine the functional properties typical of the traditional inorganic solid state, such as 

magnetism, with the remarkable tunability and flexibility that arises from the incorporation of molecular components. They therefore 

offer the opportunity to discover unusual behaviour that arises from the coupling of these properties. 

We have recently shown that thiocyanate (NCS–) based frameworks are a fruitful ground for the study of these novel properties, as 

thiocyanate can both facilitate strong magnetic coupling (TCW>100K, [1]) and create intense optically absorption in the visible region 

[2]. Despite this, the rich chemistry of metal thiocyanates remains unexplored compared to the equivalent metal formates, azides or 

hypophosphites. 

Our investigations of the functional properties of metal thiocyanate frameworks began with the simplest examples: the layered binary 

thiocyanates, M(NCS)2. We demonstrated, through powder neutron diffraction studies, that this M(NCS)2 family possesses a wide 

variety of interesting magnetic phases. As part of this investigation we synthesised three new binary materials, M = Cu, Mn, Fe; and 

demonstrated that their magnetic interactions are significantly stronger than the previously studied exemplars (M=Co,Ni) increasing 

|TCW| by a factor of four.[1] Our results also uncovered that Cu(NCS)2 is a good example of a quasi-1D quantum Heisenberg 

antiferromagnet which a significantly reduced ordered moment in its ordered state.[3] 

We have also investigated the family of CsM(NCS)3 materials which adopt the 'post-perovskite' structure.[4] The post-perovskite 

structure type is so-called as it occurs at pressures beyond the stability field of conventional perovskites (e.g. MgSiO3, CaIrO3, 

NaMnF3), but these molecular post-perovskites readily form in standard solution chemistry. We find that this family of materials 

shows significantly reduced ordering temperatures and adopt non-collinear magnetic structures that give rise to considerable magnetic 

hysteresis.[5] 

 

[1] E. Bassey et al., Inorg. Chem. (2020). 

[2] M. Cliffe et al., Chem. Sci., 10, 793 (2019). 

[3] M. Cliffe et al., Phys. Rev. B, 97, 144421 (2018). 

[4] M. Fleck, Acta Crystallogr. C60, i63 (2004). 

[5] M. Geers et al., in prep. 
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Single-molecule magnets (SMMs) are molecular compounds possessing a magnetic bistability of their ground state, allowing them to 
maintain the direction of induced magnetization for a significant amount of time, after having first applied an external magnetic field 
[1]. Understanding the driving force behind good single-molecule magnet properties and developing improved rational synthesis 
design of them go hand in hand. This has been demonstrated in recent years, with record-breaking magnetic properties found in SMMs 
that utilizes a single Dy(III) centre in a highly axial ligand field [2-3]. A compound designed with this in mind is the pentacoordinate 
[Dy(Mes*O)2(THF)2Br] 3THF (Mes*: 2,4,6-tri-tert-buylphenyl, THF: Tetrahydrofuran, DyBrTHF), Figure 1 (left). In a recent study 
on this compound, the molecular environment was found to be critical for the magnetic properties [4]. 

One way of systematically changing the molecular environment is through induced hydrostatic pressure. The resulting structural 
changes can then be probed using X-ray diffraction (XRD), by utilizing a diamond-anvil cell (DAC). We have performed high-pressure 
single-crystal XRD at several pressure points up until 2.9(2) GPa, and analysed the ensuing structures. Looking at the first coordination 
sphere, we can investigate how the applied pressure alters the molecular environment of Dy, Figure 1 (middle). At the last two pressure 
points, a slight drop is noted for some of the Dy-O bonds. 

The magnetic properties of SMMs are closely tied to their electronic structure, which can change when undergoing external pressure, 
as investigated earlier in our group [5]. This information can be accessed through theoretical ab initio calculations, done here using 
CASSCF+NEVPT2 in ORCA. The found NEVPT2 energies of the Kramers doublets at varying pressure reveal a significant change in 
the energy levels, Figure 1 (right), perhaps due to the pressure-induced alteration of the ligand field. 

Figure 1. Left: Molecular structure of DyBrTHF. Atoms are Dy (turquoise), Br (orange), O (red) and C (gray). Hydrogens have been 
omitted. Middle: Dy-O bond-lengths of DyBrTHF with pressure. Right: NEVPT2 orbital energies of DyBrTHF as a function of 
pressure. Each line represents a set of degenerate Kramers doublet. 

[1] Sessoli, R., et al., Magnetic bistability in a metal-ion cluster. Nature, 1993. 365, 6442 

[2] Goodwin, C.A.P., et al., Molecular magnetic hysteresis at 60 kelvin in dysprosocenium. Nature, 2017. 548 

[3] Guo, F.-S., et al., A Dysprosium Metallocene Single-Molecule Magnet Functioning at the Axial Limit. Angewandte Chemie International Edition, 
2017. 56, 38 

[4] Parmar, V.S., et al., Probing Relaxation Dynamics in Five-Coordinate Dysprosium Single-Molecule Magnets. Chemistry – A European Journal,  
2020. 26, 35 

[5] Thiel, A.M., E. Damgaard-Møller, and J. Overgaard, High-Pressure Crystallography as a Guide in the Design of Single-Molecule Magnets.  
 Inorganic Chemistry, 2020. 59, 3 
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Nowadays, electrochemical energy storage plays a major societal role due to its widespread technological applications. Host 

nanostructured materials have a crystal structure with insertion sites, channels and/or interlayer spacings allowing the rapid insertion 

and extraction of lithium ions with generally little lattice strain. Therefore they are used as electrode materials for batteries. Dynamic 

processes occurring in batteries can be studied by operando modality. Operando experiments provide a realistic representation of the 

reaction behavior occurring at electrodes, which permits to checking the structural and electronic reversibility of a battery system, 

while at least one full cycle is performed. For all these reasons, ex situ studies, which reflect a given state of charge (SOC) of 

electrode materials are now complemented by operando measurements using complementary tools such as X-ray diffraction (XRD) 

and spectroscopic techniques such as X-ray absorption spectroscopy (XAS). 

X-ray absorption spectroscopy is a synchrotron radiation based technique that is able to provide information on local structure and 

electronic properties in a chemically selective manner. Operando synchrotron radiation x-ray powder diffraction (SR-XRPD) 

experiments allow monitoring the extended structure of a material during the intercalation/release process of ions. 

The potentiality of the joint XAS-XRD approach in the newly proposed Prussian Blue-like cathodes materials for rechargeable 

batteries is here underlined. 

Prussian blue analogous (PBAs) or metal hexacyanoferrates are bimetallic cyanides with a three-dimensional cubic lattice of repeating 

-Fe-CN-M-NC- units (where M=transition metals). Because of their peculiar structure exhibiting large ionic channels, interstices in 

the lattice and redox-active sites they have been proposed as active materials for electrodes in batteries. In our group, a series of PBAs 

have been synthesized, such as copper hexacyanoferrate (CuHCF), manganese hexacyanoferrate (MnHCF), titanium hexacyanoferrate 

(TiHCF), multi-metal doped hexacyanoferrate, as well as copper nitroprusside etc. In particular, this talk will be summarize results 

obtained in the case of copper hexacyanoferrate and copper nitroprusside, as well as the manganese hexacyanoferrate [1-5]. Sodium-

rich manganese hexacyanoferrate (MnHCF) is gaining consideration as battery materials for the versatility toward several chemistries 

beyond lithium, the ease of synthesis, as well as their affordable cost of production. MnHCF is constituted only by earth-abundant 

elements, and it displays high operational voltages and high specific capacities. Since PBAs act as sponge-like materials towards water 

molecules, also in case of short time exposure to contamination, and both the electrochemical behavior and the reaction dynamics are 

affected by interstitial/structural water and adsorbed water, the effect of hydration is critical in determining the electrochemical 

performance. The electrochemical activity of MnHCF without extensive dehydration was investigated by varying the interstitial ion 

content through a joint approach using operando x-ray absorption fine structure (XAFS) spectroscopy conducted at the XAFS 

beamline in ELETTRA and multivariate curve resolution with alternating least squares algorithm (MCR-ALS), with the intent to 

assess the structural and electronic modifications occurring during sodium release and lithium insertion as well as the overall dynamic 

evolution of the system. The study is also complemented to the and operando XRPD. It was found that only a minor volume change 

(about 2%) is recorded upon cycling the electrode material against lithium. 

[1] A. Mullaliu, G. Aquilanti, P. Conti, J. R. Plaisier, M. Fehse, L. Stievano, M. Giorgetti. Copper Electroactivity in Prussian Blue-Based Cathode 

Disclosed by Operando XAS. J. Phys. Chem. C, 122 (2018) 15868-15877. 

[2] A. Mullaliu, M. Gaboardi, J. Rikkert Plaisier, S. Passerini, M. Giorgetti. Lattice Compensation to Jahn-Teller Distortion in Na-rich Manganese 

Hexacyanoferrate for Li-ion Storage: An Operando Study. ACS Appl. Energy Mater., 3, (2020) 5728–5733. 

[3] A. Mullaliu, J. Asenbauer, G. Aquilanti, S. Passerini, M. Giorgetti. Highlighting the Reversible Manganese Electroactivity in Na-Rich Manganese 

Hexacyanoferrate Material for Li- and Na-Ion Storage. Small Methods, (2020) 1900529. 

[4] M. Li, A. Mullaliu, S. Passerini, M. Giorgetti. Titanium Activation in Prussian Blue Based Electrodes for Na-ion Batteries: A Synthesis and 

Electrochemical Study. Batteries, 7 (2021) 5. 

[5] A. Mullaliu, M.T. Sougrati, N. Louvain, G. Aquilanti, M.L. Doublet, L.Stievano, M. Giorgetti. The electrochemical activity of the nitrosyl ligand 

in copper nitroprusside: a new possible redox mechanism for lithium battery electrode materials? Electrochimica Acta, 257 (2017) 364–371. 

The following researchers are kindly acknowledged: Angelo Mullaliu, Giuliana Aquilanti, Jasper R. Plaisier, Min Li, Stefano 

Passerini. 
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The magnetic response of a system is the result of several contributions to the magnetic anisotropy which come from a plethora of 

effects. In the case of thin ferromagnetic films, the local-scale and long-range structural details, including film thickness, and interface 

interactions (intermixing, alloying, oxidation etc.) have a deep impact on the magnetism. Once known, these features can be used to 

tailor the magnetic response of the system, however, to fully control the system response, a deep knowledge is required. 

To contrast the high reactivity of some ferromagnetic films, a passivating overlayer can be used: in these cases, further degrees of 

freedom add up in the definition of the magnetic response due to the upper interface phenomena. A deep understanding of such 

complex systems requires to assess and isolate the fine details linked to the interactions at the interfaces, and to those occurring within 

the film itself. Also, the oxidation prevention provided by the capping layer should be verified in view of application purposes.  

Such a challenging task can be pursued only by combining complementary, state of the art techniques. This work presents the results 

of in-situ synchrotron radiation techniques and Magneto-Optic Kerr Effect (MOKE) measurements on Gr/Co/Ir systems, i.e. Co films 

intercalated between Graphene and Ir(111) [1]. The contributions to the in-plane and out-of-plane magnetic response of the system 

were evaluated based on Grazing Incidence X-Ray Diffraction (GI-XRD), X-ray Absorption Near Edge Spectroscopy (XANES), and 

Extended X-ray Absorption Fine Structure (EXAFS).  The Gr/Co/Ir system is particularly interesting as the understanding of its 

magnetic behaviour requires to explore the thickness and thermal dependencies of local-scale and long-range anisotropies, to assess 

interface intermixing phenomena, and to evaluate the evolution of Co oxidation states (especially upon exposure to ambient 

conditions). 

[1] I. Carlomagno et al., J. Appl. Phys. 120, 195302 (2016). 

[2] J.Drnec, S. Vlaic, I. Carlomagno et al., Carbon 94, 554 (2015)  
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The development of effective catalytic processes for the conversion of CO2 into value-added chemicals or fuels, such as methanol 

synthesis or the dry reforming of methane (DRM) relies strongly on a rational catalyst design, which in turn requires an in-depth 

understanding of structure-activity relationships. Due to the inherent complexity of heterogeneous catalytic systems, an arsenal of 

complementary techniques is required to characterize the catalytic structure (and dynamics thereof) from the atomic-to-nanoscale 

(under reaction conditions). In this talk, we show how the application of combined X-ray powder diffraction (XRD) and X-ray 

absorption spectroscopy (XAS) allows obtaining the oxidation state, the local and (nano)crystalline structure of the catalysts providing 

the basis for the formulation of structure-performance relationships in catalysts for CO2 valorization reactions.  

In the first example, we demonstrate how a combined operando XAS-XRD experiment allowed us to relate the evolution of the 

structure of In2O3 nanoparticles (NPs) to their activity for CO2 hydrogenation to methanol.[1] The experiments revealed a reductive 

amorphization of the In2O3−x nanocrystallites with time on stream (TOS), leading ultimately to an over-reduction of In2O3−x to (molten) 

In0, in a process that is linked to catalyst deactivation. When the In2O3 NPs were supported on a nanocrystalline monoclinic ZrO2 

support, we observed the stabilization of the oxidation state of In via the formation of a solid solution m-ZrO2:In.[2] In the second 

example, we explore a Ni-Fe-based catalyst for the DRM. Combined, operando XAS-XRD experiments allowed us to probe the 

dynamics of Ni-Fe alloying/dealloying with the formation of FeO to explain the superior stability of the NiFe catalysts compared to a 

Ni-based analogue, due to a Fe-FeOx-based redox cycle.[3] In the last example, combined XAS–XRD experiments are used to shed 

light on the formation of Ru0 nanoparticles (ca.1 nm) via their exsolution from defective, fluorite-type Sm2RuxCe2−xO7 solid solutions. 

The resulting exsolved nanoparticles show a high activity and stability for the DRM.[4] 

 

Figure 1. Top: Ru K-edge XAS and XRD (0.5 Å) data collected in situ under the reductive treatment of Sm2RuxCe2−xO7, (10 % 

H2/N2). Bottom: Schematic illustration of the combined XAS-XRD experiments using a capillary flow reactor. 

 

[1] A. Tsoukalou, P. M. Abdala, D. Stoian, X. Huang, M.-G. Willinger, A. Fedorov, C. R. Müller, J. Am. Chem. Soc. 2019, 141, 13497-13505. 

[2] A. Tsoukalou, P. M. Abdala, A. Armutlulu, E. Willinger, A. Fedorov, C. R. Müller, ACS Catal. 2020, 10, 10060-10067. 

[3] S. M. Kim, P. M. Abdala, T. Margossian, D. Hosseini, L. Foppa, A. Armutlulu, W. van Beek, A. Comas-Vives, C. Copéret, C. Müller, J. Am. 

Chem. Soc. 2017, 139, 1937-1949. 

[4] M. A. Naeem, P. M. Abdala, A. Armutlulu, S. M. Kim, A. Fedorov, C. R. Müller, ACS Catal. 2020, 10, 1923-1937. 
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In this work, we present new geochemical and structural data in order to document a new occurrence of andradite garnet (garnet 

general formula {X}3Y2(Z)3O12) “demantoid” variety” in Sardinia, Italy [1]. The crystal structure consists of a framework of 

alternating ZO4 tetrahedra and YO6 octahedra that share corners, with cavities in the X cations coordinated by 8 oxygen atoms in the 

form of a triangular dodecahedron. The yellowish green to intense green variety of andradite, called “demantoid”, is a precious and 

greatly appreciated gemstone, mainly found in Russia, Namibia, Madagascar and Italy (Valmalenco, Lumbardy) [2]. The studied 

samples come from a new deposit from Domus de Maria municipality, nearby “Sa Spinarbedda” mine. This found is very peculiar, 

because although the beauty of these samples, it has not been previously described from Sardinia region. In this work we investigated 

the structural and chemical features of these new demantoid samples by combining electron microprobe analyses (EMPA), laser 

ablation-inductively coupled mass spectrometry (LA-ICP-MS), single crystal X-ray diffraction (XRSD), IR and X-ray absorption 

(XAS) spectroscopies. Chemical analyses revealed an enrichment of Ca and Fe and a low content of Ti, Mn and Al, thus confirming 

the andradite nature of the garnet. The Cr content (~8.73 ppm, mean) has been useful to confirm the demantoid variety of andradite. 
Fe and Mn K-edge XAS data were collected at the XAFS beamline (ELETTRA, Trieste, Italy) both in transmission (Fe) and 

fluorescence mode (Mn), using fixed exit Si (111) monochromator [4] to better understand the coordination number of both ions.  

Position of the absorption edge together with the pre-edge peaks analysis, point to the presence of only Fe3+ in octahedral 

coordination, confirming that the whole Fe content can be allocated in the Y crystallographic site. A more complex situation has been 

found for Mn where pre-edge peaks analysis on our spectrum indicate that Mn should be mainly in the form of Mn2+ and 8-fold 

coordination, occupying the X crystallographic site, beside a small amount of Mn3+ is probably present in octahedral Y site. The 

infrared spectra of andradite crystals investigated at the SISSI beamline (ELETTRA, Trieste, Italy) show a prominent absorption band 

at about 3560 cm-1, suggesting the well-known hydrogarnet substitution of (SiO4)4 with (O4H4)4 [5][6]. These absorption features are 

related to hydroxide, which can be incorporated in the andradite structure in the form of structurally bonded OH groups, according to 

previous experimental findings [5].  

X-ray single-crystal diffraction experiments refinement (Ia3̅d space group) highlighted a unit cell volume (1757.15(2)Å3)  larger than 

that reported usually in the literature thus confirming the presence of a slight water content [5]. The dodecahedral site X resulted to be 

partially occupied in a proportion of ≈96.2% Ca and ≈3% of Mn+2. The octahedral site Y also resulted to be partially occupied in a 

proportion of ≈95.6% Fe+3 and ≈4.5% Al, while the Mn+3 content was too low to be estimated. Then, according to Adamo et al. (2011) 

[6] the potential partial occupation of tetrahedral site has been checked. Actually, the site resulted occupied only for ≈98%, the other 

2% has been refined for O (same position and same thermal factor), suggesting the presence of structural water. Refining the site 

occupancy factor (s.o.f.) at the Si-site, modelled with the scattering curve of silicon alone in the X-ray structure refinement, we 

obtained s.o.f. value ≈98%, which barely confirmed potential hydrogarnet substitution [i.e., ((SiO4)4 with (O4H4)4]. 

 

[1] Grew, Edward & Locock, A. & Mills, S.J. & Galuskina, Irina & Galuskin, Evgeny & Hålenius, Ulf. (2013). Am. Min. 98, 785-811. 

[2] Štubňa, J., Bačík, P., Fridrichová, J., Hanus, R., Illášová, Ľ., Milovská, S., ... & Čerňanský, S. (2019). Minerals, 9(3), 164 

[3] Geiger, C. A., & Rossman, G. R. (2020). Am. Min. 105(4), 455–467 

[4] Di Cicco, A., Aquilanti, G., Minicucci, M., Principi, E., Novello, N., Cognigni, A., & Olivi, L. (2009). J. Phys. Conf. Ser. 190(1), 012043 

[5] Amthauer, G. & Rossman, G.R. (1998): The hydrous component in andradite garnet. Am. Mineral., 83, 835–840. 

[6] Adamo, I., Gatta, G. D., Rotiroti, N., Diella, V., & Pavese, A. (2011). Eur. J. Mineral. 23(1), 91-100 
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LiFePO4 (LFP) as a cathode material in lithium-ion batteries has a number of advantages including a long cycle life, a long calendar 

life and can be used at high discharge currents. A low cost, low energy hydrothermal synthetic route is being investigated where 

homemade Teflon bombs are used in an oven at 120oC to synthesise LFP. During synthesis an aqueous LiOH solution is added 

dropwise to a FeSO4–H3PO4 solution. All solutions are constantly purged with nitrogen during this step to prevent any oxidation. 

Interestingly it was determined that the rate at which the Li+ solution was added to the Fe2+ solution (while being stirred at a constant 

speed) influenced the final product. The addition rate was set to one drop every 1, 2, 3, 4 and 5 seconds. If the Li+ was added too 

slowly a mixture of phases (LFP and Li3PO4) was formed and when it was added too fast a completely different final phase was 

formed. In the latter case no LFP was identified using PXRD, but Raman spectroscopy (RS) showed that non-crystalline LFP was 

present in the sample together with other phases.  A range of different techniques have been combined to probe the effect of the 

different addition rates on the local and average environments. It was determined that the 3sec addition rate was the optimum rate. 

Synchrotron X-ray diffraction (SXRD) with Rietveld refinement was used to characterize the average structures of the different 

environments (Figure 1). Mössbauer spectroscopy (MS) was used to probe the effect of Li+ addition on the local environment. 

Although no impure phases were identified using SXRD in the samples synthesised with the optimum addition rate, MS indicated that 

there was amorphous phases present. MS also showed that there was more than one Fe environment present in the sample. The major 

phase is Fe2+ in a distorted octahedral environment (LiFePO4). The other three contributions to the total Fe in the sample are due to 

either structural defects, distortions or disorder [1].   X-ray absorption spectroscopy (XAS), in particular extended X-ray absorption 

fine structure (EXAFS) (Figure 2) used to determine what the effect of the different addition rates on the local structure is.  

 
[1] Amisse, R. et al. Singular Structural and Electrochemical Properties in Highly Defective LiFePO4 Powders. Chem. Mater. 27, 4261–4273 (2015). 
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Figure 1. SXRD with Rietveld refinement of the 

optimum addition rate showing a single phase. 

Figure 2. Comparison between the experimental and the theoretical fit of 

the magnitude and real space Fourier Transform for the 3sec sample.  
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Noble metal nanoparticles, due to their relatively high stability and wide scope of application, attract a lot of researchers’ attention. 

The catalyst effectiveness directly depends on the dispersion rate and the presence of active catalytic sites, since the higher the 

dispersion, the greater the surface area available for catalytic reactions. The substrate material also plays a large role in the efficiency 

of the final product. One of the new and effective methods for the synthesis of the noble metals ultrafine nanoparticles is UV 

irradiation of their precursor salts. The main advantages of this method are relative simplicity, high recovery rate and environmental 

friendliness. The nanoparticles synthesized in this way are less susceptible to agglomeration, which eliminates the need for 

introducing various surfactants and toxic solvents into the system, in contrast to standard methods. Due to the relatively high value of 

the electrode potential of the Pd2+/Pd0 pair, as well as low photostability, complex palladium salts are quite easily restored, and the 

selection of the optimal salt and radiation power allows the process to be rapidly carried out. 

In this work, palladium nanoparticles were synthesized in an aqueous solution by UV irradiation using complex palladium oxalate as a 

precursor. The synthesis consists of UV irradiation of an aqueous dispersion of CeO2 containing the [Pd(C2O4)2]
2– complex as one of 

the most photoactive non-toxic precursors. Cerium dioxide was synthesized by a simple one-step method and was selected due to its 

high thermal stability and relative chemical inertness, as well as its large oxygen storage capacity due to the formation of the Ce4+/Ce3+ 

redox pair, which allows CeO2 to efficiently release catalytically active oxygen species. Samples were studied by various laboratory 

methods, such as TEM, XRF, XRPD, XAFS spectroscopy, and diffuse reflection IR spectroscopy of CO probing molecules.  

TEM images did not allow to distinguish Pd nanoparticles from the substrate material but showed the absence of the UV radiation 

influence on the sizes of CeO2 nanoparticles. XRF data showed the presence of cerium and palladium atoms in the material. X-ray 

diffraction patterns indicate the presence of both a cerium dioxide phase and a phase of metallic palladium, while the analysis of 

XAFS spectra beyond the K edge of palladium also showed the presence of a PdO phase in the system (Fig. 1). The approximate size 

of palladium nanoparticles was estimated from the infrared spectra after CO adsorption (Fig. 2) and it was less than 2 nm, which is 

significantly smaller than the average size of Pd nanoparticles obtained by a similar method without a CeO2 substrate (1.5–9.5 nm) 

[1]. 

  

Figure 1. X-ray absorption spectra beyond the K edge of Pd 

on Ceo2 in comparison with the spectra of palladium and 

palladium oxide nanoparticles 

Figure 2. The IR spectra of the Pd on CeO2, measured during 

the desorption of CO at –140 ° C, previously reduced at 200 

°C in a 5% H2/Ar mixture 

 

[1] Navaladian, S., Viswanathan, B., Varadarajan, T. K., & Viswanath, R. P. (2008). Nanoscale research letters 4(2), 181.  

Keywords: Pd nanoparticles; UV irradiation; XANES; XRD; IR spectroscopy 
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The use of UV-visible light responsive catalysts in hydrogen production is of high interest owing to reduced energy and environment 

resources. Here, we present a highly efficient system for photocatalytic hydrogen production, comprising ordered silicate 

nanochannels embedded with novel visible-light-responsive catalytic phosphotungstic acids (PTA) along the silicate channel walls and 

arrayed co-catalytic platinum nanoparticles within the channels. The UV-visible-light-responsive PTA catalyst is synthesized by 

replacing a corner WO4+ of PTA with Ni for Ni-ℓPTA, and then embedded onto the walls of hexagonally packed silicate channels 

during synthesis at an air-liquid interface. In situ grazing incidence small-angle X-ray scattering on the air-liquid interface [1-2] 

evidence multi-step formation processes of the ordered and oriented silicatropic template PMS and the subsequent formation of Pt NP 

arrays in the PMS template. Suggested by the X-ray results, the latter process involves anion exchange of the Pt-metal precursors, and 

the surfactant micelles of the silicate PMS channels, upon UV-visible light irradiation. The hence formed composite Pt-NP@Ni-

ℓPMS, with closely packed catalytic pairs of Pt-NP and PTA, demonstrates a high hydrogen production rate upon light illumination, 

due presumably to efficient generation and transport of photoelectrons. The efficiency of H2-production surpasses greatly that of PMS 

or Ni-ℓPMS with or without randomly disperse Pt nanoparticles.  

 

Figure 1. A typical GISAXS pattern of the in situ synthesized Pt-NPs-PTA@silica composite measured at the air-water interface with 

the instrument setup shown. 

 

Figure 2. Comparison of the H2 production rates with the five conditions indicated, showing the synergistic effect of Pt−NPs@Ni-

ℓPMS in the solution of Ni-ℓPTA for a best performance. 

 

[1] Y.-H. Lai, S.-W. Cheng, S.-W. Chen, J.-W. Chang, C.-J. Su, A.-C. Su, H.-S. Sheu, C.-Y. Mou, U.-S. Jeng, RSC advances 2013, 3, 3270-

3283. 

[2] Y. H. Lai, S. W. Chen, M. Hayashi, Y. J. Shiu, C. C. Huang, W. T. Chuang, C. J. Su, H. C. Jeng, J. W. Chang, Y. C. Lee, Advanced 

Functional Materials 2014, 24, 2544-2552.  

Keywords: UV-Visible-Light-Responsive PTA, Arrayed Pt nanoparticles, Photocatalytic hydrogen production, meso-ordered 
silicatropic template, grazing incidence small-angle X-ray scattering 
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Controlling the mesoscopic nature of materials through local interactions can lead to the formation of highly non-topologically trivial 

structures. The local interactions that lead to the emergence of mesoscopic structures, known as textures, is well understood in 

magnetic materials. The most studied textures are skyrmions as the have interesting applications in spintronics due to their topological 

nature and dynamic properties [1]. These features are thought to be exclusively a magnetic characteristic; however, they are purely 

topological in nature and arise due to a specific set of interactions which may not be limited to magnetic materials. As we have an 

increased understanding of what causes topological properties, we can design/search for specific interactions in non-magnetic 

materials that may lead to non-magnetic analogues of topologically protected phases. 

For skyrmions to exist, three interactions must be present: symmetric exchange, antisymmetric exchange, and a coupling to a magnetic 

field [2]. To explore the possibility of creating analogues of magnetic textures in non-magnetic materials we replace magnetic dipoles 

with non-magnetic quadrupoles and exchange the magnetic field for a strain field and adapt the interactions accordingly. Here we look 

at the capability of MOFs to harbor analogous complex magnetic phases such as skyrmions. MOFs are the perfect candidates as there 

are a plethora of components to play with such as underlying lattice, guest species, and interactions between the framework and the 

guest.  

Through density functional theory calculations, molecular dynamics simulations, and Monte Carlo simulations, we explore the extent 

to which these interactions may exist in chiral MOF frameworks with quadrupolar guests such as a benzene or CO2 and how varying 

the relative strengths of the three interaction parameters with temperature effects the behaviour of the non-magnetic textures. Using 

small angle scattering we have been able to define six distinct phases, giving evidence of quadrupolar skyrmions and interesting 

textures which are not present in the dipolar analogue. This opens up the field to new ways of creating non-topologically trivial 

textures that could potentially be less restrictive than chiral magnets. 

[1] S. Mühlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer, R. Georgii, and P. Boni, Science 323, 915 (2009). 

[2] S. D. Yi, S. Onoda, N. Nagaosa, and J. H. Han, Phys. Rev. B. 80, 054416 (2009). 

 

Keywords: Topology, mapping, metal organic frameworks, guest host interactions 
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Artificial molecular machines promise applications in many fields, including physics, information technologies, chemistry as well as 

medicine. The deposition of functional molecules in 2D or 3D assemblies in order to control their collective behavior and the 

structural characterization of these assemblies are challenging tasks. We exploit porous materials to form rigid matrix for 

mechanochemical preparation of bulk or surface host−guest inclusions with functional molecules, such as molecular rotors, molecular 

motors and molecular switches. 

Unambiguous determination of the molecular structure and monitoring of the molecular function such as rotation of a molecular rotor 

or on/off switching of a molecular switch cannot be studied by X-ray analysis because the systems are typically heavily disordered 

fine powders. We use solid-state nuclear magnetic resonance (SS-NMR) spectroscopy to obtain atomic-level insights into the structure 

and dynamics of these functional materials. SS-NMR spectra provide valuable information about structure, interactions and dynamics 

in solids not available otherwise.  

It will be demonstrated that SS-NMR experiments provide unequivocal evidence of the formation of the 2D and 3D assemblies and 

can also be used for the observation of such a molecular function as the photoisomerization of a molecular switch deposited on a 

surface. We have also developed a solid-state NMR method for investigation of two dimensional arrays of light-driven molecular 

motors [1-4]. 

 

Figure 1. Examples of studied molecules. The shaft ensures deposition of the molecules in the porous molecular matrix, the stopper 

ensures surface deposition. The molecular motor is a unidirectional light-driven motor and the switch performs its function upon UV 

irradiation. 

 

[1] Kaleta, J., Chen, J., Bastien, G., Dračínský, M., Mašát, M., Rogers, C. T., Feringa, B. L., Michl, J. (2017). J. Am. Chem. Soc. 139, 10486. 

[2] Kaleta, J., Bastien, G., Wen, J., Dračínský, M., Tortorici, E., Císařová, I., Beale, P. D., Rogers, C. T., Michl, J. (2019). J. Org. Chem. 84, 8449. 

[3] Santos-Hurtado, C., Bastien, G., Mašát, M., Štoček, J. R., Dračínský, M., Rončević, I., Císařová, I., Rogers, C., Kaleta, J. (2020). J. Am. Chem. 

Soc. 142, 9337. 

[4] Dračínský, M., Santos-Hurtado, C., Masson, E., Kaleta, J. (2021). Chem. Commun. 57, 2132. 

Keywords: NMR crystallography; molecular machines; photoswitching 
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CO2 is widely recognised as the main cause of greenhouse effect, causing global warming and climate change. With the aim to reduce 

CO2 emissions, during the last decades, several strategies have been developed for the capture, utilization and storage of carbon 

dioxide (CCUS). This work focuses on the development of bifunctional catalysts for the conversion of CO2 into dimethyl ether 

(DME), a fuel with no collateral emissions other than CO2 and H2O, a high cetane number and chemical-physical properties similar to 

LPG. DME is obtained from the reaction of CO2 with H2 through two subsequent reactions. The first one is the CO2 reduction with H2 

to obtain methanol; this reaction is promoted by Cu-based catalysts like Cu/ZnO/Al2O3 and Cu/ZnO/ZrO2. The second one is the 

dehydration of methanol to DME, catalysed by solid acidic catalysts, such as zeolites and γ-Al2O3 [1,2]. The two reactions are 

reported below: 

𝐶𝑂2 + 3𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂       ∆𝐻298𝐾
0 = −49.5 𝑘𝐽/𝑚𝑜𝑙 

 
2𝐶𝐻3𝑂𝐻 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂       ∆𝐻298𝐾

0 = −23.4 𝑘𝐽/𝑚𝑜𝑙 

The global reaction is, thus: 

2𝐶𝑂2 + 6𝐻2 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 3𝐻2𝑂       ∆𝐻298𝐾
0 = −123 𝑘𝐽/𝑚𝑜𝑙 

In this work three different types of mesostructured acidic catalysts were synthesized: Al-SiO2 (Al-SBA-15, Al-MCM-41), Zr-TiO2 

and γ-Al2O3.These materials were tested for methanol dehydration and used as supports for the Cu-based redox phase, to obtain 

composite materials to be used as bifunctional catalysts. Mesostructured matrix should limit the growth of redox phase nanoparticles 

inside the mesopores and assure a high dispersion due to the high surface area, leading to a high contact area between the two phases 

and, thus, granting in principle superior catalytic performances. 

 

Figure 1. TEM and XRD of Al-SBA-15 (black) and composite (red) Figure 2. TEM and XRD of γ-Al2O3 (black) and composite (red) 

All mesostructured systems were synthesized via the Sol-Gel method, either through an Evaporation-Induced Self-Assembly (EISA) 

or a solvothermal approach, and characterized by XRD, TEM and N2 physisorption. Acidic sites characterization was performed by 

calorimetry and FTIR spectroscopy using pyridine as a probe molecule. The catalysts were eventually physically mixed with a 

Cu/ZnO/Al2O3-based commercial redox catalyst and tested in a bench-scale plant with a fixed bed reactor for CO2 conversion to 

DME. Mesostructured supports were used to disperse the CuO/ZnO/ZrO2-based redox phase by a wet impregnation method combined 

with a self-combustion process or by a two-solvents impregnation strategy. The obtained bifunctional catalysts were characterized by 

PXRD, N2 physisorption, TEM and HRTEM in order to determine the most promising synthetic conditions in terms of dispersion and 

nanosize of the active phase and textural properties of the corresponding composites. 

[1] T.A. Semelsberger, R.L. Borup and H.L. Greene, J. Power Sources, 2006, 156, 497-511. 

[2] A. Alvarez, A. Bansode, A. Urakawa et al. Chem. Rev., 2017, 117, 9804-9838. 

Keywords:  mesoporous; mesostructured; catalysts; CO2; DME; dimethyl ether; bifunctional; green; diffraction 
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Two methods are traditionally used to characterize gas adsorption properties in porous solids: volumetric and gravimetric. They have a 

number of limitations, but most importantly, they yield a macroscopic picture of interactions (properties), without access to a 

microscopic picture (mechanisms on an atomic level). Diffraction is commonly used as a complementary technique to explain these 

properties, giving insight into structure and thus revealing the underlying guest-host and guest-guest interactions. Various anomalies 

(deviations from a typical behaviour) detected by the macroscopic methods require an in situ diffraction experiment, aiming to 

identify the responsible phenomena like a guest rearrangement / repacking, framework deformation etc. Thus, a separate diffraction 

experiment is usually providing a microscopic picture for the properties found by other physico-chemical methods. 

In this presentation we will show examples of using in situ powder diffraction to simultaneously access the structure and adsorption 

properties of a small pore crystalline solid. (Quasi)-equilibrium isotherms and isobars can be built directly from sequential Rietveld 

refinements, both on adsorption and desorption, thus addressing the hysteresis and kinetics of gas adsorption/desorption. Detailed 

picture of guest reorganization with an increasing uptake can be obtained. Note that the reorganization of the individual guest sites is 

not accessible to volumetric and gravimetric methods, as they give only total amounts of gas uptake. 

Interestingly, the adsorption isobars and isotherms obtained directly from diffraction data can be fitted by known equations, such as a 

logistic function (isobars) or a Langmuir equation (isotherms). Thermodynamic properties, such as enthalpy and entropy of gas 

adsorption can be extracted from these curves. The limitations of this technique are very different from traditional methods, thus 

making it highly complementary. 

Lastly, the adsorption kinetics can be followed by in situ powder diffraction at given P,T conditions versus time. The guest uptake 

extracted by a sequential Rietveld refinement can be fitted and analysed in terms of Arrhenius theory giving access to the activation 

energies for gas diffusion. Thanks to the microscopic picture these barriers can be tentatively attributed to various diffusion paths 

inside the solid. 

This talk will be illustrated by examples of noble gas adsorption in a porous hydride, γ-Mg(BH4)2 [1], featuring 1D channels suitable 

to distinguish and likely separate some of these gases. Besides published results [2,3], a lot of unpublished data will be shown. 

[1] Filinchuk, Y., Richter, B., Jensen, T. R., Dmitriev, V., Chernyshov, D. & Hagemann, H. (2011). Angew. Chem. Int. Ed. 50, 11162. 

[2] Dovgaliuk, I., Dyadkin, V., Vander Donckt, M., Filinchuk, Y. & Chernyshov, D. (2020). ACS Appl. Mater. Interfaces 12, 7710. 

[3] Dovgaliuk, I., Senkovska, I., Li, X., Dyadkin, V., Filinchuk, Y. & Chernyshov, D. (2021). Angew. Chem. Int. Ed. 60, 5250. 

Keywords: thermodynamics; kinetics; in situ powder diffraction 
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Complex early transition metal oxides have emerged as leading candidates for fast charging lithium-ion battery anode materials [1,2]. 

Framework crystal structures with frustrated topologies are good electrode candidates because they may intercalate large quantities of 

guest ions with minimal structural response. Starting from the empty perovskite (ReO3) framework, shear planes and filled pentagonal 

columns are examples of motifs that decrease the structural degrees of freedom. As a consequence, many early transition metal oxide 

shear and bronze structures do not readily undergo the tilts and distortions that lead to phase transitions and/or the clamping of lithium 

diffusion pathways that occur in a purely corner-shared polyhedral network [1]. 

In this work, we explore the relationship between composition, crystal structure, and reduction pathway in a variety of recently 

synthesized mixed alkali, transition metal, and main group oxides (Fig. 1), moving beyond the archetypal Ti-Nb-O and W-Nb-O phase 

spaces. Solid-state NMR spectroscopy, X-ray absorption spectroscopy (XANES and EXAFS), synchrotron and neutron diffraction, 

and DFT are combined with electrochemical experiments to present a comprehensive picture of the charge storage mechanisms. 

Prospects for tunability and implications for charge rate and structural stability will be discussed. 

  

Figure 1. Crystal structure of the Wadsley–Roth crystallographic shear phase NaNb13O33. 

 

[1] Griffith, K. J., Wiaderek, K., Cibin, G., Marbella, L. M. Grey, C. P. (2018). Nature 559, 556. 

[2] Griffith, K. J., Harada, Y., Egusa, S., Ribas, R. M., Monteiro, R. S., Von Dreele, R. B., Cheetham, A. K., Cava, R. J., Grey, C. P., Goodenough, J. 

B. (2021). Chem. Mater. 33, 4. 

Keywords: shear structures; Wadsley–Roth; X-ray absorption spectroscopy; solid-state NMR, neutron diffraction 
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This Interest in metal hydrides was initially driven by the potential to develop efficient and safe on-board hydrogen stores working close 

to ambient pressure and temperature. In search for hydrides with higher gravimetric storage capacity, the researchers concentrated on 

hydrides based on light atoms, among others on Li and Na salts containing hydroborate anions such as borohydride BH4
− or closo-

hydroborate B12H12
2− [1]. The hydrogen absorption-desorption cycling in complex hydrides still needs more chemical ideas due to 

relatively strong covalent bonding. Unexpectedly, the high mobility of alkali metal cations in some complex hydrides has opened the 

door for their application as battery materials, mainly as solid-state electrolytes (SSE).  

Replacing the liquid electrolyte by SSE offers several advantages: i) a solid material is more thermally stable, thus enhancing the overall 

safety of the battery; ii) being less prone to the dendrite penetration, it enables the use of alkali metals as negative electrodes and iii) 

acting as physical layer between the two electrodes, it has a beneficial effect on the cell performance [2].  

Among the different classes of SSE, the metal hydroborates have received particular interest, being soft, highly stable toward oxidation 

and exhibiting fast ion conductivity, enabled by an entropically-driven phase transition. Such transitions generally occur above room 

temperature (rt), and it is therefore necessary to frustrate the anionic lattice, for example by anion mixing to bring the superionic regime 

down to rt [3-6].  

The hydrogen storage and mobility of the cations in light complex hydrides depends on the structural features, pathways available in 

the anion packing and on the anion thermal motion. While the latter requires important experimental and theoretical effort, the first two 

parameters can be easily quantified from crystal structures obtained by X-ray powder diffraction.  

Examples of crystallography and crystal chemistry analyses of novel solid-state electrolytes as well as proof-of-concept Na-ion all-

solid-state batteries will be shown. 

 

[1] Paskevicius M. et al. Chem. Soc. Rev. 2017, 46, 1565 

[2] Zeier W. & Janek J. Nat. Energy 2016, 1, 16141 

[3] Tang W.-S. et al. ACS Energy Lett. 2016, 1, 659 

[4] Duchêne L. et al. Energy Environ. Sci. 2017, 10, 2609  

[5] Murgia F. et al. Electrochem. Comm. 2019, 106, 106534 

[6] Brighi M. et al. Cell Reports Phys. Sci. 2020, 1, 100217 

Keywords: all-solid-state battery, solid-state electrolyte, metal hydroborate, powder diffraction 
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Atomistic modelling as a complementary tool for diffraction studies 
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Diffraction experiments typically provide clear picture of a crystal structure and basis for understanding material properties. However, 

for materials with high static or dynamic disorder and/or weakly occupied atomic sites, e.g. ionic conductors, the diffraction data 

reflecting space- and time-averaged state may struggle to distinguish several alternative models yielding similar χ2. In that case, 

atomistic modelling may help not only to identify the more energetically stable configuration but also provide insights into the 

mechanism of its formation. I will present several recent examples of studies of disordered oxide-ion and proton conductors, where ab 

initio static and geometry optimisation calculations and molecular dynamics simulations not only helped to validate neutron 

diffraction analysis but also revealed the mechanism driving the disorder. 

 

Keywords: Diffraction, crystal structure, atomistic modelling, ionic conductors. 
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Prussian blue analogues (PBAs) with formula AxM[M’(CN)6]1-y.zH2O, show considerable promise as highly sustainable electrodes in 

sodium ion batteries. PBAs are formed of metal that are octahedrally coordinated by cyanide groups which act as bridges between the 

metal centers. This corner linked framework creates a highly porous structure into which either cations such as Na+ or molecules such 

as H2O can insert into. However, PBAs receive criticism on their thermal stability and moisture sensitivity, which can be detrimental 

to the electrochemical performance or compromise safety. However, existing pessimism towards the material is based on studies of 

traditional Prussian blue (Fe4[Fe(CN)6]3), whereas the vacancy-free compounds such as iron hexacyanoferrate (Fe-HCF), 

NaxFe[Fe(CN)6]1-y.zH2O (x≈2, y≈0, z≈0), do not show any similarity in terms of structural transitions or performance in a battery. In 

this contribution, our efforts at understanding the thermal and moisture stability of vacancy-free Fe-HCF are presented. 

We have optimised a method of consistently producing Fe-HCF with <5% vacancies on the Fe(CN)6 site. Consequently, the effect of 

sodium content and moisture on structure and stability has been independently quantified. In the absence of vacancies, the moisture 

sensitivity of the material is determined by the Na+ content, with a sodium-rich structure absorbing more water and binding with 

higher affinity. Interestingly, despite a higher moisture sensitivity, the Na+ rich system features higher thermal stability. The interplay 

between the host framework, sodium and water also appears to influence the phase transitions of the material. The sodium-free 

material does not undergo any phase transitions, remaining cubic (Fm-3m) from 4K to 300K, whereas the sodium rich (x>1.5) systems 

exhibit several phase transitions between R-3 and P21/n as a function of temperature and water content. These are driven by octahedral 

tilting (cf. perovskites) and given that such transitions are generally rare in PBAs, their presence within a single system provides a 

platform for investigating driving factors. As described, the moisture sensitivity of PBAs is often understood as the tendency to absorb 

water into the bulk structure. However, water can negatively affect cation rich Fe-HCF via other mechanisms. We identified that 

contact with airborne moisture during storage can lead to a loss of capacity in FeHCF. The capacity fading mechanism proceeds via 

two steps, first by sodium from the bulk material reacting with moisture at the surface to form sodium hydroxide and partial oxidation 

of Fe2+ to Fe3+. The sodium hydroxide creates a basic environment at the surface of the PW particles, leading to decomposition to 

Na4[Fe(CN)6] and iron oxides. Although the first process leads to loss of capacity, which can be reversed, the second stage of 

degradation is irreversible. The combination of each process ultimately leads to a surface passivating layer which prevents further 

degradation. 

Thus, the interaction of water with cation rich PBAs is complex and should not be overlooked. Gaining an understanding of the 

degradation mechanisms, including structural and chemical driving forces provides substantial insight into effective design strategies 

for increasing the performance. 

 

Figure 1: Pictoral representation of the differences in dehydration and decomposition temperatures for sodium rich and sodium poor 

iron hexacyanoferrate. 

Keywords: Prussian blue analogues, Sodium ion battery, iron hexacyanoferrate, thermal analysis 
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The overarching goal of this work is to understand and overcome the performance limitations of industrially relevant battery materials 

using powder diffraction studies, both through ex situ studies of materials and operando studies of cycling battery cells. However, the 

normal modalities for the collection and analysis of powder diffraction data typically lack the sensitivity to resolve the structure of 

battery materials with sufficiently low uncertainty to effectively resolve structure-properties correlations. We have therefore actively 

been developing new approaches to data collection and analysis that overcome these limitations, permitting us to obtain robust 

structure-properties correlations for industrially relevant cathode materials and for industrially relevant battery cell designs. 

We have recently developed a novel perspective for systematically exploring occupancy defects which we have applied to the study of 

the important family of NMC battery cathode materials [1]. Using these f* diagrams, we have demonstrated sufficient sensitivity to 

site occupancies to resolve problems with the conventional atomic form factors used for X-ray diffraction – an error of about 3% in 

the case of oxygen. After correcting for these problems and robustly determining atomic displacement parameters, we have 

demonstrated the ability to unambiguously resolve the nature of key defects as well as to determine defect concentrations with an 

unprecedented sensitivity of ~0.1% (absolute), as judged by the agreement between independent refinements of synchrotron and 

neutron powder diffraction data. From the refined occupancies for a series of NMC compounds, it was possible to determine the 

energy associated with the formation of anti-site defects, and to conclusively demonstrate that the conventionally accepted mechanism 

for defect formation was incorrect [2]. Additionally, we have utilized rapid synchrotron powder diffraction methods to carry out 

multidimensional diffraction studies with fine resolution not just in time but in space as well. In this manner, it has been possible to 

resolve both vertical [3] and lateral [4] inhomogeneity in battery cells with a sensitivity to the local state of charge (SOC) of ~0.1%. 

The former has illuminated the performance limitations of exceptionally thick battery cathodes with very high energy densities, while 

the latter has allowed us to distinguish between different potential failure mechanisms. 

 

Figure 1. Left: Comparison of paired anti-site defect concentration obtained independently from synchrotron (blue) and neutron (red) powder 

diffraction data. Center: Defect formation energies calculated based on refined defect concentrations show that the defect formation energy is not 
constant, but instead varies systematically with the concentration of Ni2+. From the fit to this data, the defect concentration for any NMC 

composition can be predicted from its composition alone with an uncertainty less than prior experiments. 
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A. Manthiram, and P. Khalifah (2019). Chem. Mater., 32, 1002-1010. 
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Most nanocrystals are expected to show deviations from a perfect crystal lattice inside the grains, which is referred to as modulation 

waves [1], because of their significant surface effects, leading to exceptional physical and chemical properties. Conventional X-ray 

diffraction fails to reveal modulation waves owing to the assumption of the periodic structure, whereas electron diffraction from a 

single grain is one of the most powerful probes to distinguish the core structure from the surface structure on the atomic level. It is, 

however, still challenging to investigate modulation waves from the core to the surface, which is the atomic-level core-shell structure. 

In this study, we have demonstrated that synchrotron X-ray total scattering makes it possible to visualize the core-shell structure on 

the picometer level in Pd nanocrystals. 

X-ray total scattering provides a potential for visualization of modulation waves [2]; nevertheless, its applications have been very 

limited because the approach is extremely demanding of experimental data. We have developed the high-resolution and high-accuracy 

total scattering measurement system, OHGI (Overlapped High-Grade Intelligencer), at SPring-8[3,4] to overcome the limitations. 

Recent studies have demonstrated that our total scattering data are of the highest quality in terms of both Bragg and diffuse scattering 

[5-7]. With this system, Pd nanocrystals were measured under hydrogen pressure. The total scattering data were converted into atomic 

pair distribution functions (PDF) based on the principle of maximum entropy [8]. The resulting PDFs were virtually free from 

spurious ripples at no expense of real-space resolution. We have attempted to model modulation waves from the PDFs on the basis of 

an fcc Pd lattice. The model suggests that the interatomic distances between Pd atoms in the shell region are longer than those in the 

core by a few picometers. In addition, we found that the core-shell structure undergoes significant changes by hydrogenation. The 

picometer-level core-shell structure can explain that implied by neutron diffraction, where both tetrahedral and octahedral sites are 

occupied by hydrogen atoms in the surface [9]. In this presentation, I will discuss the relationship between the modified core-shell 

structure and hydrogen-storage kinetics in Pd nanocrystals. 

[1] Hudry, D., Howard, I. A., Popescu, R., Gerthsen, D. & Richards, B. S. (2019). Adv. Mater. 31, 1900623. 
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[4] Kato, K. & Shigeta, K. (2020). J. Synchrotron Rad. 27, 1172. 

[5] Svane, B., Tolborg, K., Kato, K. & Iversen, B. B. (2021). Acta Cryst. A77, 85. 

[6] Pinkerton, A. (2021). Acta Cryst. A77, 83. 

[7] Beyer, J., Kato, K. & Iversen, B. B. (2021). IUCrJ 8, 387. 

[8] Kato, K. et al., to be submitted. 

[9] Akiba, H., Kofu, M., Kobayashi, H., Kitagawa, H., Ikeda, K., Otomo, T. & Yamamuro, O. (2016). J. Am. Chem. Soc. 138, 10238. 

Keywords: total scattering; pair distribution functions; nanocrystals; core-shell structures; hydrogenation 

 



MS-55-2                           Microsymposium  

Acta Cryst. (2021), A77, C367 

 

The journey from disorder to order: transformation of ferrite magnets investigated in situ by 
combined Bragg & total scattering analysis   

P. Shyam, H. Vijayan, and M. Christensen 

Department of Chemistry and Interdisciplinary Nanoscience Center (iNANO), Aarhus University, Langelandsgade 140, 8000 Aarhus 

C, Denmark  

priyank@inano.au.dk 

Permanent magnets are key enablers driving the 21st century’s diverse electromagnetic technologies [1]. Ceramic magnets based on 

iron oxides are corrosion resistant and cost-effective permanent magnetic materials with minimal ecological footprint, compared to 

their lanthanide-based counterparts (such as SmCo5; Nd2Fe14B etc.) [1,2]. Among the ceramic magnets, the hexaferrites (AFe12O19; A 

= Ba/Sr) constitute the bulk of industrially produced permanent magnets [3,4]. A permanent magnet’s properties emerge hierarchically 

and are influenced by the structure on various length scales. From atomic interactions in the unit cell (~ 1–10 Å), through the 

interactions between crystallites/domains (~10 nm–1 µm), to the consolidated macroscopic forms (~ 0.1 mm–0.1 m), magnetism 

evolves over length scales spanning 10 orders of magnitude [5]! For maximal magnetic performance, the structure of a permanent 

magnet must be optimized at all levels. Control over the structure is obtained by controlling the synthesis and processing parameters. 

Additionally, these fabrication methods need to be economical, effective and compatible with industrial scale synthesis processes. 

Recent work from our group has demonstrated the fabrication of high-performance nanostructured SrFe12O19 hexaferrite permanent 

magnets from solid-state processing of ferrihydrite – a poorly crystalline, structurally disordered nanomaterial [6,7]. This fabrication 

method is low-cost, scalable and compatible with industry processes. In the presence of Sr2+ ions, ferrihydrite is seen to act as a 

building block for the SrFe12O19 hexaferrite, irrespective of synthesis technique (hydrothermal/microwave/solid-state synthesis) [7–9]. 

While the transformation of ferrihydrite to hexaferrite has been documented in previous studies, a detailed understanding of the 

conversion process in situ is lacking. The fundamental question that remains to be answered: how does long-range crystalline order in 

the hexaferrite magnet arise from the nanoscale-disordered ferrihydrite precursor? 

Here, we report on our efforts towards addressing this question using in situ synchrotron X-ray scattering studies to investigate the 

ferrihydrite-hexaferrite transformation. Ferrihydrite samples (with Sr2+) were heated while scattering data was collected in situ at the 

P02.1 beamline at PETRA III. The P02.1 beamline allows for 2 operating modes separately optimized for X-ray Bragg scattering and 

total scattering[10]. In situ X-ray scattering experiments were performed in both modes. Combining Rietveld modelling of Bragg 

scattering data and Pair Distribution Function (PDF) modelling of total scattering data provided detailed insight into the real-time 

structural evolution of disordered ferrihydrite to crystalline hexaferrite. PDF analysis shed light on the evolution of the short- and 

intermediate-range structural features during the transformation. Rietveld analysis helped ascertain the long-range order, nanoscale 

morphology and crystallite growth mechanism. This clear picture of the ferrihydrite-hexaferrite transformation over multiple relevant 

length scales is expected to aid future efforts in engineering better permanent magnets. Meanwhile, beyond permanent magnetic 

materials, these insights are also expected to contribute toward a broader understanding of the evolution of crystalline order from 

nanoscale disorder. 
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While simple associations exist between piezoelectric properties and processing history, there is considerable scope for design of 
materials based on a more detailed molecular understanding of the re-arrangements that underpin the piezoelectric phenomenon in silk 
fibroin.[1] Crystallinity, and the two-phase model of semi-crystalline model of polymers, are often used to understand the properties 
of protein based materials where there is considerable thermodynamic drive to short range ordering of polymer chains, folding, which 
is not present in melt processed thermoplastics. Our investigations aim to probe the relationship between structure and dynamics in 
silk fibroin based materials and correlate these with the piezo-electric signal. 

Recently, we have used a triggered and summative data acquisition scheme to synchronise X-ray scattering data collection with a 
piezoelectric cycle of a compressed electro-spun fibroin mat.[2] This mode enabled a steady perturbed state to be sampled. The 
summation of the scattering patten from this state across multiple cycles provides superior statistics than could be achieved by 
sampling a single cycle. The setup is shown in Figure 1A. At rest this poorly ordered system exhibits a limited number of very broad 
peaks but quite a high degree of chain folding.[3] With compression there is marked increase in the scattered intensity, both in the 
small (SAXS) and the wide (WAXS) angle regimes, as well as a shift and reduction in broadness of the WAXS peaks (Figure 1B). We 
interpret the increase in the SAXS signal as an increase in scattering from grain boundaries and the WAXS as the formation of new 
crystalline domains. However, the limited number of very broad diffraction peaks make these data unsuitable for structural 
determination. 
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Figure 1. A. Experimental set-up for the acquisition of time resolved X-ray diffraction during the piezo cycle. Adapted from ref [2]. B. 1D profiles 
during the piezoelectric cycle. C. Peak normalized intensity for fully relaxed (red line - indexing red vertical lines); and peak normalized intensity for 
fully compressed (black line) and the black vertical lines represent based on DFT calculations. 

In order to provide an alternative, but complementary, perspective on the structural dynamics and the nature of the potential surface 
along which the polymer folds, during the piezo cycle we have turned to a computation approach. Density functional theory (DFT) 
calculations were performed within the framework of the projector augmented wave potentials parametrised by Perdew et al., [3] and 
the Tkatchenko-Scheffler correction [4] with a self-consistent screening to account for the weak correlations. Full structural 
optimisation of orthorhombic C20O8N8H32 was performed. The calculated lattice parameters (a = 9.409 Å, b = 6.984 Å, c = 9.221 Å) 
and the corresponding diffraction pattern (black vertical lines) are compared with the experimental data in Figure 1C. 

[1] Rockwood, D. N., Preda, R. C., Yücel, T., Wang, X., Lovett, M. L. & Kaplan, D. L. (2011). Nature Protocols 6, 1612.
[2] Sencadas, V., Garvey, C., Mudie, S., Kirkensgaard, J. J. K., Gouadec, G. & Hauser, S. (2019). Nano Energy 66, 104106.
[3] Perdew, J. P., Burke, K. & Ernzerhof, M. (1996). Physical Review Letters 77, 3865-3868.
[4] Tkatchenko, A. & Scheffler, M. (2009). Physical Review Letters 102, 073005.
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High-throughput synthesis using inkjet printing allows the deposition of hundreds of nanoparticle compositions on a single substrate. It 

also introduces the challenge to characterize the phases and structures of these nanoparticles in an automated high-throughput way. 

Here, we develop a method to screen hundreds of nanoparticle combinations, collect the x-ray diffraction image, transfer the data to pair 

distribution functions and analyse the phase information automatically. It has been successfully applied to characterize the phase 

compositions and atomic structures in an iron, nickel, cobalt nanoparticle array. Combining this method with inkjet printing and optical 

screening, it is possible to achieve the fully automated high-throughput searching for the optimal combinatorial nanoparticle catalysts. 

 

Figure 1. The molar fraction of iron, nickel, cobalt nanoparticles in an array. The x and y are the horizontal and vertical positions on 

the substrate, the circles represent the iron, nickel, cobalt nanoparticle combinations in an array and the colour of one circle indicates 

the fraction of one phase of metal nanoparticle in that combination. 
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Functional nanomaterials are frequently synthesized by the facile sol-gel method. In a broader sense, the process can be described as the 

conversion of molecular precursors in solution into inorganic solids via hydrolysis, condensation and aggregation [1]. It allows the 

targeted control of structural characteristics e.g. particle/crystallite size and polymorphism of a material. This is of particular importance 

for quantum materials, where the charge, spin, orbital and lattice are intrinsically coupled due to strong electronic interactions [1]. Since 

the sol-gel method is a non-equlibrium process, the synthesis of pure nanocrystalline samples is challenging if various stable and 

metastable phases exist, often leading to co-crystallization. Subtle changes in the synthesis parameters, such as temperature, pH and 

complexing agent, can strongly influence the resulting structural and physical properties of the materials. Despite this knowledge and 

the popularity of this synthesis method, studies on the parameters driving the crystallization process are rare and a deep understanding 

of the formation mechanisms is usually lacking.  

The Bi2O3-Fe2O3 system is known to be challenging from a synthetic point of view, as sillenite-type Bi25FeO39, mullite-type Bi2Fe4O9

and perovskite-type BiFeO3 have a strong tendency to co-crystallize [3]. The target compound Bi2Fe4O9 shows multiferroic behaviour 

close to room-temperature [4] and a spin liquid state just above the transition [5]. Its exotic magnetism materialises due to five competing 

magnetic exchange interactions involving two distinct Fe-sites, which drive antiferromagnetic coupling in the ab–plane and non-

collinear ferromagnetic ordering along the c-axis [6]. Below a critical size of ~120 nm, size-dependent properties can be observed due 

to significant changes in the structural lattice [7]. 

In this study, we investigate how the synthesis parameters in a sol-gel approach affect the crystallization pathways and kinetics of 

Bi2Fe4O9. We follow the transformation of molecular precursors into the fully crystalline structures using in situ total scattering and Pair 

Distribution Function (PDF) analysis with a second-scale time resolution. In total, five different precursors were synthesized using the 

respective metal nitrates and meso-erythritol as the complexing agent. The phases qualitatively appearing during crystallization as well 

as their transition and growth kinetics can be controlled by the synthesis medium and ratio of metal nitrate to complexing agent. More 

specifically, we observe multiple crystallization pathways including the initial formation of rhombohedral BiFeO3 and subsequent 

transition into orthorhombic Bi2Fe4O9, co-crystallization of BiFeO3 and Bi2Fe4O9, or the direct formation of Bi2Fe4O9 from the precursor. 

During crystal growth, the lattice parameter b  decreases significantly, although Bi2Fe4O9 is known to exhibit positive thermal expansion 

[8] highlighting the influence of the crystallite size on the lattice. In addition, the overall crystallization process is predetermined very 

early in the synthesis process and mainly governed by the gel structures formed during evaporation of the solvent and organic 

components, as suggested by ex situ PDF analysis. 
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The local structures of four citric acid cross linked cyclodextrin nanosponges (CD); goethite (CDG), hydroxyapatite (CDHA) and 

goethite/hydroxyapatite (CDGHA) functionalized cyclodextrin nanosponges, prepared by ultrasound-assisted polycondensation 

polymerization, was studied the using atomic pair distribution function (PDF) technique. The PDFs were analyzed by comparing 

experimentally determined PDFs from samples under study and those from known control samples and the overall structural information 

extracted through visual inspections of PDFs. The samples do show the feature of cyclodextrin network linked by citric acid, with strong 

sharp peaks in the low-r region and weak broader peaks in the mediate and high-r region. CD and CDHA show the feature of polymer 

cyclodextrin, since there is only noise and density modulation after 13 Å in their PDFs, while the CDG and CDGHA show the feature 

of crystallinity (signal even after 13 Å), which is approximately the largest atomic distance in cyclodextrin. The short-range order, which 

is the spacing of neighbor glucose and glucose connected by citric acid networks, is similar for all samples despite their difference in 

crystallization. CD and CDHA have quite similar cyclodextrin network according to their similarity in PDF while CDG and CDGHA 

also have cyclodextrin network but contains crystalline goethite. 

 

Figure 1. PDFs obtained from synchrotron x-ray powder diffraction: (a) PDFs in low-r region; (b) PDFs in high-r region, they are 

multiplied by the same scale for better visual inspection. 
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Although amorphous materials lack long-range translation order, they are strongly ordered at the length scale of single interatomic 

bonds and retain some order into more distant coordination shells. One form of order is local, approximate rotational symmetry. For 

example, local five-fold rotational symmetry has been shown in simulations to correlate to slower dynamics in metallic liquids and 

greater strength in metallic glasses [1]. Local structural symmetry gives rise to symmetry in electron nanodiffraction speckle patterns 

acquired with sub-nanometer probes but evaluating symmetries in patterns from amorphous materials is challenging. Only small 

clusters of atoms have symmetry, their symmetry is often distorted or imperfect, and the symmetric cluster is embedded in more atoms 

which are disordered. One method to assess symmetries in nanodiffraction is the angular power spectrum. We have used angular 

power spectrum data to demonstrate that Zr65Cu27.5Al7.5 glasses exhibit increasing 4-fold and 5-fold structural symmetry with 

increasing stability in the glassy state and increasing hardness [2]. 

However, angular symmetry is subject to three artifacts that give rise to power that does not correspond to symmetries in the structure. 

First, aliasing transfers power from lower n to higher n. Second, electron nanodiffraction patterns without Friedel symmetry give rise 

to non-structural odd-order power. Third, the extra atoms surrounding the ordered cluster can create speckles which cause the power 

in rotational orders that are not present in the structure. We have proposed a different method to assess symmetries in amorphous 

nanodiffraction inspired by the Symmetry STEM method for crystals [3]. This method defines symmetry coefficients Sn which sample 

only the discrete angles associated with n-fold symmetry [4]. The discrete sampling avoids the aliasing and Friedel breakdown 

artifacts entirely, and it reduces the incidence of the structure overlap artifact. Electron scattering simulations in Figure 1(a) show that 

Sn is sensitive to nearest-neighbour icosahedral order in metallic glass atomic models. Experiments on Pd43Ni10Cu27P20 in Figure 1(b) 

result in symmetries consistent with dodecahedral structure found in previous studies. 

Figure 1(c) demonstrates the use of symmetry coefficients for spatial mapping of high-symmetry clusters. It is derived from a 4D 

STEM data set acquired with a high sensitivity, high-speed direct electron detection camera recently developed by the Wisconsin 

Materials Research Science and Engineering Center and Direct Electron, Inc. These data were acquired at 7,000 frames per second 

(fps). The current maximum speed of the camera is 24,000 fps, and the ultimate design speed is in excess of 100,000 fps. These 

extremely high speed will enable time-resolved, in situ experiments using symmetry coefficients to track the evolution of local 

symmetries in supercooled liquids as they cool through the glass transition. 

 

Figure 1. (a) S10 as a function of a measure of the icosahedral order in atomic models of Al-Sm metallic glass. (b) Average Sn for 

Pd43Ni10Cu27P20 metallic glass. (c) A map of 2-, 4-, 6-, and 10-fold symmetry from Pt metallic glass nanowires. 

 

[1] Cheng, Y. Q. Q., Ma, E. (2011) Prog. Mater. Sci. 56, 379. 

[2] Muley, S. V., Cao, C., Chatterjee, D., Francis, C., Lu, F. P., Ediger, M. D., Perepezko, J. H., Voyles, P. M. (2021). Phys. Rev. Mater. 5, 033602. 

[3] Krajnak, M. & Etheridge, J. A (2020) Proc. Natl. Acad. Sci. 117, 27805. 

[4] Shuoyuan, H., Francis, C., Ketkaew J., Schroers J., Voyles P. M. (in preparation) 
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The pair-distribution function (PDF) method is widely used to obtain structural information beyond the typical diffraction techniques 

together with standard structure refinement utilizing Bragg reflections [1]. PDF analysis using x-ray and neutron powder diffraction 

data is well established. Electron-based PDF (ePDF) analysis has drawn considerable attention in recent years [2,3,4]. In addition to 

the very strong electron-matter interaction (~105 than x-ray), the main advantages of the electron-based over x-ray and neutron-based 

is to utilize modern electron microscopes, which offer (sub)nano-sized probe of the electron beam and various imaging and 

spectroscopy techniques simultaneously. Therefore, ePDF is particularly good for study nano-materials, disordered materials and 

specific region of interest in the specimens.  

Although the procedures of ePDF analysis is similar to those obtained by x-ray and neutron, several parameters and steps, which are 

due to electron scattering and TEM practice, are crucial in the processing. For instance, Qmax is always important in all PDF 

experiments. However, Qmin, which is not considered in x-ray and neutron, should be carefully determined in ePDF. On the other 

hand, the shape factor can influence the ePDF results. The smaller the particles the stronger effect can be seen. Different stepwise 

atomic layer arrangement of the crystal surface can contribute significantly in the analysis [5]. In addition to experimental and analysis 

procedures different to those for x-ray or neutron-based, the uniqueness and possibility of ePDF analyses of some amorphous 

materials and nanostructures will be discussed.  

 

[1] Egami, T. & Billinge, S. J. L. (2002). Underneath the Bragg Peaks: Structural Analysis of Complex Materials. Amsterdam: Elsevier Science.  

[2] Abeykoon, M., Malliakas, C. D., Juhás, D., Božin, E. S., Kanatzidis, M. G. & Billinge, S. J. L.  (2012). Z. Kristallogr. 227 248. 

[3] Tran, D.-T., Svensson, G. & Tai, C.-W. (2017). J. Appl. Crystallogr. 50, 304. 

[4] Gorelik, T. E., Neder, R., Terban, M. W., Lee, Z., Mu, X., Jung, C., Jacob T. & Kaiser, U. (2019) Acta Crystallogr. B 75, 532. 

[5] Tran, D.-T., Svensson, G. & Tai, C.-W. (2016). arXiv:1602.08078.  
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Quantitative analysis of diffuse electron scattering in the lithium-ion battery cathode material 
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Correlated disorder is any type of deviation from the average crystal structure that is correlated over the range of a few unit cells only. 

As correlated disorder lies at the origin of the physical properties of a compound, many open questions in materials science are related 

to it. Unfortunately, the diffuse scattering analysis from single-crystal X-ray and neutron diffraction needs large crystals which are 

often not available. In the case of submicron sized crystals, pair distribution function analysis on powder samples could be applied. 

However, as an alternative we suggest to turn to single-crystal electron diffraction. While the quantitative analysis of diffuse X-ray 

and neutron scattering has already been done for different types of correlated disorder, we will present for the first time the 

quantitative analysis of diffuse electron scattering using an evolutionary algorithm in DISCUS [1].  

In the electron diffraction patterns of Li1.2 Ni0.13Mn0.54Co0.13O2 diffuse streaks are present, which are caused by stacking faults (i.e. 

variations in the stacking of subsequent Li-, O- and transition metal -layers). An evolutionary refinement algorithm in DISCUS was 

used to determine the stacking fault probability as well as the twin ratio in Li1.2Ni0.13Mn0.54Co0.13O2 by a refinement of the intensity 

profile of the diffuse streaks. The refinement algorithm was first tested on simulated data, after which it was applied to experimental 

electron diffraction data obtained by three-dimensional electron diffraction (3D ED).  

[1] Proffen, T., & Neder, R. B. (1997). J. Appl. Crystallogr. 30, 171-175. 

Keywords: 3D electron diffraction; diffuse scattering; lithium-ion batteries; stacking faults 
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High-Throughput Electron Diffraction Reveals a Hidden Novel Metal-Organic Framework for 
Electrocatalysis 
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Metal-organic frameworks (MOFs) are known for their versatile combination of inorganic building units and organic linkers, which 

offers immense opportunities in a wide range of applications. However, many MOFs are typically synthesized as multiphasic 

polycrystalline powders, which are challenging for studies by X-ray diffraction. Therefore, developing new structural characterization 

techniques is highly desired in order to accelerate discoveries of new materials. Here, we report a high-throughput approach for 

structural analysis of MOF nano- and sub-microcrystals by three-dimensional electron diffraction (3DED). A new zeolitic-imidazolate 

framework (ZIF), denoted ZIF-EC1, was first discovered in a trace amount during the study of a known ZIF-CO3-1 material by 3DED. 

The structures of both ZIFs were solved and refined using 3DED data. ZIF-EC1 has a dense 3D framework structure, which is built by 

linking mono- and bi-nuclear Zn clusters and 2-methylimidazolates (mIm-). The discovery of this new MOF highlights the power of 

3DED in developing new materials.  

Keywords: Three-dimensional electron diffraction, continuous rotation electron diffraction, high throughput structural 
analysis, metal-organic frameworks 
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In recent years, Electron Diffraction, and especially the 4D-STEM [2] is growingly becoming a routine part of structural 

characterizations of materials at the nano-scale. Its un-matched spatial resolution (down to sub-nm) enables the exploration of local 

variations within a sample, which alternatively is averaged over the entire irradiated sampled area, when explored, for example, by x-

rays. As often shown in electron microscope, samples are often heterogeneous, and consequently their local properties, which then 

reflect on the average behavior of the material, composite, or device. Besides morphology and composition, the local structural order 

can vary, especially in evolving systems. In this study, we explore how far we can take electron diffraction when the interest is in the 

evolution of materials.  

We challenge ourselves with mapping the local structure in a composite of crystalline Ni and amorphous Zr-Cu-Ni-Al Bulk Metallic 

Glass (BMG) that was fused into a composite via hot-rolling [2]. Using a fast camera looking through the fluorescence screen, we 

captured diffraction patterns in a 4D-STEM modality, where we captured diffraction patterns coupled with beam precession with 3 nm 

step size in a Ni/BMG/Ni cross-section sample that was cut from the composite - in total 131x289 diffraction patterns. Using the 

collected diffraction patterns and tailoring automated data reduction and analysis pipelines, such as auto-masking, azimuthal-

integration, Fourier-transformation to get the electron Pair Distribution Function (ePDF) and various fittings of the PDF, we were 

efficiently deriving a large set of physically meaningful scalars, which we generalize as Quantities of Interest, or QoI of a scanning 

nano-structure electron microscopy (SNEM).  

Using different QoI's (see Figure)- those derived directly from the images, such as virtual-dark-field and mostly from ePDF's, we 

could map out most clearly Ni/BMG boundaries, visualize inter-diffusion between Ni and BMG, extract regions of formed nano-

crystals within the BMG, follow compositional changes via the average bond-distance (verified with EELS from the same area) and 

extract the distribution of atomic pairs. We were also able to map the deviation of each pixel within the BMG from an expected 

structural model, which exposed the BMG/Ni inter-diffusion front. Finally, we could estimate the effective local structure of the nano-

crystalline inclusions within the BMG as FCC structures.  

Using an assembly of these results we could learn that nano-crystalline inclusions within the BMG are located in regions where Cu is 

deficient and Zr is in excess. Most importantly, we learn the origin of success in forming the Ni/BMG composite via hot-rolling, 

which is nonetheless, a challenging goal. Hot rolling is found to be a challenging process due to the excessive formation of nano-

crystallites at the Ni/BMG interface. Here, however, the assembly of SNEM results suggested that the metallic Ni amorphized instead 

of the BMG--Ni crystallize at the BMG/Ni interface. These results emphasize the richness SNEM experiments hide, and with the 

assistance of automated (and in the future - autonomated) pipelines can 

expose the story of evolving systems.  

 

Figure 1: QoI maps of the Ni/BMG/Ni sandwich (BMG is the central 

vertical layer). From left to right: virtual dark-field (VDF) from the 

annulus of the amorphous diffraction ring. The bright spots indicate for 

presence of crystallites; the r-value of the first PDF peak (rmax) indicating 

the average interatomic distance; the peak width of the first interatomic 

distance, σ, indicating the distribution of the inter-atomic-pair distances; 

the goodness of fit of the PDF at each pixel to an exponentially-decaying 

sine wave, Rw  which the structural fit at each pixel to perfectly randomly 

distributed amorphous material. The scale that is represented by the white 

vertical bar is 100 nm. 
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Information theory-based methods [1-4] for the classification of more or less 2D periodic images from real-world crystals with atomic 

or molecular resolution into plane symmetry groups and projected Laue classes are described and applied to both synthetic patterns 

and experimental transmission electron microscope images of intrinsic membrane proteins. The synthetic patterns are per design either 

free of noise or contain approximately Gaussian distributed noise and are also highly pseudo-symmetric so that it is, for human beings 

on the basis of a visual inspection alone, very difficult to identify the underlying plane symmetry of the noisy patterns. This is because 

all genuine symmetries and pseudo-symmetries are broken by the added noise so that their differences are diminished. The new 

information theory-based classification methods, on the other hand, overcomes such challenges.     

The methods enable the objective, i.e. researcher independent, identification of the plane symmetry group and 2D Laue class that 

provides the best possible separation of structure and generalized noise at the given noise level of a processed image. This 

identification enables the most meaningful averaging of the image in the spatial frequency domain in support of subsequent 

crystallographic analyses. This kind of averaging is over all correctly identified asymmetric units in the image and removes noise 

much more effectively than traditional Fourier filtering. Ratios of numerically obtained geometric Akaike Information Criterion 

values, i.e. first-order geometric-model-bias corrected sums of squared residuals between the complex-valued Fourier coefficients of 

the translation averaged image intensity and their counterparts from plane symmetry models of this data, are utilized for the 

crystallographic symmetry classifications. 

Numerically obtained confidence levels are assigned to the classification of noisy images into minimal supergroups over their 

translationengleiche maximal subgroups. The resulting plane symmetry classifications are always generalized noise level dependent, 

which allows for better classification results in the future as noise decreases with future improvements to the imaging and image-

processing procedures. The information theory-based methods deliver only probabilistic classifications as it is fundamentally unsound 

to assign an abstract mathematical concept, such as a plane symmetry group, with 100 % certainty to the record of a noisy real-world 

imaging experiment of an imperfect real-world crystal. 

 
[1]  P. Moeck, Symmetry 10, paper 133 (46 pages) (2018), open access, DOI: 10.3390/sym10050133   

[2] P. Moeck, IEEE Transactions on Nanotechnology 18, 1166–1173 (2019), DOI: 10.1109/TNANO.2019.2946597, see also 

http://arxiv.org/abs/1902.04155, May 30, 2021 for an expanded version of this review 

[3]  A. Dempsey and P. Moeck, Objective, Probabilistic, and Generalized Noise Level Dependent Classifications of sets of more or less 2D 

Periodic Images into Plane Symmetry Groups, http://arxiv.org/abs/2009.08539, December 15, 2020 

[4]  P. Moeck and A. Dempsey, Microscopy and Microanalysis 25 (Suppl. 2), 1936–1937 (2019), DOI: 10.1017/S1431927619010419 
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Superoxide dismutases (SODs) are the major regulators of oxidative stress and therefore the first line of defense to protect organisms 

against metabolic- and environmentally-induced reactive oxygen species (ROS). Human mitochondrial manganese SOD (MnSOD) 

expression is modulated to prevent ROS-based damage, promote redox homeostasis and maintain proper cell signaling. Our research 

goal is to understand the molecular basis of how MnSOD uses coupled proton-electron transfers to dismute superoxide. For this, the 

3D arrangement of all atoms is needed, most importantly the position of protons. Our recent technical advancements with neutron 

crystallography at Oak Ridge National Laboratory have overcome the limitations of X-ray crystallography – revealing proton 

positions with high detail while also allowing control of the metal electronic state. In this research project, MnSOD neutron maps 

reveal the proton relays to the active site metal and the protonation states of metal-bound ligands. Our results demonstrate the transfer 

of protons to the bound active site solvent that is triggered by the reduction of the active site manganese. This proton transfer involves 

unusual active site amino acid pKas, at least five low barrier hydrogen bonds, glutamine tautomerization and a water bridge in the 

active site channel. 

Keywords: superoxide dismutase, metalloenzyme, oxidoreductase, oxidation/reduction, proton transfer 
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Copper-containing nitrite reductases (CuNiRs) that convert NO2 to NO are of central importance in nitrogen-based energy metabolism 

[1]. These metalloenzymes, like all redox enzymes, are very susceptible to radiation damage from the intense synchrotron radiation by 

X-rays, that are used to obtain structures at high resolution. Understanding the chemistry that underpins the enzyme mechanisms in 

these systems usually requires atomic resolutions of better than 1.2 Å. The damage-free structure of the resting state of one of the most 

studied CuNiRs was obtained by X-ray free-electron laser (XFEL) and neutron crystallography, which allows direct comparison of 

neutron, XFEL structural data [2] and atomic resolution X-ray structural data used to obtain the most accurate (atomic resolution with 

unrestrained SHELX refinement) structure.  

It was demonstrated that AspCAT (Asp98) and HisCAT(His255) are deprotonated in the resting state of CuNiRs at pH values close to the 

optimum for activity (Fig.1).  

 

Figure 1. The T2Cu site of AcNiR determined by SF-ROX (a) and neutron crystallography (b).  

 

[1] Zumft, W. G. (1997). Microbiol. Mol. Biol. Rev. 61, 533 

[2] Halsted, T.P., Yamashita, K., Gopalasingam, C. C., Shenoy, R.T, Hirata, K., Ago, H., Ueno, G., Blakeley, M.P., Eady, R R.; Antonyuk, S.V., 

Yamamoto, M.,  Hasnain, S. S. (2019). IUCrJ  6, 761 
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Hydrogen (H) atoms often play essential roles in enzymatic reactions as they are responsible for the reversible protonation of active 

site residues and for the organisation of the solvent network. More generally, H atoms are also necessary for the establishment of H-

bonds which, in turn, stabilise interactions between macromolecules and between macromolecules and their ligands. Although H 

atoms represent a large fraction of the total atomic content of macromolecules their direct visualisation is not straightforward. Even at 

(sub-)atomic resolution (<1.2 Å), X-ray macromolecular crystallography (MX), the most common technique for structural 

determination, affords the localisation of only a small percentage of H atoms as their contribution to the total scattering is minimal 

owing to their low electron content. Differently from MX, neutron macromolecular crystallography (NMX) relies on the interaction 

between neutrons and atomic nuclei. With this technique the visualisation of H atoms (typically in the form of deuterons, D) is 

possible even at modest resolution (2.0-2.5 Å), making it an ideal complementary tool to MX when H localisation is deemed 

important. 

Whilst NMX maps show the nuclear positions of H atoms, MX maps indicate the positions of valence-electron density for H atoms 

shifted along their bond vector. Cryo-electron microscopy (cryo-EM) and electron diffraction experiments inform on both nuclear and 

electron localisation of H atoms. This project aims at modelling and refining H atoms by using different experimental data (cryo-EM, 

NMX and electron diffraction) integrated in a common framework, to provide new insights in biological processes such as enzyme 

mechanisms. New features in the crystallographic refinement package REFMAC5 [1], one of the flagships of the scientific CCP4 

computational suite, have been developed and will be presented. The CCP4 Monomer Library [2], typically used as the source for 

prior chemical information in REFMAC5 and other programs such as COOT [3], has been recently implemented for more accurate H 

atom positions derived from neutron data analysis [4] and quantum mechanics (QM) calculations. Recent developments in REFMAC5 

and tools for the refinement of structural models obtained by neutron diffraction data will be presented. 

[1] Kovalevskiy, O., Nicholls, R. A., Long, F., Carlon, A. & Murshudov, G. N. (2018). Acta Cryst. D74, 215. 

[2] Vagin, A. A., Steiner, R. A., Lebedev, A. A., Potterton, L., McNicholas, S., Long, F. & Murshudov, G. N. (2004). Acta Cryst. D60, 2184. 

[3] Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. (2010). Acta Cryst. D66, 486. 

[4] Allen, F. H. & Bruno, I. J. (2010). Acta Cryst. B66, 380. 
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KOALA is a single-crystal Laue neutron diffractometer standing at the end of guide position of the supermirror guide TG3 at the 

OPAL reactor, ANSTO.  The instrument was initially modelled closely on  VIVALDI[1], an instrument available in the user program 

at the ILL from 2001-2010.  The elegantly simple concept of the instrument employs a cylindrical neutron sensitised image plate 

detector which is used to record a series of diffraction images from a suitable number of crystal positions to provide a sufficient data 

set from which valid model parameters can be derived to answer questions regarding material properties which cannot be adequately 

derived from more readily available methods, most particularly X-ray diffraction and more recently the hybrid methodology of 

quantum crystallography. 

Our initial practice with the instrument adhered largely to that shared with us by the scientists at the ILL.  This early experience[2] 

was the commencement of a steep learning curve which has, with a very limited number of other instruments brought single-crystal 

neutron diffraction into greater use in chemistry and chemical crystallography in the second decade of the 21st century.  Key 

developments have been (i) the installation of an Oxford Cryosystems COBRA™ nitrogen cryostream which facilitates handling of 

oxygen and moisture sensitive  compounds (which encompass a significant fraction of the proposals received for the instrument) and 

(ii) the development of a user accessible data reduction for the diffraction images.  From the first proposal round for the instrument in 

2009 exciting chemistry was proposed for experiments which exceeded the nominal maximum primitive unit cell volume for the 

recording of useful diffraction images.  A simple work around for this has been to reduce the resolution of the images by manipulation 

of the temperature at which they are recorded – in order to obtain data against which a model may be refined. 

More commonly though, it is observed that crystals for which the unit cell volume is relatively large tend, where they can be  grown to 

a size sufficient for Laue neutron diffraction, to have a mosaic spread  which limits the resolution of the pattern observed without 

manipulating the temperature to further reduce the resolution. 

With careful attention to experimental detail and the availability of discretionary beam-time access it has been possible to undertake 

studies of important new materials in timeframes which have resulted in the publication of the single-crystal neutron diffraction study 

with the chemistry it underpins, rather than as a stand alone paper reporting only the neutron study result.  It is of particular 

importance to note that in the case of hydride containing compounds, it can be critical to prove the location of the hydride via neutron 

diffraction and even a low resolution study can provide the necessary proof.  In consequence of their publication with the chemistry, 

papers from KOALA are now submitted to and published in journals of the highest standing [4-7]. 

Having achieved a more routine applicability of  neutron diffraction in chemical crystallography, we reached a point where elctronic 

components of KOALA had exceeded their serviceable lifespans and contemplation of replacing this aspect of the instrument led us to 

realise that reworking the existing mechanical elements with new electronics posed significant challenges and would cost a large 

fraction of the potential cost of building a new instrument.  We are fortunate that the decision was reached to design a new instrument 

which is allowing us to optimise key design elements to yield maximum flexibility of the instrument across all of its possible 

applications in chemistry, physics, materials science and crystallography.  The instrument is currently under construction and should 

be available for users in the second half of 2022. 

[1] C Wilkinson, JA Cowan, DAA Myles, F Cipriani, GJ Mclntyre, (2002), Neutron News, 13, 37-41. 

[2] AJ Edwards, (2011) Australian Journal of Chemistry 64, 869-872 

[3] RO Piltz,(2018) Journal of Applied Crystallography 51, 635-645 and 963-965 

[4] M Garçon, C Bakewell, GA Sackman, AJP White, RI Cooper, AJ Edwards, MR Crimmin (2019) Nature 574 , 390-393 

[5] SJ Bonyhady, D Collis, N Holzmann, AJ Edwards, RO Piltz, G Frenking, A Stasch C Jones, (2018) Nature  Comms 9 , 3079 

[6] JAB Abdalla, A Caise, CP Sindlinger, R Tirfoin, AL Thompson, AJ Edwards, S Aldridge, (2017) Nature chemistry 9, 1256-1262 

[7] R Chen, G Qin, S Li, AJ Edwards, RO Piltz, I Del Rosal, L Maron, D Cui, J Cheng Angewandte Chemie 132, 11346-11351 
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Single-crystal neutron scattering experiments have the advantage compared to X-ray experiments that it is possible to get positions for 

hydrogen atoms – typically replaced by deuterons in neutron protein crystallography. The hydrogens are important because they 

constitute approximately half of the atoms in a protein and determine the directionality of hydrogen bonds, which are key to the 

structure and function [1]. Therefore, neutron crystallographic experiments give important additional information to the model. 

However, adding all hydrogens by hand to the model is a tedious and error-prone work and most software add hydrogens at positions 

suggested by a statistical analysis of neutron structures and not based on the measured data. Moreover, it is important to decide for 

each hydrogen atom whether its position is supported by the experimental data or not. 

To solve these problems, we developed an automatised procedure that places all hydrogen atoms of a protein based on local 

integration of the neutron 2mFo – DFc map. For each putative hydrogen atom, we search for the highest integrated value of the nuclear 

scattering length density within a sphere of the covalent radius of hydrogen. For some hydrogens, the position is dictated by the 

positions of the surrounding heavy atoms. However, many hydrogens can be anywhere on a circle (e.g. OH, SH and NH3 groups) and 

we search all possible positions systematically for the highest integrated density. Likewise, we consider possible flips of Asn and Gln 

residues, we consider six possible states of His residues, and we consider alternative protonation states of Asp, Glu, Lys, Tyr and Cys 

residues. The method is calibrated to available neutron structures and the number of favourable hydrogen bonds are evaluated. 

 

[1] Engler, N., Ostermann, A., Niimura, N., & Parak, F. G. (2003). Hydrogen atoms in proteins: positions and dynamics, Proc. Natl. Acad. Sci. 

U.S.A., 100(18), 10243-10248. 

Keywords: Neutron crystallography, Model building, Hydrogen position, Automatising 
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Harnessing the spin dependence of the neutron scattering cross section for hydrogen, Dynamic Nuclear Polarization (DNP) is a 

potentially powerful technique for neutron diffraction measurements, especially for biological systems.  Polarizing the neutron beam 

and aligning the proton spins in a polarized sample modulates and tunes the coherent and incoherent neutron scattering cross-sections 

of hydrogen [1], in ideal cases maximizing the scattering from - and visibility of - hydrogen atoms in the sample while simultaneously 

minimizing the incoherent background to zero (see Figure 1).  

ORNL has developed a prototype system for the purpose of performing proof-of-concept Neutron Macromolecular Crystallography 

measurements which highlight the potential of DNP [2].  We will describe DNP concepts, experimental design, labelling strategies 

and the most recent results, as well as considering future prospects for data collection and analysis that these techniques enable. 

 

Figure 1. Coherent, incoherent and total scattering cross section of hydrogen as a function of the proton polarization for fully 

polarized neutrons. 

  

[1] Stuhrmann, H.B., (2004), Reports on Progress in Physics. 67, 1073-1115. 

[2] Pierce, J., Cuneo, M. J., Jennings, A., Li, L., Meilleur, F., Zhao, J. & Myles D. A. A. (2020), Methods in Enzymology, 634, 153-175 
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The fine details of the electron density distribution, typically far beyond the possibilities of standard X-ray diffraction analysis, can be 

approached when (ultra)high-resolution diffraction data are available, to allow abandoning the standard model of independent, 

spherically symmetrical atoms. This more complicated, and much more demanding (both experimentally and computationally) method 

allows, for instance, to analyze the redistribution of electron density into bonds, intermolecular interactions, etc. Moreover, the Atoms-

In-Molecules approach, which is based on the analysis of topological features of high-quality electron density distribution, may offer an 

insight into the hierarchy of interactions, energetic features, etc. Even though such an approach is well-developed for small molecules, 

its application in macromolecular crystallography is still under development. Ultrahigh resolution in this case means resolution of at 

least 0.7 – 0.65 Å. Such data are extremely rare for macromolecular crystals. In addition, modelling problems, disorder, high solvent 

content, etc., severely limit the number of successful studies of experimental electron density distribution in macromolecules, which so 

far have been reported for proteins only (e.g. crambin [1], aldose reductase [2] and the high-potential iron–sulfur protein [3]).  

For the present study, ultrahigh-resolution diffraction data (0.55 A) were collected for a Z-DNA hexamer with the sequence 

d(CGCGCG)2. The results of the high-quality standard refinement [4] suggested that bonding and other features are visible in the 

difference electron density map (Fig). The quality of these data indeed allows the application of the more sophisticated multipolar model. 

 

Figure 1. The Watson–Crick base pair C3G10 with the corresponding Fo map (blue, 3) and difference Fo-Fc map (green, 2) calculated without the 

contribution of H atoms.   

The multipolar model has been successfully constructed and the drop in the R factor (and R free) seems to show that real experimental 

features have been included in this model. The topology of the electron density distribution has been analyzed and the intra- and 

intermolecular interactions characterized. A number of problems related to the multipolar approach, together with some expected and 

some unexpected results (e.g. unusual disorder of one of the C bases) will be presented. We will also consider the practical question 

concerning this kind of research: is the additional burden and investment of effort justified by the results? 

[1] C. Jelsch, M. M. Teeter, V. Lamzin, V. Pichon-Pesme, R. H. Blessing, C. Lecomte. PNAS 97, 3171-3176 (2000). 

[2] B. Guillot, C. Jelsch, A. Podjarny, C. Lecomte. Acta Cryst. D64, 567-588 (2008). 

[3] Y. Hirano Y, K. Takeda, K. Miki. Nature 534, 281–284 (2016). 

[4] K. Brzezinski, A. Brzuszkiewicz, M. Dauter, M. Kubicki, M. Jaskolski, Z. Dauter. Nucleic Acids Res. 39, 6238-6248 (2011). 
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One of the kinds of information gained from high resolution (sub-atomic) structures is the observation that electron density parameters 

are transferable between atoms having similar chemical topology. This stimulated creation of databases of multipolar pseudoatoms 

(Invariom [1], ELMAM2 [2], MATTS – successor of UBDB [3], etc.) and their applications in (a) structure refinements on standard 

(atomic) resolution data for small-molecule crystals, and (b) electrostatic properties and non-covalent bonding characterisations for 

macromolecules. 

Transferable Aspherical Atom Model (TAAM) of scattering built from a pseudoatom database proved to be advantageous in refining 

the structure on X-ray diffraction (XRD) data compared to the Independent Atom model (IAM) [4], leading to better fit of the model 

to the data and improved localization of hydrogen atoms. We have recently showed [5] that also for small-molecule 3D electron 

diffraction (3D ED) data, a better model-to-data fit and more accurate structures should be expected from TAAM.  

To improve its usability, we further extended the MATTS bank to cover 98% of atoms found in all the structures deposited in the 

Cambridge Structural Database [6] composed of chemical elements like C, H, N, O, P, S, F, Cl and/or Br. It is planned that the 

remaining 1% will be covered by the more general atom types resulting from multidimensional cluster analysis.     

Some benefits of TAAM over IAM refinements were also reported for macromolecular XRD data of 0.9 Å resolution and better [7]. 

As most macromolecular crystals diffract to lower resolutions, we recently moved our investigation towards near-atomic resolutions. 

We quantified the differences between the macromolecular electron density Fourier maps obtained with TAAM and IAM, calculated 

with a resolution of 1.8 Å. We did the same for  electrostatic potential maps, a key property in the context of 3D ED.   

TAAM refinements affect not only the positions of the atoms, but also the atomic displacement parameters (ADPs) [8]. ADPs appears 

to be less resolution dependent with TAAM than with IAM. With IAM, ADPs increased for XRD and decreased for 3D ED by about 

30%, when  the resolution was reduced from  0.6 Å to 0.8 Å [5]. From modified Wilson plots we recently predicted, and then verified 

by TAAM refinements on macromolecular XRD or 3D ED data, what will happen with ADPs (B-factors) with a further resolution 

worsening, up to 1.8 Å.  

All the above helps to understand if there will be any benefits of TAAM refinements on lower than atomic resolutions. 

[1] Dittrich, B., Hübschle, C. B., Pröpper, K., Dietrich, F., Stolper, T. & Holstein, J. (2013). Acta Crystallogr. B 69, 91. 

[2] Domagała, S., Fournier, B., Liebschner, D., Guillot, B. & Jelsch, C. (2012). Acta Crystallogr. A 68, 337. 

[3] Kumar, P., Gruza, B., Bojarowski, S. A. & Dominiak, P. M. (2019). Acta Crystallogr. A 75, 398. 

[4] Jha, K. K., Gruza, B., Kumar, P., Chodkiewicz, M. L. & Dominiak, P. M. (2020). Acta Crystallogr. B 76, 296. 

[5] Gruza, B., Chodkiewicz, M., Krzeszczakowska, J. & Dominiak, P. M. (2020). Acta Crystallogr. A 76, 92. 

[6] Groom, C. R., Bruno, I. J., Lightfoot, M. P. & Ward, S. C. (2016). Acta Crystallogr. B 72, 171. 

[7]. Malinska, M. & Dauter, Z. (2016). Acta Crystallogr. D 72, 770. 

[8]. Sanjuan-Szklarz, F. W., Woińska, M., Domagała, S., Dominiak, P. M., Grabowsky, S., Jayatilaka, D., Gutmann, M., Woźniak, K. (2020). IUCrJ, 

7, 920. 
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Lipases (E.C. 3.1.1.3) are ubiquitous hydrolases for the carboxyl ester bond of water-insoluble substrates such as triacylglycerols, 

phospholipids, and other insoluble substrates, acting in aqueous as well as in low-water media, thus being of considerable 

physiological significance with high interest also for their industrial applications. The hydrolysis reaction follows a two-step 

mechanism, or ‘interfacial activation’, with adsorption of the enzyme to a heterogeneous interface and subsequent enhancement of the 

lipolytic activity. Among lipases, Candida antarctica Lipase B (CALB) has never shown any significant interfacial activation, and a 

closed conformation of CALB has never been reported leading to the conclusion that its behaviour was due to the absence of a lid 

regulating the access to the active site. The lid open and closed conformations and their protonation states are observed in the crystal 

structure of CALB at 0.91 Å resolution [1]. Having the open and closed states at atomic resolution allows relating protonation to the 

conformation, indicating the role of Asp145 and Lys290 in the conformation alteration. Once positioned within the catalytic triad, 

substrates are then hydrolysed, and products released. However, the intermediate steps of substrate transfer from the lipidic-aqueous 

phase to the enzyme surface and then down to the catalytic site are still unclear. By inhibiting CALB with ethyl phosphonate and 

incubating with glyceryl tributyrate (2,3-di(butanoyloxy)propyl butanoate), the crystal structure of the lipid-enzyme complex, at 1.55 

Å resolution, shows the tributyrin in the limbus region of active site [2]. The substrate is found above the catalytic Ser, with the 

glycerol backbone readily pre-aligned for further processing by key interactions via an extended water network with α-helix10 and α-

helix5. These findings explain the lack of ‘interfacial activation’ of CALB and offer new elements to elucidate the mechanism of 

substrate recognition, transfer and catalysis of Candida antarctica Lipase B (CALB) and lipases in general.  

[1] Stauch, B., Fisher, S. J., Cianci, M. (2015). Journal of Lipid Research, 56, 2348-2358. 

[2] Silvestrini, L. & Cianci, M. (2020). International Journal of Biological Macromolecules, 158, 358-363. 
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Tryparedoxins are critical regulators of the redox metabolism in parasitic protozoa such as trypanosomones and leishmania, which 

cause the neglected tropical diseases sleeping sickness and leishmaniosis, respectively. Although tryparedoxins belong to the 

thioredoxin superfamily, they differ in their substrate specificity for the low molecular weight redox carrier, utilizing trypanothione, a 

spermidine-linked di-glutathione instead of glutathione. The unique nature of the redox carrier opens avenues for the targeted 

interference in the protozoan redox metabolism which hold potential for future therapeutic intervention. 

We were able to obtain crystals of a tryparedoxin which have the potential to diffract to ultra-high resolution. Crystals of the oxidized 

protein diffract to well below 1 Å with our current highest resolution data set extending to 0.75 Å/0.85 Å resolution in the best/worst 

direction. Preliminary refinement indicated a mixture of oxidized and reduced states in the Cys-Pro-Pro-Cys active site with 

photoreduction of the disulfide bond being the reason for the appearance of the reduced state. Subsequent efforts resulted in crystal 

structures of the oxidized and reduced states, which at present extend to a more limited resolution in the 1 to 1.1 Å range. An analysis 

of the two redox states defines the redox linked conformational changes in the tryparedoxin family. 

 

Keywords: Photoreduction, Thioredoxin, Tryparedoxin, Ultra-high resolution 
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The maps of electrostatic potential from cryo-electron microscopy and micro-electron diffraction are now being obtained at atomic 

resolution. This extends the possibility of investigating the electrostatic potential beyond determining the non-hydrogen atom 

positions, taking into account also the negative regions of the maps. However, accurate tools to calculate this potential for 

macromolecules, without reaching to the expensive quantum calculations, are lacking. Simple point charges or spherical models do 

not provide enough accuracy. Here, we apply the multipolar electron scattering factors and investigate the theoretically-obtained 

potential maps. 

The multipolar electron scattering factors are derived from the aspherical atom types from Multipolar Atom Types from Theory and 

Statistical clustering (MATTS) databank (successor of UBDB2018 [1]). MATTS has been created since electron densities of atom 

types are transferable between different molecules in similar chemical environment. These atom types can be used to recreate the 

electron density distribution of macromolecules via structure factors [2] and to calculate the accurate electrostatic potential maps for 

small molecules [3]. MATTS reproduces the molecular electrostatic potential of molecules within their entire volume better than the 

simple point charge models used in molecular mechanics or neutral spherical models used in electron crystallography. In this study, 

we calculate electrostatic potential maps for several chosen macromolecules using aspherical atom databank and compare them with 

experimental maps from cryo-electron microscopy and micro-electron diffraction at high resolution. Calculations at different 

resolutions reveal at which spatial frequencies different elements become discernible. We also consider the influence of atomic 

displacement parameters on the theoretical maps as their physical meaning in cryo-electron microscopy is not as well established as in 

X-ray crystallography. 

This study could potentially pave the way for distinguishing between different ions/water molecules in the active sites of 

macromolecules in high resolution structures, which is of interest for drug design purposes. It could also facilitate the interpretation of 

the less-resolved regions of the maps and also advise in simple yet questionable issue of resolution definition in cryo-electron 

microscopy. 

[1] Kumar et al. (2019). Acta Cryst. A75, 398-408 

[2] Chodkiewicz et al. (2018). J. Appl. Cryst. 51, 193-199 

[3] Gruza et al. (2019), Acta Cryst. A76, 92-109 
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    Nanocarbon materials show attractive functions in device applications, however the structural deviations and ambiguity disturb 
understanding between the functions and the structures. We have worked on the synthesis of molecular nanocarbon materials based on 
a simple strategy of macrocyclization of aromatic units. The molecular structures and supramolecular integrated structures can be fully 
accessed at the precision of molecular level, and unparalleled functions derived from the unique structures were found. 

    For example, a macrocyclic hydrocarbon molecule, [6]cyclo-2,7-naphthylene ([6]CNAP), synthesized by single bond linkage of six 
naphthylene units (Figure 1a) has a cyclic structure equivalent to an atom-defective structure of graphene [1]. In this study, [6]CNAP 
was applied to a negative electrode active material for a rechargeable lithium battery, where graphite is conventionally and 
commercially used as the material. All-solid-state lithium battery with LiBH4 as electrolyte was constructed with three layers simply 
by uni-directional pressing: the composite electrode with [6]CNAP, acetylene black (AB) and LiBH4 | LiBH4 | Li (Figure 1b and c). 
Depending on purification methods, the recyclability of the rechargeable batteries largely differed. Surprisingly, highly purified 
specimen by sublimation method showed poor recyclability, and the recrystallized specimen from organic solvents showed stable 
recyclability up to 65 discharge-charge cycles and around twice battery capacity than a graphite electrode. We found that the 
differences in battery performance were originated from the molecular packing structures in solid states by powder X-ray structural 
analyses with Rietveld refinement. The key for the high battery performance is the one-dimensional nanopores constructed from the 
assembly of the central pore of [6]CNAP and π-stacks of naphthylene units. The quantitative battery performance results and the 
precisely determined packing structures showed that lithium ion is stored by the intercalation between naphthylene units and also in 
the one-dimensional nanopores to afford the high battery capacity. We successfully revealed the relationship between unique packing 
structures and battery performance [2]. 

[6]CNAP

[6]CNAP/AB/LiBH4

Li LiBH4

[6]CNAP + Li+ + e–

At positive electrode:
discharge

charge
[6]CNAP•Li

At negative electrode:
discharge

charge
Li+ + e–Li

(a) (b) (c)

Figure 1. (a) Chemical structure of [6]CNAP. (b) The photo of bulk-type all-solid-state lithium battery. Cell diameter is 8 mm.  
(c) Redox reactions at the electrodes. 

 

[1] Nakanishi, W., Yoshioka, T., Taka, H., Xue, J. Y., Kita, H. & Isobe, H. (2011). Angew. Chem. Int. Ed. 50, 5323. 

[2] Sato, S., Unemoto, A., Ikeda, T., Orimo, S. & Isobe, H. (2016). Small 12, 3381. 
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Recently, the traditional way of perceiving crystalline matter as static and brittle has started to change, and nowadays we are 

witnessing a growing number of examples were crystals display a plethora of flexible response to a variety of stimuli. They were 

found to move, jump, split, flex, twist, curl, explode, or to display a salient behaviour under UV radiation or heating, but lately they 
were also found to respond to the applied external mechanical force [1]. Organic molecular crystals present a majority of examples of 

crystal adaptability to external stimuli, whilst metal-organic adaptable crystals are still quite rare. In the first report on mechanical 

flexibility of coordination polymers we have shown that crystals of a family of Cd(II) coordination polymers are capable of displaying 

not only exceptional mechanical elasticity but also variable flexible responses to applied external pressure [2]. They can actually 

differently tolerate exerted force and the different tolerability is a result of slight differences in the importance of intermolecular 

interactions in crystal packing. 

We the aim to understand the feature more deeply and to shed light on the underlying principles of the phenomenon, we have recently 

discovered unprecedented difference in plasticity of crystals of closely related class of Cd(II) coordination polymers [3]. In addition to 

variable plasticity, crystals also display remarkable pliability and ductility, not hitherto observed for metal-containing molecular 

crystals, which we present herein. To understand the phenomenon and rationalize observations, in addition to micro-focus SCXRD 

and AFM, we have also performed a series of custom-designed experiments and complemented those with an in-depth theoretical 
analysis. The results pointed at intermolecular interactions as the crucial structural feature in determining the type and extent of these 

highly unusual mechanical responses of crystalline metal-based polymeric materials. 

Figure 1. Pulling a crystal through sets of metal supporters; crystal immediately  

straighten as being upon pulled out. 

[1] Commins, P., Israel Tilahun Desta,†Durga Prasad Karothu,† Panda, M. K. & Naumov, P. (2016) Chem. Commun. 52,13941. 

[2] Đaković, M., Borovina, M., Pisačić, M., Aakeröy, C. B., Soldin, Ž., Kukovec., B.-M., Kodrin, I. (2018) Angew. Chem. Int. Ed. 130, 15017. 

[3] Pisačić, M., Biljan, I., Kodrin, I., Popov, N., Soldin, Ž., Đaković, M. Chem. Mat. accepted.  
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At present, the functional materials structurally switchable by stimuli such as heat, the addition of cations, changes of pH, pressure, or 

light are the motive of innumerable studies to be ideal models to investigate the relation structure-function and new properties derived 

from that change. In this work, we studied a family of spirorhodamines (SRAs) in solid-state photochemical reactions. These are 

photochromic molecules with a switching mechanism based on the differences in the fundamental electronic state between isomers.[1] 

It involves changes in the molecule structure and is thermally reversible.[2,3] In this work, assuming as the hypothesis that in solid-

phase the permanence time in the optically active isomer is associated with its structural characteristics, a family of compounds 

modifying the substituent was synthesized. 

 

Figure 1. General structure of spirorhodamines. The equilibrium responsible for the appearance of color is also shown. The forward 

reaction can be photo-induced with UV light, or by proton addition. 

 

These equilibria were characterized in solid-state by reflection, absorption and emission fluorescence spectroscopy, single-crystal X-

ray diffraction,[4] atomic force microscopy coupled to infrared spectroscopy [4] and computational calculations, evaluating the 

changes produced after irradiating the corresponding close isomer with ultraviolet light for each compound.  

 

[1] Dürr, H.,  Bouas-Laurent, H. (2003) Photochromism: Molecules and Systems, Eds. 

[2] Di Paolo, M., Bossi, M. L., Baggio, R. and Suarez, S. A. (2016)  Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater., 72, 684. 

[3] Di Paolo, M., Boubeta, F., Alday, J., Michel Torino, M., Aramendía, P., Suarez, S.* and Bossi, M.* (2019) J. Photochem. Photobiol. A,. 384, 

112011. 

[4] Brazilian Synchrotron Light Laboratory (LNLS) beamlines MX2 and IR1. 

Keywords: Photoswitching, spirorhodamines, solid-state, synchrotron, single-crystal X-ray diffraction. 

This work was supported by Universidad de Buenos Aires, Argentina. The authors would like to thank the economic support of the 

LNLS. 



MS-59-4                           Microsymposium 

Acta Cryst. (2021), A77, C393

The pancake-bonding of semiquinone radicals under variable pressure and temperature 
conditions   

Nikita E. Bogdanov1,2*, Valentina Milašinović3, Boris Zakharov1,2, Elena V. Boldyreva1,2, Krešimir Molčanov3   

1Boreskov Institute of Catalysis, 5 Ac. Lavrentieva avenue, 630090 Novosibirsk, Russia, 2 Novosibirsk State University, 2 Pirogova str. 

2, 630090 Novosibirsk Russia, 3 Ruđer Bošković Institute, Bijenička 54, 10000 Zagreb, Croatia. 

*bogdanovne@catalysis.ru 

In this work the effects of pressure and temperature on the nonlocalized two-electron multicentric covalent bonds (‘pancake bonding’) 

in closely bound radical dimers were probed by single-crystal X-ray diffraction on a 4-cyano-N-methylpyridinium salt of 5,6-dichloro-2,3-

dicyanosemiquinone (DDQ∙4CN) and I-methylpyridinium salt of tetrabromosemiquinone radical anion (Br4Q∙NMePyr) as the sample 

compounds. 

The DDQ∙4CN crystal structure can be described as closely bound stacked dimers of radical anions with interplanar separation <3.2 Å, which 

is known as non-localized two electron covalent bonding. At ambient conditions the stacks of pancake bonded radical anions are formed by 

two types of distances: short intra-dimer and long inter-dimer contacts. On cooling, the anisotropic structural compression was accompanied 

by continuous changes in molecular stacking; the discontinuities in the changes in volume and b and c cell parameters suggest that a phase 

transformation occurs between 210 and 240 K. At a pressure of 2.55 GPa, both distances between radical dimers shortened to 2.9 Å, and 

become roughly equal, which corresponds to distances observed in extended-bonded polymers. Increasing pressure further to 6 GPa reduced 

the interplanar separation of the radicals to 2.75 Å, which may indicate that the covalent component of the interaction significantly increased 

[1]. The linear strain analysis shows that the most deformations of pressure and temperature occurs in the direction of pancake bonding. 

The Br4Q∙NMePyr crystal structure is built of infinite stacks of equidistant radical anions with no Peierls distortion [2]. On cooling the 

structure is compressed monotonically, the distance between radicals changes non-linearly, compress to <3.3 Å, but the space group 

remains the same. Upon pressure, the structure is compressed monotonically with no phase transformations in all the pressure range (0 

– 6.0 GPa), the lowest interplanar distance is <2.9 GPa, that may indicate the increasing of the covalent component in pancake bond 

and a significant decrease of the electron jumping barrier which may influence semiconductivity. 

[1] Bogdanov, N. E., Milašinović, V., Zakharov, B. A., Boldyreva, E. V. & Molčanov, K. (2020). Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. 

Mater. 76, 285–291. 

[2] Molčanov, K., Stilinović, V., Šantić, A., Maltar-Strmečki, N., Pajić, D. & Kojić-Prodić, B. (2016). Cryst. Growth Des. 16, 4777–4782. 

Keywords: multicentric two-electron bonding, high-pressure, low temperature, X-ray diffraction
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Azulene is a dark-blue, polar, bicyclic aromatic hydrocarbon (Figure 1) that is a non-benzenoid isomer of naphthalene. In addition to 

its long-standing medicinal and pharmaceutical relevance, the polar nonbenzenoid aromatic framework of azulene constitutes an 

attractive building block in the design of redox-addressable, optoelectronic, and conductive materials.  This presentation will highlight 

our recent developments in the chemistry of hybrid metal/azulene platforms featuring isocyanide and thiolate junctions X along their 

molecular axis (Figure 2).  

                   

Figure 1. Electronic structure of azulene: resonance forms                       Figure 2.  Two ways of functionalization of azulene at 2- and                               

and origin of a molecular dipole.                                                            6- positions that are important for its fixation on a solid support. 

Single crystal X-ray structural analysis of a series of novel 2,6-functionalized azulenes will be presented [1,2]. In particular, 

heterobimetallic ensembles that incorporate the first examples of a conjugated -bridge equipped with both isocyanide and thiol 

junction groups in the same molecular linker will be discussed (e.g., Figure 3B). 

Figure 3. Two different functional groups – isonitrile and thiol – used for chemical modification of azulenes.  

 

[1] Applegate, J.C.; Okeowo, M.K.; Erickson, N.R.; Neal, B.M.; Berrie, C.L.; Gerasimchuk, N.N.; Barybin, M.V. (2016) Chem. Sci., 7, 1422–1429. 

[2] Hart, M.D.; Meyers, J.J.; Wood, Z.A.; Nakakita, T.; Applegate, J.C.; Erickson, N.R.; Gerasimchuk, N.N.; Barybin, M.V.  (2021).  Molecules, 26, 

981. https://doi.org/10.3390/molecules26040981 

Keywords: single crystal X-ray analysis; azulene; isonitriles; thiols; organometallic compounds                

https://doi.org/10.3390/molecules26040981


MS-59-6                           Microsymposium  

Acta Cryst. (2021), A77, C395 

 

Understanding the role of non-covalent interactions in the acridine with different acids of salt 
molecules 

Suganya Suresh1, Saravanan Kandasamy2, Kumaradhas Poomani 1* 

1Laboratory of Biocrystallography and Computational Molecular Biology Department of Physics,  

PeriyarUniversity, Salem-636 011, India 
2Faculty of Chemistry, University of Warsaw, Warsaw-02093, Poland 

convey2sugan@gmail.com 

 

To investigate the salt formation of acridine with 4-amino salicylic acid (I), 5-chloro salicylic acid (II) and hippuric acid (III), the 

single crystal X-ray structure analysis have been performed. The present study allows to understand the effect of molecular 

conformation adopted by acridine with hydroxyl group during the stabilization of crystal packing of these salt molecules, and to 

quantify the propensity of the intermolecular interactions to form the supramolecular assembly. The analysis of atom to atom or 

residue to residue contacts remains a favoured mode of analyzing the molecular packing in crystals. More importantly, they 

complement each other and are giving the complete picture of how these molecules assemble in molecular crystals. Hirshfeld surfaces, 

fingerprint plots and enrichment ratios were generated and further analyzed the intermolecular interactions, and evaluated their 

quantitative contributions to the crystal packing of the above said three salt molecules (I, II & III). The  non-covalent interaction 

isosurfaces have employed here, which allows visualizing where the hydrogen bonding and dispersion interactions contribute within 

the crystal. 

                                                 

 

 

Keywords: Crystal structure; intermolecular interaction; supramolecular assembly; Hirshfeld surfaces; non-covalent 
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Oxide ion conductors, used in separation membranes, electrolysers and fuel cells, are typically three dimensional isotropic materials, 

providing fast ion diffusion pathways. These are typically oxides that have been aliovalently substituted to enhance the concentration 

of mobile defects, most notably oxygen vacancies. One alternative strategy is to consider materials with anisotropic conduction 

pathways, and with excess oxygen, accomodated as interstitials. Based on this strategy we have recently investigated a series of 

oxides, including CeTaO4.17, CeNbO4+d (d = 0, 0.08, 0.25) and developed from this our interest in the structurally related 

La(Nb,W)O4+d compositions. 

Each of these oxidised Ce based phases are known to adopt either a commensurate of incommensurate modulated structure, depending 

on the level of excess oxygen accommodated [1,2], but from a device perspective performed poorly as the Ce3+/Ce4+ ratio introduced 

undesriable electronic conductivity. In an effort to maintain the modulated structure(s), suppress electronic charge transport and 

enhance oxygen transport, we have targeted the LaNb1-xWxO4+d sereis of materials. Our studies have developed the solid solution 

series phase chemistry and from application of X-ray, neutron and electron diffraction techniques, identified a sequence of modulated 

monoclinic and tetragonal phases. We have probed the ion transport of a select number of these phases, proving their capability as 

oxide ion conductors. We highlight the local structrure and variation in the coordination environments that facilitate the fast ion 

transport, offering routes to optimise and develop new functional oxides. 

 

Keywords: La(Nb, W)O4+d, Phase Diagram, Modulation, Oxygen Transport 
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The collective motion of electrons has always been a fascinating topic in condensed matter physics. In charge density wave (CDW) 

systems, transport measurements were the first to provide a clear signature of the collective motion of condensed electrons. A non-

linear conductivity is observed above a threshold current IT and is attributed to depinning of the CDW on impurities. An excess 

current then arises as well as a broad band noise and current oscillations. Although the electron density modulation involved in CDWs 

is very small, x-ray diffraction provides information about the structure of the CDW as it is associated with a periodic lattice 

distortion. We will show here how state-of-the art x-ray diffraction techniques - coherent and nanoprobe XRD - can reveal the 

different steps of CDW deformations, from pinning to sliding, in systems of increasing dimensions. 

Keywords: charge-density-wave, incommensurability, coherent x-ray diffraction, nanodiffraction 
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The structures of the rare earth metal polychalcogenides REX2–δ (RE = La-Nd, Sm; Gd-Lu; X = S, Se, Te; 0 ≤ δ ≤ 0.2) attracted some 

attention due to their distorted square planar chalcogenide layer and the motives observed within these layers. All structures share a 

common structural motif of an alternating stacking of puckered [REX] and planar [X] layers (Figure 1a) and are closely related to the 

ZrSSi structure (space group P4/nmm), which is regarded as their common aristotype [1]. For electronic reasons, the planar [X] layer 

shows distortions from a perfect square net, forming dianions X2
2– for the non-deficient REX2. By reducing the chalcogenide content 

vacancies are observed within the planar layer, resulting in different superstructures for the REX2–δ compounds depending on the 

vacancy concentration. For the sulfides and selenides this results in additional X2– anions along vacancies to maintain a charge 

balanced layer. The tellurides, however, show different ordering patterns in the planar [Te] layer for the non-deficient RETe2

compounds, but also a tendency to form larger anionic fragments for the deficient RETe2–δ compounds, as seen for the commensurate 

structure of GdTe1.8, e.g. [2]. 

LaTe1.94 and LaTe1.82 are two examples of different incommensurate crystal structures for RETe2–δ compounds, separated by the 

number of vacancies in the planar [Te] layer [3, 4]. Both compounds share an average tetragonal unit cell with a ≈ 4.50 Å and c ≈ 9.17 

Å, based on the structure of their aristotype (Figure 1a). The major difference of these compounds are their respective q vectors, which 

are compatible with tetragonal symmetry for LaTe1.94, but indicate a loss of the fourfold rotational axis for LaTe1.82, ending up in an 

orthorhombic superspace group. The [Te] layer of LaTe1.94 is mainly composed of single vacancies (point defects), isolated Te2–

anions and Te2
2– anions. LaTe1.82 is more Te deficient and features adjacent vacancies in addition to Te3

4– anions, to compensate for 

the missing charges (Figure 1b). To evaluate the formation of possible larger anionic fragments, like a bent Te3
2– anion and the 

influence of additional vacancies to the structure, DFT based ELI-D real space analysis of approximant structures were performed

(Figure 1c). 

Figure 1. a) Average structure of LaTe1.82; b) section of the modulated [Te] layer of LaTe1.82; c) orthoslices of ELI-D of the Te layer 

of LaTe1.82 with isocontour lines based on a commensurate approximant. 

[1] Doert, T. & Müller, C. J. (2016). Reference Module in Chemistry, Molecular Sciences and Chemical Engineering, Elsevier. 

[2] Poddig, H., Donath, T., Gebauer, P., Finzel, K., Kohout, M., Wu, Y., Schmidt, P. & Doert, T. (2018). Z. Anorg. Allg. Chem. 644, 1886–1896. 

[3] Poddig, H., Finzel, K., Doert, T. (2020) Acta Crystallogr. Sect. C 76, 530–540. 

[4] Poddig, H., Doert, T. (2020), Acta Crystallogr. Sect. B, 76, 1092–1099. 
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Ni-Mn-Ga-based Heusler alloys are broadly studied for their magnetic shape memory (MSM) functionality originating from coupling 

between ferroelastic and ferromagnetic orders. The ferroelastic order is established after martensitic transformation. Formed 

ferroelastic domains with different orientation are separated by twin boundaries. In modulated phases, these boundaries are extremely 

mobile and can be manipulated by magnetic field.  Thanks to these, the single crystals of five-layered modulated 10M martensite of 

Ni-Mn-Ga exhibits magnetically induced reorientation (MIR) of ferroelastic (twin) domains in a moderate field of the order of 0.1 T 

[1, 2]. This results in 6 % magnetic field induced strain (MFIS) down to liquid helium temperature [3]. Such unique behaviour makes 

the 10M martensite a perfect candidate for applications in actuators, sensors and energy harvesters. 

The ferroelastic microstructure represents a challenge for proper determination of martensite phase structure. Due to the modulated 

nature together with complex hierarchical twinning (compound and type I and II a/c twins; and non-conventional twins) [4, 5], the 

structure of the 10M martensite has not yet been completely solved. There is even an ongoing discussion about the nature of the 

modulation where two main concepts are considered: i) general crystallographic wave modulation approach, and ii) nanotwinning. As 

the structural modulation seems to be the critical factor for the extremely high twin boundary mobility [5], the problem is pressing. 

Using the X-ray and neutron diffraction, we investigated on the character and temperature evolution of 10M martensite phase. We 

found transition from commensurate to incommensurate 10M modulated structure in Ni50Mn27Ga22Fe1 single crystal [6]. The 

modulation vector gradually increases upon cooling from commensurate q = (2/5) g110, where g110 is the reciprocal lattice vector, to 

incommensurate with q up to pseudo-commensurate q = (3/7) g110. Further cooling results in transition to 14M with q = 2/7 g110. Upon 

heating, reverse changes of the commensurate-incommensurate transition are observed with a thermal hysteresis of ≈ 60 K. We 

detected the same hysteretic behaviour in the electrical resistivity and the effective elastic modulus. Scanning electron microscopy 

showed that the changes are accompanied by the refinement of the a/b laminate.  

Furthermore, we observed continuous modulation changes within the 10M martensite of wide range of Ni-Mn-Ga(-Fe) compositions 

that undergo the Austenite → 10M → 14M martensite transition sequence. Based on these observations, we suggest that the 

commensurate state is a metastable form of 10M martensite. Upon cooling, this phase evolves through nanotwinning into a more 

irregular and more stable incommensurate structure, further supported by recent high-resolution TEM observation [7].  

[1] Ullakko, K., Huang, J. K., Kantner, C. & Handley, R. C. O. (1996) Appl. Phys. Lett. 69, 1966–8. 

[2] Kellis, D., Smith, A., Ullakko, K. & Müllner, P. (2012) J. Cryst. Growth 359, 64-68. 

[3] Heczko, O., Kopecký, V., Sozinov, A. & Straka, L. (2014) Appl. Phys. Lett. 103, 198-211.  

[4] Straka, L., et al.  (2011) Acta Mater. 59, 7450–63. 

[5] Seiner, H., Straka, L. & Heczko, O. (2013) J. Mech. Phys. Solids 64, 072405. 

[6] Veřtát, P., et al. (2021) J. Phys.: Condens. Matter 33, 265404. 

[7] Ge, Y. et al., "Transitions between austenite and martensite structures in Ni50Mn25Ga20Fe5 thin foil", available at: 

http://dx.doi.org/10.2139/ssrn.3813433 
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The tungsten bronzes are low-dimensional transition metal oxides of great interest for their electronic instabilities. They show exotic 

physical properties such as superconductivity and charge density wave (CDW) phases. An important subfamily is (PO2)4(WO3)2m, 

which is interesting for its optical/magnetic behaviours, where the band filling and CDW phases coupled in different way with the 

lattice. These properties can be tuned by m, the thickness of the perovskite-like WO6 –octahedra block [1].  

 

To understand the electronic instabilities, correlated to the nesting properties of the Fermi surface and the consequent CDW phases, 

we used the combination of two techniques: diffuse scattering (DS) and inelastic x-ray scattering (IXS). This allows rapid 

identification of the nature of diffuse features in the patterns and the study of the lattice dynamics. Three different members are chosen 

in order to show the evolution of the behaviour in the family. In this context, we will focus on the lattice dynamics and framework 

instability. The first member, m = 2, presents a quasi-1D instability given by the WO3-octahedra zig-zag chains, which are isolated by 

the phosphates. A CDW phase is found, TC = 270K, and it is linked to a rigid-body motion. Different behaviour can be found in the 

members m=6 and 8, where the instability is found in the WO3 slabs, realised as correlated displacements of tungsten atoms along the 

octahedral 4-fold axis direction. The three members show different diffuse patterns, figure 1. The results are linked to the lattice 

dynamics behaviour, which present a Kohn anomaly above the transition temperature, however as predicted from the diffuse results, 

has a different Q- and temperature-dependence in each member. 

    

a)                                                   b)                                                     c)                            
Figure 1. The pre-transitional diffuse patterns for three members, a) m = 2; b) m = 6 and 3) m = 8, are represented in this 

reconstruction. 

 
[1] P. Roussel et al., Acta Cryst. B 57 (2001) 603-632 
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The novel aperiodic titanate Ba10Y6Ti4O27 has a thermal conductivity that equals the lowest reported for an oxide at room temperature. 

All of the atomic sites are described by crenel function occupancy modulations. The resulting localisation of lattice vibrations 

suppresses phonon transport of heat. Thus Ba10Y6Ti4O27 represensts a new lead material for low thermal conductivity oxides, the 

possibility of using the structural description to slect other new leads will be explored. 
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ABO3 oxides have proven to accommodate a wide variety of chemical compositions, to crystallise with several structures in 

competition and to develop diverse physical properties. Hence, they are intensively studied in the search for new functional materials. 

Among them, the use of high-pressure and high-temperature synthesis techniques allows the stabilisation of the small Mn2+ cation in 

the larger A site. Some of the most exciting A-site manganites are spintronic (e.g. perovskite MnVO3-II) or multiferroic (e.g. LiNbO3-

type MnTiO3-II) [1,2]. Mixing different cations into the A and/or B sites induces cation order and further magnetic complexity. Recent 

studies on high pressure Mn2BB’O6 compounds have evidenced the accessibility to new structural derivatives, such as the double 

double perovskite structures (DDPv) or triple perovskites (TPv) with 1:2 order of the B-site cations [3,4]. The possibility to tune both 

structure and properties as a function of the chemical composition has also been observed, for instance in the Mn3-xCoxTeO6 double 

perovskite – Ni3TeO6-type solid solutions [5]. 

Here we present a revision on the strongly frustrated magnetic structures of A-site manganites with ordered corundum or perovskite 

derivative structures (Fig.1). Among the corundum derivatives, magnetic frustration arises as a consequence of the stacking of 

honeycomb and/or triangular magnetic sublattices. In the case of the perovskite superstructures, it is usually the competition between 

several magnetic interactions and the combination of dn with d0 /d10 cations what induces large frustration indexes. As a result of such 

frustration both types of polymorphs develop complex magnetic structures, including incommensurate helices, temperature dependent 

propagation vectors, elliptical and sinusoidal modulation of the magnetic moments, lock-in spin transitions and split of the main 

magnetic phase into coexisting ground states.  

Figure 1. Representative examples of cation order and magnetic frustration in corundum (a) and perovskite (b) derivatives in high 

pressure A-site manganites. a) Stacked honeycomb/ triangular sublattices (top left), temperature dependence of the propagation vector 

in Co3TeO6 (right) with split into circular and elliptical helices (bottom left). b) DDPv and 1:2 TPv structures of MnRMnSbO6 and 

Mn3MnNb2O9 respectively with several magnetic interactions in competition. Complex thermodiffraction of Mn3MnNb2O9 developing 

a SDW modulated structure and lock-in transition at low temperatures.   

[1] Markkula, M., Arevalo-Lopez, A. M, Kusmartseva, A., Rodgers, J. A. Ritter, C., Wu, H. & Attfield J.P. (2011) Phys. Rev. B. 84, 094450. 

[2] Arevalo-Lopez, A. M. & Attfield, J. P. (2013) Phys. Rev. B. 88, 104416. 

[3] Solana-Madruga, E., Arévalo-López, A. M., Dos Santos‐García, A. J., Urones‐Garrote, E., Ávila‐Brande, D., Sáez‐Puche, R. & Attfield, J. P. 

(2016) Angew. Chem. Int. Ed. 55, 9340. 

[4] Solana-Madruga, E., Aguilar-Maldonado, C., Ritter, C., Mentré, O., Attfield, J. P. & Arevalo-Lopez, A. M. (2021) Angew. Chem. Int. Ed. Under 

revision. 

[5] Solana-Madruga, E., Aguilar-Maldonado, C., Ritter, C., Huvé, M., Mentré, O., Attfield, J. P. & Arevalo-Lopez, A. M. (2021) Chem. Commun. 

57, 2511-2514. 
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External stimuli such as temperature, electric and magnetic field, light or guest molecules can be used to control the magnetic 

properties of molecule-based solids. This in turn can lead to interesting magnetic switching behavior.[1, 2] Molecular magnets are also 

very susceptible to mechanical stress and yet external pressure is rarely used in this field to study magneto-structural correlations. This 

is most probably caused by a common belief that molecular crystals are mechanically fragile. In fact, they show very good stability 

under high quasi-hydrostatic conditions even up to 3 GPa, which is sometimes accompanied by astonishing changes/transformations. 

Herein a combined structural, magnetic and spectroscopic study of a family of octacyanoniobate(IV)-based molecular magnets 

{[MII(pyrazole)4]2[NbIV(CN)8]4H2O}n [3] MNb (M = Mn, Fe, Co or Ni) will be presented and discussed. The four compounds are 

isostructural and exhibit a three-dimensional (3-D) cyanide-bridged framework with a diamond-like topology (Fig. 1). The 3d 

transition metal ions M define their optical and magnetic properties under ambient pressure: MnNb (yellow) and FeNb (dark violet) 

are ferrimagnetic with the critical temperatures of 25 and 9 K, while CoNb (dark yellow) and NiNb (greenish) are both ferromagnetic 

with Curie temperatures of 6 and 13 K, respectively. The MNb family shows also stunning differences in their pressure responses 

depending on the metal ion M. The MnNb exhibits one of the highest shifts of the magnetic ordering temperature from 24 K to 37 K 

in response to pressure,[4] FeNb is a pressure-induced spin-crossover photomagnet based on the LIESST effect (LIESST = light 

induced excited spin state trapping),[4] while the long range magnetic ordering in CoNb switches from ferromagnetic to ferrimagnetic 

character under pressure. Finally, NiNb shows significant lowering of the Curie temperature under pressure – completely opposite to 

MnNb.[5] The thorough high pressure magnetic studies of MNb are correlated with the high pressure single-crystal X-ray diffraction 

structural analysis, enabling a full understanding of the observed pressure-induced changes [4, 5]. 

 

Figure 1. The topology of the CN-bridged framework of MNb 'decorated' with pyrazole ligands (Nb – orange, M – magenta, C – 

gray, N – blue) as viewed along the c direction (H2O, terminal cyanide ligands and H-atoms omitted for the sake of clarity). 
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Perovskites ABO3 are of great interest due to their large variety of electronic and magnetic properties. Their compositions can be 

modified to induce different cation orderings giving double perovskites AA’B2O6 or A2BB’O6, and even more complex double double 

perovskites (AA’BB’O6) [1]. Recently, by using high-pressure and high-temperature (HPHT) techniques, we reported a new type of 

double double perovskite derivatives (DDPv) where columnar ordering at A-site and rock-salt ordering at B site are combined [2]. 

These crystallise with space group P42/n and two families have been established; those with R (= rare earth) cations at A sites in 

RMnMnSbO6 [2]; and those with Ca e.g. CaMnMReO6 (M = Mn, Fe) [3]. 

We have successfully synthesised a new R-based series of HPHT perovskites, RMnMnTaO6. Large R cations (R = La-Sm) result in a 

DDPv structure with space group P42/n; whereas a disordered A-site DPv structure has been observed for the smaller R =Eu-Y, with 

space group P21/n. By increasing the temperature, a structural transition from DDPv to DPv was observed for the very first time (Fig. 

1), confirming the structural phase boundary for the RMnMnTaO6.  

Magnetic measurements show a ferrimagnetic ordering for the DDPv and a ferromagnetic ordering for the DPv. Two magnetic 

transitions with spin reorientation have been found for the DDPv Nd-compound. All information above indicates a very rich structural 

and magnetic behaviour for the RMnMnTaO6 family. 

 

Figure 1. Phase diagram for RMnMnTaO6 showing the boundary between DDPvs and DPvs. The grey region refers to a mixture of 

DDPvs and DPvs. 

 

[1] King, G., Woodward, P. M. (2010). J. Mater. Chem. 20, 5785. 

[2] Solana‐Madruga, E., Arévalo‐López, Á. M., Dos Santos‐García, A. J., Urones‐Garrote, E., Ávila‐Brande, D., Sáez‐Puche, R. & Attfield, J. P. 

(2016). Angew. Chem. Int. Ed. 55, 9340. 

[3] McNally, G. M., Arévalo-López, Á. M., Kearins, P., Orlandi, F., Manuel, P., & Attfield, J. P. (2017). Chem. Mater. 29, 8870. 
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Pb2NiOsO6: antiferromagnetic order breaks inversion symmetry in high pressure perovskite  
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The compositional flexibility of double perovskites A2BB’O6 gives this family of materials a huge range of properties,[1] and interest 

in accommodating 5d cations such as Os6+ on a B sites stems from the stronger spinobit coupling for these heavier cations (compared 

with 3d transition metal cations). This gives interesting electronic and magnetic properties of these phases and the A2NiOsO6 (A = Ca, 

Sr, Ba) series spans insulating to metallic phases, with ferromagnetic to antiferromagnetic order,[2-4] and with half-metallicity 

proposed for Sr2NiOsO6.[5] These properties are very sensitive to Ni – O – Os bond lengths and angles and therefore to A2+ cation 

size.[2]  

The lower symmetry environments favoured by 6s2 “inert pair” cations such as Pb2+ give structures and properties that can be quite 

different from those observed for the group 2 A cation analogues. [6, 7] However, high pressure synthetic routes are often required to 

access these lead analogues.[1]  

This presentation describes work on the structural characterisation and properties of Pb2NiOsO6 synthesised at high pressure (6 GPa, 

1575 K).[8] The rocksalt ordering of NiO6 and OsO6 octahedra combined with octahedral tilts gives a crystal structure of P21/n 

symmetry (similar to Ca2NiOsO6). Strong coupling between Ni2+ and Os6+ moments give long-range magnetic order below 58 K, with 

the collinear magnetic structure described by magnetic propagation vector k = (½ 0 ½) (similar to Pb2CoOsO6[6]). This magnetic 

order, imposed on the (B-site ordered) crystal structure, breaks inversion symmetry.[8]  

1. Vasala, S.; Karppinen, M., (2015), Progress in Solid State Chemistry 43, 1-36.  

2. Morrow, R.;  Samanta, K.;  Saha Dasgupta, T.;  Xiong, J.;  Freeland, J. W.;  Haskel, D.; Woodward, P. M., (2016), Chemistry of Materials 

28, 3666-3675.  

3. Macquart, R.;  Kim, S.-J.;  Gemmill, W. R.;  Stalick, J. K.;  Lee, Y.;  Vogt, T.; zur Loye, H.-C., (2005), Inorganic Chemistry 44, 9676-9683.  

4. Feng, H. L.;  Calder, S.;  Ghimire, M. P.;  Yuan, Y.-H.;  Shirako, Y.;  Tsujimoto, Y.;  Matsushita, Y.;  Hu, Z.;  Kuo, C.Y.;  Tjeng, L. H.;  Pi, 

T.-W.;  Soo, Y.-L.;  He, J.;  Tanaka, M.;  Katsuya, Y.;  Richter, M.; Yamaura, K., (2016), Physical Review B 94, 235158.  

5. Ghimire, M. P.; Hu, X., (2016), Materials Research Express 3, 106107.  

6. Princep, A. J.;  Feng, H. L.;  Guo, Y. F.;  Lang, F.;  Weng, H. M.;  Manuel, P.;  Khalyavin, D.;  Senyshyn, A.;  Rahn, M. C.;  Yuan, Y. H.;  

Matsushita, Y.;  Blundell, S. J.;  Yamaura, K.; Boothroyd, A. T., (2020), Physical Review B 102, 104410.  

7. Jacobsen, H.;  Feng, H. L.;  Princep, A. J.;  Rahn, M. C.;  Guo, Y.;  Chen, J.;  Matsushita, Y.;  Tsujimoto, Y.;  Nagao, M.;  Khalyavin, D.;  

Manuel, P.;  Murray, C. A.;  Donnerer, C.;  Vale, J. G.;  Sala, M. M.;  Yamaura, K.; Boothroyd, A. T., (2020), Physical Review B 102, 

214409.  

8. Feng, H. L.;  Kang, C.-J.;  Manuel, P.;  Orlandi, F.;  Su, Y.;  Chen, J.;  Tsujimoto, Y.;  Hadermann, J.;  Kotliar, G.;  Yamaura, K.;  McCabe, 

E. E.; Greenblatt, M., (2021), Chemistry of Materials 33, 4188-4195.  
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Due to their specific peculiarities neutrons are a very useful probe for structural studies on various hot topics related to physics, 

chemistry and mineralogy. The neutron single crystal diffractometer HEiDi at the Heinz Maier-Leibnitz Zentrum (MLZ) offers high 

flux, high resolution and large q range, low absorption, and high sensitivity for light elements. These properties apply in a similar way 

to its polarized sister diffractometer POLI, which is optimized for detailed studies on magnetic structures.  

In 2016 a project was launched in order to allow studies on tiny samples < 1 mm³ and to develop new pressure cells for HEiDi which 

can be combined with its existing low temperature equipment in order to study structural properties down to temperatures below 10 K, 

e.g. MnFe4Si3 and related magnetocaloric compounds [1]. This work was supported by the Bundesministerium für Bildung und 

Forschung (BMBF) (grand no. 05K16PA3). As part of this project various neutron-optical components (Cu220-monochromator, solid 

state collimators, neutron guides) were developed and optimized in order to generate a sufficiently high flux density at the sample 

location at the wavelength λ = 0.87 Å. Very tiny single crystal samples (down to < 0.1 mm³) were successfully studied using various 

new diamond anvil cells (DAC) - developed by A. Grzechnik - up to several GPa, either with a panoramic pressure cell in 

combination with low temperatures [2] or in a transmission pressure cell, which allows simultaneous studies of the same sample using 

neutron, synchrotron as well as laboratory x-ray sources [3].  

Recently, a follow up project has been launched  (BMBF No. 05K19PA2) to focus on further improvements of the high-pressure 

capabilities on HEiDi and POLI  and the development of optimized pressure cells for further instruments at the MLZ (POLI, DNS and 

MIRA), namely advanced clamp cells (see corresponding contribution by A. Eich). 

 

 

 

Figure 1: Single crystal diffractometer HEiDi (left), design studies of panoramic DAC (middle) and Yao-DAC (right). 

 

[1] A. Grzechnik et al.; Single-Crystal Neutron Diffraction in Diamond Anvil Cells with Hot Neutrons; J. Appl. Cryst. 51, 351-356 (2018). 

[2] A. Eich et al.; Magnetocaloric Mn5Si3 and MnFe4Si3 at variable pressure and temperature; Mater. Res. Express 6, 096118 (2019). 

[3] A. Grzechnik et al.; Combined X-ray and neutron single-crystal diffraction in diamond anvil cells; J. Appl. Cryst. 53(1), 1 - 6 (2020).  
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Frustrated magnets with spiral magnetic phases are currently being intensively studied owing to their ability for inducing 
ferroelectricity. This could potentially be exploited in spintronics and low power memories devices.[1-2] However, the low magnetic 
order temperatures (typically < 100 K) in most of frustrated magnets greatly restrict their fields of application. One of the most notable 
exceptions are Cu/Fe-based layered perovskites, featuring magnetic spiral phases whose ordering temperatures can be continuously 
tuned far beyond RT. [3-5]. However, the influence of magnetic field on the magnetic structures especially spiral phases, imperative 
for further cross-control of the magnetic and ferroelectric orders, is barely known. 

Here, we report a comprehensive description of the evolution of magnetic order in the layered perovskite YBaCuFeO5 under the 
application of magnetic fields up to 9.0 T and at temperatures between 1.5 K and 300 K. Using bulk magnetization measurements and 
neutron powder diffraction we reveal the existence of a new incommensurate magnetic phase with a weak ferromagnetic component 
stable at low magnetic fields. Moreover, we observe a field-induced spin reorientation in the collinear phase. The resulting H-T phase 
diagram of YBaCuFeO5 will be discussed, with emphasis in the magnetic phases with the largest potential to display strong 
magnetoelectric effects. [6] 

                                          

Figure 1.  Left: Crystal structure of YBaCuFeO5 showing the Cu/Fe disorder in the bipyramidal sites. Magnetic structure of the 
incommensurate spiral phase (Middle) and the commensurate collinear phase (Right).

[1] Eerenstein, W., Mathur, N.D. & Scott, J.F. (2006). Nature. 442, 759. 
[2] Kimura, T., Goto, T., Shintani, H., Ishizaka, K., Arima, T.H. & Tokura, Y. (2003). Nature 426, 55. 
[3] Morin, M., Scaramucci, A., Bartkowiak, M., Pomjakushina, E., Deng, G., Sheptyakov, D., Keller, L., Rodriguez-Carvajal, J., Spaldin, N.A.,  
      Kenzelmann, M., Conder, K. & Medarde, M. (2015). Phys. Rev. B 91, 064408. 
[4] Morin, M., Canévet, E., Raynaud, A., Bartkowiak, M., Sheptyakov, D., Ban, V., Kenzelmann, M., Pomjakushina, E., Conder, K. & Medarde, M.        
      (2016). Nat. Commun. 7, 1. 
[5] Shang, T., Canévet, E., Morin, M., Sheptyakov, D., Fernández-Díaz, M. T., Pomjakushina, E. & Medarde, M. (2006). Sci. Adv. 4, eaau6386. 
[6] Lyu, J. et al. in preparation. 
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Incorporation of amino acids into inorganic crystalline hosts: from biomineralization to bio-
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In the course of biomineralization, organisms produce a large variety of functional biogenic crystals that exhibit fascinating 

mechanical, optical, magnetic and other characteristics. More specifically, when living organisms grow crystals they can effectively 

control polymorph selection as well as the crystal morphology, shape, and even atomic structure. Materials existing in nature have 

extraordinary and specific functions, yet the materials employed in nature are quite different from those engineers would select. 

One special feature of such crystals is the entrapment of organic molecules within the inorganic crystalline host. Here I will show how 

we have taken this principle and translated it to bio-inspired crystal growth to control the electronic properties of various 

semiconductors. 

Some examples include: ZnO and Cu2O and hybrid perovskites [1-3]. I will discuss the incorporation mechanisms, the effect on 

crystal structure and the relation to manipulation of electronic properties. 

 

[1] Lang A, Polishchuk I, Seknazi E, Feldmann J, Katsman A, Pokroy B. Bioinspired Molecular Bridging in a Hybrid Perovskite Leads to Enhanced 

Stability and Tunable Properties. Adv Funct Mater 2020; 30:2005136.. 

[2] Polishchuk I, Bianco-Stein N, Lang A, Kurashvili M, Caspary Toroker M, Katsman A, Feldmann J and Pokroy B. Strong Band Gap Blueshift in 

Copper (I) Oxide Semiconductor via Bio-Inspired Route. Adv Funct Mater 2020; 30(13):1910405. 

[3] Brif A, Ankonina G, Drathen C, Pokroy B. Bio-inspired Band Gap Engineering of Zinc Oxide by Intracrystalline Incorporation of Amino Acids. 

Adv Mater 2014;26:477. 
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In this talk, the role that intramineral proteins have played on the shape control as well as in the biomineralization of calcium 

carbonate in the eggshell´s formation of different avian, crocodiles and dinosaurs will be reviewed. Particularly, the collected 

eggshells samples of five fossilized eggshells from dinosaurs that roamed the Earth more than 65 million years ago. We characterized 

the eggshells of the Theropod (bipedal carnivores) and Hadrosauridae (duck-billed dinosaurs) families and an unidentified ootaxon. 

We have found the existence of some proteins by using micro X-ray absorption and micro-fluorescence techniques at the synchrotron 

facilities. From these analyses on the dinosaur eggshells, X-ray absorption methods showed a very characteristic organic sulfur 

bonding similar to that semi-essential proteogenic amino acid L-cysteine, which implies that there is a possibility of having a very old 

intramineral protein similar to those found in emu and crocodiles. On the other hand, the spectroscopical characterization on these 

samples showed that calcium carbonate was the primary mineral, with smaller amounts of albite and quartz crystals. Anhydrite, 

hydroxyapatite, and iron oxide impurities were also present in the shells, which suggests replacement of some of the original minerals 

during fossilization. Then, with Fourier transform infrared spectroscopy (FT-IR), we found nine amino acids among the five samples, 

being lysine the only amino acid present in all of them. In addition, we have found evidence of secondary protein structures, including 

turns, α-helices, β-sheets and disordered structures, which have been preserved for millions of years by being engrained in the 

minerals. The FT-IR bands corresponding to amino acids and secondary structures could be indicative of ancestral proteins that have 

not been characterized before. This type of chemical, spectroscopical and structural characterization together with the optical one is a 

relevant contribution to the field of biomineralization of calcium carbonate research, mainly because these types of samples are unique 

in their type due to the biological relevance in Mexico and will, therefore, allow us to understand the species that became extinct 

millions of years ago as well as the importance of calcium carbonate associated to ancient proteins throughout the biomineralization 

processes on Earth. 

Keywords: calcium carbonate; biomineralization, intramineral proteins, eggshells, characterization 

 



MS-62-3                           Microsymposium  

Acta Cryst. (2021), A77, C410 

 

Crystal texture of mineral self-organized structures from soda lake water and their implication 
to early Earth and prebiotic chemistry  

M. Getenet, J.M. García-Ruiz 

Laboratorio de Estudios Cristalográficos, Instituto Andaluz de Ciencias de la Tierra, Consejo Superior de Investigaciones 

Científicas–Universidad de Granada, Granada, Spain 

juanmanuel.garcia@csic.es 
 

The ability of minerals to precipitate into complex shapes and textures creates fascinating patterns that has not been enough explored 

in natural scenarios. Among them, silica induced mineral self-organized structures have been suggested to be relevant for the earliest 

stages of the planet, when alkaline silica-rich oceans evolve from methane-rich to CO and CO2-rich atmosphere and hydrosphere [1]. 

Under these geochemical conditions of the Hadean Earth, it is thought that silica-carbonate biomorphs and silica-metal hydr(oxide) 

gardens were actually forming in the alkaline oceans, rich in silica and in carbonate. In this work, we focus on chemical gardens, 

which are hollow membranes formed via abiotic precipitation when metal salts immerse into aqueous solutions containing anions such 

as silicate, carbonate, or phosphates [2]. It has been shown that these space-compartmentalized membranes are small batteries [3] that 

selectively catalyse the synthesis of prebiotically relevant compounds such as carboxylic acids, amino acids, and nucleobases by 

condensation of formamide [4]. Here, we experimentally demonstrate the formation of carbonate gardens using carbonate-rich 

alkaline soda lake water (Lake Magadi, Southern Kenyan rift valley). We have studied in detail the mineral composition and 

crystallinity of these “natural” carbonate gardens by SEM-EDX, Raman microscopy, infrared spectroscopy and X-ray diffraction, and 

compared to other silica and carbonate gardens made from laboratory solutions. Our result suggests that mineral self-organization 

could have been a geochemically plausible phenomenon in carbonate-rich closed basin environments of the early Earth, and Earth-like 

planets. We also discuss the implications of the textural properties of the mineral membranes to develop electrochemical potential that 

could catalyze prebiotic reactions. 

[1] García-Ruiz, J.M., van Zuilen, M. & Bach, W. (2020). Phys Life Rev. 34-35, 62-82. 

[2] Kellermeier, M., Glaab, F., Melero-García, E., & García-Ruiz, J. M. (2013). Research Methods in Biomineralization Science, edited by J.J. De 

Yoreo, pp. 225-256. San Diego: Academic Press.  

[3] Glaab, F., Kellermeier, M., Kunz, W., Morallon, E. & Garcia-Ruiz, J. M. (2012). Angew. Chem. 124, 4393. 

[4] Saladino, R., Di Mauro, E. & García-Ruiz, J. M. (2019). Chem. Eur. J. 25, 3181.  
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Through controlled biomineralization, organisms yield complicated structures with specific functions. Here, Jania sp., an articulated 

coralline red alga that secretes high-Mg calcite as part of its skeleton, is in focus. It is shown that Jania sp. exhibits a remarkable 

structure, which is highly porous (with porosity as high as 64 vol%) and reveals several hierarchical orders from the nano to the 

macroscale. It is shown that the structure is helical, and proven that its helical configuration provides the alga with superior 

compliance that allows it to adapt to stresses in its natural environment. Thus, the combination of high porosity and a helical 

configuration result in a sophisticated, light-weight, compliant structure [1]. Very recently, we also showed that the high-Mg calcite 

cell wall nanocrystals of Jania sp. are arranged in layers with alternating Mg contents. Such non-homogenous elemental distribution 

assists the alga in preventing fracture caused by crack propagation. We further discover that each one of the cell wall nanocrystals 

in Jania sp. is not a single crystal as was previously thought, but rather comprises Mg-rich calcite nanoparticles demonstrating various 

crystallographic orientations, arranged periodically within the layered structure [2]. We also show that these Mg-rich nanoparticles are 

present in yet another species of the coralline red algae, Corallina sp., pointing to the generality of this phenomenon. To the best of 

our knowledge this is a first report on the existence of Mg-rich nanoparticles in the coralline red algae mineralized tissue. We envisage 

that our findings on the bio-strategy found in the alga to enhance the fracture toughness will have an impact on the design of structures 

with superior mechanical properties. 

 

[1] Bianco‐Stein N, Polishchuk I, Seiden G, Villanova J, Rack A, Zaslansky P and Pokroy B. Helical Microstructures of the Mineralized Coralline 

Red Algae Determine Their Mechanical Properties. Adv Sci 2020; 7:2000108. 

[2] Bianco-Stein N, Polishchuk I, Lang A, Atiya G, Villanova J, Zaslansky P, Katsman A and Pokroy B. Structural and Chemical Variations in the 

Calcitic Segments of Coralline Red Algae Lead to Improved Crack Resistance. Acta Biomater 2021; DOI:10.1016/j.actbio.2021.05.040. 
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Bone is a strong yet light-weight material, where several mechanical properties originate from the orientation of their molecular 

components – collagen fibrils mineralized with calcium phosphate in a hydroxyapatite (HA)-like structure. Knowledge of the three-

dimensional (3D) microscopic orientation arrangements of the mineralized collagen in macroscopic samples, allows for a deeper 

understanding of the mechanical properties of bone, leading to an improved understanding of bone and cartilage-related diseases such 

as osteochondrosis and osteoarthritis. The distinct patterns in the HA mineral orientation can also be used to locate embedded fibres of 

muscle attachments in vertebrates in both modern and fossil bones. This is crucial for reconstructing evolutionary scenarios and 

biomechanical models of extinct species, for which soft tissues are lost during fossilization.   

X-ray diffraction computed tomography (XRD-CT) is an emerging imaging technique, allowing non-destructive 3D mapping of 

samples with material-specific contrast [1] and has recently also been demonstrated with orientational contrast [2–4]. In this 

presentation we demonstrate the application of XRD-CT to study the microstructure of different types of bones without destructive 

sample sectioning. The HA orientation in a tibial cross-section from a fossil stem amniote Discosauriscus austriacus is used to reveal 

the location of muscle attachments, shown in Figs. 1a and 1b. XRD-CT can also be used to study the HA orientation close to the bone-

cartilage interface in the developing bone, as illustrated in Figs. 1c and 1d. XRD-CT is becoming a powerful tool that allows studying 

the orientation of mineralized structures in bone, and is likely to be increasingly used due to the advent of new synchrotron sources 

and improved numerical methods for tomographic reconstruction.  

 

Figure 1. a) Photograph of a tibia from a fossil stem amniote Discosauriscus austriacus. b) Orientational XRD-CT cross-section from the region 

indicated with a dashed line in a). The colour coding corresponds to the alignment of the HA c-axis with the bone long-axis, which is used to identify 

muscle attachments. c) Material-specific XRD-CT 3D map of a bone-cartilage sample from a pig, placed inside a sample container for the 
experiment. Colours: yellow – rubber plug, red – cyanoacrylate (“super glue”), blue – ethanol/water solution and orange – polyimide sample 

container. d) XRD-CT cross-section showing the preferred orientation of the HA crystallite c-axis, represented with oriented ellipsoids. The colour 

coding corresponds to the Hermans’ orientation parameter S.  

[1] Harding, G., Kosanetzky, J. & Neitzel, U. (1987). Med. Phys. 14, 515. 

[2] Liebi, M., Georgiadis, M., Menzel, A., Schneider, P., Kohlbrecher, J., Bunk, O. & Guizar-Sicairos, M. (2015). Nature. 527, 349. 

[3] Mürer, F. K., Sanchez, S., Álvarez-Murga, M., Di Michiel, M., Pfeiffer, F., Bech, M. & Breiby, D. W. (2018). Sci. Rep. 8, 1. 

[4] Mürer, F. K., Chattopadhyay, B., Madathiparambil, A. S., Tekseth, K. R., Di Michiel, M., Liebi, M., Lilledahl, M. B., Olstad, K. & Breiby, D. W. 

(2021). Sci. Rep. 11, 1. 

Keywords: Biomineralization; X-ray diffraction computed tomography; Orientation mapping. 
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Direct one step conversion of unreactive carbon-hydrogen bonds into bonds with a desired functional group is a highly effective and 

rational way of producing bulk and fine chemicals, but it still remains a fundamental challenge in synthetic chemistry. Most examples 

include homogeneous catalysts, but heterogeneous TM catalysts are in demand, not only because these supported systems are recycla-

ble and easy to separate from the reaction mixture, but also for their potential to introduce novel chemical reactivity. 

In this contribution we report two approaches to heterogenization of C–H activation catalysts. The first is based on a polymeric 

material derived from co-polymerization of polymerizable arms in an N-heterocyclic carbene palladium complex and divinylbenzene 

(Figure 1).[1] This material is stable towards reduction and recyclable with no or little loss in activity. In addition, it is applicable 

under flow conditions; this is a rare example of such a reaction and the catalyst tolerates up to six days of continuous flow conditions 

in a packed-bed reactor giving excellent yields and selectivities.[2] Both directed and undirected C–H activations were developed and 

the catalysts were characterised before and after catalysis using a combination of XRD, XPS and TEM.  

We also set out to modify our Pd(II) system to include a π- stacking capability by installing two anthracene moieties in the backbone 

of the NHC ligand to give the Pd complex to the right in Figure 1. This modified complex was supported on reduced graphene oxide 

(rGO) and the so obtained system was applied in the undirected C–H acetoxylations.[3] We have also studied the reaction mechanism 

of this reaction by elucidating the palladium species and their oxidation states over the course of the C–H acetoxylation of benzene 

catalyzed by 1@rGO using in situ XAS spectroscopy. [4] 

Examples on heterogenized iridium catalysts for dehydrogenation reactions in flow will also be presented. [5] 

 

 

Figure 1. Palladium catalysts for C–H activation based on co-polymerisation (left) and rGO -stacking (right) . 

 

[1] M. H. Majeed, P. Shayesteh, L. R. Wallenberg, A. R. Persson, N. Johansson, L. Ye, J. Schnadt, O. F. Wendt, Chem. Eur. J., 2017, 23, 8457. 

[2] M. H. Majeed, P. Shayesteh, P. Tunå, A. R. Persson, R. Gritcenko, L. R. Wallenberg, L. Ye, C. Hulteberg, J. Schnadt, O. F. Wendt, Chem. Eur. 

J., 2019, 25, 13591. 

[3] M. H. Majeed, P. Shayesteh, A. R. Persson, L. R. Wallenberg, J. Schnadt, O. F. Wendt, Eur. J. Inorg. Chem., 2018, 4742. 

[4] N. Yuan, M. H. Majeed, É. G. Bajnóczi, A. R. Persson, L. R. Wallenberg, A. K. Inge, N. Heidenreich, N. Stock, X. Zou, O. F. Wendt, I. Persson, 

Catal. Sci. Technol., 2019, 9, 2025. 

 [5] A. V. Polukeev, O. F. Wendt, Organometallics 2017, 36, 639. 
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X-ray absorption spectroscopy (XAS) has imposed as a powerful method to track structural and chemical dynamics of metal ions 

hosted in nanoporous frameworks, such as zeolites and metal-organic frameworks (MOFs), for selective redox catalysis applications 

[1]. Analysis of the XANES and EXAFS regions offers a highly complementary view with respect to diffraction-based methods 

guaranteeing a unique sensitivity to the local electronic and structural properties of metal centers. These are often disorderly 

distributed in the crystalline matrix, and occur as dynamic mixtures of different species, responding to the physico-chemical 

environment while undergoing a rich redox chemistry mediated by host-guest interactions. Continuous instrumental developments at 

synchrotron sources today enable in situ/operando XAS studies at high time and energy resolution, allowing to monitor such dynamic 

systems with unprecedented accuracy [1]. In this contribution, the potential of these methods, empowered by advanced data analysis 

strategies and synergic integration with multi-technique laboratory characterization and computational modelling, will be exemplified 

by selected research results. 

A first example will focus on the Cu-exchanged chabazite (Cu-CHA) zeolite, currently representing the catalyst of choice for deNOx 

applications in the automotive sector via NH3-assisted Selective Catalytic Reduction [2]. Here, the potential of Multivariate Curve 

Resolution (MCR) of time-resolved XANES datasets, quasi-simultaneous XANES/PXRD, and EXAFS Wavelet Transform analysis 

will be highlighted, to accurately quantify condition/composition-dependent Cu-speciation in CHA zeolites and therein establish 

robust structure-activity relationships, essential to design improved catalysts. A second case study will consider local structural and 

chemical transformations of Pt ions in Pt-functionalized UiO-67 MOFs [3], tracked by parametric refinement of time-resolved 

operando EXAFS under conditions yielding either isolated PtII sites anchored to the MOF framework (potentially interesting for C−H 

bond activation) or very small Pt0 nanoparticles inside the MOF cavities (potentially interesting for hydrogenation reactions). 

 
Figure 1. Selected examples and relevant keywords illustrating the potential of advanced analysis methods of in situ/operando XAS 

data to track structural/chemical dynamics of metal ions hosted in zeolites (left) and MOFs (right) for redox catalysis applications. 

[1] S. Bordiga et al., Chem. Rev. 2013, 113, 1736. C. Garino et al., Coord. Chem. Rev. 2014, 277-278, 130. E. Borfecchia et al., Chem. Soc. Rev. 

2018, 47, 8097. 

[2] A. Martini et al, Chem. Sci. 2017, 8, 6836. C. W. Andersen, et al., Angew. Chem. Int. Edit. 2017, 56, 10367. K. A. Lomachenko et al., J. Am. 

Chem. Soc. 2016, 138, 12025. C. Negri et al., J. Am. Chem. Soc. 2020, 142, 15884. 

[3] S. Øien, et al., Chem. Mater. 2015, 27, 1042. L. Braglia, et al., Phys. Chem. Chem. Phys. 2017, 19, 27489. L. Braglia, et al., Faraday Discuss. 

2017, 201, 265. 
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This investigation is devoted to metal-organic frameworks (MOFs) with UiO-67 topology, the materials with a three-dimensional 

porous structure and high surface area. Due to the diversity of species, MOFs are used in such areas as luminescent sensors, catalysts, 

filters, storage and transportation of light gases, and many others [1]. Using noble metals to functionalize metal-organic frameworks is 

a promising way for constructing new materials for catalytic applications [2, 3]. Although numerous successful synthesis of MOFs 

functionalized by metal ions and metal nanoparticles were reported, the exact mechanisms of structural evolution of the metal sites in 

many cases are still unknown. Determination of these mechanisms as well as investigation of the intermediate active sites formed 

during the synthesis is important for tailoring the specific catalytic properties of materials. In this work, we investigate structural 

changes in UiO-67 functionalized by Pd and Pt depending on the activation conditions by a combination of theoretical and 

experimental techniques. 

Functionalization of UiO-67 by Pd and Pt was achieved via substitution of 10% standard biphenyl dicarboxylate linkers by MCl2-2,2-

bipyridine-5,5-dicarboxylic acid (MCl2bpydc, M = Pd, Pt) [4, 5]. The obtained materials were further activated by heating to 300 °С in 

inert (He) and reducing (H2/He) atmospheres. Evolution of the atomic and electronic structure was monitored by in situ extended X-

ray absorption fine structure (EXAFS), X-ray absorption near edge structure (XANES) spectroscopies and X-ray powder diffraction 

(XRPD). All spectroscopic data for Pd K- and Pt L3-edges were analysed simultaneously by MCR-ALS approach [6] to determine the 

number of pure species formed during the activation and their spectra. 

To interpret the experimental data, we have performed DFT-calculations and XANES simulation by FDMNES code for different 

potential intermediates. The atomic models included the initial MCl2bpydc linker and a number of possible reaction pathways in 

presence of H2 substitution of both chlorine atoms by hydrogen atoms with formation of Cl2 molecule, substitution of one chlorine by 

hydrogen atom with formation of HCl molecule; detachment of one or two chlorines with formation of HCl molecules, detachment of 

MCl2 fragment from the linker with its substitution by two hydrogens bonded to nitrogen atoms of the linker; and simulating inert 

conditions: simple detachment of MCl2 fragment, detachment of chlorines with formation of Cl2 molecule. All reaction pathways were 

ranged according to the calculated reaction enthalpies and XANES spectra were calculated for the most probable ones. 

The reaction pathways with the lowest reaction enthalpies were verified by good agreement between calculated and experimentally 

observed XANES spectra. For UiO-67-Pd, detachment of PdCl2 is the most probable pathway in both inert and H2 atmospheres which 

correlate with experimental results. For UiO-67-Pt, four different structures have been identified. In the presence of hydrogen, 

detachment of one chlorine atom should occur first. The second possible transition in the same environment is the detachment of PtCl2 

from the linker with the addition of two hydrogen atoms to nitrogen atoms with the further formation of Pt nanoparticles at 

temperatures above 200 °C. While formation of bare Pt-sites occurs from 200 to 300 °C in the inert flow [7, 8]. Thus, the XANES 

spectroscopy supported by theoretical calculations allowed verifying and describing intermediate states from the experimental spectra. 

[1] Evans J. D., et al., Coord Chem Rev. (2019) 380 378-418. 

[2] Tanabe K. K., Cohen S. M., Chem Soc Rev. (2011) 40 (2) 498-519. 

[3] Wang Z., Cohen S. M., Chem Soc Rev. (2009) 38 (5) 1315-29. 

[4] Braglia L., et al., Phys Chem Chem Phys. (2017) 19 (40) 27489-27507. 

[5] Bugaev A. L., et al., Faraday Discuss. (2018) 208 287-306. 

[6] Jaumot J., et al., Chemom Intell Lab Syst. 140 (2015) 1-12. 

[7] Bugaev A. L., Skorynina A.A., et al., Catal. Today. (2019), 336, 33-39. 

[8] Bugaev A. L., Skorynina A.A., et al., Data Brief. (2019) 25, 104208. 
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Many catalysts for energy related applications, in particular metallic nanoalloys, readily undergo atomic-level changes during the 

electrochemical reactions driving the applications. The origin, dynamics and impact of the changes on the performance of the catalysts 

under actual operating conditions are, however, not well understood. This is largely because they are studied on model nanocatalysts 

under controlled laboratory conditions. We will present results from recent studies [1, 2, 3] on the dynamic behavior of metallic 

nanoalloy catalysts inside an operating proton exchange membrane fuel cell. Results show that their atomic structure changes 

profoundly, from the initial state to the active form and further along the cell operation. The electrocatalytic activity of the nanoalloys 

also changes. The rate and magnitude of the changes may be rationalized when the limits of traditional relationships used to connect 

the composition and structure of nanoalloys with their electrocatalytic activity and stability, such as Vegard’s law, are recognized. In 

particular, deviations from the law can well explain the behaviour for Pt-3d metal nanoalloy catalysts under operating conditions. 

Moreover, it appears that factors behind their remarkable electrocatalytic activity, such as the large surface to volume ratio and 

“misfit” between the size of constituent atoms, are indeed detrimental to their stability inside fuel cells. The new insight into the 

atomic-level evolution of nanoalloy electrocatalysts during their usage is likely to inspire new efforts to stabilize transient structure 

states beneficial to their activity and stability under operating conditions, if not synthesize them directly. 

1. V. Petkov et al. Nanoscale 11, 5512 (2019). 

2. Zh. Kong et al. J. Am. Chem. Soc. 142, 1287 (2020). 

3. Z.-P. Wu et al. Nature Commun. 12, 8597 (2021) 
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The topic of renewable energies is vastly received as an x-factor towards our energy problems in this modern world times. This notion 

holds tight following the current global outcry of dilapidating fossil fuels. The science fraternity continually aims at tabling innovative 

strategies towards engineering renewable energy sources. This transcends to efforts of making chemical fuels which are easily storable 

using solar energy.   

Water reduction catalysts (WRCs), as widely known, are currently used for the splitting of water to H2 and O2. The hydrogen (H2) 

generated, is eyed as a prominent potential fuel source. These catalysts are often tailored with different transition metal elements 

somewhat coupled with effective macro-cyclic organic scaffolds [1]; as suitable approach to store energy at times of reduced power 

supply by harnessing solar energy [2,3]. This renowned WRC science was preceded by the prominent scientific stun of the 

ruthenium(III) complex {[RuIII(byp)3]
3+}, as a photo-synthesizer [4]. Interestingly, different other light harvesting moieties are lately 

being considered, exhibiting greater photo-stability, longevity and rigidity as elemental prerequisites [5], many of whom are based on 

polypyridyl entities.   

  

Figure 1: a)Idealized cog-wheel value chain towards successful engineering of WRCs. b) Homoleptic bis-coordinated cobalt 

complex.  

In this presentation we discuss aspects of the ligand design strategy and cobalt coordination chemistry as exhibited in the value chain 

in the scheme just above. X-ray crystallographically characterised structures will be used to discuss different relative geometric 

preferences and characteristics of the respective analogues.  

1. Joliat-Wick, E., Weder, N., Klose, D., Bachmann, C., Spingler, B., Probst, B. & Alberto, R. (2018). Inorg. Chem., 57, 1651.  

2. Guttentag, M., Rodenberg, A., Bachmann, C., Senn, A., Hamm, P. & Alberto, R. (2013). Dalton Trans., 42, 334.  

3. Joliat-Wick, E., Schnidrig, S., Probst, B., Bachmann, C., Spingler, B., Baldridge, K.K., Von Rohr F., Schilling, A. Alberto, R., (2016). 

Dalton Trans., 45, 1737.  

4. (a) Kiwi, J., Gratzel, M. (1979). Nature, 285, 657. (b) Kiwi, J., Gratzel, M. (1979). J. Am. Chem. Soc., 101 7214. [5] (a) Alexander, O.T., 

Kroon, R.E., Brink, A. & Visser, H.G. (2019). Dalton Trans. 48, 16074. (b) Kefalidi, C. Koutsouri, E., Marchiò, L.,A. Efstathiadou, S. 

Mitsopoulou, C.A. (2016). Polyhedron, 110, 157.  
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Alternative fuel sources are needed to replace fossil fuels to reduce the emission of greenhouse gases contributing to global warming. 

Hydrogen gas is one popular choice to replace fossil fuels [1] as an energy storage medium, due to its high energy density per unit 

weight. Hydrogen can be generated renewably by sunlight driven, photocatalytic water-splitting. Metal oxides, including those with a 

Ruddlesden-Popper layered perovskite structures are being studied as potential photocatalysts [2].  The structure contains multiple 

cationic sites, which allows for different combinations of metal cations for tuning the bandgap. The layered structuring also allows for 

the intercalation of different cations within the structure that allows for modifications post synthesis, therefore further optimising the 

photocatalyst [3]. 

KLaTiO4 is a n=1 Ruddlesden-Popper that can be used as a Hydrogen Evolution Catalyst (HEC), producing 9.540 μmol of H2 gas per 

hour from 20 mg of catalyst, when using methanol as sacrificial electron donor and platinum co-catalyst, and illuminated by a Hg 

lamp with a 305 nm cut-off filter. The main disadvantage of KLaTiO4 is its high bandgap (4.09 eV) that is above the visible light 

region, which makes it a poor choice for a HEC that uses solar energy. Reduction of the bandgap of KLaTiO4 for sunlight driven 

hydrogen evolution was attempted by cationic and anionic doping. The crystal structures, and sample purity, was determined using 

synchrotron X-ray powder diffraction (PXRD) and Rietveld refinement. 

Cationic doping of KLaTiO4 was achieved by partially replacing lanthanum with praseodymium or ytterbium, yielding two solid 

solution series: KLaxPr1-xTiO4 and KLaxYb1-xTiO4 (x = 0.005, 0.01 and 0.03). While none of the samples from KLaxPr1-xTiO4 series 

produced hydrogen, all the KLaxYb1-xTiO4 were able to produce H2. In comparison to KLaTiO4, ytterbium-doped samples have 

reduced catalytic activity compared to KLaTiO4, as seen in figure 1. 

Anionic doping of KLaTiO4 was attempted with nitrogen. Attempts to synthesise KLaTiO3N were done by using TiN as a reagent in 

place of TiO2 with annealing the sample under N2 flow at 800 °C. PXRD patterns of initial samples show good crystallinity, and no 

observable structural difference to KLaTiO4. When tested as HEC in identical testing condition stated above all nitrogenated samples 

had similar rates of hydrogen evolution. 
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Figure 1. Hydrogen evolution rate of KLaxYb1-xTiO4 samples. 

 

[1] Elam, C. C.; Padró, C. E. G.; Sandrock, G.; Luzzi, A.; Lindblad, P.; Hagen, E. F., Realizing the hydrogen future: the International Energy 

Agency's efforts to advance hydrogen energy technologies. International Journal of Hydrogen Energy 2003, 28 (6), 601-607. 

[2] Chen, S.;  Takata, T.; Domen, K., Particulate photocatalysts for overall water splitting. Nature Reviews Materials 2017, 2, 17050. 

[3] Schaak, R. E.; Mallouk, T. E., Perovskites by Design:  A Toolbox of Solid-State Reactions. Chemistry of Materials 2002, 14 (4), 1455-1471. 
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Strontium iron oxide is a candidate for many different energy applications, including solid oxide fuel cells, chemical looping, and 

thermochemical energy storage. Upon the redox reactions, SrFeOx cycles between two end forms: an oxygen deficient form SrFeO2.5 

with a brownmillerite structure and an oxidized form SrFeO3-d with a perovskite structure. Two intermediate structures are reported 

from ex situ and in situ X-ray and neutron powder diffraction [1–3]. However, in real applications, submicron sized crystals are used 

and X-ray and neutron diffraction techniques are not able to access structural information on an individual submicron crystal. In situ 

3D electron diffraction (3D ED) performed on a transmission electron microscope (TEM) is the only way to obtain single crystal data 

on all structural changes occurring during the actual redox reactions. Due to the single-tilt design of the environmental holders 

combined with the complexity of these structures, in-zone electron diffraction and high resolution imaging on random crystallites are 

unrealistic, but 3D ED does not require in zone orientation and could thus be successfully applied to gather structural data on the 

different phases. 

We performed in situ oxidation of a brownmillerite SrFeO2.5 crushed single crystal upon heating in an oxygen atmosphere in TEM 

using the sealed commercial holder. By acquiring 3D ED data at different steps of the reaction, we confirmed the formation of the 

perovskite SrFeO3- structure, which we were able to reduce back to brownmillerite in a hydrogen atmosphere. The obtained data 

allowed us to derive the structures formed at different reaction steps, including the intermediate phases, resulting in new information 

about their crystal structures and microstructures. In my talk, I will compare the results of in situ 3D ED with the published data from 

X-ray and neutron diffraction, discuss the limitations of the method, and the next steps in improving in situ 3D ED in gas 

environments. 

[1] A. Maity, R. Dutta, B. Penkala, M. Ceretti, A. Letrouit-Lebranchu, D. Chernyshov, A. Perichon, A. Piovano, A. Bossak, M. Meven, W. Paulus 

(2015). J. Phys. D. Appl. Phys. 48, 504004. 

[2] D.D. Taylor, N.J. Schreiber, B.D. Levitas, W. Xu, P.S. Whitfield, E.E. Rodriguez (2016). Chem. Mater. 28, 3951–3960. 

[3] J.P.P. Hodges, S. Short, J.D.D. Jorgensen, X. Xiong, B. Dabrowski, S.M.M. Mini, C.W.W. Kimball (2000). J. Solid State Chem. 151, 190-209. 

Keywords: brownmillerite; TEM; 3D ED; in situ 

This work was supported by BOF 38689 - New method to acquire in situ information on crystal structures changed by chemical 

reactions 



MS-64-2                           Microsymposium  

Acta Cryst. (2021), A77, C420 

 

Time-resolved TEM beyond fast detectors 

D. Flannigan, J. Chen, W. Curtis, D. Du, P. Engen, E. VandenBussche, Y. Zhang 

Department of Chemical Engineering and Materials Science, University of Minnesota, 421 Washington Avenue SE, Minneapolis, 

Minnesota 55455, United States of America 

flan0076@umn.edu 
 

Timescales of dynamic processes in extended solids span many orders of magnitude owing to the large number of degrees of freedom. 

Additionally, scaling laws dictate that discrete temporal domains comprising the entire continuum consist of associated spatial 

domains within which specific dynamics are dominant. Ideally, one would be able to probe the entire spatiotemporal range on a single 

specimen spot with a single instrument. Modern TEMs are exceptionally versatile in this regard, providing access to spatial and 

energy ranges that span sub-Å to micrometres and sub-10 meV to 1,000s of eV, respectively. However, timescales of the associated 

physical phenomena span 100s of attoseconds (10-18 s) to minutes and longer, a range that cannot be fully covered by even the fastest 

direct detectors. Indeed, dynamics faster than ~0.1 ms are largely inaccessible to detector-based TEM approaches. 

Here, an overview will be provided of ongoing efforts aimed at pushing TEM temporal resolutions well beyond the limits imposed by 

detectors and by peak dose rates. Emphasis will be placed on laser-driven nanosecond single-shot and fs stroboscopic modalities, 

currently the two most widely used approaches (Figure 1) [1-3]. Common hardware configurations based on modified commercial 

TEM platforms will be described, and current state-of-the-art performance specifications will be discussed. This will be followed by a 

brief survey of discoveries and advances that have been made with imaging, diffraction, and spectroscopy. Particular focus will be 

placed on experiments that have led to deeper understanding of materials and to new physics [4]. The talk will conclude with a brief 

look toward new emerging approaches and expanded applications, such as pulsed-beam damage mitigation [5, 6]. 

 

Figure 1. Nanosecond and fs TEM. Panels on the left are 10-ns single-shot images of a photoinduced redox reaction [1]. Panels on the 

right (a-g) are 300-fs stroboscopic images of photoexcited phonon launch from a crystal step edge [2]. 

 

[1] Park, S. T., Flannigan, D. J. & Zewail, A. H. (2011). J. Am. Chem. Soc. 133, 1730. 

[2] Cremons, D. R., Plemmons, D. A. & Flannigan, D. J. (2016). Nat. Commun. 7, 11230. 

[3] Plemmons, D. A., Suri, P. K. & Flannigan, D. J. (2015). Chem. Mater. 27, 3178. 

[4] Barwick, B., Flannigan, D. J. & Zewail, A. H. (2009). Nature 462, 902. 

[5] VandenBussche, E. J. & Flannigan, D. J. (2019). Nano Lett. 19, 6687. 

[6] VandenBussche, E. J., Clark, C. P., Holmes, R. J. & Flannigan, D. J. (2020). ACS Omega 5, 31867. 
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At present report time resolved methods and measurements of rocking curves (RC) and reciprocal space maps (RSM) under external 

dynamic ultrasonic loads are described. These measurements were made by using adaptive X-Ray optic (ABXO) elements.  

Conducting experiments with time resolution using x-ray and synchrotron radiation is one of the advanced modern scientific 

problems. Today, there are three main directions in the development of such experiments - the creation of new sources (synchrotrons 

and XFELs), the development of detecting equipment, and the rapid tuning of experimental parameters. The first two directions have 

gained significant development in recent years, and the last direction rests on the impossibility of quickly adjusting experimental 

parameters using existing goniometric systems. As a result, the existing hardware and methodological base practically does not cover 

the range of time resolutions from seconds to microseconds, in which many interesting physical processes occur.  

One of possibilities to overcome these limitations of traditional approach is using of non-mechanical adaptive X-ray optic elements, 

such as X-ray acoustic resonators of longitudinal oscillations or bimorph piezo-actuators [1]. It allows fast and precise variation of X-

ray diffraction parameters, varying the angular position of the X-ray beam and controlling its wavelength. An important feature of the 

method is the possibility of conducting experiments not only in laboratory conditions, but also at synchrotron stations.  

The method has been successfully applied to the study of processes occurring in crystals under dynamic ultrasonic loads. Using this 

method, studies of a silicon crystal subjected to quasistatic mechanical load were carried out [2]. The studies of the evolution of the 

defective structure of lithium fluoride (LiF) and TeO2 single crystals under the conditions of dynamic ultrasonic loading in a wide 

range of amplitudes have also been studied [3]. It is shown that the diffraction pattern (shape and FWHM of rocking curves) under the 

action of ultrasound can differ significantly from the original, and the proposed method allows monitoring its changes with a temporal 

resolution of up to 10 μs, inaccessible when using mechanical goniometric systems. Studies of the evolution of the defective structure 

using the new method showed its significant (at least 3 orders of magnitude on a laboratory source) superiority in speed over existing 

methods.   

The technique was also successfully applied for conducting experiments in a threecrystal X-ray diffraction scheme. It was shown that 

with its help it is possible to carry out fast (several minutes even with laboratory X-ray source) measurements of the reciprocal space 

maps from the studied samples under dynamic ultrasonic loads, as well as studying the distribution of ultrasonic vibrations in 

resonator crystals.  

1. Blagov A.E., Bikov A.S and etc // IET. 2016. № 5. С. 109  

2. Eliovich I.A., Akkuratov V.I. and etc. // Crystallography reports, 2018, Vol. 63, № 5, p. 708  

3. Blagov A.E., Pisarevskii Yu.V. and etc. // PSS. 2017. Vol. 59. № 5. p. 947.  

 

Keywords: X-ray diffraction, time-resolved experiments, crystals under dynamic loads 

The reported study was funded by RFBR and DFG 19-52-12029 and by RFBR according to the research project №18-32-20108.  

 



MS-64-4                           Microsymposium  

Acta Cryst. (2021), A77, C422  

 

Discovering and transforming precipitate phases in aluminium alloys using in situ 
transmission electron microscopy 

L. Bourgeois1,2, Z. Zhang3,4, Y. Zhang2, X. Tan2, Y. Chen5, M. Weyland1,2, P.N.H. Nakashima2, N.V. Medhekar2 

1Monash Centre for Electron Microscopy, Monash University, Australia, 2Department of Materials Science and Engineering, Monash 

University, Australia, 3Electron Microscopy for Materials Research, University of Antwerp, Belgium, 4Department of Materials, 

University of Oxford, United Kingdom, 5Thermofisher Scientific, The Netherlands 

laure.bourgeois@monash.edu 
 

Many phase transformations associated with solid-state precipitation look structurally simple, yet take place with great difficulty. Classic 

cases of surprisingly difficult phase transformations can be found in alloy systems forming the basis for a broad range of high-strength 

lightweight aluminium alloys. In these systems, the difficult nucleation of strengthening phases, which are usually semi-coherent, is 

often preceded by the easy nucleation of another phase with strong structural similarities, typically a coherent precipitate. It is therefore 

of interest to investigate the reasons behind the difficult transformation from coherent to semi-coherent precipitate phases. 

Using scanning / transmission electron microscopy (S/TEM) techniques both ex situ and in situ, combined with atomic scale simulations 

(density functional theory and semi-empirical potentials) we examined phase transformations in several alloy systems, including the 

textbook Al-Cu and Al-Ag systems. We show that certain microalloying additions, or different processing conditions applied to samples 

in bulk or nanoscale form, result in previously unreported precipitate phases [1-2] – see Figs. 1-2, or promote the nucleation of existing 

phases [3-4]. The nucleation mechanisms of these phases involve structural templates provided by coherent precipitates [1-3] and depend 

critically on the availability of vacancies [1-2,4]. Based on our observations atomic-scale mechanisms are proposed for phase 

transformation pathways. We also characterised the surface structure and growth mechanisms of voids, uncovering a crystallographic 

relationship necessary for the growth of high-aspect ratio voids [5]. These findings suggest several approaches to not only stimulate 

known precipitate transformations, but also discover new phases and transformation pathways. 

  

Figure 1. New phases discovered in the (a) Al-Cu and (b) 

Al-Ag alloy systems via in situ TEM: (a) the  phase, 

AlCu [2], and (b) the   phase, AlAg [1]. 

Figure 2. In situ heating in the TEM showing the transformation of a Ag-rich particle 

(GP zone) into the  phase and the known  phase [1]. 

 

[1] Zhang, Z., Bourgeois, L., Rosalie, J. M. & Medhekar, N. V. (2017). Acta Mater. 132, 525. 

[2] Bourgeois, L., Zhang, Y., Zhang, Z., Chen, Y. & Medhekar, N. V. (2020). Nature Comm. 11, 1248. 

[3] Chen, Y. et al. (2017). Acta Mater. 125, 340. 

[4] Zhang, Y., Zhang, Z., Medhekar, N. V. & Bourgeois, L. (2017). Acta Mater. 141, 341. 

[5] Tan, X., Weyland, M., Chen, Y., Williams, T., Nakashima, P. N. H. & Bourgeois, L., (2021). Acta Mater. 206, 116594. 
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The sensitiveness to the electron beam of nanocrystalline metal-organic frameworks (MOFs) has always posed an objective criticality 
for the accurate determination of their structure by single crystal electron diffraction. The reversible atomic displacement caused by 
the high flexibility of the organic linkers further complicates the characterization of the framework and the understanding of their 
complex functional properties at the atomic level [1]. Although standard diffraction experiments can elucidate dynamic phenomena [2,3], 
an analysis of the anisotropic displacement parameters (ADPs) obtained after refining MOFs against electron diffraction data has 
never been performed.  In this study, we solved and refined the structures of UiO-67 /MIL-140C, coexisting in mixture, by using 
continuous rotation electron diffraction (cRED). For both structures, restricted small-angle librations of the linker were revealed by 
analysing the ADPs at room temperature and in cryogenic conditions (98 K). Our work shows that continuous rotation electron 
diffraction (cRED) not only provides reliable and accurate crystallographic models as that obtained by single crystal X- ray diffraction 
(SCXRD), but it represents a powerful tool to investigate the dynamic in the molecular fragments of the framework. 

[1] Bennett, T.; Cheetham, A.; Fuchs, A.; Coudert, F.-X. (2017) Nature Chem., 9, 11–16 

[2] Smeets, S.; Parois, P.; Burgi, H- B; Lutz, M. (2011) Acta Cryst, B67, 53-62 

[3] Lock, N.; Wu, Y.; Christensen, M.; Cameron, L. J.; Peterson, V. K.; Bridgeman, A. J.; Kepert, C. J.; Iversen, B. B. (2010) J. Phys. Chem. C, 114,  
      16181− 16186 
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Zeolites represent a unique class of inorganic compounds, which have a simple idealized composition TO2 and uniform tetrahedral and 

bridge coordination of the T and O atoms. However, such simplicity gives rise to extremal diversity in the topologies of the zeolite 

frameworks, which is comparable with the variety of organic compounds: theoretically, the number of the framework topologies is 

infinite and the databases of hypothetical frameworks generated by computer procedures contain hundreds of thousands of entries. All 

the more surprising that the number of zeolites existing in nature or obtained in the laboratory is quite modest: currently, in the 

database produced by the International Zeolite Association there are only 248 topologically distinct zeolite frameworks, which 

compose less than 0.1% of the known low-energy hypothetical frameworks. Many efforts were undertaken to explain this 

phenomenon, as well as to predict new zeolite topologies. Paradoxically, most of the proposed explanations of this topological scarcity 

were based on geometrical or energetic properties of the frameworks, but not on their topological properties. However, low energy of 

the zeolite framework is not the sufficient proof of its feasibility; no less important are the kinetic factors that drive the framework 

assembly. While the framework energy is reflected to some extent by the geometrical parameters, which characterize the framework 

distortion, the assembly of the framework is encoded in its topological parameters. Thus geometry and topology meet to feature the 

thermodynamics and kinetics of the framework formation.  

We explain the feasibility of the zeolite frameworks within the topological model of natural tiling, which represents covering of the 

crystal space by non-crossing minimal cages (natural tiles) built from the nodes and edges of the framework. We show that the 

assembling of the framework from natural tiles reflects kinetic factors, which complement the thermodynamic criteria, and explains 

the inconsistency in the number of hypothetical and realized framework motifs [1]. Moreover, the model of natural tiling enables one 

to predict more thoroughly new robust zeolite frameworks. We have extended this model and included parts (halves) of tiles into 

consideration. This extension allowed us to find many hidden relations in the zeolite topological motifs and particularly to interpret 

and predict the intergrowth phenomena in the zeolite minerals and synthetic phases [2]. Natural tiles can also be considered as 

building units in modelling crystal growth by Monte Carlo methods [3]. We have implemented the natural tiling model in the 

ToposPro program package (https://topospro.com) and developed a database of all natural tiles that occur in known zeolite 

frameworks (TTT collection), which is now available online at https://topcryst.com. This enabled us to explore the natural tilings in 

hypothetical zeolites and find those of them that could be easily assembled and hence obtained in the experiment. We also apply the 

tiling model for the purposeful sampling of organic structure directing agents and propose a list of them for a target synthesis of the 

hypothetical zeolite frameworks. 

[1] Kuznetsova, E.D., Blatova, O.A. & Blatov, V.A. (2018). Chem. Mater. 30, 2829. 

[2] Golov, A.A., Blatova, O.A. & Blatov, V.A. (2020). J. Phys. Chem. C, 124, 1523. 

[3] Anderson, M., Gebbie, J., Hill, A., Farida, N., Attfield, M., Cubillas, P., Blatov, V.A., Proserpio, D.M., Akporiaye, D., Arstad, B., Gale, J. (2017). 

Nature, 544, 456. 
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According to Löwenstein’s rule [1], Al-O-Al bridges are forbidden in the aluminosilicate framework of zeolites. A graph-theoretical 

interpretation of the rule, based on the concept of independent sets, was proposed by Klee [2] and reviewed by Eon [3]. It was shown 

that one can apply the vector method to the associated periodic net and define a maximal Al/(Al+Si) ratio for any aluminosilicate 

framework following the rule; this ratio was called the independence quotient of the net. This presentation deals with practical issues 

regarding the calculation of the independence quotient of mainly 2-periodic nets and the possible existence of disordered structures 

with this ratio. 

We first show that applying Proposition Calculus to the determination of independent sets in finite graphs leads to introducing a 

multivariate polynomial, called the independence polynomial. This polynomial can be calculated in an automatic way and provides the 

list of all maximally independent sets of the graph, hence also the value of its independence quotient. Some properties of this 

polynomial are discussed; the independence polynomials of some simple graphs, such as short paths or cycles, are determined as 

examples of calculation techniques. 

The determination of the independence quotient of a periodic net requires finding a subgroup of the translation group of the net for 

which the quotient graph and a fundamental transversal have the same independence quotient. See Fig. 1 for an illustration based on 

the hbt net, with independence quotient of 4/7; the only maximally independent set in the quotient graph and in the transversal 

associated to a primitive unit cell is shown in red. In most nets, however, a non-trivial translation subgroup has to be found. We show 

that this subgroup should be chosen to eliminate every cycle in the quotient graph that is shorter than structural cycles, or rings, of the 

net. Several examples are then analysed, which show that the choice of the fundamental transversal is critical; no rule, however, can 

yet be formulated concerning this choice. 

 

Figure 1. The quotient graph (left) and a fundamental transversal (middle) of hbt (right). 

 

The existence of disordered materials with substitution ratio equal to the independence quotient of the respective periodic net is related 

to the multiplicity of solutions for maximally independent sets of its quotient graph. Some examples are analysed, summarizing 

different possible situations in 2-periodic nets. The disorder can be complete in two directions or partial and limited to one direction. 

[1] Löwenstein, W. (1954). Am. Mineral. 39, 92. 

[2] Klee, W. E. (1974). Z. Kristallogr. 140, 154. 

[3] Eon, J.-G. (2016). Struct. Chem. 27, 1613. 
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A 3-fold fabric denoted by 𝐹, consists of three congruent non-parallel layers of strands in a plane 𝐸 together with a preferential 

ranking or ordering of the three layers at every point 𝑃 of 𝐹 that does not lie on the boundary of a strand, such that 𝐹 hangs together. 

The ranking must satisfy the fact that if 𝑃 belongs to a strand 𝑇𝑖 of layer 𝑖 and 𝑇𝑗 of layer 𝑗 (𝑖 ≠ 𝑗, 𝑖, 𝑗 ∈ {1,2,3}), then if layer 𝑖 is 

ranked before 𝑗 at 𝑃, then layer 𝑖 must be ranked before layer 𝑗 at every point of 𝑇𝑖  ∩ 𝑇𝑗. The fabric 𝐹 hanging together means it is 

impossible to partition the set of all strands, belonging to all the layers, into two nonempty subsets so that each strand in the first 

subset passes over (is ranked before, or takes precedence over) every strand in the second subset. The fabric 𝐹 is 3-way, if the strands 

lie in three different directions in 𝐸 [1].   

This paper will discuss symmetry groups of 3-way 3-fold fabrics. The symmetry group 𝑆(𝐹) of the fabric 𝐹 is a layer group and 

consists of isometries of the Euclidean space which map each strand of 𝐹 onto a strand of 𝐹 that either preserves the rankings at each 

point of 𝐹 (preserves the sides of 𝐹) or reverses all the rankings (interchange the sides of 𝐹).  The approach to describe the symmetry 

group of 𝐹 will be to construct a corresponding design of 𝐹, 𝐷(𝐹) which characterizes the fabric in terms of the rankings of the layers. 

To represent 𝐹, we consider on the plane 𝐸 of 𝐹, sets of equidistant parallel lines to represent the edges (boundaries) of the strands; 

with lines lying in three different directions. These lines divide 𝐸 into a set of polygonal regions or tiles, each of which is assigned a 

color indicating the ranking of the layers at every point of the region or tile. The result is a coloring of a tiling which is called the 

design of 𝐹, 𝐷(𝐹). An example of a sketch of a 3-way 3-fold fabric 𝐹 called the mad weave is shown in Figure 1. Its design 𝐷(𝐹) is 

shown in Figure 2, given by a 3-coloring of the tiling by triangles. The colors yellow, blue and red represent the rankings (123), (231) 

and (312) respectively, where the three directions of the strands are represented with vectors at 60° with each other, with labels 1, 2 

and 3. is shown in Figure 2. The ranking (123) for example would mean a strand with direction 1 goes over a strand with direction 2, 

which goes over a strand with direction 3.   

The layer group representing the symmetry group 𝑆(𝐹) of 𝐹 is given by (𝐺1, 𝐻1), where each element in 𝐺1 will correspond to a 

symmetry of 𝑆(𝐹) that either preserves or interchanges the sides of 𝐹. The elements in 𝐺1 that correspond to a symmetry of 𝑆(𝐹) that 

preserve the sides of 𝐹 constitute the group 𝐻1, which is of index 1 or 2 in 𝐺1.  

For the mad weave we have 𝑆(𝐹) ∶= (𝐺1, 𝐻1) where 𝐺1 ≅ 〈𝑎, 𝑏, 𝑥, 𝑦〉 ≅ 𝑝6𝑚𝑚, 𝐻1 = 〈𝑎, 𝑥, 𝑦〉 ≅ 𝑝6; 𝑎 is the 60° counterclockwise 

rotation centered at the point labeled P, 𝑏 is the horizontal reflection passing through P and 𝑥, 𝑦 are translations with vectors indicated. 

The group 〈𝑎, 𝑏, 𝑥, 𝑦〉 ≅ 𝑝6𝑚𝑚 is the color group of 𝐷(𝐹) and consists of all the elements of the symmetry group of the uncolored 

triangle tiling that effects a permutation of the colors. On the fabric 𝐹, there corresponds is a 60° counterclockwise rotation with 

center at 𝑃′ and translations with vectors indicated, that preserve the sides of 𝐹, and a reflection whose axis is the horizontal line 

through 𝑃′ that reverses its sides. 

This paper will discuss all possible layer groups of a 3-way 3-fold isonemal fabric, and give corresponding designs of the fabrics 

arrived at using color symmetry theory. 

  
Figure 1. The sketch of the mad weave. Figure 2. The design of the mad weave. 

 

 [1] B. Grünbaum, B., Shephard,G. C. (1998). Isonemal Fabrics. The American Mathematical Monthly 95, pp. 5-30. 
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A conventional representation of a periodic crystal by its primitive unit cell and motif is well-known to be ambiguous. Indeed, any 

crystal can be generated from infinitely many primitive unit cells and motifs containing differently located atoms. Niggli’s reduced 

cell is unique but discontinuous under perturbations. Continuity of crystal representations is important for filtering out near duplicates 

in big datasets [1, Fig. 2d] of simulated crystals in Crystal Structure Prediction (CSP). Symmetry groups and many other descriptors 

discontinuously change under perturbations. So CSP landscapes are plotted only by two coordinates: the lattice energy and density.  

We describe a new geometric approach to generating a unique code (called a crystal isoset) of any periodic crystal, which 

continuously changes under perturbations of atoms [2-3]. This isoset is a material genome or a DNA-type code that allows an inverse 

design of new periodic crystals. Using these complete isosets, one can compute invariants via density functions [4] and interatomic 

distances [5]. For any crystal dataset irrespective of symmetries or chemical compositions, invariants of crystals can be joined in a 

minimum spanning tree via continuous distances that quantify crystal similarities. Our Python code of distance-based invariants 

produced a map of all 229K organic crystals in the Cambridge Structural Database overnight on a modest desktop [6 (appendix D), 7]. 

 

Figure 1. A new invariant-based visualization is illustrated on the CSD Drug Subset of 12,576 structures colored by CSD ref codes. 

Left: A tree joins those structures that have close values of invariants extracted from isosets. Right: the interactive invariant-based 

map is zoomed to show families of chemically different aspirin and paracetamol, which are in close branches as in a pharmacy. 

[1] Pulido, A. et al, Functional materials discovery using energy–structure–function maps. Nature, 543(7647), pp.657-664.  

[2] Anosova, O., Kurlin, V. (2021). An isometry classification of periodic point sets. Peer-reviewed proceedings of Discrete Geometry and 

Mathematical Morphology. Available at http://kurlin.org/research-papers.php#DGMM2021. 

[3] Anosova, O., Kurlin, V. (2021). Introduction to Periodic Geometry and Topology. Available at https://arxiv.org/abs/2103.02749. 

[4] Edelsbrunner, H., Heiss, T., Kurlin, V., Smith, P, Wintraecken, M. (2021). The density fingerprint of a periodic point set. Peer-reviewed 

proceedings of Symposium on Computational Geometry. Available at https://arxiv.org/abs/2104.11046. 

[5] Widdowson, D., Mosca, M.M., Pulido, A., Kurlin, V., Cooper, A.I. Average Minimum Distances of periodic point sets. To appear in MATCH 

Communications in Mathematical and in Computer Chemistry (2022). Available at https://arxiv.org/abs/2009.02488. 
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[7] Ropers, J., Mosca, M.M., Anosova, O., Kurlin, V., Cooper, A.I. Fast predictions of lattice energies by continuous isometry invariants of periodic 

crystals. Peer-reviewed proceedings of DACOMSIN (Data and Computation for Materials Science and Innovation) 2021.  
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Intriguing magnetic behaviour has been studied in perovskite structure type materials with the generic formula ABO3 for decades. 

Here, A is usually an alkaline earth metal, or a rare earth element, while B is typically a transition metal. In the related double 

perovskite structure, two different B cations alternate in a rock salt ordering pattern, leading to the general formula A2BB´O6 [1]. One 

of the common features in perovskites is the tilting of the octahedra. As an effect, it tunes the band width of multiple orbitals and the 

strength and sign of the more typical exchange interactions.  

The B-site ordered double-perovskite oxides, where A is Sr or Ba, B is Cu and B‘ is a diamagnetic hexavalent ion, crystallize in a 

tetragonal structure with short Cu-O bonds in the ab plane and long Cu-O bonds along the c axis, due to the cooperative Jahn-Teller 

effect of the octahedrally coordinated d9 Cu2+ ion. While structurally three dimensional, many of these compounds show low-

dimensional magnetic properties [2]. 

The purpose of our study is to find and investigate high degeneracy frustrated magnetically correlated materials. Sr2CuTe0.5W0.5O6 has 

recently been reported as a spin-liquid, where the random distribution of Te occupying d-shell on the W (empty d-shell) position 

blocks a key superexchange path [3]. So, the main goal of this work was to investigate the nearby phase diagrams with the aim of 

searching new materials with interesting properties and promising characteristics. 

        

Figure 1. The square and triangle phase diagrams with end members at the edges. 

 

Systematically spaced compositions were attempted in polycrystalline solid state reactions for BaxSr2-xCuTe0.5W0.5O6 and 

Sr2Cu(TexMo1-x)O6 systems at atmospheric pressure. These efforts were characterized by X-ray diffraction and SQUID magnetometry 

where successful, and these results as well as future plans will be presented. 

 

[1] Vasala S., Karppinen M. (2015). Prog. Solid State Chem. 43, pp. 1-36.  

[2] Todate Y., Higemoto W., Nishiyama K., Hirota K. (2007). J. Phys. and Chem. of Solids, 68, 11, pp. 2107-2110. 

[3] Mustonen O., Vasala S., Sadrollahi E., Schmidt K. P., Baines C., Walker H. C., Terasaki I., Litterst F. J., Baggio-Saitovitch E. & Karppinen M. 

(2018). Nat. Commun. 9, 1085, pp. 1-8. 
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The GPR52 receptor is a Class-A orphan G protein-coupled receptor (GPCR) whose endogenous ligand remains elusive. Highly 

expressed in the brain, it represents a promising therapeutic target for treating psychiatric disease and Huntington’s disease. However, 

tool ligand and drug discovery have been largely hampered by a lack of structural information due largely to the low homology 

(<20%) of GPR52 to any known GPCR structure. We reported three high resolution human GPR52 structures with and without a 

bound ligand. According to the structures, we observed a unique configuration of extracellular loop 2 (ECL2) that occupies the 

orthosteric pocket, a novel side pocket and a special winding mode for Transmembrane helix 5 (TM5). Mutagenesis and functional 

assay suggested the self-activation by ECL2. These findings provide unprecedented insights into the structural basis of GPR52 ligand 

recognition that will be valuable for GPR52 deorphanization and will guide the design of diverse ligands with distinct 

pharmacological properties that have not yet been possible. 

Keywords: crystallography, orphan receptor, ligand binding mode 
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Integrative modeling is an increasingly important tool in structural biology, providing structures by combining data from varied 

experimental methods and prior information. As a result, molecular architectures of large, heterogeneous, and dynamic systems, such 

as the ~52 MDa Nuclear Pore Complex, can be mapped with useful accuracy, precision, and completeness. Key challenges in 

improving integrative modeling include expanding model representations, increasing the variety of input data and prior information, 

quantifying a match between input information and a model in a Bayesian fashion, inventing more efficient structural sampling, as 

well as developing better model validation, analysis, and visualization. In addition, two community-level challenges in integrative 

modeling are being addressed under the auspices of the Worldwide Protein Data Bank (wwPDB). First, the impact of integrative 

structures is maximized by PDB-Dev, a prototype wwPDB repository for archiving, validating, visualizing, and disseminating 

integrative structures. Second, the scope of structural biology is expanded by linking the wwPDB resource for integrative structures 

with archives of data that have not been generally used for structure determination but are increasingly important for computing 

integrative structures, such as data from various types of mass spectrometry, spectroscopy, optical microscopy, proteomics, and 

genetics. To address the largest of modeling problems, a type of integrative modeling called metamodeling is being developed; 

metamodeling combines different types of input models as opposed to different types of data to compute an output model. 

Collectively, these developments will facilitate the structural biology mindset in cell biology and underpin spatiotemporal mapping of 

the entire cell. 

Keywords: structural biology, integrative structural biology, integrative structure modeling, integrative modeling, cell biology 
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Axonal degeneration is responsible for disease progression and accumulation of disability in many neurodegenerative conditions. 

Sterile alpha and Toll/interleukin-1 receptor motif-containing 1 (SARM1) is a nicotinamide adenine dinucleotide (NAD+)- cleaving 

enzyme whose activation triggers axon destruction [1-4]. Loss of the biosynthetic enzyme NMNAT2, which converts nicotinamide 

mononucleotide (NMN) to NAD+, activates SARM1 via an unknown mechanism. Using crystallography, cryo-EM, NMR and 

biochemical assays, we demonstrate that SARM1 is activated by an increase in the ratio of NMN to NAD+ and show that both 

metabolites compete for binding to the autoinhibitory N-terminal armadillo repeat (ARM) domain of SARM1 [5]. We show that NMN 

binding disrupts ARM-TIR interactions in the full-length SARM1 octamer, enabling its TIR domains to self-associate and form a 

catalytic site capable of cleaving NAD+ [5]. These structural insights identify SARM1 as a metabolic sensor of the NMN/NAD+ ratio, 

define the mechanism of SARM1 activation, and may enable a path to the development of allosteric inhibitors that block SARM1 

activation. 

 

Figure 1. SARM1 activation mechanism. Left: Inactive cryo-EM structure of SARM1. Right: Model of activated SARM1 with 

oligomerised TIR domains capable of cleaving NAD+. 

 

[1] Essuman, K. et al.(2017). Neuron 93, 1334-1343. 

[2] Essuman, K. et al. (2018). Curr. Biol. 28, 421-430. 

[3] Horsefield, S. et al. (2019). Science 365, 793-799. 

[4] Wan, L. et al. (2019). Science 365, 799-803. 

[5] Figley, M. et al. (2021). Neuron 109, 1118–1136. 
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De novo cysteine biosynthesis is a pathway responsible for metabolizing inorganic sulfur to produce L-cysteine, that holds 

significance in cellular activities of several organisms, majorly plants and microbes. Absence of this pathway in humans, accompanied 

by differential roles of accumulated L-cysteine in aiding adaptation of microbes in harsh host environment, promoting toxin 

inactivation, biofilm formation, and development of antimicrobial resistance (AMR), make this pathway a lucrative target for novel 

therapeutics. The pathway is fuelled by a bienzyme complex, the Cysteine Synthase Complex (CSC), made up of CysE and CysK 

enzymes, where a hexameric CysE binds two CysK dimers, one on either end, to further cysteine production in a two-step fashion 

from L-serine. Recognition of industrial value in addition of the therapeutic potential of this pathway urges the need for further 

molecular investigations for its optimal exploitation. However, the large size of the molecular complex has put to question the 

feasibility of resolving its 3-D structure, partially reasoning the inability to obtain a 3-D structure even after nearly three decades of 

the complex’s discovery. Klebsiella pneumoniae, a pathogen with its multi-drug resistance (MDR) recognized in WHO’s list of six 

extensively MDR pathogens grouped as ES‘K’APE group of pathogens. Targeting the CSC of K. pneumoniae is a promising approach 

to up our armamentarium against the growing menace caused by the pathogen.   

The success of rational structure-based drug discovery is driven by the availability of a crystal structure of the target protein complex. 

With a recent study reporting the SAXS-modelled CSC from E. coli, we aim to model the CSC complex using the K. pneumoniae 

CysE structure previously made available by our group, adopting a knowledge-based approach. Present poster reports the purification 

and characterization of recombinant CSC from K. pneumoniae, as an essential first step in progressing towards understanding its 

structure and biochemical function. Purified recombinant CSC was obtained and subjected to - (i) gel filtration chromatography to 

separate and estimate molar mass of the complex, (ii) dynamic light scattering for determining hydrodynamic radius and verifying 

homogenous population, and (iii) negative stain electron microscopy to visualize the purified complex. Simultaneous utilization of in 

silico tools integrated with techniques of structural biology is being carried to predict the 3-D structure of CSC, and identify residues 

involved in protein-protein interface stabilization. Following physical analysis and attempts to crystallize the CSC complex obtained 

from K. pneumoniae we observed heterogeneity in the CSC preparation, with a flexible/dynamic nature of the association between the 

two interacting proteins posing considerable challenges. Additionally, identification of interacting residues using in silico predictions 

would facilitate better understanding of useful molecular recognition inferences within CSC, which presently are far from being well-

understood.  

  

Keywords: de novo cysteine biosynthesis; Cysteine Synthase Complex; Electron Microscopy; Klebsiella pneumoniae; 
protein-protein interactions; knowledge-based modelling.   
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Arsenic is a widely distributed toxic metalloid that poses a significant threat to human health by contaminating ground water systems 

[1]. Arsenic can exist in both organic and inorganic forms, with arsenite (AsO3
3-) and arsenate (AsO4

3-), being toxic species. Although 

arsenic is hazardous to human health, some prokaryotes have developed unique mechanisms that utilise arsenite (AsO3
3-) and arsenate 

(AsO4
3-) for respiration and therefore as energy sources. 

The organism Rhizobium sp. NT-26, respires with arsenite and employs the arsenite oxidase enzyme (Aio) for its crucial respiratory 

activity, which catalyzes the oxidation of arsenite (AsO3
3-) to arsenate (AsO4

3-). The Aio enzyme consists of a large catalytic subunit 

(AioA), which contains a molybdenum centre and a 3Fe-4S cluster, and a small subunit (AioB) containing a Rieske 2Fe-2S cluster. 

Arsenite is oxidized to arsenate at the Mo site,concomitantly reducing Mo(VI) to Mo(IV) [2]. The electrons are then passed to the 

3Fe-4S cluster, the Rieske cluster in AioB and finally to an electron acceptor, which is cytochrome c551 (cyt c551) [2, 3]. Structures of 

interprotein transfer complexes are interesting as they form via extensive electrostatic interactions, which are highly transient. 

Structural flexibility at the protein-protein interface promotes fast dissociation of the complex following electron transfer [4]. To date, 

the structure of the Aio and cyt c551 complex has not been investigated, and the kinetics and thermodynamics of the Aio to 

cyt c551 interaction are unknown. In this study, we describe the structure of the Aio/cyt c551 complex, determined by X-ray 

crystallography. The structure provides insight into various types of interactions (hydrogen bonding, salt bridges and electrostatic 

interactions) of the complex that can be studied further to understand the mechanism and specificity between the partner proteins 

during electron transfer. 

[1] H. V. Aposhian, and M. M. Aposhian, “Arsenic toxicology: five questions,” Chem Res Toxicol, vol. 19, no. 1, pp.1-15, Jan, 2006. 

[2] T. P. Warelow, M. Oke, B. Schoepp-Cothenet, J. U. Dahl, N. Bruselat, G. N. Sivalingam, S. Leimkühler, K. 

Thalassinos, U. Kappler, and J. H. Naismith, “The respiratory arsenite oxidase: structure and the role of residues surrounding the rieske cluster,” 

PLoS One, vol. 8, no. 8, pp. e72535, 2013. 

[3] P. J. Ellis, T. Conrads, R. Hille, and P. Kuhn, “Crystal structure of the 100 kDa arsenite oxidase from Alcaligenes faecalis in two crystal forms at 

1.64 Å and 2.03 Å,” Structure, vol. 9, no. 2, pp. 125-132, 2001. 

[4] D. Leys, and N. S. Scrutton, “Electrical circuitry in biology: emerging principles from protein structure,” Curr Opin Struct Biol, vol. 14, no. 6, pp. 

642-7, Dec, 2004. 

Keywords: X-ray crystallography, arsenic, interprotein electron transfer complex 
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α-L-Fucosidases (EC 3.2.1.51) catalyse hydrolysis of the α-L-fucosyl moiety from the non-reducing terminus of oligosaccharides and 

glycoconjugates. New representatives are sought for their unique functional properties or particular specificity, especially in 

connection with the transglycosylation ability to enable targeted modification of compounds for biomedical applications. They belong 

to several glycosyl hydrolase families, GH29, GH95, GH139, GH141, and GH151, and utilize either the retaining or inverting 

mechanism. While members of some families, e.g. GH29, have been studied thoroughly, the structural information and mechanistic 

details for other families, including GH151, are missing. 

In our previous studies [1,2] and our more recent results we bring structural and functional insights into the mechanism, active site 

complementation and specificity of two isoenzymes from bacterium Paenibacillus thiaminolyticus. The proteins were characterised 

using a range of biophysical techniques, small angle X-ray scattering, X-ray crystallography, and in silico analysis (substrate docking), 

together with assays of α-L-fucose hydrolysis and transglycosylation ability. The crystal structure of α-L-fucosidase isoenzyme 1 

(GH29) showed a new and unusual organization of the enzyme in a hexamer, with the active sites exposed to the surrounding 

environment and suggested active site complementation. Mutagenesis and catalytic assays confirmed the first case of active site 

complementation in α-L-fucosidases [2]. Our recent crystal structure of isoenzyme 2 from the same bacterium brings the first 

structural insight into the GH151 family, with unexpected oligomerization, enclosure of the active site inside the oligomer, and, again, 

proven active site complementation. Mutations modifying the complemented amino acid lead to changes in the catalytic properties of 

both enzymes. The comparison on the level of structure, functional, and biophysical data for the two isoenzymes brings answers to 

some principal questions regarding α-L-fucosidase substrate specificity and raises new questions about the functionality and stability 

of complemented active sites within these families of α-L-fucosidases.  

1. Benešová E, Lipovová P, Krejzová J, Kovaľová T, Buchtová P, Spiwok V & Králová B (2015) α-L-Fucosidase isoenzyme iso2 from Paenibacillus 

thiaminolyticus. BMC Biotechnol 15, 36. 

2. Kovaľová T, Kovaľ T, Benešová E, Vodičková P, Spiwok V, Lipovová P, Dohnálek J (2019) Active site complementation and hexameric 
arrangement in the GH family 29; a structure–function study of α-L-fucosidase isoenzyme 1 from Paenibacillus thiaminolyticus. 

Glycobiology, 29(1), 59–73. 

Keywords: α-L-Fucosidase, GH151, glycosyl hydrolase, crystal structure, active site complementation 
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Molecular flexibility has a profound impact on the number of possible ways molecules can pack in the solid state. The phenomenon 

of Conformational Polymorphism has been well-studied (Cruz-Cabeza, 2014) and recognised to be very common in complex 

pharmaceuticals (Cruz-Cabeza, 2015). 

Perhaps what is less well understood is how molecular flexibility impacts crystallisation. In previous works, we studied the nucleation 

and growth kinetics of a number of rigid benzoic acid derivatives (Cruz-Cabeza, 2017). We have now studied the nucleation and 

growth kinetics of a number of flexible benzoic acid derivatives asking the fundamental question “Can Molecular Flexibility Control 

Crystallisation?” (Tang, 2021). Our kinetic data shows that when the energy barriers for conformational change are small, molecular 

flexibility is not rate controlling in crystallisation. Aromatic stacking was found, again, to be the key controlling step in the kinetics of 

crystallisation (Tang, 2021). 

Cruz-Cabeza., A.J., and Bernstein, J. (2014). Conformational Polymorphism. Chem. Rev. 114, 2170-2191. 

Cruz-Cabeza., A.J., Reutzel-Edens, S.M. and Bernstein, J. (2015). Facts and Fictions about Polymorphs. Chem. Soc. Rev. 44, 8619-8635. 

Cruz-Cabeza., A.J., Davey, R.J., Sachithananthan, S.S., Smith, R., Tang, S.K., Vetter, T. and Xiao, Y. (2017). Aromatic Stacking-a key step in 

nucleation. Chem. Commun. 53, 7905-7908. 

Tang, S.K., Davey, R.J., Sacchi, P. and Cruz-Cabeza, A.J. (2021). Can Molecular Flexibility Control Crystallisation? The Case of para substituted 

benzoic acid. Chem. Sci. accepted. 
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Purpose 

Molecular and crystallographic modelling can be used to de-risk the development of active pharmaceutical ingredients into drug 

products. Here we present an application of multi-scale modelling workflows to characterise polymorphism in ritonavir with regard to 

its stability, bioavailability and processing. 

Methods 

Molecular conformation, polarizability and stability are examined using quantum mechanics (QM). Intermolecular synthons, hydrogen 

bonding, crystal morphology and surface chemistry are modelled using empirical force fields. 

Results 

The form I conformation is more stable and polarized with more efficient intermolecular packing, lower void space and higher 

density, however its shielded hydroxyl is only a hydrogen bond donor. In contrast, the hydroxyl in the more open but less stable and 

polarized form II conformation is both a donor and acceptor resulting in stronger hydrogen bonding and a more stable crystal structure 

but one that is less dense. Both forms have strong 1D networks of hydrogen bonds and the differences in packing energies are partially 

offset in form II by its conformational deformation energy difference with respect to form I. The lattice energies converge at shorter 

distances for form I, consistent with its preferential crystallization at high supersaturation. Both forms exhibit a needle/lath-like crystal 

habit with slower growing hydrophobic side and faster growing hydrophilic capping habit faces with aspect ratios increasing from 

polar-protic, polar-aprotic and non-polar solvents, respectively. Surface energies are higher for form II than form I and increase with 

solvent polarity. The higher deformation, lattice and surface energies of form II are consistent with its lower solubility and hence 

bioavailability. 

Conclusion 

Inter-relationship between molecular, solid-state and surface structures of the polymorphic forms of ritonavir are quantified in relation 

to their physical-chemical properties. 
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The solvent influence on crystallisation outcome has been shown in a large number of cases, most often as the observation of different 

crystal forms crystallising from recrystallization from different solvents. More detailed work has been conducted to investigate solute-

solute and solute-solvent interaction in solution with increasing saturation to mimic the crystallisation process, and to understand and 

use the solvent influence on crystallisation with the ultimate aim to control the crystallisation outcome.[1, 2, 3] However, to date there 

are contradicting opinions whether solution interaction drives the nucleation of a particular crystal form or if other factors such as the 

exact nucleation pathway, solvation state of clusters and solute conformations, outweigh the solvent influence.[4] 

But can the nucleation step be completely ignored? Our hypothesis is that strong intermolecular interactions in dilute solution are 

likely to be carried through the nucleation step into the final crystal structure independent from the nucleation pathway followed, and 

weak interactions are unlikely to survive the nucleation step. Verification of this hypothesis would allow us to directly connect dilute 

solutions with the crystallisation product, and even allow for prediction of the existence of a particular crystal form before performing 

crystallisation experiments.  

Using a combination of vibrational and nuclear magnetic spectroscopy, X-ray and neutron diffraction and molecular dynamics simulations, 

I will show the link between solution and solid-state interactions for multi-component crystal forms and how the microscopic structure 

of the solution can influence the crystallisation outcome.[5] 

[1] Davey, R. J., Dent, G., Mughal, R. K., Parveen, S. (2006). Cryst. Growth Des. 6, 1788. 

[2] Hunter, C. A., McCabe, J. F., Spitaleri, A. (2012). CrystEngComm 14, 7115. 

[3] Derdour, L., Skliar, D. (2014). Chem. Eng. Sci. 106, 275. 

[4] Du, W., Cruz-Cabeza, A. J., Woutersen, S., Davey, R. J., Yin, Q. (2015). Chem. Sci. 6, 3515. 

[5] Jones, C. D., Walker, M., Xiao, Y., Edkins, K. (2019). Chem. Commun. 55, 4865. 

Keywords: Pre-nucleation aggregation; pharmaceuticals; multi-component  
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Pharmaceutical cocrystals are the subject of interest in academic and industrial research as they offer better control over 

physicochemical, mechanical, and pharmacokinetic properties of active pharmaceutical ingredients (API) while their therapeutic activity 

remains intact. This class of materials, as well as single component pharmaceutical solids, is prone to exhibit the different packing 

arrangements and molecular conformations within the crystal lattice with the same chemical composition i.e. polymorphism. Hot melt 

extrusion (HME) is a solvent-free, continuous, and scalable technique which makes it an important candidate for the industrial 

application in a continuous synthesis of pharmaceutical cocrystals. However, processing APIs and coformers with significant difference 

in their melting temperatures is limited by the possibility of a lower-melting substrate decomposition. As a consequence, reduction of 

the conversion to a cocrystal during extrusion may be observed. 

In this work we used mechanochemical approach to obtain two pharmaceutical cocrystals known to exist in at least two polymorphic 

forms: theophylline (TP) with benzamide (BZ) [1] and nicotinamide (NCT) with malonic acid (MA) [2] via matrix assisted 

cocrystallization (MAC) using hot melt extrusion [3] and polymer assisted grinding (POLAG) [4].  The polymers used in the experiments 

were polyethylene glycol derivatives of different molecular weight (in range from 200 to 20000), Tween® 20 and 80, Span® 80, Brij® 

93 and Poloxamers of different HLB values. The milling procedures were performed using a ball-mill (Fritsch Mini-Mill Pulverisette 

23) while hot melt extrusion processing was conducted using a co-rotating twin-screw Process 11 extruder (Thermo Fisher Scientific, 

Karlsruhe, Germany). Structures of the synthesised products were investigated using X-ray powder diffraction (D2 PHASER, Bruker 

AXS, Karlsruhe, Germany) and Fourier Transform Infrared Spectroscopy (Nicolet 380, Thermo Scientific, USA) whereas phase 

transitions were assessed using differential scanning calorimetry (DSC 214 Polyma, Netzsch, Germany). 

The physical mixture of TP and BZ is difficult to process in the hot melt extrusion process because of the melting temperature difference 

(mpTP = 273 °C, mpBZ = 128 °C). In case of processing neat mixture of API and coformer, the barrel temperature of 120 °C was necessary 

to perform a successful cocrystal extrusion whereas the addition of a polymer matrix allowed to decrease the process temperature to 

40 °C. In the formulations of higher polymer concentration, i.e. 30% and more, the extrusion led to TP:BZ (1:1) cocrystal form I 

occurrence while polymer content below 20% resulted in form II cocrystallization. In contrast both polymorphic forms of TP:BZ (1:1) 

cocrystal were obtained in grinding experiments by neat and liquid assisted grinding as reported previously [1] while all POLAG led 

exclusively to form I formation. The addition of solid-state polymers in a milling procedure accelerated the cocrystallization rate, 

however, presence of the liquid polymers inhibited cocrystal formation due to both difficulties in mixing or dissolution of one of the 

components in liquid polymer. Changes in the polymer content and polarity of the matrix (controlled via chain length of polyethylene 

glycol), did not result in obtaining of TP:BZ (1:1) form II. Furthermore, time required for complete cocrystallization was significantly 

shorter (3-5 minutes) in the hot melt extrusion as compared to the grinding experiments (40 min). In contrast to TP:BZ cocrystal, the 

melting temperature of API and coformer of NCT:MA (2:1) cocrystal are significantly closer (mpNCT = 129 °C, mpMA = 135 °C) which 

simplifies extrusion process. In the examined range of polymer concentrations form I of NCT:MA (2:1) was obtained, similarly grinding 

of NCT and MA (neat, liquid assisted and polymer assisted grinding) resulted also in form I appearance of NCT:MA (2:1) cocrystal. 

Polymers used in matrix assisted techniques can act as cocrystallization rate accelerating agents enabling to obtain higher cocrystal 

yield. In addition, polymers can act as the functional components of the formulation enabling to tailor important pharmaceutical 

parameters e.g. tabletability, dissolution rate or release profile. The addition of polymers in continuous cocrystallization via hot melt 

extrusion allows to reduce the time and temperature of the process enabling processing of thermolabile substances. Furthermore, control 

over polymorphic outcome enabled selective synthesis of a stable polymorph which prevents unwanted structural changes during 

formulation and storage of the final product. On these terms matrix assisted cocrystallization, as a modification of hot melt extrusion 

method, holds a promise in the development of polymorph selective cocrystallization processes. 

[1] Fischer, F., Heidrich, A., Greiser, S., Benemann, S., Rademann, K. & Emmerling, F. (2016) Cryst Growth Des. 16, 1701.  

[2] Lemmerer, A., Adsmond, D.A., Esterhuysen, C. & Bernstein, J. (2013) Cryst Growth Des. 13, 3935.  

[3] Boksa, K., Otte, A. & Pinal, R. (2014) J Pharm Sci. 103, 2904.  

[4] Hasa, D., Carlino, E. & Jones, W. (2016) Cryst Growth Des. 16, 1772. 

Keywords: pharmaceutical cocrystals; hot melt extrusion; mechanochemistry; polymorphism; polymers 
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The CSD currently contains more than 1.1 million structures.[1] This impressive number is the result of at least the same number of 

experiments, which were for the most part all manually set up. There are very few reports about robots that were used to set up 

crystallization trials for the growth of single crystals of small molecules.[2] 

Recently, we have developed an anion screen to crystallize organic [3, 4] and inorganic [5] cations of small molecules from aqueous 

solutions. For some of these studies [3, 5], we employed robotic systems such as the Crystal Gryphon LCP and the Rock Imager 1000, 

both of which are well established in protein crystallography [6, 7]. 

In this presentation, we would like to present our work, which resulted in a cation screen. This screen consists of 96 different aqueous 

solutions with almost 90 different cations, inorganic and organic ones. There exists a commercial cation screen dedicated exclusively 

for protein crystallography, but this screen only contains seven different inorganic cations. We will present anions that could be 

crystallized with the help of this screen and thereby elucidating on the possibilities and limitations of our novel cation screen. 

[1] Taylor, R. & Wood, P. A. (2019). Chem. Rev. 119, 9427.  

[2] Tyler, A. R., Ragbirsingh, R., McMonagle, C. J., Waddell, P. G., Heaps, S. E., Steed, J. W., Thaw, P., Hall, M. J. & Probert, M. R. 

(2020). Chem 6, 1755.  

[3] Nievergelt, P. P., Babor, M., Čejka, J. & Spingler, B. (2018). Chem. Sci. 9, 3716. 

[4] Babor, M., Nievergelt, P. P., Čejka, J., Zvoníček, V. & Spingler, B. (2019). IUCrJ 6, 145.  

[5] Alvarez, R., Nievergelt, P. P., Slyshkina, E., Müller, P., Alberto, R. & Spingler, B. (2020). Dalton Trans. 49, 9632.  
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Febuxostat (FB) is a poorly water-soluble BCS class II drug that is used for the treatment of the inflammatory disease arthritis urica 

(gout). FB has a rich solid form landscape, including many polymorphs, solvates, salts and a few co-crystals [1, 2].
 
With the aim of 

improving the aqueous solubility of FB we expanded the search for novel salts and co-crystals by applying modeling techniques 

followed by directed crystallization experiments. Novel salt and co-crystal forms of FB were obtained in a controlled manner using the 

Crystal16 platform [3]. Making use of the integrated transmission technology together with 16 parallel reactors at a volume of 1 mL, 

the Crystal16 easily allows the scientist to assess salt or co-crystal formation.  

The salt/co-crystal formation was evidenced by powder X-ray diffraction and differential scanning calorimetry. Aqueous powder 

dissolution was carried out to determine if solubility improvement is achieved. Within the scope of this workflow, the nanocrystalline 

powders were not ideal for crystal structure elucidation from powder/single crystal X-ray diffraction but suited for electron diffraction 

experiments [4 -5 ]. By using a dedicated electron diffractometer [6], the crystalline structures of these materials were easily 

accessible.  

Here we report on the successful crystallization and characterization of pharmaceutical relevant co-crystals using a new workflow: AI 

(artificial intelligence) predictions [7], the Crystal16 platform and an electron diffractometer. 

 

[1] Maddileti D., Jayabun S. K., Nangia A. (2013) Crystal Growth & Design 13 (7), 3188. 

[2] Li L. Y., Du R. K.,. Du Y. L, Zhang C. J., Guan S., Dong C. Z., Zhang L. (2018) Crystals 8 (2), 85. 

[3] Li W., de Groen M., Kramer H. J. M., de Gelder R., Tinnemans P., Meekes H., and ter Horst J. H. (2021) Cryst. Growth Des. 21 (1), 112. 

[4] Andrusenko I., Potticary J., Hall S. R., Gemmi M. (2020) Acta Cryst. B76, 1036. 

[5] Hamilton V., Andrusenko I., Potticiary J., Hall C., Stenner R., Mugnaioli E., Lanza A. E., Gemmi M., Hall S. R.(2020) Cryst. Growth Des. 20, 

4731. 

[6] ELDICO Scientific AG has developed a dedicated device for electron diffraction experiments. This device, its capabilities, and advantages over 

(modified)-TEMs will be showcased in this congress too. A scientific publication on a dedicated device for ED experiments is in preparation 

too. 

[7] Devogelaer J.J, Meekes H., Tinnemans P.,  Vlieg E.,  de Gelder R. (2020) Angew.Chem. Int.Ed. 59, 21711. 
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Ba3NbFe3Si2O14: a model system to study magnetic chirality  
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The word “chiral”, introduced by Lord Kelvin in 1904, refers to an object whose image in a plane mirror does not coincide with itself 

[1]. One intuitive example is the left and right hands, which are mirror images of each other but are not superimposable. The two 

forms of a chiral object are called enantiomorphs or enantiomers for molecules. The chirality is a key property which is found in all 

branches of science, from biology to physics and at different scales, from microscopic to macroscopic objects. For instance, in 

biology, the notion of chirality is crucial for living organisms and plays a critical role in molecular recognition [2]. In parallel, in 

fundamental physics, the chirality is also an important property, as shown by the example of the weak interaction, not invariant under 

mirror symmetry [3], which only interacts with left-chiral fermions or right-chiral anti-fermions. The chirality can also be found in 

solid state physics, in crystallography where it refers to the concept of spatial inversion symmetry rather than mirror symmetry, or 

again in magnetism, where it refers to the sense of rotation of the spins on oriented loops [4].  

In this talk, I will focus on the concept of chirality in magnetic ordered systems. I will present the archetype chiral magnetic 

compound, Ba3NbFe3Si2O14, which hosts three different types of chirality. This system belongs to the family of langasite materials 

providing interesting geometrically frustrated spin lattices. It crystallizes in the non-centrosymmetric P321 space group and displays a 

structural chirality. The magnetic Fe3+ ions form an original triangular network in the (a,b) planes, stacked along the c-axis (see 

Figure 1). Below TN  27 K, the system orders magnetically with a 120° spins structure within each triangle, in the (a,b) planes, and 

presents a helical modulation along the perpendicular direction, i.e. the c-axis, with a period of  7 lattice parameters (see Figure 1) 

[5]. Surprisingly, this magnetic ground state displays a unique sense of rotation of the spins within the triangles (triangular chirality) as 

well as a unique sense of rotation of the spins along the helices (helical chirality). This multi-chiral magnetic ground state is correlated 

to the structural chirality through a twist of the inter-plane exchange interactions (see Figure 1) [5-7]. I will present the scientific 

arguments that led to the discovery of such complex multi-chiral magnetic structure and the consequences on its physical properties. I 

will conclude by presenting our last results focusing on the critical regime and the nature of the phase transition toward this peculiar 

multi-chiral magnetic order. 

 

Figure 1: sketch of the crystal structure and long-range magnetic order of Ba3NbFe3Si2O14 projected in the ab-plane (left) and one Fe-

triangle projected along the c-axis (right). The five magnetic exchange paths are shown. 

[1] Lord Kelvin, (1904). Baltimore Lectures. London: C. J. Clay and Sons 619. 

[2] Inaki, M., Liu, J., & Matsuno, K., (2016). Phil. Trans. R. Soc. B 371, 20150403. 

[3] Lee, T. D. & Yang, C. N., (1956). Phys. Rev. 104, 254. Lee, T. D., Oehme, R. & Yang, C. N., (1957). Phys. Rev. 106, 340. 

[4] Simonet, V., Loire, M. & Ballou, R., (2012). Eur. Phys. J. Spec. Top. 213, 5.  

[5] Marty, K., Simonet, V., Ressouche, E., Ballou, R., Lejay, P. & Bordet, P., (2008). Phys. Rev. Lett. 101, 247201.  

[6] Loire, M., Simonet, V., Petit, S., K. Marty, Bordet, P., Lejay, P., Ollivier, J., Enderle, M., Steffens, P., Ressouche, E., Zorko, A. & Ballou, R., 

(2011). Phys. Rev. Lett. 106, 207201.  

[7] Chaix, L., Ballou, R., Cano, A., Petit, S., de Brion, S., Ollivier, J., Regnault, L.-P., Ressouche, E., Constable, E., Colin, C. V., Zorko, A., 

Scagnoli, V., Balay, J., Lejay, P., & Simonet, V., (2016). Phys. Rev. B 93, 214419. 
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In metallic heavy fermion materials, the magnetic ground state is often a spin density wave (SDW) phase in which the magnetization 

vary periodically with a period that is usually incommensurate with the parent structure lattice. These phases are associated to the 

itinerant character of the f-electron present in the system and are intimately related to the electronic structure near the fermi energy.  

This is the case in the tetragonal heavy-fermion compound CeAuSb2 which shows the development of a SDW phase below TN~6.5 K 

with a propagation vector k1 = (0.136, 0.136, 0.5) [1-2]. This phase is very sensitive to external stimuli and, indeed, the systems shows 

two metamagnetic phase transitions with magnetic field applied along the [001] direction [1-2]. An additional parameter which can 

tune the magnetic ground state is the application of a uniaxial stress, for example along the [010] direction. Extensive transport and 

thermodynamic measurements [2, 3, 4] indicate a sudden and anisotropic jump of the resistivity at an induced strain along the axis of 

compression of 0.5% indicating a first order transition. 

In this talk we present single crystal time of flight neutron diffraction data collected under the application of a [010] uniaxial stress to 

characterize the magnetic phases of CeAuSb2. The neutron data indicate a change of the propagation vector from k1 at low stress to k2 

= (0, 0.25, 0.5) at high stress. Even with the geometrical constrains imposed from the experiment sample environment, which allows 

to collect only a limited number of magnetic reflections, we will show that it is possible to determine and refine the magnetic structure 

with the support of group theory calculations and magnetic symmetry analysis. The commensurate nature of the propagation vector is 

attributed to the presence of a lock in invariant in the free energy and we will show that the magnetic ground state under compressive 

stress is characterized by the presence of two primary order parameters related to different irreducible representations of the parent 

structure. 

[1] Marcus, G. G., Kim, D.-J., Tutmaher, J. A., Rodriguez-Rivera, J. A., Birk, J. O., Niedermeyer, C., Lee, H., Fisk, Z.,  Brohol, C. L. (2018). Phys. 

Rev. Lett. 120, 097201 

[2] Zhao, L., Yelland, E. A., Bruin, J. A. N., Sheikin, I., Canfield, P. C., Fritsch, V., Sakai, H., Mackenzie, A. P., Hicks, C. W. (2016). Phys. Rev. B 

93, 195124. 

[3] Park, J., Sakai, H., Erten, O., Mackenzie A. P., Hicks, C. W. (2018). Phys. Rev. B 97, 024411 

[4] Park, J., Sakai, H., Mackenzie A. P., Hicks, C. W. (2018). Phys. Rev. B 98, 024426. 
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Magnetic interactions are the fundamental components for the fascinating variety of complex magnetic structures and properties found 

in many functional materials. Identifying, understanding, and finally predicting these interactions is an essential step towards their 

utilization in novel devices. One of these basic interactions is the Dzyaloshinskii-Moriya interaction (DMI) – an antisymmetric 

exchange coupling favouring a perpendicular arrangement of magnetic moments, and thus a canting in otherwise collinear structures 

[1,2]. The DMI, originally introduced in the late 1950s to explain ‘weak ferromagnets’ (not perfectly collinear antiferromagnets), 

regained the interest in current condensed matter research as it was found to be the driving force to stabilize various novel topological 

noncollinear magnetic structures, such as spin spirals [3], magnetic skyrmions [4], magnetic soliton lattices [5] and others. In 

particular for spintronic applications, the DMI shows promising characteristics towards the development of next-generation devices 

[6]. Although the magnitude of the DMI-induced canting is usually small, the direction can have a fundamental impact on the spin 

chirality and the resulting magnetic and multiferroic properties [7]. Here, we present polarized neutron diffraction (PND) as an 

efficient technique for the determination of the absolute direction of the DMI in weak ferromagnetic materials, as recently established 

by us [8]. 

We provide the basic formalism for a symmetry analysis of the DMI in crystal structures and show how to relate the measured PND 

data with the absolute DMI direction. We exemplify this approach in weak ferromagnetic MnCO3 and identify the magnetic moment 

configurations for a positive or negative sign of the DMI with an applied magnetic field as shown in Fig. 1. Using PND [9], we can 

distinguish even from the measurement of a single suitable Bragg reflection between the two configurations and unambiguously reveal 

a negative DMI sign in MnCO3. This is in agreement with previous results obtained by resonant magnetic X-ray scattering and thus, 

validates the method [10]. We demonstrate the generality of our method by providing further examples of topical magnetic materials 

with different symmetries and support our findings with ab-initio calculations, which reproduce the experimental results.  

Figure 1. The local environment of the z=0 manganese atom in the hexagonal unit cell of MnCO3. The six nearest-neighbour manganese atoms of 

the other magnetic sublattice are shown as light and dark blue spheres located above and below the central atom, respectively. The oxygen atoms 
between these manganese layers are shown as small yellow spheres. Panels (a) and (b) show the two possible magnetic moment configurations 

stabilized dependent on the sign of the Dz DMI component by applying an external magnetic field along the [110] direction aligning the weak 

ferromagnetic moment. 

 

[1] V. E. Dzyaloshinskii, Sov. Phys. - JETP 5(6), 1259 (1957)  [6] S. S. P. Parkin et al., Science 320, 190 (2008) 

[2] T. Moriya, Phys. Rev. 120(1), 91 (1960)    [7] J. Cho et al., J. Phys. D: Appl. Phys. 50, 425004 (2017) 

[3] M. Bode et al., Nature 447, 190 (2007)    [8] H. Thoma et al., Phys. Rev. X 11, 011060 (2021) 

[4] S. Heinze et al., Nat. Phys. 7, 713 (2011)    [9] H. Thoma et al., J. Appl. Crystallogr. 51, 17 (2018)  

[5] Y. Togawa et al., Phys. Rev. Lett. 108, 107202 (2012)   [10] V.  E.  Dmitrienko et al., Nat. Phys. 10, 202 (2014) 

Keywords: Dzyaloshinskii-Moriya interaction; weak ferromagnets; polarized neutron diffraction; magnetic structures 

mailto:h.thoma@fz-juelich.de


MS-68-4                           Microsymposium  

Acta Cryst. (2021), A77, C444 

 

Resonant x-ray scattering of magnetic anisotropy and orbital ordering in Ca2RuO4 

Dan Porter 

Diamond Light Source Ltd, Didcot, United Kingdom;  

dan.porter@diamond.ac.uk 

Ca2RuO4 (CRO), the close neighbour of the famous superconductor Sr2RuO4 displays surprisingly different behaviour to its 

neighbour, exhibiting insulating behaviour below an irreversible metal-insulator transition at TMI = 357K. In the insulating state CRO 

displays orbital ordering at TOO = 260K and antiferromagnetic ordering below TN = 110K. This material has been extensively 

investigated but still questions remain regarding the nature of the insulating state and whether Mott gaps are opened only on certain 

orbitals, or whether the insulating state is a result of purely structural change. While recent publications have tended towards the latter 

of these possibilities, previous results observing varying orbital concentrations with temperature have not been explained. Here we 

will show new resonant elastic x-ray scattering (REXS) results from the Ruthenium absorption edge made on the synchrotron 

beamline I16 at Diamond. The resonant spectra provide a unique way of looking at the ordered magnetic and orbital structure of this 

material and we will present a systematic approach to understanding the different contributions to these signals. 
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Binary rare-earth intermetallic compounds of R7Rh3 type possess complex magnetic phase diagrams and rich variety of magnetic 

phase transitions. In particular, three temperature induced magnetic phase transitions were observed at TN = 32 K, Tt1 = 21 K, and Tt2 = 

9 K [1, 2]. In this work, a comprehensive study of the low-temperature magnetic state of Ho7Rh3 was carried out using neutron 

diffraction and nonlinear AC magnetic susceptibility. 

Analysis of the neutron diffraction data and both the linear and non-linear AC magnetic susceptibility χnω'(T) and χnω''(T) (n = 1, 2, 3) 

(Fig. 1) showed that the magnetic phase transition at a temperature TN = 32 K is associated with emergence of an incommensurate 

magnetic structure of spin density wave type described by the magnetic superspace group Cmc211'(00g)0sss. Upon further cooling 

below the temperature Tt1 ~ 21 K, a "squaring-up" process begins reflecting evolution of the amplitude modulated incommensurate 

magnetic structure towards a rectangular structure of the "antiphase domains" type. At T<Tt2, the magnetic structure can be described 

by the magnetic supersymmetry groups Cm'c21'(00g)ss0 or Cmc'21'(00g)000, which are subgroups of index i = 2 of the 

Cmc211'(00g)0sss magnetic superspace group. Symmetry breaking associated with loosing of {1’|0 0 0 1/2} operation at the transition 

allows the emergence of a spontaneous magnetization confined in the basal plane of the hexagonal structure while magnetic structure 

keeps its incommensurate character. Measurements of the linear and nonlinear AC magnetic susceptibility revealed that emergence of 

the weak spontaneous magnetization in the sample are accompanied by pronounced anomalies in the temperature dependencies of the 

2nd and 3rd harmonics ascribed to a symmetry breaking due to the loss of the time inversion symmetry {1’|0 0 0 1/2}. 

 

Figure 1. (a) Temperature dependence of the real component χ2ω'(T) of the ac harmonics of the magnetic susceptibility. (b) The best 

fit result of the neutron powder diffraction pattern measured at T = 28 K using the model of the magnetic superspace group 

Cmc211'(00g)0sss 

 

[1] Tsutaoka, T., et al, (2003). Physica B. 327, 352-356. 

[2] Tsutaoka, T., et al, (2016). J. of Alloys and Compounds. 654, 126-132.  
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Monovalent inorganic gallium compounds are very rare, whereas this is not the case for indium compounds. As the chemistry of Ga(I) 

can be assumed to be dominated by its lone pair that favors unsymmetrical environments, the influence of the lone pair of In(I) is 

usually not very pronounced. Thus, there are very few isostructural Ga and In compounds. Starting from the elements, we have now 

obtained the new telluridogallates(I) REGaTe2 and related compounds REInTe2 (RE = La – Nd). Although their orthorhombic unit-cell 

dimensions are similar, the structures combine modular entities in different ways that enable more or less space for lone pairs. In the 

case of In-containing compounds, data were collected using microfocused synchrotron radiation from microcrystals that were selected 

and pre-characterized by electron microscopy 

The compounds REGaTe2 crystallize in the non-centrosymmetric space group Pmc21, their lattice parameters reflect the lanthanide 

contraction. In contrast to telluridogallates(III) such as CuGaTe2 [1] and AgGaTe2 [2] that contain [GaTe4] tetrahedral, its 

characteristical structural feature is a chain of GaTe3 pyramids sharing two Te atoms with neighboring pyramids. This would be 

typical for a telluridogallate(I), however, chemical bonding and charge distribution are not trivial. Bond valence sums confirm the 

electron-precise description according to REIIIGaITe-II
2, and the coordination of gallium(I) is pyramidal as expected for a lone-pair 

atom. Bader charges for LaGaTe2 (La +1.5, Ga +0.5, Te -0.8 – -0.9) suggest only partial electron transfer. Thus, REGaTe2 are rare 

examples of compounds with exclusively monovalent Ga atoms, probably the first one without organic residues. In NdGaTe2, a short 

Nd-Ga distance of 3.13 Å is a possible indication of an interaction of the lone pair of Ga(I) with the Nd atoms. This is stronger than, 

for example, in NdGaSb2 (Nd-Ga distance 3.35 Å),[3] which has a different structure and bonding situation. Similar Nd-Ga distances 

are observed in intermetallic phases such as NdGa [4] or NdGaRh [5], so that a description as an oxidized intermetallic phase may 

also be considered. A formal consideration in the framework of the Zintl concept would assume a mixed chain-like [Ga(-2)Te(0)Te(-1)]3- 

polyanion; note that in these formal “charges” are note expected correspond to oxidation states. It is consistent with all descriptions 

that the distances of 2.67 Å to the terminal Te atom are shorter than those to Te atoms bridging along the chain (2.95 Å). Interactions 

between the polyanionic chains appear negligible. The Nd atoms are located in single-capped trigonal prisms of Te atoms, with Ga 

atoms forming two additional caps. 

In contrast, compounds REInTe2 are centrosymmetric, they adopt a structure with the space group Amm2. Although this can, in 

principle, be related to the structure of REGaTe2 by group-subgroup relationships, the cationic modules are not shifted against each 

other in the indium compounds. The indium atoms are located in capped trigonal prisms that show little lone-pair influence, their 

environment is more symmetrical. Although these polyhedra are interconnected in a fashion that is similar to the one in REGaTe2, the 

distances between the chains are not much larger than the ones within the chains so that the compound is a rare-earth indium (I) 

telluride rather than a telluridoindate(I) with a discrete polyanion. Still, bond valence sums correspond to REIIIInITe-II
2. The anionic In- 

or Ga-containing substructures thus show a pronounced influence on the arrangement of the cationic substructures – they interconnect 

similar modules is different ways. The CrB structure type may be regarded as an aristotype of both arrangements. 
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Mater. 24, 3622. 
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Growing interest in the design of functional materials with increasingly complex crystal structures calls for a more detailed 

understanding of structure-property relationships in inorganic solids. Whereby functional material properties are often linked to 

irregular bond distances, deciphering the causal mechanisms underlying bond-length variation, and the extent to which bond lengths 

vary in solids, has important implications in the design of new materials and the optimization of their functional properties.  

Investigation of the relation between bond-length variation and the expression of functional material properties begins with 

systematization of chemical-bonding behavior via large-scale bond-length dispersion analysis. Completion of the largest bond-length 

dispersion analysis to date for inorganic solids (177,446 reliable bond lengths hand-picked from 9210 crystal-structure refinements for 

oxides [1]; 6,770 bond lengths from 720 crystal-structure refinements for nitrides [2]; 33,626 bond lengths from 1832 crystal-structure 

refinements for chalcogenides [3]) recently enabled straightforward identification of anomalous (i.e. irregular) bonding behavior for 

all ions of the periodic table observed bonding to O2-, N3-, and S2-/Se2-/Te2-. In addition to comprehensive description of bond-length 

variations in inorganic solids, the large amount of data on anomalous coordination environments provided by this undertaking allows 

(1) conclusive resolution of the causal mechanisms underlying bond-length variation in inorganic solids, and (2) quantification of the 

extent to which these causal mechanisms result in bond-length variation.  

In a sample of 266 highly irregular coordination polyhedra covering 85 transition-metal ion configurations bonded to O2-, the most 

common cause of bond-length variation is observed to be non-local bond-topological asymmetry — a widely overlooked phenomenon 

whose associated bond-length variation results from asymmetric patterns of a priori bond valences — followed closely by the pseudo 

Jahn-Teller effect (PJTE). Two new indices,  and , calculated on the basis of crystallographic site, are proposed to 

quantify bond-length variation arising from bond-topological and crystallographic mechanisms in extended solids; is defined 

as the mean weighted deviation between the bond valences of a given polyhedron and that of its regular variant with equal bond 

lengths, while  similarly quantifies the difference between a priori and observed bond valences. Bond-topological mechanisms 

of bond-length variation are (1) non-local bond-topological asymmetry and (2) multiple-bond formation, while crystallographic 

mechanisms are (3) electronic effects (e.g. vibronic mixing, lone-pair stereoactivity), and (4) crystal-structure effects (e.g. structural 

incommensuration).  

Comprehensive bond-length dispersion analyses for inorganic nitrides [2] and chalcogenides [3] reveal several “phenomenological 

gaps” compared to their oxide counterparts, thus providing synthetic opportunities via the transposing of anomalously bonded 

coordination units bearing functional properties into new compositional and/or structural spaces. Resolving the contribution of (static) 

bond-topological vs (tunable) crystallographic mechanisms of bond-length variation via the  and  indices, combined with 

their spatial resolution within the coordination polyhedron and unit cell, is proposed to quantify the effective tunable extent of a 

functional property for a given crystal structure, e.g. via alteration of the responsible coordination unit(s). The known extent for which 

bond-topological and crystallographic mechanisms materialize into bond-length variations, provided by large-scale bond-length 

dispersion analyses, guides optimization of these properties within the constraints of physically realistic crystal structures. Such 

information is essential to the design of new materials with (1) increasingly complex crystal structures, and (2) superior functional 

properties.  

[1] Gagné, O. C. & Hawthorne, F. C. (2016). Acta Cryst. B72, 602–625; Gagné, O. C. (2018). Acta Cryst. B74, 49–62; Gagné, O. C. & Hawthorne, 

F. C. (2018a). Acta Cryst. B74, 63–78; Gagné, O. C. & Hawthorne, F. C. (2018b). Acta Cryst. B74, 79–96; Gagné, O. C. & Hawthorne, F. C. 

ChemRxiv 11605698. 

[2] Gagné, O. C. (2020). ChemRxiv. 11626974 

[3] Gagné, O. C. et al. (2020). In preparation 

Keywords: Bond-length dispersion analysis; bond-length variation; bond-topological asymmetry; materials design 
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This study explored the pressure dependent polymorphism of BaRhO3 within the 7 – 22 GPa pressure range. We report the synthesis 

of a previously undiscovered 6H perovskite polymorph of BaRhO3, which was stabilised between 14 – 22 GPa, below which a 

previously known 4H polymorph is yielded.[1] From Rietveld analysis of synchrotron X-ray powder diffraction data, the polymorph 

was found to crystallise in the monoclinic C2/c 6H perovskite structure, similar to the analogous BaIrO3 6H polymorph which is also 

synthesised at high pressure.[2] This data analysis also confirms a 4+ oxidation state for Rh which we believe is stabilised by the 

extremely high oxygen pressures accessible via high pressure synthesis. Physical property measurements and electronic structure 

calculations were carried out on the 4H and 6H polymorphs. Both polymorphs were found to be Pauli paramagnetic metallic oxides. 

Resistivity measurements confirm a metallic state for the 4H polymorph, while bulk resistivity indicates semiconductivity for the 6H 

polymorph. We believe this semiconducting behaviour to arise due to grain boundary effects and not to be intrinsic. High Wilson 

ratios of approximately 2 for either compound indicate strong electron correlations which is rationalised by strong intermetallic 

interactions within the Rh2O9 dimers.  

Overall this study suggests that like the neighbouring Ru, Rh oxides display physical properties driven by competing localised and 

itinerant electron behaviour, and that the higher oxidation states of Rh are readily accessible under high pressure, high temperature 

conditions. 

 

Figure 1. Representations of the 4H and 6H polymorphs of BaRhO3 synthesised under high pressure, high temperature conditions. 

 

[1] Chamberland. B. L. & Anderson, J. B. The preparation and crystal structure of a BaRhO3 polytype, J. Solid State Chem., 1981, 39(1), 114–119 

[2] Cheng, J-G., Alonso, J. A., Suard, E., Zhou, J-S., and Goodenough. J. B. A New Perovskite Polytype in the High-Pressure Sequence of BaIrO3, J. 

Am. Chem. Soc. 2009, 131(21), 7461–7469 

Keywords: High pressure synthesis; metallic oxides; hexagonal perovskites; Rh oxides 
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In recent years there has been tremendous interest in perovskite-like ABX3 hybrid frameworks, built from inorganic and organic 

building blocks, for their semiconducting, ferroelectric and magnetic properties. Much of the attraction in these materials lies in the 

well-known chemical flexibility of perovskite structures, which allows them to accommodate a wide range of cations and anions, as is 

well known perovskite oxides. Much of this flexibility is enhanced in inorganic-organic perovskites both with respect to their 

chemistry e.g. their ability to incorporate a wide range of molecular A-site cations and ligands, distortion modes and mechanical 

flexibility. In one key aspect, however, hybrid perovskites currently have less flexibility compared to conventional perovskites, 

namely the range of formal charges of cations they can incorporate. This results from the ligands in these hybrid material almost 

always being monovalent, which essentially restricts the A and B sites to monovalent and divalent cations, respectively. 

Recent work in our group has realised a combination of monovalent and divalent ligands in perovskite-like materials via replacing 

HCO2
- linker with C2O4

2- ligands. Most interestingly this has yielded [(CH2)3N]Er(HCO2)2(C2O4) and [(CH3)2NH2]Er(HCO2)2(C2O4), 

allowing monovalent organic A-site and trivalent B-site cations to be combined for the first time in a stoichiometric ABX3 perovskite. 

Our presentation will discuss the synthesis, crystal structures and magnetic properties of these materials. These exhibit A-site cation 

ordering up to 500 K, which will likely make related phases of interest as ferroelectrics. The greater framework flexibility in 

[(CH2)3N]Er(HCO2)2(C2O4) leads to it exhibiting significant anisotropic negative thermal expansion while the more rigid 

[(CH3)2NH2]Er(HCO2)2(C2O4) phase does not. 

The second part of our presentation will focus on the related ALn(C2O4)1.5(HCO2) (Ln = Tb-Er) phases, where we find that replacing 

an additional formate ligand with oxalate leads to a structure with ordered ligand vacancies. This leads to larger channels in the 

materials, which is likely the cause of the disorded A-site cations in these materials; ultimately the presence and nature of these A-site 

cations, which could not be identified crystallographically, have been confirmed by neutron and infrared spectroscopy. These two new 

series of materials highlight the potential to expand the flexibility of hybrid perovskite and perovskite-like materials by incorporating 

divalent ligands, allowing their properties to be further tailored for applications. 

Keywords: pervoskites, hybrid frameworks, negative thermal expansion, spectroscopy 
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Rubidium tetrachloro zincate (Rb2ZnCl4) belongs to A2BX4 crystal family with the β-K2SO4 structure type [1], which are known for 

their ferroelectric properties and successive phase transitions. Rb2ZnCl4 has an orthorhombic crystal structure with Pmcn as its space 

group in its normal phase and goes from a normal disordered structure to incommensurately modulated structure along its c-axis at 

303 K, then goes to a commensurately modulated structure around 192 K (Tc) [2]. Here we report the temperature dependent crystal 

structure of Rb2ZnCl4 in an attempt to elucidate the relation between structure and physical properties of this compound. 

In the incommensurate phase the modulation wave vector is given by q = (1/3 – δ) c*, where δ is the parameter which changes with 

temperature, it decreases with decrease in temperature and finally becomes zero at the lock-in phase transition temperature Tc [3]. In 

Rb2ZnCl4 the modulation wave function changes from a sinusoidal harmonic function just below the incommensurate phase transition 

(303K) to a strongly anharmonic function near the lock-in phase transition at Tc. The modulation function in the incommensurate 

phase of Rb2ZnCl4 is not only given by displacive modulation but also modulations of atomic displacement parameters (ADPs) and 

anharmonic ADPs [4-5]. The structural analysis together with the lattice dynamics studies help us to understand the relation between 

aperiodic order and physical properties.  

[1] Sawada, S., Shiroshi, Y., Yamamoto, A., Takashige, M., & Matsuo, M. (1977).  J. Phys. Soc. Japan 43(6), 2099-2030. 

[2] Gesi, K. & Iizumi, M. (1979). J. Phys. Soc. Japan 46(2), 697-698. 

[3] Hamano, K., Ikeda, Y., Fujimoto, T., Ema, K. & Hirotsu, S. (1980). J. Phys. Soc. Japan 49(6), 2278-2286. 

[4] Aramburu, I., Friese, K., Perez-Mato, J. M., Morgenroth, W., Aroyo, M., Breczewski, T. & Madariaga, G. (2006). Phy. Rev. B 73, 014112.  

[5] Li, L., Wölfel, A., Schönleber, A., Mondal, S., Schreurs, A. M. M., Kroon-Batenburg, L. M. J. & van Smaalen, S. (2011).  Acta. Cryst. B 67, 205-

217.  

 

Keywords: Aperiodic crystals; Incommensurate structures; modulation wavefunction; lock-in transition; single crystal XRD  

High quality single crystals of Rb2ZnCl4 have been grown by Ms. Kerstin Küspert at the Laboratory of crystallography. The project is 

funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) – 406658237. 
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The development of diamond-anvil cells together with the improvement of the characterization techniques in large facilities has led to

the expansion of high-pressure (HP) research. The application of HP has given rise to many important breakthroughs during the past 

decade because it can radically change the physical and chemical properties of materials yielding unexpected modifications. For 

instance, HP has allowed the discovery of new materials or new phases of known materials with unique properties, such as high TC

superconductors, Mott insulators, half-metals, etc. 

Here, we present the study of several striking materials by two complementary techniques: x-ray absorption spectroscopy (XAS) and 

x-ray diffraction (XRD), both carried out in the European Synchrotron Radiation Facility (ESRF). Firstly, the iridium (Ir) metal has 

been investigated up to 1.4 Mbar in order to discover experimentally, for the first time, a new electronic transition predicted in the 

majority of 5d transition metals [1]. This new transition is known as Core Level Crossing and it involves the overlap between the 4f/5p 

core levels affecting the 5d valence orbitals yielding a change in the chemical bonds. The structural stability (Fig.1a) and the 

electronic properties of Ir metal were studied by XRD at ID15B beamline and XAS at BM23 beamline, respectively. Secondly, we 

have stablished a physical model to explain the pressure-induced modifications in the electronic structure of europium (Eu) 

monochalcogenides, EuX (X = O, S, Se, Te). All of them exhibit optical, electric and magnetic anomalies around 14 GPa [2] but the 

reason behind them had never been unveiled so far. We have studied one of these compounds, the EuS, by XAS up to 35 GPa at 

BM23 beamline (Fig. 1b). Finally, the copper(II) oxide, CuO, itself has seen renewed interest due to the discovery of multiferroicity 

(MF) at relatively high temperature TN = 230 K and ambient pressure [3]. However, such a discovery is not free of controversy since 

different researchers have obtained contradictory results [4]. We have carried out a XAS experiment up to 18 GPa, at BM23 beamline, 

to analyse the static and dynamics contribution of the local environment around Cu atoms (Fig. 1c) shedding some light on this 

scientific problem. 

                         

Figure 1. a) XRD diffraction patterns of the Ir metal up to 1.4 Mbar (left graph). b) XAS spectra of EuS, with the Eu valence in the 

inset, up to 35 GPa (central graph). c) Pressure dependence of Cu-O distance, with its deviation, up to 18 GPa (right graph). 

[1] Alexey A. Tal, Mikhail I. Katsnelson et al. (2016). Physical Review B. 93, 205150. 

[2] N. M. Souza-Neto, D. Haskel, Y. C. Tseng, and G. Lapertot (2009). Phys. Rev. Lett. 102, 057206.  

[3] T. Kimura, Y. Sekio, H. Nakamura, T. Siegrist and A. P. Ramirez (2008). Nat. Mater. 7, 291. 

[4] R. Jana, P. Saha, V. Pareek, A. Basu, S. Kapri, S. Bhattacharyya and G. Dev Mukherjee (2016). Sci. Rep. 6, 31610. 

Keywords: High-pressure, XAS, XRD, 3d-5d transition metals, 4f elements 
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Despite being the subject of numerous shock compression studies, the behavior of silicon under dynamic loading is vigorously 

debated [1-4]. The few studies that combine shock compression and X-ray diffraction have exclusively focused on "normal" X-ray 

geometry whereby X-rays are collected along the shock propagation direction, consequently sampling numerous strain states at once, 

and hence greatly complicating both phase identification and studies of phase transition kinetics.[5] Here, we present a novel setup to 

perform in situ X-ray diffraction studies perpendicular to the shock propagation direction at the Matter in Extreme Conditions end 

station at Linac Coherent Light Source, SLAC. Combining the extremely bright, micro-focused X-ray beam available at the LCLS 

with a nanosecond laser driver, we unambiguously characterize of the complex multi-wave shock response in silicon for the first time. 

We further combine this platform for performing simultaneous imaging with X-ray diffraction from shock compressed germanium, 

revealing its behaviour following shock compression. We note the transverse geometry is significantly more sensitive to the onset of 

both solid-solid and solid-liquid phase transformations in materials which exhibit complex multi-wave behaviour, and compare and 

constrast the behaviour of Si and Ge. 

[1] Graham et al., JPCS, 27, 9 (1966) 

[2] Turneaure & Gupta, APL, 90, 051905 (2007) 

[3] Colburn et al., JAP, 43, 5007 (1972) 

[4] Gust & Royce, JAP, 42, 1897 (1971) 

[5] Turneaure et al., PRL,121, 135701 (2018) 
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A new internally heated diamond anvil cell system for time resolved optical and x-ray 
measurements 

Yimin Mijitia , Marco Perrria , Jean Coquetb , Lucie Nataf b, Marco Minicuccia , Angela Trapanantia , Tetsuo Irifunec, 

Francois Baudeletb  and Andrea Di Ciccoa  

aPhysics Division, School of Science and Technology, University of Camerino, Via Madonna delle Carceri 9,  Camerino (MC), 62032, 

Italy 
b Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, BP 48, 91192, Gif-sur-Yvettte Cedex, France 

c Geodynamic Research Center, Ehime University, Matsuyama 790-8577, Japan 

 

We have developed and tested a new internally heated diamond anvil cell (DAC) as reported in a recent paper published in Review of 

Scientific Instruments [1]. The system includes a portable vacuum chamber and was designed for routine performance of x-ray and 

optical experiments. We have adopted a self-heating W/Re gasket design allowing for both sample confinement and heating. This 

solution proved to be very efficient to improve heating and cooling rates in a temperature regime up to 1500 K. The system has been 

widely tested and calibrated under high-temperature conditions. The temperature distribution was measured by in situ optical 

measurements and resulted to be uniform within the typical uncertainty of the measurements (5% at 1000 K). XAS (x-ray absorption 

spectroscopy) of pure Ge at 3.5 GPa were easily obtained in the 300 K–1300 K range, studying the melting transition and nucleation 

to the crystal phase. An original XAS-based dynamical temperature calibration procedure was developed and used to monitor the 

sample and diamond temperatures, indicating that heating and cooling rates in the 100 K/s range can be easily achieved using this 

device. 

 

 
 

Figure 1. (a): 2D plot of the time resolved Ge K-edge XAS data presenting the absorption as function of photon energy and acquisition time (t). For 

clarity, the supplied electric power as function of time (square wave) is given at the left side of the figure. The Ge K-edge XAS spectrum at 

room temperature (t = 0 s) is shown at the bottom. (b): 3D visualization of time dependent evolution of the near-edge XAS and the first 

diamond glitch (G1). The whole set of data was measured under nearly constant pressure at P = 3.5 GPa.  

 
 

[1] Y. Mijiti, M. Perri, J. Coquet, L. Nataf, M. Minicucci, T. Irifune, A. Trapananti, F. Baudelet, A. Di Cicco, Rev. Sci. Instrum. 91, 085114 (2020) 
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EMA beamline status and its XRD prospects 
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The EMA (Extreme condition Methods of Analysis) is one of the first Sirius beamlines, the 4th generation Brazilian synchrotron 

source. Currently under commissioning, its focus is on merging extreme thermodynamic conditions with a solid characterization 

platform based on spectroscopy and scattering techniques. For this, it has an undulator source and optics based on a high-dynamic 

double-crystal monochromator (HD-DCM) [1], 1/4 wave plates (double phase retarder), and KB-mirrors, which can provide X-ray 

beam sizes as small as ~ 1 x 0.5 μm2 and ~ 100 nm2, respectively, for two experimental stations (Microfocus and Nanofocus hutches).  

Here is shown the current developments for the XRD experiments performed on both the “multipurpose setup” (@ 45 m from the 

source) and the 6-circle diffractometer (@ 55 m) [2]. The former relies on a hexapod for sample positioning and angular scans and 

offers the most extreme temperature (0.5 – 5000 K) and pressure (~ 600 GPa) within the Microfocus hutch, allied with a 1 T magnet. 

The latter setup will work with tunable beam sizes ranging from ~ 13 x 3 up to ~ 300 x 300 μm2 and positioning systems on top of its 

inner circle that delivers up to 66 mm of free working distance, expanding the possibilities for third-party sample mountings and 

environments, such as an available uniaxial strain cell. For this setup, the significant range in temperature (5 – 300 K), pressure (~300 

GPa), and magnetic field (6T) add flexibility to the already versatile 4S+2D diffractometer. Additionally, opportunities for a broad 

sort of techniques supported at EMA will be discussed for powder and single-crystalline samples.  

 

Figure 1. The three Microfocus hutch experimental setups, of which the Multipurpose and 6C-diffractometer are discussed here.  

 

[1] Geraldes, R. R., et al. The Status of the New High-Dynamic Dcm for Sirius. 2018. Geneva, Switzerland: JACoW Publishing. 

[2] dos Reis, R. D., et al., Journal of Physics: Conference Series, (2020), 1609, 012015. 
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At the “Langmuir” station of the Kurchatov Synchrotron-Neutron Research Complex, a single-crystal monochromator based on 

adaptive bending X-ray acoustic element [1] was implemented for X-ray beam energy fast tuning and for rapid recording K-edge 

absorption spectra (XANES-spectrum) of Bromine in NaBr powder sample.  

To control beam parameters and record the absorption spectrum, Si single-crustal monochromator, driven by ultrasonic vibrations 

excitation in piezo-actuator, and monitoring system were used. Diffracted synchrotron beam was collimated by slits and recorded 

using a scintillation detector, connected with multi-channel analyzer. X-ray acoustic element was excited via the inverse piezoelectric 

effect by applying a AC electronic signal with first harmonic resonance frequency frez = 239 Hz. During the experiments, the beam 

intensity was recorded in relation to control signal phase, further converted into an absorption spectrum.   

After data processing the results it was established that the position of absorption edge and the first coordination sphere radius 

coincided for X-ray acoustic and traditional mechanical scan. Achieved energy scan range was 13.25–13.65 keV (400 eV). Maximum 

time resolution available using the x-ray acoustic method is 2.1 ms, and actual time required to record qualitative spectrum, achieved 

in this experiment, was about 30 seconds and can be reduced by using detector with a higher dynamic range and counting rate, as well 

as optimizing X-ray optical scheme.  

The developed scheme is promising for QEXAFS methods implementation, useful for chemical reactions kinetics study, for example, 

the Belousov-Zhabotinsky self-oscillation reaction [2], as well as the deformation processes kinetics research under external 

influences.  

1. A.E. Blagov, A.S. Bykov et al. PTE, 2016, No. 5, p. 109  

2. M Hagelstein, T Liu et al. // J. of Physics: Conference Series 430 (2013) 012123  

This work was partially supported by RFBR grants No. 18-32-20108 mol_a_ved, as well as the Council on Grants of the President of 

the Russian Federation МК-2451.2018.2.  
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Skutterudite-type compounds based on □Co4Sb12 pnictide are promising for thermoelectric application due to their good Seebeck 

values and high carrier mobility. Filling the 8a voids (in the cubic space group ) with different elements (alkali, alkali earth, and 

rare earth) helps to reduce the thermal conductivity and thus increases the thermoelectric performance. A systematic characterization 

by synchrotron X-ray powder diffraction of different M-filled Co4Sb12 (M = K, Sr, La, Ce, and Yb) skutterudites was carried out under 

high pressure in the range ∼0–12 GPa. The isothermal equations of state (EOS) were obtained in this pressure range and the Bulk 

moduli (B0) were calculated for all the filled skutterudites, yielding unexpected results. A lattice expansion due to the filler elements 

fails in the description of the Bulk moduli. Topochemical studies of the filler site environment exhibited a slight disturbance and an 

increased ionic character when the filler is incorporated. The mechanical properties by means of Bulk moduli resulted in being 

sensitive to the presence of filler atoms inside the skutterudite voids, being affected by the covalent/ionic exchange of the Co–Sb and 

Sb–Sb bonds. 

 

Fig. 1: (a) Bulk modulus (B0) against the relative lattice constant ar (a  = afilled/aunfilled) for the unfilled Co4Sb12 (denoted as “pure”) and M0.5Co4Sb12 

skutterudites (M = K, Sr, La, Ce, and Yb) investigated. It also includes the B0 values for filled skutterudites MRu4Sb12 (M = La and Pr), CeT4Sb12 (T 

= Fe, Ru, and Os) and LaFe3CoSb12. (b) Comparison between Bulk modulus estimated considering a simple expansion of the unit cell volume and 

theoretically/experimentally obtained (B0). The grey dotted line stands for B0 = B0*. 
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The extreme densities of matter relevant to most exoplanets are not reachable by static compression, i.e., in diamond anvil cell (DAC), 

or by single shock compression techniques. Multiple shocks generated by tailored laser pulses allow higher densities to be reached, 

but the thermodynamic state of the system is not easy to measure. Instead of using the multi-shock compression technique, we can 

send a laser-induced shock wave through a sample that is pre-compressed at high static pressures inside a DAC. The equation-of-state 

of the system can then be directly measured through the Rankine-Hugoniot equations from the shock and particle velocities, and 

temperature can be measured independently with pyrometry. Several experiments demonstrated the combination of these two 

techniques [1-5] at kJ laser facilities and documented material properties at unprecedented conditions.    

We introduce a new design of a shock diamond anvil cell (SDAC) for sub-kJ laser-driven dynamic compression experiments at X-ray 

sources. We designed a system of two thin diamond anvils, one of which is perforated. The perforation is envisioned to allow shock 

waves created by low/moderate energy lasers to propagate through the sample. Being developed to be usable by any user community 

at the High Energy Density (HED) instrument at European-XFEL, or other large-scale facilities around the world, the unique design of 

the SDAC will make it possible to reach higher density states of matter in dynamic compression experiments and probe previously 

unexplored regions of the pressure-temperature-density phase diagram, combined with x-ray techniques at XFEL sources. We will 

present technical details and first results of the pre-compression pressures achieved using SDAC along with hydrodynamic simulation 

results of dense Krypton, among other samples, laser-shocked at different initial densities.   

1. Loubeyre, P. et al (2003). High Pressure Research. 24, 1, 25-31  

2. Eggert, J. et al (2008). Phys. Rev. Lett. 100, 124503  

3. Celliers, P. M. et al (2010). Phys. Rev. Lett. 104, 184503  

4. Loubeyre, P. et al (2012). Phys. Rev. B. 86, 144115  

5. Millot, M. et al (2018). Nat. Phys. 14, 297-302  
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The structure of liquid and glass is usually described by the atomic pair-distribution function (PDF), g(r), which expresses the 

statistical distribution of distances between atoms. The PDF can be determined by diffraction experiments using x-rays or neutrons. 

However, liquid is dynamic in nature, and we have to be sensible about what the PDF means for liquid. For crystalline solids the 

atomic structure is determined by the elastic scattering of x-rays, neutrons or electrons, because the momentum is transferred to the 

whole rigid body of the sample in scattering. But the elastic scattering intensity from liquid is zero because of the lack of rigidity. The 

scattering from liquid is purely inelastic, described by the dynamic structure factor, S(Q, ω), where Q is the momentum transfer 

and E = hω/2π is the energy transfer in scattering. To measure S(Q, ω) we need an elaborate inelastic scattering instruments. In 

particular for inelastic x-ray scattering (IXS) we need a very high energy resolution with ~ meV and ΔE/E < 10-7. This can be achieved 

only with a large backscattering crystal analyzer with a long flight path. However, in regular x-ray diffraction measurement the energy 

resolution is poor, ~ 1 eV, far exceeding the typical energies of vibrational excitations. As a result, the measured structure 

function, S(Q), is the S(Q, ω) integrated over energy, thus representing the same-time correlation among atoms. Thus, the PDF, 

obtained by the Fourier-transformation of S(Q), is the same-time density correlation function which shows the time averaged snapshot 

of correlations. Therefore, the PDF does not describe the structure in a regular sense. For a long time, the PDF has been used in 

representing the structure, because it was the only readily available structural descriptor, and various theories have been proposed to 

predict dynamic properties from the PDF. On the other hand, the dynamic two-body correlation can be directly expressed by the Van 

Hove function, G(r, t), obtained by the double-Fourier-transformation of S(Q, ω). But, to carry out the double-Fourier-transformation 

accurately S(Q, ω) has to be measured over a wide Q-E space. Until recently this was unpractical, because the inelastic scattering 

measurement, typically done with a triple-axis-spectrometer, was extremely time-consuming. But the advent of pulsed neutron sources 

with large two-dimensional detector arrays and advances in the IXS instrumentation made it possible to determine the Van Hove 

function in a reasonable time, 4 – 12 hrs. We applied this technique to various liquids, including water, aqueous solutions of salt, 

metallic alloy liquids, liquid Ga, and organic electrolytes. New physical insights obtained by these measurements will be discussed. 

Now that this technique is available we should expand the definition of the “structure” of liquid to include the dynamic structure 

represented by the Van Hove function. 

 

Keywords: liquid, dynamics, inelastic scattering, structure 
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Pd42.5Ni7.5Cu30P20 (PNCP) has at present the most excellent glass-forming ability (GFA) among metallic glasses. The critical cooling 
rate (CCR) reaches of 0.067 K/s and can form a massive bulk glass with a diameter of more than 40 mm [1]. On the other hand, 
almost the parent alloys of Pd40Ni40P20 (PNP) and Pd40Cu40P20 (PCP) have worse CCRs of about 1 K/s [2] and 100 K/s [3], 
respectively, indicating that the mixture of Ni and Cu elements causes a better CCR in these bulk metallic glassy alloys.  

In order to find a structural origin of the GFAs of these Pd-based glasses, we have carried out anomalous x-ray scattering (AXS) and 
neutron diffraction (ND) experiments on PNP [4], PCP [5], and PNCP (preliminary results were given in [6]), and the experimental 
results were analysed by using reverse Monte Carlo (RMC) modelling. The obtained atomic configurations of these alloys were 
discussed by using a Voronoi tessellation for the short-range atomic arrangements and a persistent homology analysis [7] for the 
hyper-ordered atomic structures.  

Although the general features of the atomic configurations look similar to one another, i.e., most of atomic configurations around all 
elements are basically icosahedral-type, the main results of these analyses are as follows:  

1) A large fraction of “pure” icosahedra are observed around only Ni atoms (5.8%) in PNP [4], whereas that around Cu in PCP is a 
half value of 2.9% [5]. Very interestingly in PNCP, large fractions of “pure” icosahedra are detected not only around the Ni atoms of 
4.8%, but around the Cu atoms of 5.6%.  

2) Large sizes of partial persistent homology rings are observed for the Ni/Cu atoms in all the glasses. However, the size highly 
depends on the GFA of the glasses, i.e., that in PNCP is slightly larger than in PNP, and much larger than in PCP. 

In conclusion, the GFA of Pd-based metallic glasses is not understood as clearly characterized structures such as the existence of 
clusters of crystal-like fragments. It is realized through hyper-ordered structures, i.e., profound structural features in the short- and 
intermediate-range atomic order in the glasses.  

[1] Nishiyama, N. and Inoue, A., (2002), Appl. Phys. Lett. 80, 568. 

[2] Drehman, A. J., Greer, A. L., and Turnbull, D., (1982). Appl. Phys. Lett. 41, 716. 

[3] He, Y. and Schwarz, R. B., (1997), Mater. Res. Symp. Proc. 455, 495. 

[4] Hosokawa, S. et al., (2019). Phys. Rev. B 100, 054204. 

[5] Hosokawa, S. et al., (2021), J. Non-Cryst. Solids 555, 120536. 

[6] Hosokawa, S. et al., (2009), Phys. Rev. B 80, 174204. 

[7] Hiraoka, T. et al., (2016), Proc. Natl. Acad. Sci. USA 113, 7035. 
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When sample conditions for conventional crystallography are not met (i.e. a large, well-ordered crystal) then x-ray diffraction 

techniques often do not yield an unambiguous 3D atomic structure. This can occur in powder diffraction and small-angle x-ray 

scattering (SAXS), where ensembles of crystals or particles in random orientations produce isotropic diffraction around the beam axis. 

It also occurs for disordered materials, such amorphous solids and liquids, where randomness at the molecular scale has a similar 

suppression of accessible structural information via x-ray scattering. The accessible structural information is the distribution of atom-

pair distances (known as the pair distribution function or PDF). The PDF has no information about local angular structure, such as 

bond angles, and in many cases does not uniquely determine the 3D structure.  

Fluctuation x-ray scattering (FXS) [1,2] aims to measure the local angular structure in disordered materials using a small x-ray beam 

to enhance angular scattering fluctuations. We have developed a method of inverting FXS data to recover a sum of three- and four-

atom distributions in real-space [3]. We call this 3D function the Pair-Angle Distribution Function (PADF). It is a natural 

generalisation of the widely used PDF to higher dimensions. The PADF contains, for example, a bond angle distribution and 

massively increases the amount of structural information beyond that of the PDF.  

There are exciting opportunities to combine PADF analysis with crystallography, powder diffraction and SAXS. It could yield new 

routes to crystal structures, nanoscale disorder, amorphous structure and liquid structure. Here we give an introduction to the PADF 

and report on our early experimental results with synchrotron, x-ray free-electron lasers and electron microscopes. These include 

applications to self-assembled lipids [4], disordered carbon materials [5], protein crystals[6] and liquids. 

 

Figure 1. The key steps in PADF analysis. An ensemble of diffraction patterns is measured by translating the sample relative to the 

beam. A statistical analysis is performed on the ensemble of diffraction patterns (intensity correlation analysis), which is finally 

converted into real-space to yield the 3D PADF. 

 

[1] Kurta, R.P., Altarelli, M. and Vartanyants, I.A. (2016). “Structural analysis by x-ray intensity angular cross-correlations” in Advances in 

Chemical Physics (eds S.A. Rice and A.R. Dinner). 

[2] Kam, Z. (1977). Macromolecules, 10(5), 927–934.  

[3] Martin, A. V. (2017). IUCrJ, 4, 24–36. 

[4] Martin, A. V., et al., (2020). Small, 2000828, 1–6 

[5] Martin, A. V., et al., (2020). Communications Materials, 1(40), 1–8. 

[6] Adams, P.,, et al., (2020). Crystals, 10, 724. 
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Commonly classical nucleation theory has been used to explain nucleation, but this is now being challenged as atomic scale 

techniques has been developed to study solutions showing larger clusters before nucleation [1, 2]. Thus, a new theory including these 

clusters with predictive value is needed. To achieve this, it is essential to investigate the atomic structure of precursors across different 

elements as well as chemical environments.  

In this study the precursors of group 13 metal oxides have been examined. Al, In and Ga form similar oxides and hydroxides such as 

M(OH)3, MOOH and M2O3 in solvothermal synthesis. The individual systems exhibit complex polymorphism, which can be 

controlled with different synthesis parameters such as solvent and temperature, however, the actual mechanisms are unknown.  

The precursor structures of the group 13 metal oxides have been determined by combining PDF and EXAFS analysis of the three 

metal nitrates in various solvents. Across element and solvents the structures were determined to be octahedrally coordinated metal-

oxygen with further structure.[3] For the gallium system variation of pH, anions and concentration were further investigated using 

PDF analysis revealing the diverse solution chemistry of gallium [4]. 

Based on the results, the formation mechanisms of the group 13 metal oxides are discussed, for example reason for the production of 

AlOOH at most synthesis conditions instead of the desirable γ-Al2O3 phase [3,5]. 

 

Figure 1. Modelling of both EXAFS and PDF data for the same models. 

 

[1] Bøjesen, E. D. & Iversen, B. B. (2016). CrystEngComm. 43, 8332-8353 

[2] Gebauer, D., Kellermeier, M., Gale, J. D., Bergström, L. & Cölfen, H. (2014). Chem. Soc. Rev. 43, 2348-2371. 

[3] Sommer, S., Nielsen, I. G. & Iversen, B. B. (2020). Chem. – Eur. J. 26, 1022-1026. 

[4] Nielsen, I. G., Sommer, S., Dippel, A.-C. Skibsted, J. & Iversen, B. B. (2021). Submitted to JACS. 

[5] Nielsen, I. G., Sommer, S. & Iversen, B. B. (2021). Nanoscale 13, 4038-4050. 
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Due to its sensitivity to local structure, X-ray absorption spectroscopy is a powerful tool to study disordered systems. One of the most 

interesting property of XAFS is the sensitivity not only to pair distribution function, but also to three-body distribution, which contains 

information on bond angles between nearest neighbours. Reverse Monte Carlo (RMC) is a structural modelling method from which 

this information can be obtained [1], but it requires to know the density of the system being investigated, which may not be available 

especially in extreme thermodynamic conditions. Being a simulation method, it is also costly in terms of time. In recent years, neural 

networks (NN) have become a widely used tool to tackle different problems and have also been applied to the analysis of EXAFS data 

[2]. We wanted to investigate whether the same methodology could be applied to disordered systems and whether it would be possible 

to obtain information beyond the pair distribution function.   

The critical point of any NN is the dataset used for the training process, that should be sufficiently large and heterogeneous. For this 

purpose, we ran several MD simulations of mono-atomic nickel at various temperatures for different crystal configurations, varying 

also the first-neighbour distance. The temperature was increased past the melting point to also include liquid configurations. From 

each configuration, we calculated the number distribution function, bond-angle distribution of the nearest neighbours and the EXAFS 

signal, using GNXAS suite of programs [3]. The created dataset was then used to optimize and train a set of deep NN to estimate 

number and bond-angle distribution from a given EXAFS signal. 

We used the NN to analyse data of nickel at different temperatures and phases. Results from each NN are averaged and standard 

deviation calculated to estimate errors. Obtained results show that the NN is able to distinguish between ordered and disordered 

configurations and is also able to detect small changes in the local ordering of liquid structure, comparable with previously published 

results [4].  

[1] Di Cicco A., Trapananti A., Faggioni S. & Filipponi A. (2003). Phys. Rev. Lett. 91, 135505. 

[2] Timoshenko J., Anspoks A., Cintins A., Kuzmin A., Purans J. & Frenkel A. I. (2018). Phys. Rev. Lett. 120, 225502. 

[3] Filipponi A. & Di Cicco A. (1995). Phys. Rev. B 52, 15135.  

[4] Di Cicco A., Iesari F., De Panfilis S., Celino M., Giusepponi S. & Filipponi A. (2014). Phys. Rev. B 89, 060102. 
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Molecules and molecular ions, unlike individual atoms, have rotational degrees of freedom. This simple observation means that they 

can be particularly good building blocks for disordered crystal structures. Such behaviour is not merely a crystallographic curiosity: it 

is responsible for many important materials properties. For instance, if, in some material, a molecule with a permanent dipole moment 

is free to rotate at high temperatures but freezes into place at low temperatures, the two phases will have different entropies and 

dielectric constants. The result will be a dielectric switching material; it is likely to be an electro- and/or barocaloric, where the phase 

transition responds to an external electric field or pressure; and it may also be pyro- and even ferroelectric if the low-symmetry phase 

is polar.  

Studying such materials requires a combination of experimental and computational techniques. Traditional crystallographic methods 

remain vital, but entail a time and space average that can obscure the behaviour of the disordered phase. Thus it is also important to 

use methods such as total scattering, which are sensitive to local deviations from that average; and to study also the dynamics, or how 

structures change over time. Neutron scattering methods are especially appropriate because they reveal the behaviour of hydrogen 

atoms, which is essential to understanding these rotating molecules, and provide both structural and dynamic information. 

A particular focus of recent interest has been the family of molecular perovskites, in which molecular ions on the “A” site almost 

always display this sort of order-disorder transition [1]. This site is a cubic interstice of the perovskite framework, which provides both 

structural stability and the freedom for the ions to rotate. But of course order-disorder behaviour does not require this specific 

coordination framework, or indeed any framework at all: similar molecular “scaffolding” can be provided by other weak interactions, 

including van der Waals and hydrogen bonding.  

Here we compare “free” to “caged” molecules and molecular ions that undergo entropic transitions. We consider the cyanide-bridged 

elpasolite (double perovskite) analogues (C3H5N2)2K[M(CN)6], C3H5N2 = imidazolium, M = Fe, Co [2]; the molecular material 

adamantane, C10H16 [3], and the molecular-ionic compound ammonium sulfate, (NH4)2SO4 [4]. We have studied these materials’ 

structure by Bragg and total neutron scattering, and their dynamics by inelastic and quasielastic neutron scattering, complemented by 

density-functional theory simulations. Combining these methods provides a detailed picture of the actual rotational and vibrational 

freedom that molecules have in these materials, and hence of the structural origins of their useful properties. In particular, we show 

that the limiting cases of free rotation and harmonic oscillation can both be inaccurate and even seriously misleading, with the true 

situation lying somewhere between these extremes. Our results will direct future attempts at “entropic engineering”: designing 

molecular materials to have specific order-disorder behaviour. 

 

[1] Kieslich, G. & Goodwin, A. L. (2017). Mater. Horiz. 4, 362–366. 

[2] Duncan, H. D., Beake, E. O. R., Playford, H. Y., Dove, M. T. & Phillips, A. E. (2017). CrystEngComm 19, 7316–7321; Phillips, A. E. & Fortes, 

A. D. (2017). Angew. Chem. Int. Ed. 56, 15950–15953; Phillips, A. E., Cai, G. & Demmel, F. (2020). Chem. Commun. 56, 11791–11794. 

[3] Beake, E. O. R., Tucker, M. G., Dove, M. T. & Phillips, A. E. (2017). ChemPhysChem 18, 459–464. 
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NMR spectroscopy provides an element-specific, sensitive probe of the local environment, enabling detailed information to be 

extracted. However, in the solid state the vast majority of this information remains unexploited, owing to the challenges associated 

with obtaining high-resolution spectra and the ease with which these can be interpreted. Recent advances enabling accurate and 

efficient calculation of NMR parameters in periodic systems have revolutionized the application of such approaches in solid-state 

NMR spectroscopy, particularly among experimentalists. As NMR is sensitive to the atomic-scale environment, it provides a 

potentially useful tool for studying disordered materials, and the combination of experiment with first-principles calculations offers a 

particularly attractive approach. There are, however, significant experimental and computational challenges in the application of NMR 

spectroscopy to disordered materials. For example, there is no longer a single arrangement of atoms in a simple model structure that 

matches the material under study, and many different atomic arrangements may be required to gain insight into the interpretation and 

assignment of NMR spectra, and ultimately, into the structure of the material under study. 

The crystal chemical flexibility of pyrochlore-based (A2B2O7) oxide materials has resulted in a wide range of applications, including 

energy materials, nuclear waste encapsulation and catalysis. There is, therefore, considerable interest in understanding the structure–

property relationships in these materials, i.e., investigating how cation/anion disorder and local structure vary with composition. Here 

we combine a range of 89Y, 119Sn and 17O NMR experiments with periodic planewave calculations to explore cation disorder in 17O-

enriched (Y,La)2(Sn,Ti,Zr,Hf)2O7 phases. We show how a variety of NMR crystallographic approaches from cluster-based approaches 

to ensemble-based modelling and the use of grand canonical ensembles can provide insight into the atomic-scale structure and 

disorder in these materials.[1-6] 

 

Figure 1. Ensemble-based methods for predicting NMR spectra of disordered materials  
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[3] Mitchell, M. R., Carnevale, D., Orr, R., Whittle, K. R., & Ashbrook, S. E. (2012). J. Phys. Chem . 116, 427. 
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Structure elucidation of amorphous molecular solids presents one of the key challenges in chemistry today. Knowledge of the atomic-

level structure in such materials would be of great value for example to direct the optimisation of pharmaceutical formulations. 

However, the lack of long-range structural order prevents atomic-level characterization of these materials using methods like single 

crystal X-Ray diffraction. Solid state NMR on the other hand yields atomic-level information on amorphous materials and molecular 

dynamics (MD) can generate candidate sets of possible disordered structures. Directly relating these two techniques has been out of 

reach so far, due to the prohibitive cost of computing chemical shifts on large ensembles of large MD structures using DFT. Recently, 

a method based on machine learning, dubbed ShiftML (1), has emerged as a quick and accurate way to predict the chemical shifts of 

organic solids, even for large systems. 

Here, using a machine learning model of chemical shifts, we determine the complete atomic-level structure of the amorphous form of 

a drug molecule by combining dynamic nuclear polarization-enhanced solid-state NMR experiments with predicted chemical shifts for 

MD simulations of large systems (2). From these amorphous structures we then identify H-bonding motifs and relate them to local 

intermolecular interaction energies. 

1. Paruzzo, F. M.; Hofstetter, A.; Musil, F.; De, S.; Ceriotti, M.; Emsley, L., “Chemical shifts in molecular solids by machine learning.” Nat 

Commun 2018, 9, 4501. doi.org/10.1038/s41467-018-06972-x 

2. Cordova, Balodis, Hofstetter, Paruzzo, Nilsson Lill, Eriksson, Berruyer, Simões de Almeida, Quayle, Norberg, Svensk Ankarberg, Schantz, 

Emsley, "Structure determination of an amorphous drug through large-scale NMR predictions." Nat Commun 2021, doi.org/10.1038/s41467-

021-23208-7 
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Complex structures with subtle atomic-scale details are now routinely solved using complementary tools such as X-ray and/or neutron 

scattering combined with electron diffraction and imaging. Identifying unambiguous atomic models for oxyfluorides, needed for 

materials design and structure−property control, is often still a considerable challenge despite the advantageous optical responses, 

magnetic properties, and energy storage capability of numerous oxyfluorides. Amongst the long-stranding challenges are the lack of 

tools to resolve fluorine and oxygen and to characterize fluoride-ion and MFn polyhedral dynamics. In this work, NMR 

crystallography is used in combination with single-crystal X-ray diffraction, X-ray absorption spectroscopy, and property 

measurements to provide a comprehensive structural picture of a series of new oxyfluoride materials and highlight the presence of 

previously unidentified selective fluorine-mediated dynamics. 

This talk will focus on insights from 19F NMR across early transition metal oxyfluoride materials including newly discovered hafnium 

oxyfluorides, spin singlet Mo(IV) cluster compounds, and emerging hybrid organic–inorganic low-dimensional compounds. The first 

system has relevance to fluoride-doped HfO2 electronic materials [1]; the second example features a rare triangular metal oxyfluoride 

cluster, [Mo3O4F9]
5− (Fig. 1) [2]; and the third series of compounds are structurally diverse and provide fundamental insights into 

competition between centrosymmetric and noncentrosymmetric crystallization [3]. Identifying the anion (dis)order is central to 

building design rules for noncentrosymmetric crystals with technologically relevant properties. 1D and 2D solid-state 19F NMR 

experiments are supported by ab initio calculations to shed light on the anion sublattice and to assign the numerous distinct fluorine 

environments. In compounds with 93Nb and 51V, coupling between the metal and fluorine nuclei can be used to further aid the 

interpretation. Variable-temperature measurements reveal fluorine dynamics that are strongly correlated to polyhedral degrees of 

freedom. The dual scattering and spectroscopy approach is used to demonstrate the sensitivity of 19F shielding to small changes in 

bond length, on the order of 0.01 Å, even in the presence of hydrogen bonding, metal−metal bonding, and electrostatic interactions.  

                                        

Figure 1. (left) 19F solid-state NMR spectra of a series of spin-singlet Mo(IV) triangular clusters. (right) Dipolar-coupling-mediated 
19F–19F homonuclear correlation spectrum with coupled fluorine sites marked. 
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Three-dimensional electron diffraction crystallography (microED) can solve structures of sub-micrometer crystals, which are too 

small for single crystal X-ray crystallography. However, R factors for the microED-based structures are generally high (15-30% for 

small molecules) because of dynamic scattering. Thus, R factor may not be reliable provided that kinetic analysis is used. 

Consequently, there remains 1) ambiguity to locate hydrogens and 2) assignment of nuclei with close atomic numbers, like carbon, 

nitrogen, and oxygen. On the other hand, 1H solid-state NMR is readily available using fast MAS probes and 13C, 14N, 15N, and 17O are 

completely different nuclei for NMR observation. Thus, information from solid-state NMR and microED is complementary. 

Herein, we demonstrate combined approach using solid-state NMR and microED to solve crystalline structure. First, well established 

NMR crystallography approach is employed. Isotropic chemical shifts are very sensitive to local environment, thus crystalline 

structure, however, there are no intuitive way to predict chemical shifts from structures. GIPAW procedure paves a way to estimates 

chemical shifts of crystalline materials in a very high accuracy. This makes isotropic chemical shift as a reliable measure for structure 

validation. While wrong position of 1H and misassignment of carbon/nitrogen/hydrogen result in poor agreement between 

experimental and calculated chemical shifts, right structure can be easily chosen among candidates. We show that this approach, 

which is well established with XRD structures, equally works well with microED. The crystalline structures are determined by 

microED and validated by isotropic chemical shifts [1]. To further validate the structure, next, we demonstrate another measure using 

dipolar-based ssNMR experiments in addition to isotropic chemical shifts. In principle, dipolar couplings provide useful information 

for structure elucidation, as the size of coupling is inversely proportional to the cube of internuclear distances. However, spin 

dynamics is often complicated due to presence of multiples of intra- and intermolecular couplings for small molecules, making 

structure elucidation difficult. On the other hand, it is readily calculated for given structures if the spin system is simple enough (< 8 

spins). Here we utilize 1H-1H selective recoupling of proton (SERP) experiments [2-4] and 1H-14N phase-modulated rotational-echo 

saturation-pulse double-resonance (PM-RESPDOR) as dipolar-based NMR experiments [5, 6]. While the former selects a subset of 
1H-1H spin systems, the latter simplifies the spin system by decoupling 1H-1H interactions. As a result, SERP and RESPDOR probe 
1H-1H and 1H-14N networks, respectively. The structure is solved by microED and then validated by evaluating the agreement between 

experimental and calculated dipolar-based NMR results [7]. As the measurements are performed on 1H and 14N, the method can be 

employed for natural abundance samples. Furthermore, the whole validation procedure was conducted at 293 K unlike widely used 

chemical shift calculation at 0 K using the GIPAW method. 

[1] C. Guzmán-Afonso, Y.-l. Hong, H. Colaux, H. Iijima, A. Saitow, T. Fukumura, Y. Aoyama, S. Motoki, T. Oikawa, T. Yamazaki, K. Yonekura, 

Y. Nishiyama*, Nat. Commun. 10, 3537 (2019). 

[2] N.T. Duong, S. Raran-Kurussi, Y. Nishiyama*, V. Agarwal*, J. Phys. Chem. Lett. 9, 5948-5954 (2018). 

[3] N.T. Duong, S. Raran-Kurussi, Y. Nishiyama*, V. Agarwal*, J. Magn. Reson. 317, 106777 (2020). 

[4] L.R. Potnuru†, N.T. Duong†, S. Ahlawat, S. Raran-Kurussi, M. Ernst, Y. Nishiyama* and V. Agarwal*, J. Chem. Phys. 153, 084202 (2020). 

[5] N.T. Duong, F. Rossi, M. Makrinich, A. Goldbourt, M.R. Chierotti, R. Gobetto, Y. Nishiyama*, J. Magn. Reson. 308, 106559 (2019) 

[6] N.T. Duong, Z. Gan, Y. Nishiyama*, Front. Mol. Biosci. 8, 645347 (2021).  

[7] N.T. Duong, Y. Aoyama, K. Kawamoto, T. Yamazaki, Y. Nishiyama, under review. 
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The determination of active site protonation states is critical to gaining a full mechanistic understanding of enzymatic transformations; 

yet proton positions are challenging to extract using the standard tools of structural biology. Here we make use of a joint solid-state 

NMR, X-ray crystallography, and first-principles computational approach that unlocks the investigation of enzyme catalytic 

mechanism at this fine level of chemical detail. Through this process, we are developing a high-resolution probe for structural biology 

that is keenly sensitive to proton positions – rivaling that of neutron diffraction, yet able to be applied under conditions of active 

catalysis to microcrystalline and non-crystalline materials. For tryptophan synthase, this allows us to peer along the reaction 

coordinates into and out of the α-aminoacrylate intermediate. By uniquely identifying the protonation states of ionizable sites on the 

cofactor, substrates, and catalytic side chains, as well as the location and orientation of structural waters in the active site, a 

remarkably clear picture of structure and reactivity emerges. Most incredibly, this intermediate appears to be mere tenths of angstroms 

away from the preceding transition state in which the β-hydroxyl of the serine substrate is lost. The position and orientation of the 

structural water immediately adjacent to the substrate β-carbon suggests not only the fate of the hydroxyl group, but also the pathway 

back to the transition state and the identity of the active site acid-base catalytic residue. Reaction of this intermediate with 

benzimidazole (BZI), an isostere of the natural substrate, indole, shows BZI bound in the active site and poised for, but unable to 

initiate, the subsequent bond formation step. When modeled into the BZI position, indole is positioned with C-3 in contact with the α-

aminoacrylate Cβ and aligned for nucleophilic attack. 
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 Structural analysis by XRD still remains a considerable challenge for materials that can’t be isolated as single crystals. In NMR 

crystallography structural constraints are extracted from the modern solid-state NMR techniques, and along with DFT (density 

functional theory) calculations.[1-4]  NMR crystallography has been used to derive de novo structures and to aid the refinement of 

Xray powder diffraction data.[1-4] In this work, computational integration of advanced solid-state NMR with PXRD (powder X-ray 

diffraction) and modelling is used to understand the structure of metal coordination polymers that are produced by the etching of metal 

nanoparticles in acidic solution.[5-7] Notably, these coordination polymers have some structural disorder which gives rise to 

broadened diffraction peaks. Solid-state NMR was applied to determine the number of molecules in the asymmetric unit and give 

insight into the geometry at the metal center. Then, the PXRD pattern of the coordination polymers was partially indexed to find 

probable unit cells. The position of heavy atoms was then optimized within the unit cell using the Free Objects for Crystallography 

(FOX) software. Finally, Rietveld refinement and DFT optimization was used to obtain a final structural model. The final NMR and 

PXRD derived structure is validated by comparing the experimental and simulated PXRD pattern and NMR parameters. This protocol 

was verified on scandium acetate which has a known single crystal structure from the literature. The protocol was then successfully 

applied to microcrystalline gallium and aluminum coordination polymers. We anticipate that this methodology could be extended to 

similar kind of coordination polymers with inherent heterogeneous character.  

 

          

Figure 1. Schematic representation of the NMR crystallography approach used for finding the crystal  

structure of the coordination polymer.   
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For over 60 years, nanomaterials have consistently attracted the attention of the scientific community. In the field of nanomedicine, 

recent effort toward optimizing the therapeutic efficacy of newly discovered active compounds has resulted in the development of 

original supramolecular systems that execute multiple functions. However, the true potential of these systems has not been entirely 

utilized. Advancing these materials calls for precise structural analysis of individual elements and a description of the mutual relations 

between them. This is a stringent requirement, as these systems exist at the borderline between crystalline and amorphous solids, for 

which high-quality diffraction data are inherently unavailable. This contribution thus addresses our attempt to formulate an efficient 

experimental-computational strategy for obtaining deep insight into the structure of complex polycrystalline composites with micro- 

and nanodomain architecture. To determine the atomic-resolution structure of these systems, we apply a procedure based on 1H NMR 

crystallography extended to describe the component-selective data. This strategy is based on the combined application of domain-

selective solid-state NMR spectroscopy (ss-NMR), crystal structure prediction (CSP), and density functional theory (DFT)-based 

calculations of NMR chemical shifts. This combination of experimental and theoretical approaches enables one to determine the 

structural arrangements of molecules in situations which are not tractable by conventional spectroscopic techniques. Its applications 

should be of particular importance for systems in which phase transformations can occur, and new polymorphic forms can be 

spontaneously created under the influence of the matrix environment. The potential of this combined analytical approach is 

highlighted using the recently developed biodegradable, injectable polyanhydride microbead formulation of decitabine (5-aza-2'-

deoxycytidine, DAC), an archetypal DNA methyltransferase inhibitor used as an efficient therapeutic for epigenetic cancer therapy. In 

this innovative drug-delivery formulation, which was developed to circumvent the problem of hydrolytic lability of the active 

compound, a mixture of microcrystalline domains of decitabine and nanodomains of sebacic acid (SA) is embedded in the 

semicrystalline matrix of poly(sebacic acid-co-1,4-cyclohexane-dicarboxylic acid) (PSA-co-PCH) carrier. The proposed method, 

which employs the confluence of computational data with measured NMR parameters, thus provides for a way to distinguish between 

alternative candidate structures exclusively existing in the composite assembles, and to select the ones that are the most compatible 

with available information. As the obtained results also opened a route toward the structure refinement of synthetic polymers with a 

limited amount of spectroscopic data available, finding a procedure for the reliable generation of a representative set of CSPs of 

synthetic polymers is thus of paramount importance. This contribution thus demonstrates the synergy effects of the proposed 

combination of several experimental and computational procedures, which considerably extends the NMR crystallography approach 

into the area of intricate mixtures and nanostructured composites. Potentiality of this approach will be also highlighted in de-nuovo 

determination of the crystal structure of chemotactic N-formyl-L-Met-L-Leu-L-Phe-OH tripeptide. 
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NMR crystallography uses a combination of solid-state NMR (SSNMR), X-ray diffraction (XRD), and quantum chemical calculations 

for the determination and/or refinement of crystal structures.1,2 Currently, the majority of NMR crystallographic studies reply upon the 

measurement and calculation of isotropic chemical shifts (CS) or CS tensors and their computation by density functional theory (DFT) 

methods; by contrast, electric field gradient (EFG) tensors of quadrupolar nuclei are used much less extensively.3–6  EFG tensors at the 

origins of quadrupolar nuclei are sensitive to their surrounding electronic environments, including longer-range interactions that do 

not greatly influence chemical shifts, yielding unique sets of quadrupolar parameters for each magnetically distinct environment. 

Furthermore, EFG tensors are less computationally demanding to compute than CS tensors. Since EFG tensors are sensitive probes of 

local atomic environments, we believe that it is crucial to explore and develop quadrupolar NMR-based crystal structure prediction 

(CSP) methods within the context of modern plane-wave DFT computational packages.  In particular, such methods would be very 

useful for the study and characterization of organic solids, including pharmaceutical drug products, nutraceuticals, and a wide variety 

of multi-component crystals.5 

Herein, we demonstrate the use of experimentally-measured and computationally-derived 35Cl EFG tensor parameters in a new NMR 

crystallographic protocol for the refinement of crystal structures, which are developed and optimized on a training set of four organic 

HCl salts with known crystal structures. The stages of this protocol include: (i) selection/assignments of molecular fragments, charges, 

motion groups, and potential unit cells; (ii) simulated annealing using the Polymorph software package to generate tens of thousands 

of candidate structures, (iii) coarse geometry optimizations using DFT-D2* methods (which include dispersion effects),7–9 and (iv) 

subsequent fine geometry optimizations.  Between each of these stages, filters involving the unit cell dimensions, EFG tensor 

parameters, and static lattice energies have been optimized to select for the best candidate structures.  The robustness of this new 

protocol is demonstrated via comparison of EFG tensors, PXRD patterns, and overlays of the known and refined crystal structures.  

Finally, this new protocol is demonstrated in several blind tests for the structural determination and refinement of organic HCl salts 

with unknown structures. 

 

(1)  Taulelle, F. Encycl. Magn. Reson. 2009, 1–14. 

(2)  NMR Crystallography; Harris, R., Wasylishen, R., Duer, M., Eds.; John Wiley & Sons Ltd.: Chichester, U.K., 2009. 

(3)  Ashbrook, S. E.; McKay, D. Chem. Commun. 2016, 52, 7186–7204. 

(4)  Bryce, D. L. IUCrJ 2017, 4, 350–359. 

(5)  Hodgkinson, P. Prog. Nucl. Magn. Reson. Spectrosc. 2020, 118–119, 10–53. 

(6)  Widdifield, C. M.; Farrell, J. D.; Cole, J. C.; Howard, J. A. K.; Hodgkinson, P. Chem. Sci. 2020, 11, 2987–2992. 

(7)  Grimme, S. J. Comput. Chem. 2006, 27, 1787–1799. 

(8)  Holmes, S. T.; Vojvodin, C. S.; Schurko, R. W. J. Phys. Chem. A 2020, 124, 10312–10323. 

(9)  Holmes, S. T.; Schurko, R. W. J. Phys. Chem. C 2018, 122, 1809–1820. 
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Over the recent years there have been large advances in technologies at synchrotron facilities. Photo-counting detectors with high 

frame rates (several hundred fps) allow for rapid data acquisition. Robotic sample exchangers combined with automated sample 

centring enable high-throughput sample screening. Fully automated and unattended data collection set-ups offer the possibility to 

rapidly gather data. Taken together, all these technologies produce vast amounts of data which need to be analysed and stored. Even 

for an expert crystallographer it can now be very challenging to assess the data gathered during an experimental session. For novel or 

non-expert users, the data amounts may even feel overwhelming. Additionally, many research groups do not have access to high-

performance computing infrastructure or large storage space to keep their data and analyse it and for research facilities like 

synchrotrons this infrastructure is limited too. 

Here we present some initial results for a machine learning-based triaging system which is currently being trialled at Diamond. The 

aim is to refine the current brute-force experimental phasing pipelines by introducing data driven triage and decision making. The 

system as it is in place, relies on data fulfilling certain metrics thresholds before being triggered and executing a number of 

experimental phasing programs in parallel. Each of these programs can run hours and up to a day before producing an output without a 

guaranteed success. Based on our initial results presented here, we now propose a machine learning-based decision maker which will 

estimate the chances of successful experimental phasing for the different software packages available within Diamond's automated 

data analysis pipelines. The outcome of the classification process is then used to execute subsets in the pipelines in a hieararchical 

fashion. 

Keywords: experimental phasing, machine learning, data triaging 
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The potential of deep learning has been recognized in structural bioinformatics for already some time, and became indisputable after 

the CASP13 (Critical Assessment of Structure Prediction) community-wide experiment in 2018. In CASP14, held in 2020, deep 

learning has boosted the field to unexpected levels reaching near-experimental accuracy. Its results demonstrate dramatic 

improvement in computing the three-dimensional structure of proteins from amino acid sequence, with many models rivalling 

experimental structures. This success comes from advances transferred from several machine-learning areas, including computer 

vision and natural language processing. At the same time, the community has developed methods specifically designed to deal with 

protein sequences and structures, and their representations. Novel emerging approaches include (i) geometric learning, i.e. learning on 

non-regular representations such as graphs, 3D Voronoi tessellations, and point clouds; (ii) pre-trained protein language models 

leveraging attention; (iii) equivariant architectures preserving the symmetry of 3D space; (iv) use of big data, e.g. large meta-genome 

databases; (v) combining protein representations; (vi) and finally truly end-to-end architectures, i.e. single differentiable models 

starting from a sequence and returning a 3D structure. These observations suggest that deep learning approaches will also be effective 

for a range of related structural biology applications that will be discussed in this lecture. 

Keywords: deep learning, protein structure prediction, geometric learning, end-to-end architectures, protein language models 
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Detecting the ice diffraction artifacts in single-crystal datasets can be very difficult once the data have been integrated, scaled and 

merged. Automatic tools are available in CTRUNCATE [1], phenix.xtriage [2] and AUSPEX [3]. Recently, the AUSPEX icefinder 

score was improved by Moreau and colleagues [4]. Automatic recognition of these artifacts would be highly beneficial as 

macromolecular structure determination can be negatively impacted or even completely hindered by ice diffraction, but remains 

difficult. 

In 2017, we have shown that inspection of plots of merged intensities against resolution permit an easy identification of ice ring 

contamination in integrated data sets - by eye. However, this approach could be matched by automatic routines. This has led us to 

attempt identification using convolutional neural networks, which are exceptionally suited to classification of multi-dimensional 

arrays because they can retain spatial information of the input.  

Here, we present our results to employ convolutional neural networks to detect ice artefacts in processed macromolecular diffraction 

data, resulting in a new automatic detection called “Helcaraxe”. which outperforms previous indicators. We will also discuss the scope 

this may offer for the structural biology community to tap into the vast amount of data the field has accumulated in 50 years of 

deposition to the Protein Data Bank. 

[1] Winn, M. D., Ballard, C. C., Cowtan, K. D., Dodson, E. J., Emsley, P., Evans, P. R., Keegan, R. M., Krissinel, E. B., Leslie, A. G. W., McCoy, 

A., McNicholas, S. J., Murshudov, G. N., Pannu, N. S., Potterton, E. A., Powell, H. R., Read, R. J., Vagin, A., & Wilson, K. S. (2011). 

Overview of the CCP 4 suite and current developments. Acta Cryst. D67, 235–242. https://doi.org/10.1107/S0907444910045749 

[2] Adams, P. D., Afonine, P. V., Bunkóczi, G., Chen, V. B., Davis, I. W., Echols, N., Headd, J. J., Hung, L.-W., Kapral, G. J., Grosse-Kunstleve, R. 
W., McCoy, A. J., Moriarty, N. W., Oeffner, R., Read, R. J., Richardson, D. C., Richardson, J. S., Terwilliger, T. C., & Zwart, P. H. (2010). 

PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Cryst. D66, 213–221. 

https://doi.org/10.1107/S0907444909052925 

 [3] Thorn, A., Parkhurst, J., Emsley, P., Nicholls, R. A., Vollmar, M., Evans, G., & Murshudov, G. N. (2017). AUSPEX: A graphical tool for X-ray 

diffraction data analysis. Acta Cryst. D73, 729–737. https://doi.org/10.1107/S205979831700969X 

[4] Moreau, D. W., Atakisi, H., & Thorne, R. E. (2021). Ice in biomolecular cryocrystallography. Acta Cryst. D77, 540–554. 

https://doi.org/10.1107/S2059798321001170 
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The discovery of new functional materials can be guided by computational screening, particularly if the structure of a material can be 

reliably predicted from its chemical composition. For this application, we have been developing the use energy-structure-function 

maps [1] of the crystal structures available to a molecule. These maps help understand the properties of predicted crystal structures 

and their energetic stabilities. However, the use of these methods is still limited by the computational cost of crystal structure 

prediction (CSP), most of which is associated with the calculation of the relative energies of predicted crystal structures using energy 

models that are sufficiently accurate to provide reliable energetic rankings. To accelerate these methods, we have been developing 

machine learning approaches to predict high quality energies (e.g. from solid state density functional theory) from structures that have 

been generated with computationally efficient energy models. These approaches rely on statistical models, in our case Gaussian 

Process Regression, to relate lattice energies to geometric descriptors of crystal structures. The talk will discuss two approaches that 

we have developed: learning of total energies calculated using solid state density functional theory [2,3], and a fragment-based 

approach [4] where we learn high level dimer energies, which are used to build up the total lattice energies of predicted structures.  

 

Figure 1. Continuous Ranked Probability Score (CRPS) and model uncertainty for a two-level multi-fidelity prediction of the energies 

of the predicted crystal structures of three small organic molecules. Training fractions are given as X/Y, where X is the percentage of 

structures used to train the lower level of the prediction (here, calculated lattice energies at the PBE level) and Y is the percentage of 

those structures used in the first level that are used to train the higher level of model (calculated lattice energies using the PBE0 

functional) [3]. 

[1] Day, G. M. and Cooper, A. I. (2018) Adv. Mater., 30, 1704944 

[2] Musil, F, De, S., Yang, J., Campbell, J. E., Day, G. M. and Ceriotti, M. (2018) Chem. Sci., 9, 1289-1300. 

[3] Egorova, E., Hafizi, R., Woods, D. C. and Day, G. M. (2020) J. Phys. Chem. A, 124 , 8065–8078. 

[4] McDonagh, D., Skylaris, C.-K. and Day, G. M. (2019) J. Chem. Theory Comput., 15, 2743–2758 
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The ever-growing amount of crystallographic data offers the potential to uncover a range of scientific discoveries, from rapidly 

predicting physical properties to suggesting new materials with desirable functional behaviours. This is further enhanced by the 

current growth in machine learning (ML) algorithm development and implementation. There is, however, a significant obstacle to this 

goal; standard crystallographic information are not suitable inputs for ML algorithms. This arises due to the inherent flexibility of 

crystallography, such as non-unique unit cell definitions and symmetry. To overcome this problem, significant progress has been made 

in devising ‘descriptors’ for crystallographic ML, compressing and standardising crystallographic information into a smaller feature 

space. Much of the existing focus has been on molecular crystals, where the finite extent of individual molecules imposes a limit on 

the size of feature vector required. A large number of approaches have been proposed but do not easily extrapolate to extended (i.e. 

inorganic) materials. [1] The descriptors that are suitable for extended solids tend to be either hand-crafted for a specific problem, or 

have so many dimensions that extremely large datasets must be used to train reliable ML models. In addition, many do not scale well 

with variable numbers of atomic species. 

Here, we present two new descriptors for crystallographic materials which are generally applicable and invariant to compositional 

complexity. The first is based on a real-space view of the structure, the second on a reciprocal (or diffraction) space view. Both 

descriptions are invariant to atomic permutations and unit cell choice, and can be considered as an ‘extended’ (i.e. more information-

rich) version of the atomic radial distribution function (RDF) and powder diffraction pattern, respectively. The more complete features 

offered by these descriptors results in better physical property predictions. For example, our ‘extended’ RDF can predict bulk modulus 

from crystal structures obtained from the Materials Project [2] with a much lower error than the ‘simple’ RDF using linear ridge 

regression (Figure 1). It is notable that the error approaches current state-of-the-art results, [3] without any knowledge of the atom 

types involved. 

 

Figure 1. The variation in bulk modulus prediction error with increasing training examples showing better bulk modulus prediction 

using our ‘extended’ RDF than the existing (simple) RDF descriptor. 

 

[1] Rossi, K. & Cumby, J. (2020). Int. J. Quantum Chem., 120, e26151. 

[2] Jain, A., Ong, S. P., Hautier, G., et al. (2013). APL Mater., 1(1), 011002. 

[3] Chen, C., Ye, W., Zuo, Y. et al. (2019). Chem. Mater., 31, 3564. 

 Keywords: machine learning; crystal descriptors; physical property prediction; RDF; radial distribution function 
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Advanced quantitative analysis of the local atomic geometry around active catalytic sites requires novel experimental method e.g. the 

pre-edge structure of X-ray absorption near edge spectra (XANES) measured in the high-energy resolution fluorescence detected 

mode, the so-called HERFD-XANES. However, there is no widely used ab initio theoretical method which could be routinely applied 

to the analysis of such experimental data except parametric multiplet calculations. To overcome the procedure of adjusting of 

parameters is the using of local DFT Hamiltonian constructed on the basis of Wannier orbitals – the so called multiplet ligand-field 

theory (MLFT) [1]. Pre-edge region of X-ray absorption spectra could be calculated using the XTLS code in the framework of 

multiplet ligand-field theory using maximally localized Wannier functions (MLWF). 

Computation of pre-edge XANES spectra according to MLFT approach is a complicated process, which requires using a lot of 

software, such as: Wien2k, Wannier90, XTLS code and some additional programs and scripts. We developed  «w2auto» program, 

which automates all process of pre-edge XANES computation. «w2auto» emulates work in w2web interface of Wien2k software and 

provides opportunity to run all necessary programs without user access. 

In recent years machine learning has become a powerful instrument for solving scientific problems. In this work we have applied 

machine learning methods for analysis of the Fe:SiO4 pre-edge XANES spectra. As recently shown, machine learning methods have 

been successfully applied to the quantitative analysis of spectroscopic data in general and of X-ray near edge spectroscopy (XANES) 

in particular [2]. In the present work we show applicability of machine learning methods to retrieve structural information in system 

Fe:SiO4. In this research we have collected 60 pre-edge XANES spectra in differrent coordination (from 2-fold to 6-fold) (Fig. 1) and 

oxidation states (Fe2+ and Fe3+) using «w2auto» program. Fig. 2 shows the scatter plot of spectra made by expected values of 

absorption intensity and integral under spectrum. 

  

Figure 1. Fe:SiO4 in different coordinations Figure 2. Scatter plot of training dataset for different oxidation states of Fe. 

We used this dataset to train and validate several machine learning methods (Decision Tree, ExtraTrees, SVM, Logistic regression and 

neural network) to determine both coordination number and oxidation state by spectrum.  

The work was supported by grant of President of Russia for young scientists (MK-2730.2019.2). 

[1] Gorelov E., Guda A.A., Soldatov M.A., Guda S.A., Pashkov D., Tanaka A., Lafuerza S., Lamberti C., Soldatov A.V. (2018). Radiation Physics 

and Chemistry 108105. MLFT approach with p-d hybridization for ab initio simulations of the pre-edge XANES. 

[2] Martini A., Guda S.A., Guda A.A., Smolentsev G., Algasov A., Usoltsev O.,et al. (2019). Computer Physics Communications. PyFitit: the 

software for quantitative analysis of XANES spectra using machine-learning algorithms. 

Keywords: XANES, pre-edge, Wannier function, MLFT, machine learning 
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Like other photoreceptor proteins, the archaerhodopsin-3 (AR3) protein has a desensitized, inactive state which is formed in the 

prolonged absence of light. This dark-adapted (DA) state must be converted to the light-adapted (LA) or resting state, before the 

protein can generate a proton motive force. In general, receptor desensitization is commonly achieved through reversible covalent or 

non-covalent modifications, which typically modulate intramolecular bonding networks to stabilize a conformation that is distinct 

from the active resting or ground state.  

Here, we present high-resolution crystal structures of the LA and DA states of AR3, solved to 1.1 Å and 1.3 Å resolution respectively 

[1]. We observe significant differences between the two states in the dynamics of internal water molecules that are coupled via H-

bonds to the retinal Schiff base. These changes modulate the polarity of the environment surrounding the chromophore, influence the 

relative stability of 13-cis and all-trans retinal isomers and facilitate the conversion between the two forms. These crystal structures 

also allow us to gain a better understanding of the extent to which the conformation of the chromophore is coupled to the networks of 

internal water molecules, see Fig. 1. They highlight how minimal displacements of charged and hydrophilic groups within the low 

dielectric environment of the membrane can induce changes in ligand conformation and vice versa. Finally, these structures also 

provide high-resolution structural information that increases our understanding of the mechanism of H+ translocation by AR3, and 

will facilitate the design of further, more efficient AR3 mutants for applications in optogenetics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structures of the region between the retinal SB and Arg92 for the light-adapted (Left) and dark-adapted (Right) AR3. The 

mFobs-DFcalc electron density map (blue mesh) is contoured at ±2.3σ. Water molecules are shown as red spheres and retinal 

chromophore is colored pink. Predicted hydrogen bonds are shown as dashed yellow lines. 

 

 [1] Bada Juarez, J.F., Judge, P.J., Adam, S. et al. (2021). Nat. Commun. 12, 629  
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Membrane proteins with multiple transmembrane domains play critical roles in cell physiology, but little is known about the 

machinery coordinating their biogenesis at the endoplasmic reticulum. Here we describe a ~ 360 kDa ribosome-associated complex 

comprising the core Sec61 channel and five accessory factors: TMCO1, CCDC47 and the Nicalin-TMEM147-NOMO complex. Cryo-

electron microscopy reveals a large assembly at the ribosome exit tunnel organized around a central membrane cavity. Similar to 

protein-conducting channels that facilitate movement of transmembrane segments, cytosolic and luminal funnels in TMCO1 and 

TMEM147, respectively, suggest routes into the central membrane cavity. High-throughput mRNA sequencing shows selective 

translocon engagement with hundreds of different multi-pass membrane proteins. Consistent with a role in multi-pass membrane 

protein biogenesis, cells lacking different accessory components show reduced levels of one such client, the glutamate transporter 

EAAT1. These results identify a new human translocon and provide a molecular framework for understanding its role in multi-pass 

membrane protein biogenesis. 

Keywords: membrane protein biogenesis, cryo-EM, translocon, multi-pass, TMCO1 
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Obesity is a global epidemic causing increased morbidity and impaired quality of life. The melanocortin receptor 4 (MC4R) is a G 

protein-coupled receptor that plays a key role in regulation of food consumption and energy expenditure in the central nervous system, 

thus becoming a prime target for anti-obesity drugs. We present the cryo-EM structure of the human MC4R-Gs signaling complex 

bound to the agonist setmelanotide, a cyclic peptide recently approved for the treatment of obesity. The work reveals the mechanism 

of MC4R activation, highlighting a molecular switch that initiates satiation signaling. Coupled to signaling assays and molecular 

dynamics simulations, the structure demonstrates the role calcium plays in receptor activation, but not inhibition. Altogether, these 

results fill a gap in understanding MC4R activation and provide guidelines for a structure-based design of novel and more efficient 

weight management drugs. 

Keywords: GPCR, melanocortin, obesity, cryo-EM 
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The Commander complex is a conserved regulator of intracellular trafficking. This ancient complex consists of 15 core components as 

well as a number of associated proteins that can be sub-divided into 3 categories: the COMMD/Coiled coil domain containing protein 

(CCDC) 22/CCDC93 (CCC) complex, the Retriever complex (a distant relative of the Retromer complex) and a number of associated 

proteins. Functionally Commander couples to Sorting Nexin 17 (SNX17) to facilitate the recycling of over 100 cell surface proteins 

including key receptors such as, LDLR, LRP1, p-Selectin and the amyloid precursor protein. In addition, Commander dysfunction has 

been linked to various disease pathologies including X-linked intellectual disability. It is therefore crucial to understand the structure, 

mechanism and function of this complex, an understanding that has remain largely elusive to date.  

In the work presented here I have followed on from our previously published work on the structure of individual COMMD proteins 

[1] by reconstituting the core COMMD protein complex in vitro. The successful reconstitution of this complex using a polycistronic 

E. coli vector has allowed for the identification of two distinct subcomplexes of the COMMD family, a result supported by in vivo 

experiments conducted using quantitative mass spectrometry and a panel of COMMD knockout eHAP cell lines. 

Identification of these distinct subcomplexes also allowed for the resolution of a ~3.3 Å crystal structure of COMMD subcomplex B. 

Revealing an intimately assembled tetramer, with interfaces along the β-strands of the highly conserved COMM domain and more 

subunit specific interactions between the loops on the COMM domain and the more variable helical N-terminal domain (See Figure 

1). Intriguingly despite the formation of distinct subcomplexes in in vitro expression there is sufficient evidence to suggest COMMDs 

exist as a decameric assembly in the endogenous cellular environment. With this in mind we have used the aforementioned structure 

to model this assembly, revealing a geometrically perfect star assembly (See Figure 2). 

 

[1] Healy, M. D., Hospenthal, M. K., Hall, R. J., Chandra, M., Chilton, M., Tillu, V., Chen, K., Celligoi, D. J., McDonald, F. J., Cullen, P. J., Lott, J. 

S., Collins, B. M., Ghai, R. (2018). eLIFE. 7, e35895. 

Keywords: Crystallography; Membrane Trafficking; Multidisciplinary 

 

Figure 1. 3.3 Å structure of COMMD subcomplex B, reveals a 

tightly assembled tetramer with conserved and subunit specific 

interfaces. 

 

Figure 2. Model of the COMMD protein decameric assembly. 
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Cholesterol-dependent cytolysins (CDCs) are bacterial pore-forming toxins that are secreted as soluble monomers and 

oligomerise into large circular pre-pores on the surface of cholesterol-rich membranes. Various structural changes and transitions 

results in insertion of β-hairpins into the lipid bilayer, forming a large β-barrel pore that results in cell lysis [1]. We have identified a 

highly conserved structural motif of CDCs that plays a critical role in the prepore-to-pore transition [2]. Furthermore, this motif is also 

highly conserved in a large, diverse family of uncharacterised proteins from over 220 species, which we have designated the name 

“CDC-like” (CDCL) protein family [2]. One partner of the CDCL pair, termed CDCL long, consists of four domains: three similar to 

CDCs and a unique fourth domain. The other partner, CDCL short, possesses three domains, all similar to CDCs. One CDCL pair, 

referred to as ALY long (ALYL) and ALY short (ALYS), originate from the species Elizabethkingia anophelis; an emerging and 

opportunistic pathogen of unknown virulence and transmission. X-ray crystallography revealed the structure of monomeric ALYL 

consists of characteristic CDC domain 1 – 3 structure despite only 22% identity with the archetype CDC perfringolysin O; however, 

domain 4 is completely different to the equivalent domain in CDCs that plays a role in sensing cholesterol. In the presence of lipids, 

ALYL and ALYS show pore-forming activity and analysis by electron microscopy reveals a large circular oligomeric complex 

reminiscent of CDC pore complexes. ALYS also forms a non-lytic circular oligomer in the absence of ALYL. Cross-linking mass 

spectrometry data reveals structural changes between the monomeric and protomeric states, giving insight to the mechanism of pore 

formation. To determine the atomic structure of ALY pores, cryo-EM single-particle analysis is currently being pursued In summary, 

we have shown that the ALY toxins share some structural resemblance to CDCs, but in contrast form a two-component pore complex. 

CDC-like proteins are present in a wide range of bacterial species and are suspected to play key roles in microbial survival and human 

disease. An understanding of pore formation by ALY may yield new knowledge of Elizabethkingia anophelis virulence, in addition to 

providing a system that could be applied to biotechnological applications. Our work on ALY provides the first functional and 

structural insights into this fascinating family of proteins. 

 

[1] Christie MP, Johnstone BA, Tweten RK, Parker MW and Morton CJ (2018) “Cholesterol dependent cytolysins: from water-soluble state to 

membrane pore”, Biophys Rev. 10:1337–1348. 

[2] Evans JC, Johnstone BA, Lawrence SL, Morton CJ, Christie MP, Parker MW and Tweten RK (2020), “A Key Motif in the Cholesterol-

Dependent Cytolysins Reveals a Large Family of Related Proteins”, mBio, 11(5): e02351-20 
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Humans are chronically exposed to mixtures of xenobiotics referred to as endocrine-disrupting chemicals (EDCs). A vast body of 

literature links exposure to these chemicals with increased incidences of reproductive, metabolic, or neurological disorders. Moreover, 

recent data demonstrate that, when used in combination, chemicals have outcomes that cannot be predicted from their individual 

behavior. 

In its heterodimeric form with the retinoid X receptor (RXR), the pregnane X receptor (PXR) plays an essential role in controlling the 

mammalian xenobiotic response and mediates both beneficial and detrimental effects. Our previous work shed light on a mechanism 

by which a binary mixture of xenobiotics activates PXR in a synergistic fashion. Structural analysis revealed that mutual stabilization 

of the compounds within the ligand-binding pocket of PXR accounts for the enhancement of their binding affinity. 

In order to identify and characterize additional active mixtures, we combined a set of cell-based, biophysical, structural, and in vivo 

approaches. Our study reveals features that confirm the binding promiscuity of this receptor and its ability to accommodate bipartite 

ligands. We reveal previously unidentified binding mechanisms involving dynamic structural transitions and covalent coupling and 

report four binary mixtures eliciting graded synergistic activities. Last, we demonstrate that the robust activity obtained with two 

synergizing PXR ligands can be enhanced further in the presence of RXR environmental ligands. 

Our study [1] reveals insights as to how low-dose EDC mixtures may alter physiology and homeostasis at concentrations where 

individual components are considered safe. This “cocktail effect” relies on two cooperative binding processes that enhance ligand 

binding affinity and recruitment of transcriptional coactivators, respectively. 

 

Figure 1. Synergistic activation of the 

RXR-PXR heterodimer by a ternary 

mixture of RXR (yellow) and PXR (green 

and violet) environmental ligands. 

 

 

 

 

 

[1] Delfosse V, Huet T, Harrus D, Granell M, 

Bourguet M, Gardia-Parège C, Chiavarina B, 

Grimaldi M, Le Mével S, Blanc P, Huang D, 

Gruszczyk J, Demeneix B, Cianférani S, Fini 

JB, Balaguer P & Bourguet W. (2021). Proc 

Natl Acad Sci U S A. 118(1):e2020551118. 
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When designing food products, it is important to understand and predict structure-function-property relationships within food 

constituents. This includes knowledge of not only the structure of native materials but also their structural changes across a wide range 

of length scales brought about by food processing. The inherent complexity of food systems therefore calls for an arsenal of 

techniques and instrumentation that can access a broad range of dimensions. 

The Australian Nuclear Science and Technology Organisation (ANSTO) commenced the ‘Food Materials Science Programme’ to 

explore opportunities for the utilisation of the nuclear based methods, including small and ultra-small angle neutron scattering 

((U)SANS), in a quest to extend the understanding of complex food systems. This presentation will highlight the role of (U)SANS in 

the context of broader materials characterisation methods, using several examples1-8. 

 

[1] Elliot Paul Gilbert, Current Opinion in Colloid & Interface Science 42 (2019) 55. 

[2] Amparo Lopez-Rubio, Elliot Paul Gilbert, Trends in Food Science and Technology 20 (2009) 576. 

[3] James Doutch, Mark Bason, Ferdi Franceshcini, Kevin James, Douglas Clowes, Elliot P. Gilbert, Carbohydrate Polymers 88 (2012) 1061. 

[4] Constantinos V. Nikiforidis, Elliot Paul Gilbert, Elke Scholten, RSC Advances, 5 (2015) 47466. 

[5] Zhi Yang, Xu Xu, Ravnit Singh, Liliana de Campo, Elliot P. Gilbert, Zhonghua Wu, Yacine Hemar, Carbohydrate Polymers, 212 (2019) 40-50 

[6] Yaiza Benavent-Gil, Cristina M. Rosell and Elliot P. Gilbert* Food Hydrocolloids 112 (2021) 106316. 

[7] Steven Cornet, Liliana de Campo, Marta Martinez-Sanz, Elke Scholten and Elliot Paul Gilbert*, in manuscript 

[8] https://www.ansto.gov.au/research/programs/other/food-science 
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Majority of recent small-angle X-ray scattering (SAXS) studies have been performed mainly in the large-facility, such as SPring-8 
(JAPAN), APS (USA), and other synchrotron radiation facilities. Since high intensity of those source makes possible to realize time resolve 
measurements in a few seconds in non-distractive mode, "operand" measurements become popular and important to understand 
formation of nanostructures in many materials. In contrast, laboratory SAXS systems are usually regarded as the tool for static 
measurements. However, recent progress in source, optics (confocal mirror, low scattering slit) and detector makes us possible to measure 
nanostructure in a few minutes. Those systems can also be optimized for high energy source such as Mo solid or In-rich liquid metal targets. 
Combining these features, reaction continuing for a few days can be monitored non-destructively, which we call "slow operand" 
measurements. Two examples will give in this talk; First one is about low temperature aging (room temp., 65ºC, 120ºC) of Al-Zn-Mg-Cu 
alloys for 2 days. Second example is shape change of colloidal calcium phosphate (CCP) in real cheese for more than 5 days. In the former 
case, we have measured 1 mm thick aluminum sheet directly from solid solution treatment (SST) without any sample thinig using labo-
SAXS with Mo source. We have also measured the sample with rolling following SST. Since all has been done in same room, the 
uncovered time before starting measurements are less than 5 minutes. Advantage in the second example is the physical distance 
between source and cheese factory. Since fresh curd (before salting) and cheese has been carried from real cheese factory in Rakuno Gakuen 
Univ. to labo. SAXS in Hokkaido Univ. with in 1 hour. Samples (curd or cheese) with 1.8 mm thick put into the glass cell and sealed. Shape 
of nanostructure of cheese corresponding to CCP changes from about sphere of 2.4 nm in diameter to disc like shape with 14 nm in diameter 
as shown in Fig.1.  

 Though there are many studies using SAXS [1, 2] including operand measurements in both case, such long time-span measurements 
have not been reported as far as we know. Nevertheless, there are several processes which are industrially important and occur slowly 
around room temperature. For those target, the slow operand technique with labo-SAXS must be very useful and important in addition 
to regular operand technique with large facilities. 

 

   

Figure 1. Time evolution of SAXS profiles of curd and cheese from 1 hour to 5 days after production . 
 

[1] ex. Deschamps, A., De Geuser, F., Horita, Z.,  Lee, S. & Renou, G., (2014). Acta. Mater.  66, 105 
[2] ex. Ingham, B., Smialowska, A., Kirby, N. M., Wang, C. & Carr, A. J. (2018). Soft Matter. 14, 3336. 
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Additive manufacturing (AM) of metals provides great flexibility in manufacturing parts with complex geometrical shapes and is fast 

becoming an attractive option for the fabrication of high-valued metal components in aerospace, oil & gas, and biomedical industries. 

The rapid heating and cooling during AM fabrication, which by nature is a highly nonequilibrium process, often leads to significant 

microstructural heterogeneity uncommon to wrought and cast alloys.  Such heterogeneity creates tremendous challenge in the 

qualification and eventual certification of AM metal parts for many applications.  

Using a combination of in situ synchrotron-based X-ray scattering and diffraction methods, ex situ electron microscopy, atom-probe 

tomography, and thermokinetic and thermodynamic modelling, we have focused on the development of post-build heat treatment 

protocols for AM alloys. Our established protocols recover the designed phase composition of two types of widely used commercial 

AM alloys, a major step towards their part certification. Specifically, our work on AM nickel-based superalloy Inconel 625 

demonstrates the importance of understanding the effect of elemental microsegregation, a ubiquitous phenomenon in AM alloys 

resulting from rapid solidification, on the structure and microstructure evolution during post-build heat treatments [1]. Our simulation-

constructed and experiment-validated time-temperature-transformation diagram clearly demonstrates the acceleration (by a factor of 

100 – 1000) of formation kinetics of a phase deleterious to the fatigue performance of this alloy [2, 3]. Our work on nitrogen-atomized 

17-4 stainless steel shows that the starting powder chemistry and compositional partition during solidification results in the as-

fabricated 17-4 being fully austenitic, as opposed to being fully martensitic as designed. Our three-step heat treatment protocol 

successfully recovers the martensitic structure of parts fabricated using nitrogen-atomized 17-4 powders [4]. We also determined the 

optimal ageing heat treatment to yield optimal strength of this precipitation-hardening alloy.  

Our work points to a common and important theme that post-build heat treatment is critical for producing AM alloys with predictable 

and reproducible microstructures and hence materials properties. The emphasis of proper post-build heat treatment cannot be 

overstated for the certification of many AM alloys. We also emphasize that rigorous and in situ bulk structure and microstructure 

measurements only available at synchrotrons are essential for modelers to validate AM simulations for the advancement of AM 

technologies [5].   

[1] Zhang, F., Levine, L. E., Allen, A. J., Stoudt, M. R., Lindwall, G., Lass, E. A., Williams, M. E., Idell, Y. & Campbell, C. E. (2018). Acta 

Materialia 152, 200-214. 

[2] Stoudt, M. R., Lass, E., Ng, D. S., Williams, M. E., Zhang, F., Campbell, C. E., Lindwall, G. & Levine, L. E. (2018). Metallurgical and Materials 

Transactions A 49, 3028-3037. 

[3] Lindwall, G., Campbell, C., Lass, E., Zhang, F., Stoudt, M. R., Allen, A. J. & Levine, L. E. (2019). Metallurgical and Materials Transactions A 

50, 457-467. 

[4] Lass, E. A., Zhang, F. & Campbell, C. E. (2020). Metallurgical and Materials Transactions A, 1-15. 

[5] Zhang, F., Levine, L. E., Allen, A. J., Young, S. W., Williams, M. E., Stoudt, M. R., Moon, K.-W., Heigel, J. C. & Ilavsky, J. (2019). Integrating 

Materials and Manufacturing Innovation 8, 362-377 
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Nanofluids, i. e. liquids containing dispersed nanoparticles, are gaining increasing interest since the first use of this designation by 

Choi in 1995 [1]. The primary application for heat transfer as a thermally conductive fluid for cooling is nowadays expanding to 

sensors, lubricants, magnetic sealing or solar energy collectors. The unique properties of nanofluids arise from the synergy between 

nanoparticles and the surrounding medium. Our study concerns Ag and Au nanoparticles which belong to plasmonic nanoparticles 

with the localized particles plasmon resonance (LPPR) in the region of visible light which makes them and their colloidal suspensions 

attractive for optical applications.  

There are numerous preparation methods of nanofluids, among them the very straightforward and solvent-free is magnetron sputtering 

of metals on the surface of vacuum-compatible liquids (oils, ionic liquids, and polymers). In this method nanoparticles are formed at 

the vacuum-liquid interface [2]. In our work, the nanoparticle synthesis takes place in the gas phase prior to their landing onto the 

liquid. Silver and gold nanoparticles were prepared using a magnetron-based gas aggregation cluster source and subsequently 

deposited into liquid polyethylene glycol (PEG).  

The main aim of our study is to determine the stability of Ag and Au nanoparticle dispersions in PEG and to understand the post-

deposition processes inside the nanofluids comprising nanoparticles prepared by aggregation from the gas phase. Solutions with 

different mass concentration of nanoparticles were prepared by controlling the deposition time reaching tens of mg/ml, a value typical 

for commercially-available Ag colloidal solutions. To investigate the size distributions and interactions between nanoparticles inside 

the colloidal suspensions the small angle x-ray scattering (SAXS) was used. We performed SAXS measurements repeatedly during six 

months to determine the suspension stability. The x-ray diffraction proved the crystalline nature of nanoparticles and also the changes 

in the amount of material dispersed in the suspension. The optical properties of individual suspensions were analyzed by UV-Vis 

spectroscopy. TEM and SEM measurements of nanoparticles separated from the suspensions were performed to validate the results 

obtained by the scattering methods.  

Prepared Au nanoparticles have bimodal size distribution with mean sizes 13 nm and 40 nm and the corresponding absorption peak 

associated to the LPPR is observed around 550 nm in the UV-Vis spectrum. In the case of Ag nanoparticles dispersion, UV-Vis 

spectroscopy shows the maximum corresponding to the LPPR of individual separated nanoparticles around 410 nm and another 

maximum at larger wavelengths corresponding to nanoparticles aggregates for freshly prepared samples. This observation was further 

confirmed by SAXS, the mean size of single nanoparticles is around 10 nm and the nanoparticles interact through the hard-sphere 

interaction. The hard-sphere volume fraction however decreases in time and after two months is not detectable anymore. The resultant 

suspension exhibited characteristic plasmonic colour in the yellow/orange range and is expected to be stable over extended periods 

due to constrained mobility of PEG’s macromolecular chains.  

[1] Choi, S. U. S., & Eastman, J. A. (1995). American Society of Mechanical Engineers, 231 (March), 99–105. 

[2] Wender, H., Gonçalves, R. V., Feil, A. F., Migowski, P., Poletto, F. S., Pohlmann, A. R., Dupont, J., & Teixeira, S. R. (2011). Journal of Physical 

Chemistry C, 115(33), 16362–16367. 
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The Pb(Zn1/3Nb2/3)O3-4.5PbTiO3 (PZN-4.5PT) single crystals showed very large ferroelectric and piezoelectric properties compared 

to traditional ferroelectric ceramics (BaTiO3 and PZT) used presently as active material in medical imaging, detection and sonars. 

However, despite these excellent properties, the greatest difficulty to use PZN-4.5PT single crystals on electronic devices is to achieve 

them in thin layers form because of their incongruent melting property. To overcome this difficulty, we deposit them as thin layers by 

dispersing their nanoparticles in a gel containing a matrix that can maintain at least their bulk properties. After this size reduction at 

nanoscale and the annealing process following the deposition, changes and structural transformations would occur. We fabricate with 

success thin films by dispersing these nanoparticles in a gel. The materials show some agglomeration at the surface of the silicon 

substrate films (from SEM images) and non-identified hexagonal microcrystals, which could be at the origin of their excellent 

properties.  

In this paper we use the combined USAXS/SAXS/WAXS instrument at 9ID beamline at APSANL for in situ characterization of 

undoped and 1% Mn doped PZN-4.5PT inorganic perovskite nanoparticles thin films deposited on nanostructured silicon to 

understand the phases transitions and determine the observed hexagonal microcrystals structure. It revealed a hexagonal structure of 

the nanoparticles thin films, which could be explained by the new phase that can be assigned to the Pb3(PO4)2 based component. The 

peak at 31° indicates the presence of the rhombohedral phase perovskites assigned to the nanoparticles. XRD spectra, Raman and 

EDX mapping are compared to the USAXS, SAXS and WAXS results. WAXS characterization permitted to identify three phases 

transitions during thermal annealing confirming dielectric permittivity temperature phases transitions.  

 

Figure 1: EDX mapping for PZN-4.5PT thin film on silicon substrate after annealing  

Keywords: Ferroelectric, synchrotron, nanoparticles, thin film  
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Complex liquid mixtures are the foundation of industrial products from personal care products to biotherapeutics to specialty 

chemicals. While small- and wide-angle reciprocal space methods (SANS, SAXS, WAXS) are workhorse techniques for 

characterizing model formulations, the large number of components (10-100) in many real products often prevents rational mapping 

between component fractions, structure, and product stability. To enable rational design of these materials, we must leverage theory, 

simulation, multimodal characterization and machine learning (ML) tools to greatly reduce the expense of exploring the stability 

boundaries of a particular, desirable phase. Applying ML tools to scattering experiments requires a platform capable of autonomously 

synthesizing and characterizing samples with varying composition and chemistry. While there are numerous examples of robots which 

perform specific user facility operations, these systems tend to be bespoke and non-adaptable to new tasks. We have developed a 

highly adaptable platform that can be programmed to autonomously prepare and characterize liquid-formulations using neutron and X-

ray scattering in addition to offline techniques such as optical imaging, UV/vis/NIR, viscometry, etc. Here we will highlight the design 

of the platform and our latest results in autonomous stability mapping of model formulations from personal care, biopharmaceutical, 

and alternative energy partner companies. 

Keywords: autonomous experimentation, liquid handling, industrial formulations, soft matter 
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The crystallisation of various materials from solution is an important area of study in the field of in situ X-ray diffraction. Beamline I12 

at Diamond synchrotron offers the improved experimental capabilities for in situ investigation of the large-scale synthesis process in 

unprecedented detail [1]. Time-resolved monochromatic high energy X-ray diffraction on the Beamline I12 is a fast and efficient 

method for investigation of crystallization allowing the detection of crystalline intermediates, formulating an idea about the 

crystallization mechanism, and the assessment of individual reaction parameters, i.e., reaction rate constants and activation energies. 

Thus, the optimization of the synthesis conditions of new compounds can be achieved. The high X-ray flux on the beamline I12 

allows real-time monitoring the synthesis in the large containers, including standard laboratory metal autoclaves. Using 

monochromatic X-rays for the synchrotron experiments produces the high-quality diffraction data that permits the full structural 

refinements to be undertaken on metastable materials observed during the reaction. 

The simplest experimental setup for low temperature in situ diffraction experiments is a metal heating block, which allows 

measurements during the synthesis from room temperature to approx. 90oC. It can be used with magnetic hotplate stirrer, allowing to 

mix substance during the measurements providing the homogeneous distribution of material in the reaction tube. For synthesis at 

temperatures close to the room temperature, the remotely controlled syringe pump can be used allowing simultaneous or sequential 

adding the reactants, thus permitting the investigation of the reaction in the controlled way from the very early stages [2]. 

 

Figure 1. Custom design metal heating block for in situ chemistry measurements with magnetic hotplate stirrer (left); ODISC furnace with quartz 

tube inside and magnetic stirrer below (middle); ODISC furnace with metal autoclave inside and magnetic stirrer below (right). 

 

For more demanding in situ synthesis – at temperatures above 100oC or in metal autoclaves – the custom designed furnace ODISC 

was developed on the beamline I12 [3]. The furnace is very versatile with integrated heating, stirring, and precise sample centring and 

it can be used for a wide range of in situ experiments on the beamline. On the beamline I12, the furnace ODISC can be used in two 

configurations: 1) in situ measurements of reaction kinetic during solvothermal synthesis experiments, which performed at 

temperatures below boiling temperature of the solvent. In this case simple quartz tubes are used as a container during large-scale in 

situ synthesis [4]. 2) in situ measurements of reaction kinetic during hydrothermal synthesis, which should be performed in metal 

autoclaves. Despite measurements during the crystallization were performed in the metal autoclave, the data quality recorded on the 

beamline I12 allowed the refinement of the diffraction data and subsequent analysis of crystallization kinetic [5].The references should 

be in Heading 4 style (Times New Roman 9 pt, shortcut CTRL + NUM 4) and listed immediately at the end of the text without a 

heading. 
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The activation of B-H bonds in σ-borane complexes is of interest not only due to their applications in catalysis 

(hydroborations, borylations), but because of the ambiguity of σ-borane coordination modes, which can be challenging to 

formerly define.[1] Because σ-borane complexes are intermediates to B-H activation, they can be difficult to study due to 

the transience of the highly reactive species.  

The σ-borane complexes [Rh(PONOP)(ɳ2-HBR)][BArF
4], (PONOP = 2,6-Bis(di-tert-butyl-phosphinito)pyridine; 

ArF = 3,5-Bis(trifluoromethyl)phenyl; HBR = HBcat: 1; HBR = HBpin: 2) have been synthesised in good yields and have 

been established to undergo oxidative addition (OA) in solution at modest temperatures (< 75 °C). However, the OA 

products were unstable in solution, preventing their full characterisation using traditional solution-based methods. A 

single crystal high-pressure study of 1 was undertaken up to pressures of 25.8 kbar. An isomorphous phase transition was 

observed between the pressures of 4.8 and 8.8 kbar, which was accompanied by several geometrical rearrangements of the 

HBcat ligand with respect to the remainder of coordination complex (Fig. 1a). Most notably, the decrease in the N-Rh-B 

bond angle of ca. 6 ° across the phase transition suggests an increased overlap between the metal d orbital and the ‘empty’ 

boron orbital, indicating a stronger interaction between the metal centre and the σ-borane ligand (Fig. 1b & c).[2]  

 

Figure 1. Pt. a) Superimposed structures of the cations in 1 before (cyan, 4.8 kbar) and after (purple, 8.8 kbar) the phase transition. 

Pt. b) Graph of the calculated N-Rh-B angle of 1 as a function of pressure; inset shows the angle of interest highlighted in red. Pt. c) 

Dewar–Chatt–Duncanson model of the back donation observed in σ-borane complexes, X = C, O. 
 

We aim to further the understanding of B-H bond activation by studying σ-borane complexes using high-pressure X-ray 

diffraction (HP-XRD) as the principal analytical tool. Precise structural determination and analysis of a systematic series 

of σ-borane complexes will ultimately allow for better modelling of their reactive transition states in associated catalytic 

cycles, ultimately enabling better targeted design of industrially relevant catalysts. 

 

[1] Hebden, T. J.;  Denney, M. C.;  Pons, V.;  Piccoli, P. M. B.;  Koetzle, T. F.;  Schultz, A. J.;  Kaminsky, W.;  Goldberg, K. I.; 

Heinekey, D. M. (2008) J. Am. Chem. Soc. 130, 10812–10820. 

[2] Marder, T. B.; Lin, Z., Contemporary Metal Boron Chemistry I. Springer-Verlag: Berlin Heidelberg, 2008; Vol. 130, p 125-127. 

Keywords: organometallic chemistry; B-H bond activation; pincer complexes; high-pressure crystallography 

Alex Longcake acknowledges the Royal Society for a PhD studentship (RGF\EA\180160) and Diamond Light Source for 

time on Beamline I19 under proposal CY26847. 

 



MS-76-3                           Microsymposium  

Acta Cryst, (2021), A77, C493 

Insight into the Structural Variations of Fergusonite-Type Structures: Combined Experimental 
and Computational Studies 

B. G. Mullens1, M. Avdeev1,2, H. E. A. Brand3, S. Mondal4, G. Vaitheeswaran5, and B. J. Kennedy1 

1School of Chemistry, The University of Sydney, Sydney, New South Wales 2006, Australia, 

 2Australian Nuclear Science and Technology Organisation, Lucas Heights, New South Wales 2234, Australia, 

 3Australian Synchrotron, 800 Blackburn Road, Clayton, Victoria 3168, Australia,  
4Advanced Centre of Research in High Energy Materials (ACRHEM), University of Hyderabad, Prof. C. R. Rao Road, Gachibowli, 

Hyderabad 500 046, Telangana, India, 

 5School of Physics, University of Hyderabad, Prof. C. R. Rao Road, Gachibowli, Hyderabad 500 046, Telangana, India.  

bmul2806@uni.sydney.edu.au 
 

The development of carbon-neutral energy-generation is critical to combatting climate change. One such technology is the 

development of next-generation ion conductors for solid-oxide fuel cells (SOFCs). SOFCs offer a much more efficient method to 

extract energy from hydrogen or hydrocarbon fuels than current combustion engines due to their one-step chemical process. However, 

a bottleneck to the large-scale uptake of SOFCs is the poor performance of the conducting electrolytes that separate the anode from 

the cathode. Various lanthanoid fergusonite structures (LnBO4) have recently been proposed as solid electrolyte candidates in solid-

oxide fuel cells, with increased high-temperature ionic conductivity being measured in chemically doped lanthanum orthoniobates 

(LaNbO4) [1]. However, a phase transition from I2/a to I41/a within the operational temperature of SOFCs makes these structures non-

ideal.  

To understand the effects of chemical doping on the structure and electrochemical properties of these fergusonite structures, several 

complex fergusonites have been investigated [2-3]. Of interest is the substitution of NbV for TaV on the B-site, which has shown a 

decrease in the unit cell volume of the structure [4]. This is particularly remarkable, given the two metal cations have the same ionic 

radius and Ta has an extra 5d valence shell compared to the 4d shell of Nb. Such substitution has further shown to increase the I2/a to 

I41/a first-order phase transition temperature, highlighting the potential of the properties of these structures to be specifically ‘tailored’ 

to be used for SOFCs.  

Various solid-solution series of Ln(Nb1-xTax)O4 (Ln = La-Lu) have been synthesised using conventional solid-state methods. 

Synchrotron X-ray and neutron powder diffraction methods have been used to investigate their structures, focusing on changes in both 

their unit cell volumes and the temperature of the I2/a to I41/a phase transitions. Whilst the fergusonite structure is a monoclinic 

structure derived of the tetragonal scheelite aristotype, its structure is based on BO6 polyhedra as opposed to BO4 scheelite polyhedra. 

These studies have revealed several anomalies, revealing that different structures can be isolated by controlling the size of the Ln ion 

and synthetic conditions, and that the volume of the BO6 polyhedra and length of the B–O bonds change depending on its surrounding 

Ln ion. This data surprisingly implies that the AO8 polyhedra act as a rigid framework in which the BO6 polyhedra respond. The 

experimental data has been further reinforced by ground state energy calculations performed using density functional theory. This is a 

landmark accomplishment that has not been previously used in similarly studied structures. These insights can be used in the 

development and engineering of novel and advanced electrolyte materials for SOFCs.  

 

[1] - Cao, Y.; Duan, N.; Yan, D.; Chi, B.; Pu, J.; Jian, L.; Enhanced Electrical Conductivity of LaNbO4 by A-Site Substitution. Int. J. Hydrogen 

Energy, 2016, 41 (45), 20633-20639.  

[2] - Arulnesan, S. W.; Kayser, P.; Kimpton, J. A.; Kennedy, B. J.; Studies of the Fergusonite to Scheelite Phase Transition in LnNbO4 

Orthoniobates. J. Solid State Chem., 2019, 277, 229-239.  

[3] - Ivanova, M.; Ricote, S.; Meulenberg, W. A.; Haugsrud, R.; Ziegner, M.; Effects of A- and B-Site (Co-)Acceptor Doping on the Structure and 

Proton Conductivity of LaNbO4. Solid State Ionics, 2012, 213, 45-52.  

[4] – Mullens, B. G.; Avdeev, M.; Brand, H. E. A.; Vaitheeswaran, G.; Kennedy, B. J.; Insights into the Structural Variations in SmNb1-xTaxO4 and 

HoNb1-xO4 Combined Experimental and Computational Studies. Dalton Trans., 2021, 50, 9103-9117.  
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Studies of "dark matter" is an important fundamental branch of modern cosmology and theoretical physics. Cryogenic scintillation 

detectors based on single crystals of tungstates (ZnWO4, CaWO4, Na2W2O7) can be used to register "dark matter"; they register 

extremely rare signals of interaction of Weakly Interacting Massive Particles (WIMP) with the nuclei of the detector material [1]. 

The important requirements to scintillation materials for the search and registration of such rare events are luminescence, light yield, 

energy resolution, high level of radiation purity. Necessary radiation purity level and optical quality of scintillators require the 

development of special technologies for deep purification of starting materials and new approaches to crystal growth under conditions 

of low temperature gradients, the production of scintillation elements with a high utilization rate of the costly starting material. 

Scintillation bolometers based on Na2W2O7 must also be of high mechanical strength for their practical significance since bolometric 

elements of specified form will have to be cut from the crystals. To improve the mechanical and optical characteristics, charge with 

chromium Cr+3 and cerium Ce+4 doping was prepared, doped Na2W2O7 crystals were grown and their luminescent properties were 

investigated [2]. 

Na2W2O7 crystals were grown from melt by low-thermal-gradient Czochralski technique (LTG Cz) developed at NIIC SB RAS 

(Novosibirsk, Russia). Major difference from conventional Czochralski technique is in temperature gradients reduced by two orders of 

magnitude, below 1 K/cm. Main advantages of LTG Cz are reduced thermoelastic stresses in growing crystals so that they don’t 

influence crystal quality, and suppression of melt components decomposition and volatilization. By LTG Cz many scintillating 

crystals of record size and optical quality were obtained, such as BGO, CdWO4 and many other [3]. 

As precursors, Na2CO3, WO3, CeO2, TiO2 and Cr2O3 powders were used. Initial charge for crystal growth was prepared by solid-state 

synthesis at 400 °C in muffle furnace according to the reaction: 

Na2CO3 + 2WO3 → Na2W2O7 + CO2 ↑ 

Completeness of synthesis was controlled by weight change due to CO2 volatilization. Crystallization rate was set at 1.5 mm/h, 

rotation velocity at 10 rev/min. Diameter of grown Na2W2O7 crystals was 30 mm, length up to 70 mm and 40 mm for pure and doped 

ones, correspondingly. 

  

Figure 1. Na2Mo2O7 crystal doped with 0.1 at.% Ce Figure 2. Na2Mo2O7 crystal doped with 1 at.% Cr 

 

[1] Indra, Raj, Kim, H.J., Lee, H.S., Kim, Y.D., Lee, M.H., Grigorieva, V.D., Shlegel, V.N. (2018) Eur. Phys. J. C, 78, 973. 

[2] Ryadun, A.A., Rakhmanova, M.I., Grigorieva, V.D. (2020) Optical Materials, 99, 109537. 

[3] Shlegel, V.N., Borovlev, Yu.A, Grigoriev, D.N, Grigorieva, V.D. et al. (2017) JINST, 12, C08011. 

Keywords: Na2W2O7; Czochralski technique; scintillators; elementary particles; luminescence 
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 The study of semi-organic compounds has been of growing interest for a few years. In addition to their fundamental interest in the 

nature of the bonds occurring between inorganic anions and organic cations, these compounds also have remarkable physico-chemical 

and optical properties. Recently, the variety of semi-organic hybrid crystals has been developed for NLO applications. The combination 

of organic compounds, especially amino acids with mineral acids, gives rise to new hybrid crystals with strong NLO properties.Semi-

organic compounds play an important role in cell metabolism; they intervene in transfer of energy because of their richness in hydrogen 

bonds. Inter-ionic interactions through the hydrogen bridges present in this type of semi-organic compounds can serve as mimes 

explaining some bio-inorganic mechanisms.  

Measurement of nonlinear third order electrical susceptibilities was performed for three new compounds (Table 1) by the Third 

Harmonic Generation (THG) technique. Figure 1 shows the intensity of the THG signal as a function of the angle of incidence, it exhibits 

the same behavior as the silica.  

Table 1. Experimental values of nonlinear susceptibility of the third order.  

 Compouds  Space group  𝜒𝑇𝐻𝐺
<3> [m2V-2] 10-22  

ortho ammonium benzoic acid hydrogenselenite  (o-AAB)+, (HSeO3)-  P 21, chiral  96,3  

meta-ammonium benzoic acid hydrogenselenite    (m-AAB)+, (HSeO3)-  P 21/n, achiral  67,7  

para-ammonium benzoic acid hydrogenselenite    (p-AAB)+, (HSeO3)-  P -1, achiral  43,2  

 

The third order nonlinear electrical susceptibility values 𝜒𝑇𝐻𝐺
<3>  of studied compounds are stronger than that of silica (reference material). 

The largest value is observed for the first compound, 𝜒𝑇𝐻𝐺
<3>  = 9.63×10-21 m2/V2 (Table 1) due to the increase in charge transfer and the 

large number of hydrogen bonding which increases the dipole moment of the compound.  

  

Figure 1. Intensity of the third harmonic for the three samples  

These optical measurements revealed different optical behaviors of the three compounds studied. It is therefore very interesting to 

analyze and discuss the different structural factors correlated with these interesting physical properties. Several structural parameters 

affect the physical and optical properties of these materials such as: atomic arrangement, intra- and intermolecular interactions, crystal 

symmetry and electron density distribution.  

[1] Publication of a book on May 05, 2017 entitled “Corrélations structures propriétés ONL de 3 nouveaux composés hybrides in the 

Éditionsniversitaires Européennes” 

Keywords: semi-organic compounds - NLO properties - THG technique  
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Materials family of A3B’2B’’O9 (A = alkaline–earth metal ions with valence +2, B’ and B’’= transition metal ions with valences +3 

and +6 respectively) were subjected to extensive studies, and have attracted significant interest owing to their physical properties and 

technological applications. The discovery of colossal magnetoresistance (CMR) in the ordered A2B’B’’O6 double perovskite oxides 

has given rise to many recent research [1–3]. 

Polycrystalline samples of the series of triple perovskites Sr3−xPbxFe2TeO9 (0 ≤ x ≤ 2.25) were synthesized using solid state reaction 

[4]. These materials have been studied by a combination of XRPD, Mössbauer spectrometry, Raman and UV–Vis spectroscopies. The 

crystal structures were resolved by the Rietveld refinement method, and revealed that this Sr3−xPbxFe2TeO9 (0 ≤ x ≤ 2.25) system 

shows one space group change from tetragonal I4/m (0 ≤ x ≤ 1) to another tetragonal form I4/mmm (1.25 ≤ x ≤ 1.88) and a second 

transition to hexagonal R-3m (2.08 ≤ x ≤ 2.25). The valence state of iron in the Fe site was determined to be Fe(III) by Mössbauer 

spectrometry, which also revealed two sites in a concordance with the XRPD measurements. 57Fe Mössbauer spectra measurements 

show paramagnetic and magnetic ordering behaviors. The observed Raman spectra as a function of composition show obvious 

changes on the positions (wavenumbers), the FWHM and the intensities of the modes confirming the phase transformations observed 

by the XRPD results. These structural transitions led to a distinct change in the optical band gap energy, varying from 2.14 to 1.85 eV. 

[1]  K.I. Kobayashi, T. Kimura, H. Sawada, K. Terakura, Y. Tokura. Nature, 1998, 395, 677–680. 

[2]  M. García–Hernández, J.L. Martínez, M.J. Martínez–Lope, et al., Phys. Rev. Lett., 2001, 86, 2443. 

[3]  W.R. Branford, S.K. Clowes, Y.V. Bugoslavsky, et al., J. Appl. Phys., 2003, 94(7), 4714–4716. 

[4]  A. El Hachmi, F. El Bachraoui, S. Louihi, Y. Tamraoui, S. Benmokhtar, et al., J. Inorg. Organomet. Polym., 30, 1990–2006 (2020). 
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Structure determination using Reverse Monte Carlo (RMC) relies on atomistic moves where, after each move, the target property is 

computed and compared to experiment. The move is accepted if improving the agreement and accepted only with a probability if not. 

Since of the order a few hundred million moves need to be performed, this requires very rapid evaluation of the property in question. 

Typical applications include X-ray and neutron scattering and EXAFS in single-scattering mode. Different experimental probes are 

sensitive to different structural aspects, however, and it can thus be advantageous to combine with, e.g., spectroscopic data to narrow 

down the range of solutions. 

To this end we have developed SpecSwap-RMC [1-3] which performs RMC on a large library of potential structures with 

precomputed scattering and spectroscopic signals associated with each structure. A subset of structures is selected and all properties 

built from the selected structures and compared to the experimental data. The RMC is then performed by exchanging structures 

instead of moving atoms. A set of weights is then generated based on how often each structure is found in the sample set when probed. 

These SpecSwap-RMC weights can then be used to reweigh the library, to extract an average structure that is consistent 

simultaneously with all the supplied data. 

I will give examples of applications to liquid water, where we combine X-ray diffraction (XRD) and multiple-scattering EXAFS [2], 

to ice where we use SpecSwap-RMC to analyse what structures have actually been measured in XAS on various samples [4], and 

discuss XRD, NMR, XAS and XES [5] data on liquid water. 

[1] M. Leetmaa, K.T. Wikfeldt, L.G.M. Pettersson, J. Phys.: Cond. Mat. 22 (2010) 135001 

[2] K.T. Wikfeldt et al., J. Chem. Phys. 132 (2010) 104513 

[3] https://github.com/leetmaa/SpecSwap-RMC. 

[4] I. Zhovtobriukh, P. Norman, L.G.M. Pettersson, J. Chem. Phys. 150 (2019) 034501 

[5] I. Zhovtobriukh et al., Science China 62 (2019) 107010 
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Materials containing microporous networks are an important topic of study for the development of improved technologies for a wide 

variety of applications including catalysis and gas storage. Widespread interest in metal– and more recently covalent–organic 

frameworks (MOFs/COFs) endures due to wide-ranging topologies and functionalities imbued by apparently limitless combinations of 

structural building units. However, while the focus remains primarily on crystalline products, semantics of how to interpret said 

crystallinity can vary widely in different communities, sometimes leading to oversight of important aspects of the structure that have 

essential implications on the material properties, or help to understand formation and functionalization processes [1]. 

The characterization of layered COFs in particular is difficult due to the presence of only a few, low-angle peaks in their diffraction 

patterns. This has led to a longstanding, dichotomous relationship between expectations based on energetic calculations and the 

structures observed by diffraction. We have recently demonstrated an experimental resolution, by considering the total rather than just 

Bragg scattering, and pair distribution function (PDF) analysis, to show how high apparent symmetries can emerge from random, local 

offsets of the layers [2]. 

Equipped with a fresh tool-set to characterize these structures, this talk will discuss our on-going efforts in this area — leveraging 

different length-scale sensitivities of real- and reciprocal-space vantage points for building and fitting models to obtain a more precise 

depiction of the structural states contained within. 

[1] Grunenberg, L., Savasci, G., Terban, M. W., Duppel, V., Moudrakovski, I., Etter, M., Dinnebier, R. E., Ochsenfeld, C. & Lotsch, B. V. (2021). J. 

Am. Chem. Soc. 143, 3430.\ 

[2] Pϋtz, A. M., Terban, M. W., Bette, S., Haase, F., Dinnebier, R. E. & Lotsch, B. V. (2020). Chem. Sci. 11, 12647. 
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Development of novel electrode materials for intercalation type batteries have in the past focused on highly crystalline materials with 

the capability to retain long-range order during cycling. However, re-cent years have seen an increased interest for disordered 

materials, e.g. with the discovery of multiple high capacity electrodes based on disordered rock-salt structures or even completely 

amorphous materials exhibiting higher capacities than their crystalline counterparts [1,2]. Furthermore, it was recently showed by 

Ceder and co-workers, that long-range order is not a prerequisite for maintaining percolating intercalation pathways [3]. Still very 

little is known about the structural mechanisms behind order-disorder transitions induced by ion-intercalation or about ion-storage 

mechanisms in disordered mate-rials. This is in spite that fact that understanding these processes may also provide enhanced insights 

about how disorder influences the properties of traditional ordered electrodes.  

Using operando synchrotron X-ray total scattering with pair distribution function analysis, we have studied a series of battery 

electrode materials, which undergo severe disordering during charge or discharge, i.e. during ion-extraction or -intercalation [4]. This 

allows us to map out the structural evolution during battery charge and discharge at the atomic-scale, and begin to understand the ion-

storage mechanisms in such materials. The studied materials cover both Li-, Na and Mg-ion electrode materials composed of 

transition metal (Tm) oxides and phosphates with both layered and 3D-framework structures, e.g. NaxTmO2, NaxFePO4, LixTiO2, 

LixV2O5 etc.[4] Our findings reveal that the order-disorder transition can occur both reversibly and irreversibly, via topotactic or 

completely reconstructive transitions and entail several disordering phenomena such as cation disorder, nano-crystallization, 

amorphization etc. This talk will illustrate the large variety in order-disorder phenomena within battery electrodes and highlight our 

methodology for the operando total scattering studies and pair distribution function analysis.   

 

Figure 1. Illustration of the three categories of structural evolution during involving disorder in battery electrodes. 

 

[1] Lee,, J., Kitchaev, D. A., Kwon, D.-H. Lee, J. K,. Papp, C.-W., Liu, Y.-S., Lun, Z., Clément, R. J., Shi, T., McCloskey, B. D., Guo, J., 

Balasubramanian, M., Ceder, G. (2018) Nature 556, 185-190.  

[2] Uchaker, E., Zheng, Y. Z., Li, S., Candelaria, S. L., Hu, S., Cao, G. Z. (2014) J. Mater. Chem. A 2, 18208-18214.  

[3] Lee, J., Urban, A., Li, X., Su, D., Mautier, G., Ceder, G. (2014) Science 343, 519-522.  

[4] Christensen, C. K., Ravnsbæk, D. B. (2021) J Phys Energy DOI: 10.1088/2515-7655/abf0f1  

Keywords: Total scattering, Pair distribution function analysis, disorder, nano-crystalization, battery electrode materials 
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To close the carbon cycle, the direct hydrogenation of CO2 to methanol (CH3OH) plays a key role allowing to convert a major 

greenhouse gas into a valuable energy carrier and platform chemical.[1] Supported bimetallic catalysts are gaining increasing attention 

for CO2 hydrogenation reaction due to the possibility of tuning their catalytic properties by judicious choice of the ratio of the alloying 

elements. The development of highly active and selective catalysts for CO2 hydrogenation relies hence on obtaining a fundamental 

understanding of the relationship between a catalyst’s structure and its activity. However, heterogeneous catalysts are complex 

systems, typically composed of various phases and sites that exhibit different functionalities which requires the use of multiple and 

complementary techniques for their characterization. [2] X-ray absorption spectroscopy and atomic pair distribution function analysis 

(PDF) of X-ray total scattering data can provide detailed information on the structure of bimetallic supported nanoparticles. XAS, 

being element selective, allows to study the electronic state and geometry of each metal via XANES analysis (X-ray absorption near 

edge structure analysis) and their local atomic structure between ~1-5 Å by EXAFS (extended X-ray absorption fine structure) 

analysis. Probing the longer-range order (i.e. above ca. 5 Å) via EXAFS analysis is however challenging. PDF can interrogate the 

local to nanoscale structure of supported bimetallic nanoparticles, extending substantially the atomic length scale that can be studied, 

from ~1 Å up to several nanometers. In this presentation, we will show how XAS (Ni and Ga K-edges) and PDF analyses provide 

structural information of a series of NixGay nanoparticles supported on SiO2 (total metal loading of ca. 5 w.%). The PDF analysis was 

performed via a so-called differential PDF approach, i.e. subtracting the signal of the SiO2 support and, thus, allowing us to 

characterize the nanocrystalline phases (disordered or intermetallic alloys) of the supported nanoparticles. Ga K-edge XANES and 

EXAFS reveal the presence of GaOx species while Ni XANES and EXAFS confirm the presence of Ni0. Thus, combining the 

information obtained via XAS and PDF techniques is highly important to obtain a full atomic to nanoscale description of 

heterogeneous catalysts.  

 

Figure 1. Top: Ga K-edge XANES and EXAFS of α’-Ni3Ga/SiO2. Bottom: Differential X-ray pair distribution function fitted  

to the α’-Ni3Ga structure. 

[1] G. A. Olah, Angewandte Chemie International Edition 2005, 44, 2636-2639. 

[2] A. Tsoukalou, P. M. Abdala, D. Stoian, X. Huang, M.-G. Willinger, A. Fedorov, C. R. Müller, J. Am. Chem. Soc. 2019, 141, 13497-13505. 

Keywords: Catalyst, Pair distribution function, X-ray absorption spectroscopy 
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Crystalline phases are usually characterised by their periodic structures and space group symmetry. However, some crystalline 

materials have periodic structures only on average and deviate on a local scale. Several different locally ordered structures can exist 

with identical average periodic structure and space group symmetry, making them difficult to distinguish using regular 

crystallographic techniques.  

Using high-quality single-crystal x-ray diffuse scattering the local order in thermoelectric half-Heusler Nb1-xCoSb is investigated, for 

which different local orderings are observed. Half-Heusler materials have been intensely studied for their thermoelectric properties, 

but a general issue is their high thermal conductivity due to their simple structure. The defective half-Heuslers such as Nb1-xCoSb have 

high vacancy concentrations (x=1/6), giving them much lower thermal conductivities than other half-Heusler compounds. From 

measurements on different samples of Nb1-xCoSb, it is shown that crystals with identical stoichiometry and average crystal structure, 

but with different locally ordered structures, can be made by changing the synthesis method. The local structures in these samples are 

analysed using the three-dimensional difference pair distribution function (3D-ΔPDF).  

A new method is shown which allows isolation of the substitutional correlations in the 3D-ΔPDF, showing that the vacancy 

distributions follow a vacancy repulsion model. Furthermore, the local structural relaxations around vacancies are quantised from 

analysis of Bragg peaks and 3D-ΔPDF. From the found short-range correlations, a physical model of the system is simulated using 

Monte-Carlo methods, and it is shown that the different samples correspond to the ground state and simulated quenched states of the 

model.  

Advanced x-ray scattering techniques can unravel hidden local structures and for Nb1-xCoSb these local structures can be controlled by 

the synthesis conditions. If the local structure of crystalline materials can be more generally related to the properties, then a new 

frontier in materials research will be available. 

 

Figure 1. Measured scattering, measured 3D-ΔPDF, structural model and simulated scattering for defective half-Heuslers. 

 

Keywords: Single-Crystal Diffuse scattering; 3D-delta-PDF; short-range order; Hidden phases; Thermoelectrics 
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Aluminosilicate-based oxide-glasses are natural materials forming volcanic magmas [1] and frequently the main constituent of 

manufactured products like ceramic glazes, fiber optic materials and, more recently, biocompounds [2]. To characterise the atomic 

structure of these materials requires techniques sensitive to the very local structural environment, like spectroscopies (i.e. Nuclear 

Magnetic Resonance - NMR, Extended X-ray Absorption Fine Structure – EXAFS) and scattering methods (i.e. Total Scattering), due 

to their lack in periodic order that prevents the application of conventional crystallography. The oxide-glass structure is shaped by 

silicon centered corner-sharing tetrahedra, which can be combined, depending on composition, with aluminium centered motifs, while 

large cations like sodium, potassium and calcium tend to depolymerize the network, affecting, in this way, some of the glass 

properties, such as thermal expansion and glass transition temperature, as demonstrated in a previous study [3]. The glass structural 

complexity increases when their composition involves some intermediate element, like zinc and beryllium, whose role in the network 

can vary as a function of the bulk composition, see [4] for some examples. This is the case of the present study that is based on a 

structural modeling of 2 series of different aluminosilicate-based oxide-glasses with different zinc amounts (3 samples each series). 

These samples have been prepared by melt-quenching route at 1350°C and then measured by combining EXAFS spectroscopy (BM23 

beamline, ESRF, France) with both neutron (SANDALS instrument, ISIS, UK) and synchrotron (ID11 beamline, ESRF, France) Total 

Scattering data. Zn K-edge EXAFS has been applied at the beginning, in order to evaluate some of the bond distances and the Zn 

geometrical environment, and this information is used later as constraints for total scattering data modelling, performed by the 

Empirical Potential Structure Refinement (EPSR) method [5]. The refinements show good residuals, as displayed in Figure 1 (on the 

left-hand side) and the results indicate that zinc is mostly 4-fold coordinated, but with some 3-fold, 5-fold and 6-fold species. In such 

complex glasses, therefore, the parameters describing the polymerization degree, like NBO (Non-Bonding-Oxygens), BO (Bonding 

Oxygens) and triclusters are not predictable by theoretical models, based on prior assumptions of the structural role of zinc. Figure 1 

(on the right-hand side) shows the variations of NBO with ZnO mole fraction, comparing the results of this work and of theoretical 

calculations. Furthermore, the data modelling gave access to a wide number of structural parameters like bond angles, cluster size and 

cation charge compensating characteristics, that are valuable for further structure-properties studies. 

 

 

 

 

 

 

 

Figure 1. On the left, example of EPSR fit (for x-ray data) of one glass samples. On the right, non-bridging oxygen (NBO) polymerization parameter 

obtained by EPSR (black and white squares represent neutron and x-ray results, respectively) and by theoretical  calculation (blue and red square are 

assuming zinc as network modifier and network former, respectively). 

 

[1] Petrini, R., Forte, C., Orsi, G. , Piochi, M., Pinzino, C. & Pedrazzi, G. (2001). Contrib. Mineral.Petrol.  140, 532-542. 

[2] Yoo, S., Basu, C., Boyland, A:, Sones, C., Nillson, J., Sahu, J. & Payne, D. (2007).  Opt. Lett.  32, 1626-1628. 

[3] Bernasconi, A., Dapiaggi, M., Bowron, D.:, Ceola, S. & Maurina, S. (2016).  J. Mater. Sci.. 51, 8845-8860. 

[4] Shelby, J.E. (2005). Introduction to Glass Science and Technology. Cambridge: RSC. 

[5] Soper, A.K. (2010). ESPR shell: a user guide. Didcot: ISIS Disordered Material Group. 
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Operation Night Watch is the largest research and conservation project that Rembrandt’s masterpiece The Night Watch (1642, oil on 

canvas, h 378.4 x w 453 cm) has ever undergone. In the summer of 2019, the Rijksmuseum embarked on this multi-year project with 

the goal of thoroughly studying the condition and painting technique to determine the best treatment plan for the large canvas painting. 

The Night Watch was researched in situ in the gallery inside an ultra-transparent glass chamber in full view of the public (Fig. 1). The 

multi-disciplinary team of Operation Night Watch includes scientists, conservators, and art historians, and collaborates with museums 

and universities in the Netherlands and abroad. Together they work alongside each other on the acquisition and interpretation of the 

research data. 

The latest and most advanced research techniques are being used, ranging from digital imaging and scientific and technical research to 

computer science and artificial intelligence. The non-invasive macroscale imaging technologies that have been 

employed include macro X-ray fluorescence, macro X-ray powder diffraction, reflectance imaging spectroscopy, optical coherence 

tomography, high resolution photography and 3D scanning. The combined approach was essential to gain insight into the 

complex (art)historical and material information to answer the (technical) art history, conservation, and scientific questions. Parallel to 

this, microscale imaging analyses were carried out on embedded and loose microsamples making use of light microscopy, imaging-

ATR-FTIR, scanning electron microscopy combined with X-ray elemental analyses, micro-Raman and synchrotron-based X-ray 

fluorescence and diffraction techniques in 2D and 3D mode. 

During the lecture, examples will be given of the lead and arsenic sulphide-containing pigments that Rembrandt used in The Night 

Watch. The use, distribution, condition, and degradation products of these pigments will be discussed on both a macro and micro scale 

and the implications for the ensuing conservation treatment will be outlined. 

 

 
 

Figure 1. The Night Watch (1642) by Rembrandt van Rijn was investigated inside the glass chamber in the Gallery of Honour, 

Rijksmuseum, Amsterdam, The Netherlands  

 

Keywords: painting, cultural heritage, imaging, X-ray powder diffraction, synchrotron  
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Pigment-binder interactions occurring in paint layers of artworks can either contribute to the stability of paint films as well as they can 

cause their degradation, seriously affecting the appearance and stability of paintings. Depending on intrinsic (i.e., composition of 

pigments and/or binders, presence of additives etc.) or extrinsic factors (i.e., relative humidity, temperature, conservation treatment 

etc.), formation of metal carboxylates can fulfil both aspects. Metal carboxylates result from reactions between metal-based pigments 

with carboxylic acids originating from a fatty medium. In paint layers, the reactive metal pigments are represented especially by lead-

based pigments (e.g., lead white, red lead, lead-tin yellows etc.) or zinc white while fatty binder usually means drying oils (e.g., 

linseed oil, poppy-seed oil, walnut oil etc.) or even egg yolk. [1, 2] On one hand, these pigments accelerate drying of paint layers but, 

on the other hand, the neo-formed crystalline phases tend to aggregate, resulting in formation of inclusions, protrusions, crusts, blisters 

or efflorescence. Moreover, reacting with atmospheric gases and pollutants, metal carboxylates can induce the cascade degradation, 

often accompanied by changes in the tonality of paint layers. Understanding the processes in paint layers is essential for the 

development of suitable conservation strategies which are necessary to prevent these types of degradation. Since the paintings 

comprise complicated multi-layered systems in which each particular layer consists of numerous inorganic and organic components, 

the experimental studies performed on simplified model paint systems are reasonable for identification and description of the pigment-

binder interactions. Complementing vibrational spectroscopies, XRPD represents and effective tool for detection of crystalline phases, 

especially if unexpected product such as metal formates occur. [1] On the other hand, usually robust XRPD meets certain limits in 

case of metal carboxylates with undetermined crystal structure. [3] Finally, XRPD can be also beneficial for the description of metal 

carboxylates adopting ionomer structures. Within the contribution, the advantages and limits of XRPD for study of pigment-binder 

interactions in paint layers will be discussed. 

 

Figure 1. Time-dependent XRD patterns of model paint consisting of minium and linseed oil (LO). The XRD patterns between 0 

hours (0H) and 5 days (5D) were collected every 12 hours and, further on, every week. The detected phases: F – lead formate, 

Pb(HCOO)2; M – minium – Pb3O4; S – Pb-soap/ionomer. 

 

[1] Švarcová, S., Kočí, E., Bezdička, P., Garrappa, S., Kobera, L., Plocek, J., et al. (2020). Dalton Trans. 49, 5044. 

[2] Švarcová, S., Kočí, E., Plocek, J., Zhankina, A., Hradilová, J., Bezdička, P. (2019). J. Cul. Herit. 38, 8. 

[3] Kočí, E., Rohlíček, J., Kobera, L., Plocek, J., Švarcová, S., Bezdička, P. (2019). Dalton Trans. 48, 12531. 
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Upon the recovery of burnt remains in a forensic or archaeological context, bone is often fragmented and comingled, making 

differentiation between human and non-human samples extremely challenging and subjective. Due to thermal degradation of the 

organic component, biological techniques, such as DNA analysis, often render futile and so attention is drawn to the final surviving 

component of bone, the mineral hydroxyapatite. 

Exploring the physicochemical modifications that occurs to hydroxyaptite upon heating has shown promise in differentiating between 

species based on characteristic changes within its crystal lattice structure, and the presence of extraneous mineral phases [1]. However, 

the effects soft tissue has on the heat induced changes are not fully understood, yet are of paramount importance as most bodies are 

intact, not skeletonised, during a burning event. This study aims to explore the effect heating has on fleshed bone, specifically 

investigating modifications to the nanocrystalline structure of bone mineral, and whether this has a significant impact on species 

differentiation. 

Varying weights (5g, 7g and 10g) of muscle and fat, and one layer of skin were tested separately to understand their individual affect. 

A combination of the three tissue types was also considered. The samples were heated for two hours at various temperatures (200C, 

400C, 600C and 900C) which are representative of those temperatures reached in historical forensic and archaeological cases. 

Powder X-ray diffraction (pXRD) analysis was utilised to calculate coherence length and lattice parameter values and the weight 

percentages of extraneous mineral phases to identify species differentiating characteristics. Coherence length, which gives an 

indication on crystallite size and strain, was calculated using the Scherrer equation and the full width half maximum (FWHM) peak 

values. Spectroscopic techniques including Fourier Transform Infrared (FTIR) and Raman spectroscopy were utilised to collaborate 

the XRD data and to further our understanding of the relationship between the degradation of the organic matrix and the 

crystallographic changes. 

[1] Beckett, S., Rogers, K. D., Clement, J. G. (2011). J Forensic Sci, 3, 571-579. 
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The purpose of this work was to uncover the real nature and composition of a dry black ink powder found in a bronze inkwell (Fig.1) 

of the 1st century A.D. It was discovered during the excavation of a cemetery in the locality of Morlungo, Palazzina-Capodaglio, in 

the municipality of Este in 1878 [1].  Since 2500 BC and up to the thirteenth century AD [2] the carbon-based inks were the most 

common used. They were mainly composed of amorphous carbon obtained from soot charcoal, or bone black [3,4] usually dissolved 

in a binder, mixed with a small amount of water. During the IV century AD, a new kind of ink, called iron-gall ink, emerged. It was 

obtained by mixing gall-nuts, iron or copper metal sulphates, water and Arabic gum. From the early Middle Ages onwards, it became 

the most common ink in the history of the western world [2]. However, some recent studies on the chemical composition of inks, 

already spread on their ancient writing supports (papyri, parchment, or paper) [5–7], have changed this perspective. The importance 

and the novelty of this work resides principally in the opportunity of directly studying the ink powder, avoiding the interference from 

the writing support, as well as analysing its container that was fundamental for a correct interpretation of the experimental results. The 

investigation was conducted through a multi-technical approach, combining several and complementary synchrotron radiation (SR)-

based techniques allowing us to confirm the ink nature of the sample and to distinguish its original formulation from the contaminants. 

In particular, XRPD, XAS and FTIR measurements showed a substantial presence of silicates and common clay minerals in the ink 

along with cerussite and malachite, Pb and Cu bearing-carbonates, respectively. These evidence support the hypothesis of an 

important contamination of the ink by the burial environment (soil) and the presence of degradation products of the bronze inkpot. 

Moreover, the combined use of IR, Raman, and GC-MS evidenced that the black ink was mainly composed of amorphous carbon 

deriving from the combustion of organic material mixed with a natural binding agent, Arabic gum. This work also wants to underline 

how the intrinsic multidisciplinary approach based on SR experimental techniques represents the most efficient way to obtain a 

complete overview of complex materials such as archaeological artefacts. 

 

Figure 1. a. The bronze inkwell (front view); b. internal view of the inkwell with the black powder on the bottom and top view of the lid; c. the 

ink black powder residue collected from the bottom of the inkwell 

[1] Presdocimi, A. Guida sommaria 

[2] Aceto, M., Agostino, A., Fenoglio, G., Gulminie, M., Bianco, V., Pellizzi, E. (2012). Spectrochim Acta Part A Mol. Biomol. Spectrosc.91, 352. 

[3] Christiansen, T., Buti, D., Dalby, K. N., Lindelof, P. E., Ryholt, K., & Vila, A. (2017). J. Archaeol. Sci. Reports 14, 208.  

[4] Lucas, A. & Harris, J. R. Ancient Egyptian Materials and Industries. (1962) 

[5]. Ferrer, N. & Vila, (2006). Anal. Chim. Acta 555, 161.  

[6] Tack, P., Cotte, M., Bauters, S., Brun, E., Banerjee, D., Bras, W., Ferrero, C., Delattre, D., Mocella, V. & Vincze, L., (2016). Sci. Rep.6, 1. 

[7] Brun, E., Cotte, M., Wright, J., Ruat, M., Tack, P., Vincze, L., Ferrero, C., Delattre, D., and Mocella, V., (2016). Proc. Natl. Acad. Sci. U. S. A.      

      113, 3751  
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The in-depth understanding of properties, manufacturing process and conservation of archaeological artefacts very often requires a 

reliable structural characterization. Non-destructive techniques, like X-ray diffraction and different kinds of spectroscopies (Raman, 

IR etc.), are usually employed to the study such materials. In recent years, the scientific community has also shown a renewed interest 

in characterization methods based on Transmission Electron Microscope (TEM); like High Resolution Transmission Electron 

Microscopy (HRTEM), Electron Diffraction (ED), Energy Dispersive X-ray Spectroscopy (EDX) and Electron Energy Loss 

Spectroscopy (EELS); which provide structural and chemical information at nm scale using very small quantities of material. In 

particular, we have shown how emerging diffraction techniques like Electron Diffraction Tomography (EDT) and Phase & Orientation 

mapping in TEM can be applied for the study of nanocrystalline phases present in Greek amphorisks, Roman glass tesserae and 

several Maya pigments [1, 2].  

We are now working on the structural characterisation of corrosion products from different archaeological artefacts using TEM. In 

most cases, due to the very small quantity of existing corrosion products, conventional diffraction methods (single crystal X-ray 

diffraction or powder X-ray diffraction) are not suitable for a proper structural characterization. In particular, the pale blue corrosion 

products that form on ancient copper alloy artefacts have been subject of research for past several years, though the exact nature of 

such corrosion products have not yet been determined. Here, we present an innovative study based on EDT of a blue corrosion product 

forming on the surface of a Chinese Bronze artefact of the Shang dynasty (British Museum Collections). 

For this study, a thin electron beam-transparent lamella (8 x 10 micron) was prepared from a larger poly-crystalline sample (100 x 200 

micron) using Focused Ion Beam (FIB). Subsequently, EDX data was collected by a Scanning Electron Microscope (SEM). A very 

high quantity of Cu was observed, together with other elements like Ca, P and O. The thin lamella was then used for EDT study using 

TEM. EDT data was collected by stepwise rotation of the crystal around an arbitrary axis coupled with beam precession [Fig. 1]. From 

the EDT data, a monoclinic unit cell (a = 23.0 Å, b = 5.4 Å, c = 10.3 Å,  = 94.1°, space group P2/c) was determined. Interestingly the 

obtained unit cell does not match with any of the blue corrosion products reported in literature. Using the extracted intensity from 

EDT data, a preliminary structure was determined, which closely resembles one of the blue minerals, nissonite.  

 

 

 

 

 

 

Figure 1: Electron diffraction pattern from the thin lamella sample during EDT data collection. 

We believe that novel structural characterisations using EDT in future may not only help in the understanding of corrosion processes 

in ancient artefacts, but also can contribute to their optimum conservation and eventually provide information about their provenance. 

[1] Zacharias, N., Karavassili, F., Das, P. P., Nicolopoulos, S., Oikonomou, A., Galanis, A., Rauch, E., Arenal, R., Portillo, J., Roque, J., Casablanca, 

J. & Margiolaki, I.  (2018) Microchemical Journal, 138, 19. 

[2] Nicolopoulos, S., Das, P. P., Pérez, A. G., Zacharias, N., Cuapa, S. T.,  Alatorre, J. A. A., Mugnaioli, E., Gemmi, M. & Rauch, E. F.   (2019) 

Scanning. 
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Detailed studies of electron density changes in a mineral called langbeinite K2Mg2(SO4)3 under pressure have been performed. Single 

crystal X-ray data for this mineral under pressure (1GPa) were collected at the 13-BM-C beamline at the Advanced Photo Source 

(Argonne National Laboratory, USA). Additionally, complementary experiments at ambient conditions were performed on an in-

house diffractometers. Experimental results were complemented by theoretical calculations within the pressure range up to 40 GPa. 

From the point of view of mineralogical processes taking part in the Earth mantle (and the mantles of other even extraterrestrial 

planets), establishing detailed changes of electron density in minerals under pressure is absolutely crucial to understand the nature and 

mechanisms of mineralogical processes. Combining both experimental charge density studies and high-pressure investigations is still a 

real challenge. This work is our continuation of our previous feasibility studies on experimental quantitative electron density 

investigations of electron density in grossular under 1GPa pressure [1]. 

Answering the questions how electron density distribution in langbeinite is affected by increasing pressure is obviously the main topic 

of this work. However, there are also some other issues which we would like to address. Are there any differences between 

experimental and theoretical charge density distributions obtained based on experimental data and theoretical dynamic structure 

factors? Are there any significant differences in properties of charge density distributions obtained for complete and incomplete high 

resolution X-ray diffraction data sets? Are there any differences in charge density distributions obtained for X-ray data collected with 

two different wavelengths of X-ray radiation? Should the data be absolutely complete to obtain reasonable experimental charge 

density distribution? When experimental data are impossible to be collected, is it reasonable to use theoretically calculated dynamic 

structure factors instead and refine theoretical models of electron density? 

Langbeinite crystalizes in the cubic P213 space group. Its structure is composed of SO4 tetrahedra and MgO6 octahedra. Potassium 

cations which are placed in the voids between these polyhedra are surrounded by oxygen anions. Unfortunately, due to significant 

deformation, one cannot say that KO12 is a regular icosahedron. Although mentioned polyhedra seem to completely fill in the space, 

this schematic way of presentation is not the best one when topology of electron density distribution must be described. 

Investigating changes of electron density as a function of pressure, we are going to compare electron density properties at BCPs, 

integrated atomic basins, changes of thermal ellipsoids. Obviously, raising pressure will cause shrinking of the unit cell and 

consequently, changes of electron density distribution. However, the question is how exactly such changes will manifest. 

No doubt that polyhedra commonly used in mineralogy and crystallography are not useful representation of electron density as they 

neither have full representation of electron density of the central ion nor any of the corner’s ions. So, from time to time returns an old 

question: how big atoms in crystals are [2]. Here we will answer this question and the other ones already mentioned above at the level 

of quantitative electron density distributions in our model mineral. 

 

[1] Gajda, R., Stachowicz, M., Makal, A., Sutuła, S., Parafiniuk, J., Fertey, P. & Woźniak, K. (2020). IUCrJ. 7, 383-392. 

[2] Brown, I. D. (2017). Struct. Chem. 28, 1377-1387. 
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A quantitative experimental charge density study was undertaken for the double antiperovskite mineral – sulphohalite [Na6(SO4)2FCl]. 

High-resolution X-ray diffraction data was collected employing AgKα radiation (λ = 0.56087 Å) to a resolution of 0.3941 Å at 100K.  

Electron density (ED) distribution – ρ(r) was modelled, in compliance with the Hansen-Coppens formalism [1], by consecutive                    

least-square multipolar refinements. Based on such experimental distribution of charge, QTAIM topological analysis [2]                             

was undertaken. Full-volume property integration over delineated atomic basins (AB’s) yielded their appertaining charges                   

[QAB-Cl = -0.836e-; QAB-S = 03.168e-; QAB-Na = 0.910e-;  QAB-F = -1.334e-;   and QAB-O = -1.227e-] and volumes [VAB-Cl = 38.920Å3;                   

VAB-S = 5.656Å3; VAB-Na = 7.931Å3; VAB-F = 14.178 Å3 and VAB-O = 17.416 Å3]. The percentage of unaccounted electrons and volume 

per unit cell was respectively 0.010% and 0.406%. Within the uncertainty range of performed numerical integration, such percentages 

can be unheeded. A total of 6·BCP’s [∇2ρ(rCl···S) = 0.120e-·Å-5; ∇2ρ(rCl···Na) = 0.575e-·Å-5; ∇2ρ(rS-O) = -31.00e-·Å-5;                                          

∇2ρ(rNa···O) = 1.931e- ·Å-5; ∇2ρ(rNa···F) = 3.022e-·Å-5 and ∇2ρ(rF···O) = 0.868e-·Å-5], 5·RCP’s [∇2ρ(rI) = 0.912e-·Å-5; ∇2ρ(rII) = 0.332e-·Å-5 

and ∇2ρ(rIII,IV,V) = 0.201e-·Å-5] and 4·CCP’s [∇2ρ(rI,II) = 0.514e-·Å-5 and ∇2ρ(rIII,IV) = 0.401e-·Å-5] were identified (Figure 1).                         

Hence, Morse’s ‘characteristic set’ condition was met [3]. The study of primary bundles (PB’s), as proposed by Pendás[4], revealed                 

the interconnection between AB’s and CP’s onto basins of attraction or basins of repulsion. The nature of interatomic interactions              

was assessed through the dichotomous classification [3]. The S–O contact was acknowledged as a covalent with a shared-shell.                             

The remaining contacts were characterized as non-covalent closed-shell (Cl···Na, Na···O and Na···F) or weak van der Waals                    

closed-shell (Cl···S and F···O). 

 

Figure 1. Gradient vector field of ED, drawn for two planes in the crystal of sulphohalite.                                                                                                       

Bond CP’s – (3, -1), Ring CP’s – (3, +1) and Cage CP’s – (3, -3) are respectively denoted by blue, green, and magenta circles.                                

Interatomic bonding is presented by black lines; whereas bonding paths are depicted by black dashed lines. 
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Modern approaches of X-ray diffraction allow for detailed quantitative studies of electron density in crystals of minerals. They can be 

combined with high pressure studies [1] as we demonstrate in this work for model zeolite mineral hsianqhualite, Ca3Li2(Be3Si3O12)F2.  

At the level of electron density analysis first order configurational components in crystal structure description (Fig. 1a) were replaced 

by Bader’s atomic basins [2] which quantitatively characterise electron density of particular ions in mineral structures as well as 

precisely defined space, they occupy (Fig 1b). Their anisotropic and highly non-spherical shape reflects interatomic interactions and is 

sensitive to applied pressure. According to our studies the charge of ions in the crystal lattice differs from the formal, integer values 

and when external pressure is applied a redistribution of charge among ions takes place. This redistribution changes the size and 

shape, mostly at the edges of ionic basins in nonbonding fragments (Fig. 1c, d).  

Negative compressibility of the F ion was observed. It was caused by the flow of electrons increasing the total negative charge and, 

consequently, increasing the volume of F ion at 1.9 GPa pressure (Fig 1d). Also, inside of atomic basins of atoms electron density 

redistributes notably due to pressure.  

The quantitative characterization of minerals under high pressure at the subatomic level of electron density, rise possibilities to better 

understand the nature of mineralogical process, phase transitions and formation of new phases and to study plastic deformations of 

minerals using diamond anvil cells.  

 

Figure 1. The unit cell contents of hsianghualite crystal structure (a); the assymetric part of the unit cell with atomic basin 

representation (b); Projection of atomic basins at 1.9GPa in tan colour onto atomic basins of the same atom at ambient conditions for 

Ca (c) and F (d). 

 

[1] Gajda, R., Stachowicz, M., Makal, A., Sutuła, S., Parafiniuk, J., Fertey, P. & Woźniak, K. (2020). IUCrJ. 7, 384 

[2] Bader, R. F. W. (1994). Atoms in Molecules: A Quantum Theory Clarendon Press. 
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Zeolites are commonly used as ion-exchange materials for the remediation of nuclear waste; however, they have certain drawbacks. 

Unlike zeolites which contain SiO4 and AlO4 tetrahedra, microporous Ti-silicates can contain SiO4 tetrahedra and TiO6 octahedra and 

therefore structures are possible which have no traditional aluminosilicate analogues [1]. Microporous Ti-silicates such as sitinakite 
KNa2Ti4Si2O13(OH)·4H2O and the synthetic niobium doped analogue are used for the removal of Cs+ and Sr2+ from nuclear waste [2,3]. 

The work presented here will focus on the structures and thermal behaviour of the ion-exchanged Ti- and Zr-silicates. A clear 
understanding of both is fundamental in determining if these materials have potential as ion-exchangers within the nuclear industry.  

Umbite is a naturally occurring small pore microporous Zr- silicate, found in northern Russia and synthetic analogues, 

K2ZrSi3O9·H2O, can be prepared in the laboratory [4]. Ion-exchange studies here have shown that umbite has a preference for common 

radionuclides, such as Cs+ and Sr2+
 and Ce4+ (as a surrogate for Pu), even in the presence of competing ions. In-situ studies show that 

these materials behave differently with temperature, indicating that the nature and location of the charge balancing cation plays an 

important part in determining which high temperature phases are formed and the phases formed do not fit previously reported 

structures.   

Natisite is another material which has interesting ion-exchange chemistry and is a layered Ti-silicate with the formula Na2TiSiO5 
[6]

. 

The structure consists of square pyramidal titanium, with the sodium cations located between the layers. This coordination 

environment is highly unusual for Ti. Inclusion of zirconium or vanadium in the framework has a considerable effect on the ion-

exchange properties, with changes in the exchange capacity and the rate of uptake for certain ions of interest.  

A combination of techniques to probe long and short-range order (PDF and XAS) have been used to understand the ion-exchange and 

thermal behaviour of these materials. 

  

Figure 1. Structural representation of umbite (right) and natisite (left). 
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The synthesis of multifunctional materials is a hot focus of research in materials science. In this respect, the synthesis of complexes 

based on the combination of organic-inorganic building blocks provides a promising approach in the design of systems with tuneable 

properties. In this communication we will present the properties of a new compound based on quinuclidine as the organic cation and 

FeCl4 as the inorganic anion, with the formula (quinuclidine)[FeCl4]. Similar compounds derived of this heterocyclic cation have been 

found to present interesting ferroelectric properties.[1] In this context, the multifunctional behaviour of this novel molecular crystal is 

related to the electronic structure of the 3d5 configuration of the Fe(III) ions together with the ability of the counter-ions to change of 

orientation or even become disordered as a function of temperature. 

The structural characterization of (quinuclidine)[FeCl4] compound shows two phase transitions. The first one, detected in the range 

from 100 to 300 K, was resolved by single-crystal X-Ray and neutron diffraction. At 300 K, the compound presents the orthorhombic 

space group Pbc21. At 100 K, the space group is Pbca, with a doubling of the a-axis, related to the rotation of the cations: two 

different orientations of the counterion are observed in the low temperature phase along the a direction, contrary to the high 

temperature phase, where it appears only one orientation. 

Moreover, this compound presents long-range magnetic order below 3 K. The magnetic structure was solved using single-crystal and 

powder neutron diffraction data from D19 and D1B instruments (ILL, France), respectively. Our best model was found on the 

Shubnikov magnetic space group P21’21’21. Although the refined model present an antiferromagnetic structure, based on the symmetry 

analysis of the P21’21’21 Shubnikov group, a ferromagnetic component along the c direction is allowed. However, the refinement of 

this ferromagnetic component is beyond the precision of our measurements. Nevertheless, this can be fixed to the values derived from 

the macroscopic magnetometry measurements (SQUID). In order to provide a complete model these values were included in the 

magnetic model and fixed during the refinements. 

 

 
 

Figure 1: Unit cell of (quinuclidine)[FeCl4] at 10 K (blue) and 295 K (red). 

The nitrogen atoms are shown in green and the hydrogen atoms have been 

omitted for the sake of clarity. 

Figure 2: Magnetic structure of (quinuclidine)[FeCl4] at 1.8 K. 

Color codes: yellow, iron; green, chloride; red, magnetic spin.  

The organic cations have been omitted for the sake of clarity. 
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At temperatures higher than R.T, there is a second structural phase transition which produces an important modification of the electric 

behaviour, as it has been reported on similar compounds.[1] The dielectric permittivity data collected shows a sharp phase transition 

around 390 K (also observed in DSC measurements). The value of the permittivity increases drastically with the increase of the 

temperature, reaching a maxima of 105 at 390 K (measured at 1 kHz). This value is notable larger than similar compounds of this 

family.[1] This interesting behaviour could be of interest for electrochemical applications. 

300 320 340 360 380 400 420

10

100

1000

10000

100000
[Quinuclidine]FeCl4

e, r
 u= 1 kHz

 u= 2 kHz

 u= 5 kHz

 u= 10 kHz

Temperature (K)
 

Figure 3: Relative permittivity as a function of temperature for different frequencies, in the range 300-420 K. The measurements were 

taking applying an amplitude of 1 V to cold-press pelletized samples. 

 

[1] (a) Jun Harada et al., Nat Chem, 2016 Oct; 8(10):946-52. (b) You-Meng You et al., Nat Commun. 2017, 8:14934. c) Ting Fang et al., Z. Anorg. 

Allg. Chem. 2019, 645, 3–7. d) Guang-Meng Fan et al., CrystEngComm, 2018,20, 7058-7061. 
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Over the last few years, photon science community has been experiencing a revolution with the advent of ultra-low emittance storage 

rings based on Multi-Bend Achromat (MBA). In addition to green fields projects MAXIV (1), SIRIUS (2), and HEPS (3) in operation, 

commissioning, or construction, respectively, many third-generation facilities undertook major upgrades such as ESRF-EBS (4), APS-

U (5), ALS-U (6), SLS-2 (7), DLS-2 (8), etc. All are aiming to achieve unparalleled performances in terms of average spectral 

brilliance, coherent flux, and nano-focusing capabilities. 

After an introduction of the main concepts behind this new revolutionary concept, the new characterization techniques and their 

potential for new applications will be discussed, for two distinct examples, including the commissioning and operation of the ESRF-

EBS (6 GeV) and the project SOLEIL (2.75 GeV) upgrade: 

Since 2015 the ESRF has prepared the replacement of its old storage ring based on the double-bend achromat lattice by the EBS 

storage ring(9) based on the newly developed HMBA lattice with seven bending magnets per cell. During a long shutdown the EBS 

storage ring was installed in 2019 and went into its commissioning phase in December 2019. The EBS storage ring was successfully 

commissioned as the first fourth generation high energy synchrotron light source during the first six month in 2020. Nominal beam 

parameters could be confirmed early on in the process and the beamlines resumed user operation in September 2020 as planned. The 

expected improvement of the key beam parameters in terms brilliance, coherence and flux were confirmed across the entire beamline 

portfolio. Details on the commissioning of the beamlines and the performance reached will be presented together with early scientific 

results. 

In 2019, SOLEIL launched a CDR (10) for an upgrade of its 20 years old storage ring with the ambition to produce round electron 

beams with a record low emittance of less than 50 pm.rad x 50 pm.rad, hence photon beams with an exceptional brilliance exceeding 

by two orders of magnitude the performances of the current source. The very broad spectral range of Soleil from THz to tens of KeV 

is a challenge but offers unique scientific opportunities which will be discussed and illustrated by examples in materials science and 

biology. 

[1] Tavares, P. F., et al., “Status of the MAX-IV Accelerators”, IPAC 2019 proceedings, TUYPLM3, 1185-1190 (2019). 

[2] Liu, L., “SIRIUS Commissioning Results”, IPAC 2020 (2020). 

[3] Jiao Y., “The HEPS Project”, Journal of Synchrotron Radiation, 25, 1611-1618 (2018). 

[4] Raimondi P., “Hybrid Multi Bend Achromat: from SuperB to EBS”, 8th International Particle Accelerator Conference, May 2017, Copenhagen, 

Denmark, 3670-3675,10.18429/JACoW-IPAC2017-THPPA (2017). 

[5] Borland, M. et al., “The Upgrade of the Advanced Photon Source”, IPAC 2018 proceedings, THXGBD1, 2872-2877 (2018). 

[6] Steier, C. et al., “Design Progress of ALS-U, the Soft X-Ray Diffraction Limited Upgrade of the Advanced Light Source, IPAC 2019 

proceedings, 1639-1641 (2019). 

[7] Streun, A., et al., “SLS-2: the Upgrade of the Swiss Light Source”, Journal of Synchrotron Radiation, 25, 631-641 (2018). 

[8] https://www.diamond.ac.uk/Home/About/Vision/Diamond-II.html 

[9] Orange Book: http://www.esrf.eu/home/orange-book.html 

[10] CDR SOLEIL, https://www.synchrotron-soleil.fr, to be published 
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X-rays have become established as an invaluable probe for gaining an atomic insight into the structure of matter through various kinds 

of interaction processes, such as scattering, absorption, and emission of photoelectrons and fluorescence. Since these interactions were 

usually weak with the previous X-ray sources, X-ray irradiation was assumed not to modify matter. This situation has been altered by 

the recent advent of X-ray free-electron lasers (XFELs), which can generate brilliant femtosecond X-ray pulses. 

When an XFEL pulse irradiates matter, photoelectrons and Auger electrons are emitted during or shortly after the irradiation of the 

pulse and trigger cascades of secondary electrons. If the radiation dose exceeds a critical value, the electron excitations strongly 

change interatomic potential surface and cause subsequent atomic disordering and may even lead to the Coulomb explosion in the case 

of high X-ray dose. Given the time scale of electron cascading (typically, a few tens of fs) and inertia of atoms, the onset of atomic 

disordering is expected to take place behind the start of X-ray exposure. Indeed, it has been predicted that ultrafast X-ray pulse as 

short as ~10 fs with sufficient intensity can produce high-quality diffraction before the onset of substantial radiation damage, enabling 

structure determination of macromolecular nanocrystals and even individual biomolecule [1]. A deep understanding of transient XFEL 

interaction with matter is essential not only because of fundamental interest but for analyzing experiments with intense XFEL pulses. 

Up to now, transient XFEL-matter interactions have been relying on theoretical modeling, validated by time-integrated measurements 

of charge states of ions and emitted fluorescence using a single XFEL pulse. To observe time-dependent X-ray interactions with 

matter, we developed a femtosecond X-ray pump-X-ray probe method [2] by combining nano-focusing optics [3] and twin XFEL 

pulses with controlled time separations [4] at SPring-8 Angstrom Compact free-electron LAser (SACLA) [5]. This method was 

applied to various materials (diamond [2,5], silicon [6], oxides, and protein crystals) and revealed the time scale of the electron 

excitations and the onset time of the structural changes. 

In this talk, the XFEL-induced transient structural changes in matter revealed by the pump-probe experiments are discussed. In 

addition, preliminary results of the advanced pump-probe experiments using seeded-XFEL pulses [7,8] will be presented. 

 

[1] Neutze, R., Wouts, R., Van der Spoel, D., Weckert, E., Hajdu, J. (2000). Nature 406, 752. 

[2] Inoue, I., Inubushi, Y., Sato, Y., Tono, K., Katayama, T., Kameshima, T., Ogawa, K., Togashi, T., Owada, S., Amemiya, Y., Tanaka, T., Hara, T., 

& Makina, Y. (2016). Proc. Natl. Acad. Sci. USA 113, 1492. 

[3] Mimura, H., Yumoto, H., Matsuyama, S., Koyama, T., Tono, K.  et al., (2014). Nature Commun. 5, 3539. 

[4] Hara, T., Inubushi, Y., Katayama, T., Sato, T., Tanaka, H., Tanaka, T., Togashi, T., Togawa, T., Tono, K.,  Yabashi, M. & Ishikawa, T. (2014). 

Nat. Commun. 4, 2919.  

[5] Inoue, I., Deguchi, Y., Ziaja, B., Osaka, T., Abdullah, M. M., Jurek, Z., Medvedev, N., Tkachenko, V., Inubushi, Y., Kasai, H., Tamasaku, K., 

Hara. T., Nishibori, E. & Makina, Y. (2021). Phys. Rev. Lett. 126, 117403. 

[6] Hartley, N., Grenzer, L., Huang, L., Inubushi, Y., Kamimura, N., Katagiri, K. et al. (2021). Phys. Rev. Lett. 126, 015703. 

[7] Inoue, I., Osaka, T., Hara, T., Tanaka, T., Inagaki, T. et al. (2019). Nature Photon. 13, 319. 

[8] Inoue, I., Osaka, T., Hara, T. & Yabashi, M. (2020). J. Synchrotron Rad. 27, 1720. 
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Serial femtosecond crystallography (SFX) at X-ray free-electron lasers (XFELs) enables essentially radiation damage-free 

macromolecular structure determination using microcrystals that are too small for synchrotron studies [1]. However, SFX experiments 

often require large amounts of sample in order to collect highly redundant data where some of the many stochastic errors can be 

averaged out and accurate structure factor amplitudes determined [2]. Recently, an improvement in native-SAD phasing of SFX data 

was demonstrated by utilizing longer wavelengths that increased the strength of the anomalous signal [3]. This reduced up to 10-fold 

the number of indexed images needed for successful de novo structure determination. Another approach to reduce the number of 

indexed images, applicable not only to de novo phasing but also to molecular replacement strategies, is to use polychromatic (pink) X-

ray pulses for SFX. Theoretically, faster convergence rates of the Monte Carlo approach can be achieved by increasing the bandwidth 

or divergence of the X-ray pulses [4, 5].  

We used the capability of the Swiss free-electron laser (SwissFEL) to generate large-bandwidth X-ray pulses (Δλ/λ = 2.2 % FWHM) 

and applied them in SFX with the aim of improving the partiality of Bragg spots and thus decreasing sample consumption while 

maintaining the data quality. Sensitive data-quality indicators such as anomalous signal from native thaumatin micro-crystals and de 

novo phasing results were used to quantify the benefits of using pink X-ray pulses to obtain accurate structure factor amplitudes. 

Compared to data measured using the same setup but X-ray pulses with typical, quasi-monochromatic XFEL bandwidth (Δλ/λ = 0.17 

% FWHM), up to four fold reduction in the number of indexed diffraction patterns required to obtain similar data quality was 

achieved. This novel approach, pink-beam SFX, facilitates the yet underutilized de novo structure determination of challenging 

proteins at XFELs, thereby opening the door to more scientific break-troughs. 

[1] Nass, K. (2019). Acta Cryst. D 75, 211-218. 

[2] Nass, K., Meinhart, A., Barends, T. R., Foucar, L., Gorel, A., Aquila, A., Botha, S., Doak, R. B., Koglin, J., Liang, M., Shoeman, R. L., Williams, 

G., Boutet, S. & Schlichting, I. (2016). IUCrJ 3, 180-191. 

[3] Nass, K., Cheng, R., Vera, L., Mozzanica, A., Redford, S., Ozerov, D., Basu, S., James, D., Knopp, G., Cirelli, C., Martiel, I., Casadei, C., 

Weinert, T., Nogly, P., Skopintsev, P., Usov, I., Leonarski, F., Geng, T., Rappas, M., Doré, A. S., Cooke, R., Nasrollahi Shi razi, S., 
Dworkowski, F., Sharpe, M., Olieric, N., Bacellar, C., Bohinc, R., Steinmetz, M. O., Schertler, G., Abela, R., Patthey, L., Schmitt, B., 

Hennig, M., Standfuss, J., Wang, M. & Milne, C. J. (2020). IUCrJ 7, 965-975. 

[4] Dejoie, C., McCusker, L. B., Baerlocher, C., Abela, R., Patterson, B. D., Kunz, M. & Tamura, N. (2013). J. Appl. Cryst. 46, 791-794. 

[5] White, T. A., Barty, A., Stellato, F., Holton, J. M., Kirian, R. A., Zatsepin, N. A. & Chapman, H. N. (2013). Acta Cryst. D 69, 1231-1240. 
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Towards a structural biology at organism relevant temperature and chemical conditions 

John Richard Helliwell 
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The three probes of the structure of matter in biology (X-rays, neutrons and electrons) have complementary properties and strengths. 

The balance between these three structural research probes, within their strengths and weaknesses, is perceived to change, even 

dramatically so at times. Of course for understanding biological systems the required perspectives are:- physiologically relevant 

temperatures and relevant chemical conditions. These remain very tough challenges because e.g. cryoEM looks never to set foot in 

room temperature and crystallization often requires non-physiological chemical conditions. X-ray crystallography especially from the 

synchrotron has brought huge improvements in analytical capability and dominates the PDB. CryoEM has also brought great 

advantage for structural studies of non-crystallisable complexes. Overall, integrated structural biology techniques and functional 

assays make a package towards physiological relevance of any given study. X-ray laser serial fsec crystallography experiments aimed 

at structural dynamics and neutron macromolecular crystallography aimed at determining protonation states of ionisable amino acids 

are both, as a spin off, yielding room temperature structures, as well as being damage free. Comparisons between room and cryo 

biological structures are increasing as the X-ray laser and neutron facilities expand in number and grow in capability; structural 

differences are being increasingly described in many papers. We need to expand these facility provisions for room temperature 

studies. Likewise the extremely bright sources such as ESRF2 ie "EBS" will bring a larger number of room temperature results 

through the serial crystallography approach but with X-ray radiation damage effects yet to be quantified. 

Keywords: Organism relevant temperature; Organism chemistry; Extremely Bright Sources; XFELs; Neutrons; Electrons 
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Angel Rodriguez-Fernandez1, Ana Diaz2, Anand H. S. Iyer3, Mariana Verezhak2, Klaus Wakonig2,  

Magnus H. Colliander3, Dina Carbone4 

1Eu XFEL GmbH, Schenefeld, Germany;  

 2Paul Scherrer Institute, Villigen PSI, Switzerland;  

 3Chalmers University of Technology, Gothenburg, Sweden;  

 4MAX IV, Lund University, Lund, Sweden; 

angel.rodriguez-fernandez@xfel.eu 

 

Dynamical diffraction effects, also known as echoes, produced in thin crystals in both forward and diffracted directions are of highest 

importance for X-ray optics at ultrafast sources, as XFELs, and for the study of ultrafast phenomena in micron-sized single crystals. 

These echoes present delays of few fs between each other and the transmitted beam (similar as it happens with sound echoes, but in 

this case of electromagnetic nature and therefore with the speed of light). The delay relates to a displacement of the monochromatic 

diffracted beams in the transverse direction to the X-ray beam propagation [1,2]. Such echoes are used in self-seeding forward 

monochromators at hard xFELs.  

We would like to present our work performed at NanoMAX, MAX IV laboratory, Sweden, in which we image the dynamical 

diffraction wavefront from a 100 m thick Si wafer [3]. The work uses the full coherence and high flux of NanoMAX, together with 

the technique known as tele-ptychography [4], to image the forward diffracted wavefront at a pinhole located 3 mm downstream the 

sample. As presented in figure 1, the data collected is reconstructed using a ptychography algorithm in the pinhole plane, obtaining 

amplitude and phase of the wavefront. The wavefront is propagated back to the focus where, combined to the small size of the X-ray 

beam provided by NanoMAX, provides a high- resolution (55 nm) image for the detection of forward diffracted echoes.  

The work underline how this effect must be taken into account in the imaging and study of samples with thickness of the order of the 

X-ray extinction length. We also show that a strain induced in the surface can modulate the temporal delay of the dynamical 

diffraction waves as presented in the second figure attached. All the work is accompanied with the simulation of the effect using a 

selfwritten code, that can be used to model both temporal and static strains in single crystal samples, as well as in micro-pillars in 

which these dynamical effects are also present [5].  

 

Figure 1. Ptychographic reconstruction of the forward beam propagated 

to the focus (100 nm) at NanoMAX of a 100 m thin Si crystal (a) 1° 

away (b) at the asymmetric (111) diffraction condition at 8 keV. 

Simulations of the forward beam performed using a code based in 

dynamical diffraction theory (c) 1° away and (d) at the symmetric (111) 
diffraction condition at 8 keV. (e) Propagation of the forward 

ptychographic reconstructed signal along the plane defined by the beam 

propagation and the transverse direction to diffraction. 

Figure 2.  Projection simulations along the transverse direction 

to diffraction of the forward beam (open dots) ptychographic 

reconstructions and (fill dots) simulations for a non-strained Si 

100 m thin crystal (a) 1° away of the diffraction condition, (b) at the 

asymmetric (111) diffraction condition at 8 keV, and a nano-indented  Si 

100 m thin crystal at the asymmetric (111) diffraction condition at 8 

keV in three locations (c) 1 000 away from indents, (d) at 25 mN 

indentation and at 75 mN indentation.  
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Hybrid photon counting (HPC) X-ray detectors are crucial ingredients for cutting-edge synchrotron research [1] by providing noise-

free detection with advanced acquisition modes. In this regard, the latest HPC detector generation EIGER2 is setting new performance 

standards that push current horizons in X-ray science.  These detectors combine all advantages of previous HPC detector generations 

while offering (i) 75 µm × 75 µm pixel size, (ii) kilohertz frame rates, (iii) negligible dead time (100 ns) and (iv) count rates of 107 

photons per pixel.  

Recently, EIGER2 detectors are available both with silicon and with CdTe sensors to provide high quantum efficiency at energies up 

to 100 keV. Two separately adjustable energy thresholds allow for reduction of high-energy background such as from cosmic 

radiation or higher harmonics radiation. For one, this active background suppression significantly improves signal-to-noise in 

laboratory applications where weaker signals are expected. For the other, these benefits advance established methods like 

crystallography and small angle X-ray scattering and empower new fields of research, such as X-ray photon correlation spectroscopy 

and coherent studies. 

Here, we present results from detector characterization and application experiments, highlighting key properties such as count rate 

capability, readout and spatial resolution. We will further show the potential capabilities of newly released detector features, such as 

the double-gating acquisition mode for shot-to-shot background correction. Combined with characterization measurements at 

beamlines and in the laboratory, these results evidence how the EIGER2 detector systems will advance static and time-resolved X-ray 

experiments. 

 

[1] Förster, A., et al. (2019) Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 377, 20180241. 
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Non-canonical DNA structures, notably G-quadruplexes and i-motifs, draw significant attention because biological evidence suggests 

that they play crucial roles in a variety of disease-related biological processes. G-quadruplex DNA is composed of planar guanine 

tetrads which are engaged in efficient - stacking and are further stabilized by monovalent central cation (e.g. K+ or Na+). Sequences 

with G-quadruplex forming potential are present in telomeres and in oncogene promoters, according to bioinformatics studies. I-motifs 

are intercalated hemi-protonated cytosine-rich structures formed in the C-rich sequences. Naturally, such sequences are present in the 

regions complimentary to the G-rich parts of genome. 

In this work we have investigated nine variants of telomeric DNA with the repeat (TTGGGG)n from the organism Tetrahymena 

thermophila using biophysical and x-ray crystallographic studies. Biophysical characterization showed that all sequences folded into 

stable GQs which adopted a variety of conformations, most commonly parallel and hybrid. Native PAGE suggested that most of the 

sequences form multiple species in the presence of potassium. All species, but one, are monomolecular. We successfully crystallized 

two variants, TET25 (resolution 1.56 Å) and TET26 (three crystal forms with resolution 1.99 and 1.97 Å) and solved the structures via 

molecular replacement. TET25 adopted a hybrid (3+1) conformation with a four G-tetrad core, three lateral loops, one propeller loop, 

and 5’ snapback. TET26 fold into a parallel GQ conformation with a four G-tetrad core and three TT propeller loops. We have also 

investigated binding of N-methylmesoporphyrin IX (NMM) to all sequences and crystallized three variants with NMM. NMM induces 

parallel fold in all sequences. Both crystal structures display 5’-5’ dimers of parallel GQs with NMM bonded to the 3’ G-tetrad. NMM 

binds GQ with one of its faces and another NMM molecule with another. Our structural data demonstrate great plasticity of the 

telomeric sequence from the telomeric region of T. thermophila where small variation in the overhang length and composition leads to 

drastically distinct GQ structures.  

I will also share our progress toward the structure an i-motif DNA from the HRAS oncogene promoter as well as the structure of 

repetitive DNA (CAGAGG)n from difficult-to-replicate regions of the mouse genome implicated in replication stress. Our findings 

have potential to contribute to the development of new and efficient anticancer therapies.  

Keywords: IUCr2020; abstracts; G-quadruplex, i-motif, X-ray crystallography, ligands 
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The simple elegance of the Watson-Crick DNA model reported in 1953[1] belies an underlying complexity that is central to all life. 

However, about thirty years then elapsed before the true complexity of DNA was revealed in high resolution crystals structures of 

oligonucleotides. In these structures, DNA was captured in three distinct helical forms, Z [2], B [2], and A [3], providing the first 

evidence for the remarkable ability of DNA to adopt different stable conformations influenced by nucleobase sequence. Since then, 

our understanding of the fundamental properties of DNA has been challenged further with efforts to expand the genetic code through 

the creation of unnatural nucleobases. These new entities include nucleobases that pair strictly through hydrophobic interactions [4, 5] 

and those that pair through hydrogen bonding interactions [6]. The latter nucleobases were created by Benner and coworkers and are 

referred to as the Artificially Expanded Genetic Information System (AEGIS) [7]. AEGIS takes advantage of alternative hydrogen 

bonding arrangements between Watson-Crick like pairs, a large purine-like nucleobase and a small pyridimine-like nucleobase that 

exclusively pair to one another rather than natural nucleobases. This concept has produced an expanded genetic code, Hachimoji DNA 

[8] comprising 8 letters, 4 natural and 4 unnatural, and most recently Alien DNA, comprising 4 unnatural nucleobases. These systems 

including unnatural base pairs (UBPs) expand the structural landscape of DNA through the creation of duplexes that do not conform to 

known helical forms.  

In previous work, we have reported structures including up to 6 UBPs within 16 bp duplex DNA structures [9]. Our most recent work 

on Alien DNA includes structures with 12 UBPs of 16 base pairs (almost Alien DNA) contained within the structure captured in B-

like and A-like helical forms. The B-like structures were obtained through the use of our host-guest system, which is selective for 

DNA sequences that can adopt helical forms that are more similar to B than A-form DNA. In this system, the N-terminal fragment of 

Moloney murine leukemia virus reverse transcriptase serves as the host and a 16-mer DNA duplex as the guest [10]. Using this 

system, we have determined structures of numerous DNA sequences at relatively high resolution (1.6-1.8 Å) including now one with 

12 UBPs. One of the almost Alien DNA sequences including 12 UBPs has crystallized in three different crystal forms, two that 

diffract to 1.2 Å, providing the first very detailed structural information for these UBPs including sugar conformations. These latest 

structures of almost Alien DNA will be presented here along with comparative analyses with natural and other less Alien DNA 

structures including UBPs.  

[1] Watson, J.D. and F.H. Crick, (1953). Nature  171, 737-8. 

[2] Wang, A.H., G.J. Quigley, F.J. Kolpak, J.L. Crawford, J.H. van Boom, G. van der Marel and A. Rich, (1979). Nature  282, 680-6. 

[3] Heinemann, U., H. Lauble, R. Frank and H. Blocker, (1987). Nucleic Acids Res  15, 9531-50. 

[4] Leconte, A.M., G.T. Hwang, S. Matsuda, P. Capek, Y. Hari and F.E. Romesberg, (2008). J Am Chem Soc  130, 2336-43. 
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Apurinic/apyrimidinic endonuclease 1 (APE1) is a well-known endonuclease specifically targeting an AP site to initiate base excision 

repair. Interestingly, APE1 also bears 3′-to-5′ exonuclease activity that shows very different catalytic properties and cellular functions. 

The 3'-to-5' exonuclease activity of APE1 is responsible for processing matched/mismatched terminus of duplex DNA in various DNA 

repair pathways, as well as for nucleoside analogs removal associated with drug resistance. Due to the limited information of APE1’s 

exonucleolytic catalysis, its fundamental roles in various DNA repair pathways and in drug resistance are poorly understood. In 

addition, how APE1 exonucleolytically recognizes and processes the terminus of duplex DNA without base preference remain unclear. 

We determined the first two APE1-dsDNA complex structures, which displayed a dsDNA end-binding mode. Integration of our 

structures, biochemical assays, and molecular dynamics simulation reveals the general rules of APE1 in handling various dsDNA 

substrates. The DNA binding-induced RM (Arg176 and Met269) bridge formation in active site and DNA-binding modes transition 

between matched and mismatched termini of dsDNA compose the exquisite machinery for substrate selection, binding, and digestion. 

Our studies pave the way for understanding the dsDNA terminal-processing-related cellular functions and drug resistance mechanisms 

of APE1. 

 

[1] Liu, T.C.; Lin, C.T.; Chang, K.C.; Guo, K.W.; Wang, S.Y.; Chu, J.W. & Hsiao, Y.Y. (2021). Nat Commun. 12, 601. 

[2] Liu, T.C.; Guo, K.W.; Chu, J.W. & Hsiao, Y.Y. (2021). Comput. Struct. Biotechnol. J. 19, 3682-3691 

Keywords: APE1; Exonuclease; DNA Repair; Protein-DNA complex; Protein-Nuclear acid Interactions 
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Germline loss of function mutations in Breast Cancer Susceptibility gene 1 (BRCA1) and Breast Cancer Susceptibility gene 2 

(BRCA2) are known to be responsible for Hereditary Breast and Ovarian Cancer Syndrome (HBOCS). BRCA1 encodes 1863 amino 

acids consisting of N-terminus RING domain, intrinsically disordered  central DNA binding region and highly conserved two tandem 

repeats of BRCTs constituting the C-terminus domain (CTD)[1]. The RING domain forms a heterodimer with BRCA1-associated 

RING domain protein 1 (BARD1) and acts as E3- Ubiquitin ligase. However, C-terminal of the BRCA1 is known to interact with 

proteins containing the consensus sequences of pS-X-X-F motif to mediate different complex formation at the time of Double Strand 

Break Repair (DSBR). Majority of the missense mutations are found in the BRCT, RING domain and few in the central domain of 

BRCA1. Several studies have been performed to classify such variants of uncertain significance (VUS) in BRCA1 as pathogenic or 

neutral but the exact molecular mechanism of pathogenicity still remains to be deciphered[2, 3]. The aim of the present study is to 

evaluate the structural significance of these missense mutations located in the central and C-terminus functional domains of BRCA1 

using biophysical, biochemical and in-silico tools. It was found that BRCA1 Arg866Cys in the central region, Thr1691Arg and 

Gly1801Asp in the BRCT domain show conformational alterations. The central non-specific DNA binding domain has also been 

evaluated for its conformational changes in the presence and absence of super-coiled DNA. However, a reduced DNA binding ability 

was observed for the mutant as compared to the wild- type protein. Further, the central region of BRCA1 has been assessed for its 

intrinsically disordered behaviour. Addition of 2,2,2-trifluoroethanol (TFE) led to gain of structure of the central region and therefore, 

less susceptibility towards proteolysis. The mutations have been characterized with the help of Size exclusion chromatography (SEC), 

Circular Dichroism spectroscopy, nano DSF, EMSA. With this information we would further extend our studies for protein-protein 

interactions of the wild type and mutant proteins using ITC, SPR and co-crystallization.  The reported results will enhance our 

understanding towards the fundamental structural differences arising due to cancer predisposing missense mutations. 

[1] R. Roy, J. Chun, and S. N. Powell, “BRCA1 and BRCA2 : different roles in a common pathway of genome protection,” Nat. Rev. Cancer. 

[2] R. W. Anantha et al., “Functional and mutational landscapes of BRCA1 for homology-directed repair and therapy resistance,” pp. 1–21, 

2017. 

[3] P. Bouwman, H. Van Der Gulden, I. Van Der Heijden, R. Drost, and C. N. Klijn, “RESEARCH ARTICLE A High-Throughput Functional 

Complementation Assay for Classifi cation of BRCA1 Missense Variants,” 2013. 

 Keywords: Hereditary Breast Cancer; BRCA1; secondary structural changes; BRCT; Intrinsically disordered protein regions 
(IDPRs); DNA binding regions 
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A solid-solid phase transition (SSPT) occurs between distinguishable crystalline forms. SSPTs have been studied extensively in 

metallic alloys, inorganic salt or small organic molecular crystals, but much less so in biomacromolecular crystals. In particular, 

SSPTs involving large-scale molecular changes that are important to biological function are largely unexplored, yet may enhance our 

understanding of conformational space. Here, we report a systematic study of the ligand-induced SSPT in crystals of the adenine 

riboswitch aptamer RNA (riboA) using a combination of polarized video microscopy (PVM), solution atomic force microscopy 

(AFM), and time-resolved serial crystallography (TRX). The SSPT, driven by large conformational changes induced by ligand, 

transforms the crystal lattice from monoclinic (apo), to triclinic (intermediate lattice in a ligand-bound conformation), to orthorhombic 

(final bound conformational and lattice state). Using crystal structures of each state, we mapped out the changes to the crystal packing 

interfaces, which define the interplay between molecular conformation and crystal phase, which were corroborated by solution AFM. 

Using PVM to monitor changes in crystal birefringence, we characterized the kinetics of the SSPT in crystals of different sizes and 

ligand concentration. Together, these studies illustrate a practical approach for characterizing SSPT in biomacromolecular crystals 

involving large conformational changes, and provide useful spatiotemporal data for informing time-resolved crystallography 

experiments. 

 

Keywords: riboswitch, crystal phase transition, time-resolved crystallography, conformational space 
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CD72 is an inhibitory co-receptor that negatively regulates B cell antigen receptor (BCR) signalling. The ligand-binding domain of 

CD72 at the extracellular region belongs to the C-type lectin-like domain (CTLD) superfamily. We have demonstrated that it 

recognizes the nuclear autoantigen Sm/RNP composed of proteins and RNA, and suppresses autoimmune diseases such as systemic 

lupus erythematosus [1]. The crystal structure of the ligand-binding domain of mouse CD72a, a lupus-resistant allele, has been 

determined at 1.2 Å resolution. Electrostatic potential analysis of the molecular surface of CD72a-CTLD suggest that charge 

distribution at the putative ligand-binding site may affect the binding affinity between CD72 and Sm/RNP. 

We have determined the crystal structure of the ligand-binding domain of mouse CD72c, a lupus-susceptible allele with reduced 

affinity to Sm/RNP. The obtained crystals were large enough for X-ray diffraction experiments of about 200 µm cubic, but clusters of 

hundreds or thousands of microcrystals (Fig. 1). Development of the micro focus X-ray beam and rapid automated data collection [2] 

and processing [3] systems at SPring-8 enabled us to obtain a full data set that allowed the successful structure determination and 

refinement at 2.5 Å resolution (Fig. 2). We took 1,400 of small-wedge (10 degree) data from 14 crystals. The data were classified 

based on the unit-cell dimensions or correlation coefficient between data and merged to a full data set for structure determination. 

Analysis of the hierarchical clustering of the small-wedge data shows that the crystal packing varies along with the c-axis direction, 

but no significant conformational variations were observed among the crystal structures. 

                      

Figure 1. Crystals of CD72c-CTLD                        Figure 2. Electron density map of CD72c-CTLD 

 

The obtained structure reveals that substitutions of amino acids at the ligand-binding site do cause the inversion of the charge 

distribution of the molecular surface as we hypothesized. Charge repulsion between CD72c-CTLD and strong negative charges of 

RNA of Sm/RNP would be the  molecular mechanism of reduced affinity. 

[1] Akatsu, C., Shinagawa, K., Numoto, N., Liu, Z., Ucar, A. K., Aslam, M., Phoon, S., Adachi, T., Furukawa, K., It,o N. & Tsubata, T. (2016) J. 

Exp. Med. 213, 2691. 

[2] Hirata, K., Yamashita, K., Ueno, G., Kawano, Y., Hasegawa, K., Kumasaka, T. & Yamamoto M. (2019) Acta Cryst. D75, 138. 

[3] Yamashita, K., Hirata, K. & Yamamoto, M. (2018) Acta Cryst. D74, 441. 

Keywords: crystal structure; immune system; nucleic acid 
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Preservation and public accessibility of primary experimental data are cornerstones necessary for the reproducibility of empirical 

sciences. Many crystallography journals recommend that authors of manuscripts presenting a crystal structure deposit their primary 

experimental data (X-ray diffraction images) to one of the dedicated resources created in recent years. We present the Integrated 

Resource for Reproducibility in Molecular Crystallography (IRRMC). In its first five years, several hundred crystallographers have 

deposited over 9000 datasets representing more than 5,700 diffraction experiments performed at over 60 different synchrotron 

beamlines or home sources all over the world. We describe several examples of the crucial role that diffraction data can play in 

improving previously determined protein structures. In addition to improving the resource and annotating and curating submitted data, 

we have been building a pipeline to extract or generate the metadata necessary for seamless, automated processing. Preliminary 

analysis shows that about 95% of the data received by our resource can be automatically reprocessed. A high rate of reprocessing 

success shows the feasibility of automated metadata extraction and automated processing as a validation step that ensures the 

correctness of raw diffraction images. The IRRMC is guided by the Findable, Accessible, Interoperable, and Reusable data 

management principles. Data from IRRMC have already enabled several novel research projects. 

 

Keywords: protein crystallography, X-ray diffraction, reproducibility, big data 
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Macromolecular crystallography (MX) is the dominant means of determining the three-dimensional structures of biological 

macromolecules. Over the last few decades, most MX data have been collected at synchrotron beamlines using a large number of 

different detectors produced by various manufacturers and taking advantage of various protocols and goniometry. These data came in 

their own formats, some proprietary, some open. The associated metadata rarely reached the degree of completeness required for data 

management according to Findability, Accessibility, Interoperability and Reusability (FAIR) principles. Efforts to reuse old data by 

other investigators or even by the original investigators some time later were often frustrated. 

In the culmination of an effort dating back more than two decades, a large portion of the research community concerned with High 

Data-Rate Macromolecular Crystallography (HDRMX) agreed in 2020 to an updated specification of data and metadata for diffraction 

images produced at synchrotron light sources and X-ray free electron lasers (XFELs) [1]. This Gold Standard builds on the 

NeXus/HDF5 NXmx application definition and the International Union of Crystallography (IUCr) imgCIF/CBF dictionary and is 

compatible with major data processing programs and pipelines. It will ensure effortless automatic data processing, facilitate manual 

reprocessing of data independent of the facility at which they were collected, and enable data archiving according to FAIR principles, 

with a particular focus on interoperability and reusability. 

Direct consequences of the Gold Standard are an unambiguous definition of the experimental geometry, a record of the synchrotron 

and beamline where the data were collected, and additional optional metadata that will make subsequent submission of the structural 

model to the PDB more straightforward. Just as with the IUCr CBF/imgCIF standard from which it arose and to which it is tied, the 

Gold Standard is intended to be applicable to all detectors used for crystallography. In particular, the application of the Gold Standard 

does not require the use of HDF5. Corresponding metadata definitions exist in CBF/imgCIF. All hardware and software developers in 

the field are encouraged to adopt and contribute to the standard. 

The Gold Standard provides a convenient and consistent way to record the essential minimal data and metadata needed to process a 

wide range of macromolecular diffraction experiments including single axis, single crystal rotation experiments using single-module 

detectors, XFEL serial crystallography experiments using powerful multi-module detectors producing tens of thousands of images 

from huge numbers of small crystals, as well as synchrotron experiments producing large number of wedges from micro-crystals. 

Examples from all of these and more will be discussed. 

[1] Bernstein, H.J., Förster, A., Bhowmick, A., Brewster, A.S., Brockhauser, S., Gelisio, L., Hall, D.R., Leonarski, F., Mariani, V., Santoni, G., 

Vonrhein, C. and Winter, G. (2020). Gold Standard for macromolecular crystallography diffraction data. IUCrJ, 7(5) 784 -- 792. 

The work was supported in part by funding from Dectris Ltd., from the U. S. Department of Energy (BES KP1605010, KP1607011, 

DE-SC0012704), from the U. S. National Institutes of Health (NIGMS P30GM133893, R01GM117126). 

Keywords: FAIR, MX data, Gold Standard, Archiving 
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Auto-Rickshaw [1,2] is a system for automated crystal structure determination. It provides computer coded decision-makers for 

successive and automated execution of a number of existing macromolecular crystallographic computer programs thus forming a 

software pipeline for automated and efficient crystal structure determination. 

Auto-Rickshaw (AR) is freely accessible to the crystallography community through the EMBL-Hamburg AR Server [3]. 

Recently, it has been installed at the ASCI cluster at the Australian Synchrotron which uses Docker and Kubernetes system for 

launching AR jobs in high-throughtput manner. The synchrotron AR server is accessible to users from the MX beamline computers. 

AR at the MX beamlines can be invoked through command line or a web-based graphical user interface (GUI) for data and parameter 

input and for monitoring the progress of structure determination. It can be also invoked via automatic data processing if the parameter 

inputs have been pre set at the AR-GUI during X-ray diffraction experiment. 

A large number of possible structure solution paths are encoded in the system and the optimal path is selected as the structure solution 

evolves. The platform can carry out experimental (SAD, SIRAS, RIP or various MAD) and MR phasing or combination of 

experimental and MR phasing. The system has extended extensively for evaluation of multiple datasets for various phasing protocols 

as well as for evaluation of ligand binding and fragment screening. 

The new implementation and features will be discussed during the presentation. 

[1] Panjikar, S., Parthasarathy, V., Lamzin, V. S., Weiss, M. S. & Tucker, P. A. (2005). Auto-Rickshaw - An automated crystal 

structure determination platform as an efficient tool for the validation of an X-ray diffraction experiment. Acta Cryst. D61, 449-457. 

[2] Panjikar, S., Parthasarathy, V., Lamzin, V. S., Weiss, M. S. & Tucker, P. A. (2009). On the combination of molecular replacement and single-

wavelength anomalous diffraction phasing for automated structure determination Acta Cryst. D65,1089-1097. 

[3] http://www.embl-hamburg.de/Auto-Rickshaw 
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Structural information, mainly derived by X-ray crystallography and Cryo-Electron Microscopy, is the quintessential prerequisite for 

structural-guided drug discovery. However, accurate structural information is only one piece of information necessary to understand 

the big picture of medical disorders. To provide a rapid response to emerging biomedical challenges and threats like COVID-19, we 

need to analyze medical data in the context of other in-vitro and in-vivo experimental results. Recent advancements in biochemical, 

spectroscopical, and bioinformatics methods may revolutionize drug discovery, albeit only when these data are combined and 

analyzed with effective data management framework like Advanced Information System proposed in 2017. The progress on AIS is too 

slow, but creating such a system is a Grand Challenge for biomedical sciences. By definition, a Grand Challenge is a challenging and 

extremely difficult long-term project that is not always appreciated by those looking for immediate returns. 
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Diffraction-limited synchrotron radiation sources (DLSRs) using the advanced accelerator technologies deliver high-brilliance X-rays 

at high repetition rates. The DLSRs are expected to provide X-ray diffraction (XRD) measurements with benefits such as a reduction 

of the total time required for a complete scan and an improvement of temporal resolution. At the proposed SPring-8-II facility [1], one 

of the DLSRs, anticipated experiments using XRD techniques require X-ray imaging detectors with a frame rate over 10 kHz, high 

pixel count, a count rate over 100 Mcps/pixel, and single-photon sensitivity. To meet these demands, we have been developing a high-

speed X-ray imaging detector CITIUS (Charge Integration Type Imaging Unit with high-Speed extended-Dynamic-Range Detector) 

[2] for SPring-8 and SACLA. As for SPring-8, our first milestone is to install a 20M-pixel CITIUS detector in 2023. It has a frame rate 

of 17.4 kHz and a raw data rate of 1.4 TB/s. Such a high raw data rate demands the careful design of the data handling scheme from the 

transfer, on-the-fly processing, storage, to post-analysis. 

In this presentation, we describe our plan on the data acquisition and analysis scheme and the current status of the development. Our baseline 

implementation of the data-processing flow is composed of two steps. At the first step, detector images are processed by onthe-fly processing 

such as accumulation and a veto mechanism, which reduces the peak data-stream rate from 1.4 TB/s to ~400 GB/s. The processing algorithms 

are implemented onto custom PCB boards (Data Framing Board, DFB). Each DFB has three field-programmable gate arrays (FPGAs). Then 

generated processed data are transferred via PCI Express 3.0 bus to PC server memory. The second step is to compress the images by PC 

servers. We are investigating several information-lossless compression algorithms including the one presented in [3]. The peak data rate after 

the compression is further reduced to ~10 GB/s. The compressed images are to be stored in cache storage with a capacity of about 4-day 

measurements. The cached data are transferred to the high-performance computing system for post-analysis, and long-term storage. We also 

present the results of the experiment using an X-ray photon correlation spectroscopy technique. We also present the infrastructure in detail to 

execute this flow. 

[1] “SPring-8-II Conceptual Design Report” (Nov. 2014) http://rsc.riken.jp/eng/pdf/SPring-8-II.pdf. 

[2] T. Hatsui, “New opportunities in photon science with high-speed X-ray imaging detector Citius, and associated data challenge”, Presentation at

the 2nd R-CCS International Symposium (2020) 

[3] R. Roy et al., the proceedings of CCGrid2021, accepted. 
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Of the over 6,000 confirmed and candidate extrasolar planets discovered to date, those 1-4 times the radius of the Earth are found to 

be most abundant. MgO (periclase), is expected to be a major component of the deep mantles of terrestrial planets and exoplanets. Its 

high-pressure transformation from a rocksalt (B1) structure to the B2 (CsCl) structure is expected to occur in rocky exoplanets greater 

than about 5 Earth masses in size. In this work, the structure and temperature of MgO upon shock compression over the 200-700 GPa 

pressure range was examined at the Omega-EP Laser facility. Laser drives of up to 2 kJ over 10 ns were used to shock compress 

single-crystal MgO. At peak compression, the sample was probed with He-α X-rays from a laser-plasma source. Diffracted X-rays 

were recorded on image plates lining the inner walls of a box attached to the target package. For each shot we measure pressure 

(velocity interferometry), density (x-ray diffraction) and shock temperature (pyrometry). We also probe orientation-dependence of the 

shock Hugoniot by conducting laser-driven decaying shock measurements of single crystal MgO [100], [111] and [110], and will 

discuss the importance of single crystal experiments to better improve phase diagram models of materials at extreme conditions. 

 

Keywords: high pressure, crystallography of materials 
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Fast compression in the dynamic diamond anvil cell (dDAC) allows for the study of materials at intermediate strain rates that are not 

accessible using traditional static and dynamic compression techniques [1]. Previous dDAC studies revealed compression-rate 

dependent phenomena such as rate-dependent phase transformation pathways [2], the formation of metastable phases [3], and shifts in 

phase transition boundaries from their equilibrium positions [2,3,4]. The fast diffraction set-up at the Extreme Conditions Beamline 

(P02.2) at PETRA-III offers time-resolved X-ray diffraction with kHz data collection rates, which allows for phase transition 

boundaries to be accurately determined at compression rates up to ~1000 GPa/s. Future experiments at the European XFEL will allow 

for data collection rates up to 4.5 MHz, which will extend these studies to compression rates >100 TPa/s.  

In order to develop a full understanding of phase transitions under dynamic compression, it is necessary to investigate sample 

behaviour on both atomistic (crystal structure) and microscopic (crystal morphology) length scales. This allows for kinetic parameters 

such as nucleation and growth rates to be determined. When crystallite of the high-pressure phase have well-defined phase boundaries, 

imaging techniques can be used to visualize the growth of the new phase. The X-ray phase contrast imaging platform at P02.2 allows 

for the visualization of samples that are opaque to visible light, where the simultaneous X-ray diffraction measurements allow for 

pressure determination, phase identification, and structural refinement.  Phase contrast imaging allows us to resolve phase boundaries 

for grains of similar Z, where conventional absorption-based imaging typically fails. 

Here, we present results from X-ray imaging experiments on dynamically compressed Ga (Fig. 1), where we have successfully imaged 

pressure-induced melting (Ga-I/liquid) and solidification (liquid/Ga-III). Using an imaging configuration in which the sample is 

positioned upstream from the focal spot of a CRL-focussed X-ray beam allows for the collection of ‘clean’ diffraction patterns with 

minimal contribution from the gasket material and produces clearly-defined solid/liquid phase boundaries in the X-ray images.  

 

Figure 1. X-ray images showing the melting of Ga on compression in the dynamic-DAC 

 

[1] Jenei, Zs. et al. Rev. Sci. Instrum. 90, 065114 (2019). 

[2] Lee, G. W., Evans, W. J. & Yoo, C. S. Phys. Rev. B 74, 134112 (2006). 

[3] Chen, J. Y & Yoo, C. S. PNAS  108 7685-7688 (2011). 

[4] Husband. R. J. et al. ‘Compression-rate dependence of pressure-induced phase transitions in Bi’, submitted. 

Keywords: Dynamic compression, diamond anvil cell, X-ray imaging 
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Extreme conditions are ubiquitous in nature. Much of the matter in the universe exists under high pressures and temperatures. 

Of interest, are the planetary interiors of the icy giants, Uranus and Neptune. Which have particularly complex magnetic fields [1].  

To understand these complex magnetic fields the conditions and composition of icy giant planetary interiors need to be 

determined. The interiors of these planets are understood to contain mixtures of water, ammonia and hydrocarbons [2].  

Under compression the phase diagram of ice is rather complex. With several phases determined and predicted under high pressure 

and temperature conditions [3]. High pressure ice above ~1500K and 50 GPa is predicted to undergo a superionic transition, where the 

hydrogen atoms diffuse into the oxygen sub-lattice [4,5]. These superionic phases are a possible source of the complex magnetic fields 

of both Uranus and Neptune. 

Several high-pressure phases of water have been observed in the superionic region of the phase diagram. A body-centred cubic 

(bcc) phase, which if superionic would be analogous to ice X structure and with increasing pressure a phase transition to a face centred 

cubic (fcc) phase has been reported [5]. 

Experiments carried out at the MEC end station at the LCLS XFEL in December 2020, utilised reverberating shocks to compress 

water into Off-Hugoniot states within the superionic region of the ice phase diagram [6]. Liquid water samples were confined between 

a diamond ablator and a rear window, reaching P-T states ranging from ~40 GPa and 1200K to ~200 GPa and 4000K. 

The bcc phase of ice has been observed from ~50 GPa and ~1200 K. A mixed phase region starting at ~90 GPa and ~2500 K, 

has been of observed with the bcc phase and a second phase. With increasing pressure the second phase becomes more prominent with 

the loss of the initial bcc phase. 

The higher-pressure ice initially appears to be the fcc phase as described by Millot et al. However, further examination of the 

diffraction revealed misfits to the fcc lattice and a lack of refinement has suggested that that this may in fact be a different structure. 

The structure of this phase has yet to be determined. However, several candidates are proposed from predicted high pressure ices [7].  

Ongoing work aims to determine these structures of ice under superionic P-T conditions and with comparison with 

simulation, understand the magnetic field behaviour of icy giant type planets. 

[1] W.J. Nellis, J. Phys.: Conf. Ser. 950, 042046 (2017) 
[2] M. D. Hofstadter et al., Ice Giants: Pre-Decadal Survey Mission Study Report, NASA-JPL report JPL-D-100520 (2017)  
[3] C. G. Salzmann, J. Chem. Phys 150, 06091 (2019)  
[4] I. A. Ryzhkin, Sol. Stat. Com. 56, 1 (1985) 
[5] M. Millot et al., Nat. 569, 7755 (2019)
[6] M. Millot et al., Nat. Phys. 14, 3 (2018) 
[7] A. Hermann et al., PNAS 109, 3 (2012)  
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Au has long been regarded as an important calibration standard in the high-pressure diffraction community, especially for experiments 

involving diamond anvil cells. The face centred cubic phase of Au is believe to be stable for hundreds of GPa at room temperature 

[1,2]. Recent dynamic-compression work has shown that the high-pressure behaviour of Au is not as simple at higher temperatures, 

and under laser-driven shock-compression, Au was found to transform, on-Hugoniot, from its ambient face centred cubic phase to a 

body centred cubic phase at 223 GPa before melting around 320 GPa [3]. 

As well as being used as a calibration standard, Au is also a commonly used material in target packages for laser-driven, dynamic-

compression experiments. For experiments that explore the behaviour of various materials at the highest pressures and temperatures 

achievable (such as the experiments conducted at the National Ignition Facility or at the Omega laser facility) a layer of Au may be 

placed before the material of interest to act as a shield to prevent x-ray heating of the material of interest before the compression wave 

has reached the sample. For many of these experiments, the compression wave is not necessarily a shock wave, but the target may 

instead be ramp-compressed meaning that the compression state does not lie on the Hugoniot. 

Given the frequent use of Au in diffraction experiments at extreme conditions, it is important that its high-pressure, high-temperature 

behaviour is well constrained off-Hugoniot so that we may correctly identify its contribution to diffraction data collected in this 

regime. To this end, a series of shock and ramp compression experiments have been conducted across various laser-compression 

platforms to explore the extent of the high-pressure bcc phase of Au. These experiments involve the compression of Au to previously 

unexplored pressures and temperatures, utilizing diffraction and velocity interferometry as the primary diagnostics. This talk presents 

a discussion of these results and reconciles this new, unpublished data with existing findings within the field. 

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under 

Contract DE-AC52-07NA27344.  

[1] Dubrovinsky, L., Dubrovinskaia, N., et al. (2007). Phys. Rev. Lett. 98, 045503 

[2] Boettger, J.C. (2003) Phys. Rev. B. 67, 174107 
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Non-hydrostatic stress is known to change the evolution of unit cell parameters [1] and the compression of bond lengths and angles in 

the structures of crystals, e.g. [2]. The resulting modifications in the structures can lead to changes in the physical and thermodynamic 

properties of crystals, and thus change their thermodynamic stability. As a consequence, both reconstructive phase transitions [3] and 

displacive-type symmetry-breaking phase transitions [4] under deviatoric stress can occur at different temperatures and different mean 

stress than under hydrostatic pressure. Despite its importance, the effect of non-hydrostatic stress on crystal structures is still poorly 

understood, because it is challenging to perform experiments under controlled deviatoric stress conditions. On the other hand, mineral 

host-inclusion systems composed of a mineral entrapped inside another mineral provide the perfect example to characterize a crystal 

under deviatoric stress. Because the inclusion is entrapped inside another crystal, it will not be under hydrostatic pressure and the 

deviatoric stress imposed on it will be the result of the difference in the elastic properties of the two crystals and their mutual 

crystallographic orientations. In this contribution, we describe a methodology to characterize the effect of deviatoric stress on 

inclusion crystal structures using synchrotron x-ray diffraction, including how to deal with the experimental challenges in the 

collection of intensity data from a host-inclusion system, and the evaluation of the quality of the results. The quartz in garnet system is 

an ideal candidate for this study. Quartz has a simple and well-known structure, whose variation with pressure and temperature has 

been widely characterised, while garnet, being cubic, imposes an almost isotropic strain on the inclusions, thus providing a relatively 

simple case study. Furthermore, quartz is one of the most common mineral inclusions in different types of rocks, so it qualifies as an 

interesting case for geological applications.  

[1] Bassett, W. A. (2006). J. Phys.: Condens-Mat., 18(25), S921. 

[2] Gatta, G. D., Kantor, I., Ballaran, T. B., Dubrovinsky, L., & McCammon, C. (2007). Effect of non-hydrostatic conditions on the elastic behaviour 

of magnetite: an in situ single-crystal X-ray diffraction study. Phys, Chem. Miner., 34(9), 627-635. 

[3] Richter B., Stünitz H. & Heilbronner R. (2016) J. Geophys. Res. -Solid Earth, 121, 8015-8033. 

[4] Bismayer U., Salje E. & Joffrin C. (1982) J. Phys., 43, 1379-1388. 
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The strong interest in MOCl (M = Ti, V, Cr, Fe) compounds stems from their nonlinear optical properties in the IR band (CrOCl) [1], 

their use as intercalation compounds for cathode materials (FeOCl) [2], their use as parent structures for van der Waals 

heterostructures [3] and especially from their low-dimensional magnetic phenomena [4-6]. 

MOCl-type compounds are isostructural at ambient conditions with the space group Pmmn and consist of double layers of distorted 

MO4Cl2 octahedra, which are connected by van der Waals forces. It has been shown that the magnetic behaviour and the 

dimensionality of MOCl-type compounds is determined by orbital order of the 3d electron of the transition metal [4-6]. For M = V, 

Cr, Fe orbital order leads to strong intra- and interchain exchange couplings, which results in quasi-two-dimensional (2D) magnetic 

systems that exhibit antiferromagnetic (AFM) order at low temperatures [4,5]. The transition to the AFM state is characterized by a 

magneto-elastic coupling in the form of a monoclinic lattice distortion that lifts the geometric frustration of the magnetic order on the 

orthorhombic crystal structure as well as by the formation of an incommensurate modulation of the structure [4,5]. 

Applying hydrostatic pressure to those compounds allows us to continuously adjust the intra- and interchain exchange parameters 

through the modification of the octahedral geometry and the metal-to-metal distances. This provides a unique opportunity to study the 

interplay between magnetic order and pressure-induced structural changes in dependence of the electronic configuration of the 

transition metal within one single structure type. Pressurizing MOCl compounds to approximately 15 GPa leads to a normal-to-

incommensurate phase transition, characterized by an optimization of the interlayer packing, which is not associated with changes in 

the electronic or magnetic structure [7]. This gives us, in addition, the possibility to investigate the effect of the high-pressure 

structural transition on the magnetic order and vice versa. 

The high-pressure (HP) low-temperature (LT) single crystal X-ray diffraction experiments, which were conducted at P02.2/PETRA III 

above and below TN,1bar for pressures up to 40 GPa and temperatures down to 6 K, provides an insight into the HP-LT mechanisms of 

FeOCl: The magneto-elastic coupling is governed by a monoclinic lattice distortion below TN,1bar, whereas an interplay between lattice 

distortion and significant structural changes takes place above TN,1bar. These changes enhance, from a geometrical perspective, 

superexchange interactions up to a pressure of ≈ 15 GPa where the structural HP phase transition gets superimposed on the further 

structural development. We will present the sequence of phase transitions and the structural development of FeOCl in detail and 

compare it, where applicable, with the quasi-2D compound CrOCl. 

With the described approach and an in-depth analysis of structural changes, we aim at disentangling the magneto-structural 

correlations in the model system of MOCl as a function of composition, temperature and pressure in order to facilitate the 

understanding of low-dimensional magnetic systems in general. 

[1] M. Wang, J. Zhang, Z. Wang, C. Wang, S. van Smaalen, H. Xiao, X. Chen, C. Du, X. Xu & Tao, X. (2020). Adv. Optical Mater. 8, 1901446. 

[2] T. Yu, X. Zhao, L. Ma & Shen, X. (2017). Mater. Res. Bull. 96, 485-490. 

[3] N. Mounet, M. Gibertini, P. Schwaller, D. Campi, A. Merkys, A. Marrazzo, T. Sohier, I. E. Castelli, A. Cepellotti, G. Pizzi & Marzari, N. (2018). 

Nat. Nanotech. 13, 246-252. 

[4] J. Angelkort, A. Wölfel, A. Schönleber, S. van Smaalen & Kremer, R. K. (2009). Phys. Rev. B 80, 144416. 

[5] J. Zhang, A. Wölfel, L. Li & van Smaalen, S. (2012). Phys. Rev. B 86, 134428. 

[6] A. Seidel, C. A. Marianetti, F. C. Chou, G. Ceder & Lee, P. A. (2003). Phys. Rev. B 67, 020405(R). 

[7] M. Bykov, E. Bykova, L. Dubrovinsky, M. Hanfland, H.-P. Liermann & van Smaalen, S. (2015). Sci. Rep. 5, 9647. 
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In order to create a painting, an artist must carefully select his painting materials and especially those materials that convey color to 

the painting. In the 15th-17th century, most colored pigments were inorganic in nature, many of them powdered minerals. Painters’ 

pigments comprise commonly available materials such as earth colours and bone black, but also rare ones such as the red pigment 

vermillion/cinnabar or the blue pigment ultramarine.  

The most expensive pigment of many historical periods is without any doubt natural ultramarine, sometimes referred to by its mineral 

names lazurite or lapis lazuli [1]. Lazurite is an alumino-silicate mineral containing zeolite cages in which sulphur polyanions are 

present that give it its characteristic blue colour. In the 15-17th century, natural ultramarine was a material more expensive than gold. It 

derived its scarcity and high price from the fact that the only known mines of natural ultramarine were located in a remote 

northeastern Afghan province called Badakhshan. In the 15-17th century, most natural ultramarine was transported along the silk road 

and reached Europe via Venice [2]. What was traded in this manner were either large lumps of the blue/white lazurite-rich rocks (that 

also contain other minerals) or already (partially) purified lazurite powder. In Venice and other locations in Europe, by means of the 

application of various crushing and particle selection techniques [3], the purity of the blue pigment was then improved, creating 

different grades of ultramarine of widely different price.  

By means of Macroscopic X-ray powder diffraction (MA-XRPD), it is possible to record the distribution of crystalline materials in 

historical paintings and thus to identify which inorganic pigments were employed by an artist to create a specific work of art. In recent 

years, this method has been employed by our group to identify the inorganic pigments present in masterworks by artists such as 

Vincent Van Gogh [4] (19th century), Johannes Vermeer [5] (17th century) and Jan Van Eyck [6] (15th century).  

Of particular usefulness for highly specific pigment mapping of oil paintings is reflection mode MA-XRPD. Although dependent on 

the diffraction characteristics of the pigments studied and  on the measurement conditions, in this mode, the detection limit of 

scanning MA-XRPD is of the order of 2-5%. Next to allowing for a direct identification of the pigment mixtures that constitute the 

paint of a particular hue, this ability to detect and identify minor components in a complex mixture makes it also possible to employ 

MA-XRPD to record fingerprints of specific pigments and highlight art historically relevant differences between pigment subtypes. 

For example, in Vermeer’s Girl with the Pearl Earring, it was possible to establish that Vermeer used at least two distinctly different 

subtypes of lead white to paint the Girl’s face: one hydrocerussite-rich (2PbCO3.Pb(OH)2) to paint the lighter/highlighted facial areas 

and another, poorer in hydrocerussite and richer in cerussite (PbCO3) which is used in the shadow areas [5,7]. 

Since natural ultramarine pigment powder is invariably prepared by purification of (heat-)crushed lazurite-rich Afghan rocks, the 

resulting powder not only contains microcrystals of the blue mineral lazurite, but also of its accessory minerals such as albite, sodalite, 

diopside, pyrite, quartz, sanidine etc. Some of these share the structure and overall chemical composition of the blue alumino-silicate 

mineral while others are quite different. All these accessory minerals, however, lack the intense blue color of lazurite and thus alter the 

color intensity and tone of the blue pigment when they are (too) abundantly present.  

Through MA-XRPD mapping of blue areas of a series of Netherlandish paintings by well-known 15th and 17th century artists from 

various museums in Belgium and the Netherlands, we have made a non-exhaustive survey of  the pattern of accessory minerals 

present in 15th and 17th century natural ultramarine. The aim of the survey was to answer questions such as: (a) does the fingerprinting 

pattern of the accessory mineral change with time? (b) and if so, does it change gradually or erratically? and (c) is the pattern 

significantly affected by the application of the purification methods? In the presentation, preliminary answers to some of these 

questions will be discussed by means of examples from the oeuvre of 15th-17th century artists Petrus Christus, Albrecht Bouts, Jan 

Steen and Johannes Vermeer. 
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Cultural heritage objects are affected by various corrosion processes during decades and centuries of storage in museums and 

collections. Atmospheric gases like CO2, moisture or - as wood emits significant amounts of formic and acetic acid1 - the storage 

furniture itself can induce corrosion. Calcareous heritage objects like historic Mollusca shells2, eggs3, ancient pottery (Figure 1, a) or 

marble reliefs (Figure 1, c, d) are very sensitive to acetic and formic acid vapours. The corrosion process leads to the formation of 

efflorescence crystals sometimes crystallizing in pores and cracks, which can cause severe damage to the artifacts. This phenomenon 

has been known as “Byne’s disease” since the end of the 19th century.4 Both, simple salts like Ca(CH3COO)2∙H2O
5 or 

Ca(CH3COO)2∙½H2O
6 and complex compounds like calclacite (Ca(CH3COO)Cl·5H2O)7 or thecotrichite 

(Ca3(CH3COO)3Cl(NO3)2·6H2O)8-9 were found as corrosion phases on calcareous historic objects. Many of these efflorescence phases, 

however, still remain poorly characterized due to their microcrystalline character and the occurrence of polyphase mixtures. 

Our work focuses on the characterization of unknown or hitherto poorly characterized efflorescence phases found on herriatge objects. 

As the amount of substance that can be removed from the artifacts is usually very small, we also describe the synthesis of the 

corrosion phases by model experiments. In this study we present the characterization and structure elucidation of complex 

efflorescence salts like Ca2(CH3COO)(HCOO)(NO3)2·4H2O
10, Ca(CH3COO)(HCOO)·2H2O and Ca3(CH3COO)4(HCOO)2· 4H2O

11 

that were found on ancient amphorae (Figure 1, a) or historic birds eggs5 and seemingly simple corrosion phases like 

Ca(CH3COO)2∙½H2O
12 which crystallizes on marble reliefs (Figure 1, c, d) or ceramics6. A systematic structural investigation of these 

efflorescence phases revealed calcium carboxylate zig-zag chains (Figure 1, b) as the common structural motif, which shows the 

crucial role of the carboxylic acids in the corrosion processes and explains the great chemical variety of these compounds. The 

seemingly simple Ca(CH3COO)2·½H2O was found to crystallize in a 11794.5(3) Å³ unit cell with a triple helix motif (Figure 1, e) 

analogous to the collagen proteins.  

In summary, the investigations on corrosion phases found on cultural heritage objects led to the discovery of many hitherto unknown 

or only poorly characterized solid phases with complex crystal structures. In addition, global structural motifs that were revealed in 

these studies indicate that a lot more compounds are to be discovered.  

 

 
 

Figure 1. Attic black figured amphora from the Antikensammlung Munich with a white efflorescence phase on its surface ©Anton 

Buhl; (b) excerpt of the crystal structure of the efflorescence phase Ca2(CH3COO)(HCOO)(NO3)2· 4H2O; (c) Fragmented relief 

'Adoration of the Shepherds' by G. Torretti, (d) the relief exhibits efflorescence phases ©Rathgen Forschungslabor, Staatliche Museen 

zu Berlin – Preußischer Kulturbesitz; (e) excerpt of the crystal structure of the efflorescence phase Ca(CH3COO)2·½H2O exhibiting a 

triple helix motif. 
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Seven and fivefold point symmetries are incompatible with three-dimensional translation symmetry and thus very rare as symmetry 

elements of building blocks in tilings and pavings. Heptagonal symmetry elements as local symmetry elements in isolated objects in 

art, architecture and nature appear surprisingly much less frequently than pentagonally shaped designs. This presentation aims to give 

some objective, but also subjective reasons why architects, designers and artists rarely choose for local heptagonal symmetry in their 

creations. It is argued that reasons that are commonly put forward as explanation for the choice for heptagonal symmetry are too 

simplistic and probably not true. A number of examples is presented where the designer has chosen for heptagonal symmetry as a key 

element for creation and reasons for these choices are proposed where possible. Special emphasis will be given to two outstanding 

heptagonal religious edifices in French Occitany and larger heptagonal urban geometries in the low countries. 

 

Figure 1. Tettareskaidekagonal and heptagonal creative design for a stool in the changing booth of a clothes store in Lyon, France 

Keywords: heptagonal symmetry; art; architecture; design 
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Beauty of our world we can see everywhere, but always two points of view are among scientists and artists, who is better: nature or human in 

the process of creativity. In our work we present three-shell clusters in intermetallic compounds and compare it with ivory puzzle balls. The 

crystal structures of all these intermetallic compounds were studied by single crystal method and confirmed by X-ray powder diffraction.

Li20Mg6Cu13Al42 [1] (sp. gr. Im-3, a = 13.8451(2) Å) crystallizes as an ordered version of Mg32(Al,Zn)49, Mg9Ni6Ga14 (sp. gr. Fd-3m, a = 

19.8621(1) Å) and Mg3Ni2Ga (sp. gr. Fd-3m, a = 11.4886(17) Å) crystalizes in the own structure types. All these structures can be described 

as three-shell clusters: [CuAl12@Li20Cu12@Al60] (fig. 1a) for the Li20Mg6Cu13Al42, [Ni6Ga6@Mg20@Ni18Ga42] (fig. 1b) for the Mg9Ni6Ga14 

and [Mg6@Ni12Ga6@Mg36] (fig. 1c) for the Mg3Ni2Ga. Very easy to see, that the kind of packing of core shells for all these clusters is very 

similar to well-known human masterpiece ivory puzzle balls which are very popular in China (fig. 1d), but also known in Europe as 

“contrefait Kugeln” (fig 1e), which are created on the base of Johannes Kepler’s Platonic Solids model of the Solar system from Mysterium 

Cosmographicum (fig 1f) [2]. The last one consists as second and third spheres octahedron and icosahedron like in first and second spheres of 

[Mg6@Ni12Ga6@Mg36] cluster and as forth spheres dodecahedron with pentagons and hexagons which also form third sphere of 

[CuAl12@Li20Cu12@Al60] and [Ni6Ga6@Mg20@Ni18Ga42] clusters.  

a) b) c)

d) e) f)

Figure 1. Atomic structure of a three-shell clusters [CuAl12@Li20Cu12@Al60] (a), [Ni6Ga6@Mg20@Ni18Ga42] (b), [Mg6@Ni12Ga6@Mg36] (c), 

Chinese ivory puzzle ball (d), Ivory puzzle ball from German workshop (e), Johannes Kepler’s Platonic Solids model of the Solar system (f). 

The results of electronic structure calculations for Li20Mg6Cu13Al42, Mg9Ni6Ga14 and Mg3Ni2Ga confirm the three-shell clusters. 

[1] Pavlyuk, N., Dmytriv, G., Pavlyuk, V., Ehrenberg, H. (2019). Acta Crystallogr. B75, 168. 

[2] Sparavigna, A. C. (2018). hal-01825008. 

Keywords: three-shell cluster; single crystal; intermetallic compound; lithium; magnesium 
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Possibly for recreational purposes, the very well-established crystallographer Emil Makovicky has for the last 30 to 40 years turned 

his formidable analytical skills to the classification of the symmetries that underlie patterns of Islamic building ornaments and Hans 

Hinterreiter’s graphical art. These patterns can be characterized as being more or less periodic in two dimensions (2D), see e.g. [1-5]. 

He stated in [2] that “in performing the symmetrological analysis, we should stay on the same level of accuracy on which the creator 

of the pattern worked”. He had to concede, however, more than 30 years ago that this “certainly brings a certain subjectivity into the 

process: we should not shun away from it because such a degree of abstraction from imperfections of certain degrees and kinds 

underlies the entire practice of natural sciences wherefrom the science of symmetry originated” [2]. Utilizing recently developed 

information theory-based approaches to crystallographic symmetry classifications in 2D [6,7], one can now replace that subjectivity 

with the objectivity that comes from calculations that involve all pixel intensity values of digital images of such patterns.  

These information theory-based approaches to crystallographic symmetry classifications utilize geometric Akaike Information Criteria 

(G-AICs), which are in essence first-order geometric bias corrected sums of squared residuals between the raw image data and 

symmetrized versions of this data. G-AIC value ratios are used for the selection of symmetry models to represent the raw data, 

whereby the need to estimate the level of the “generalized noise“ is removed by algebraic means whenever non-disjoint models are 

involved. Performing the symmetry model selection in reciprocal/Fourier space and basing it exclusively on the structure-bearing 

complex-valued Fourier coefficients of the image intensity have the advantage of suppressing much of the generalized noise just by 

calculating the discrete Fourier transform, which is the first step of translation averaging. Symmetrizing the Fourier coefficients and 

transforming them back into direct space is equivalent to averaging over the asymmetric units. 

A simple definition of generalized noise is that it sums up all variations of the intensities of all individual image pixels that are left 

unexplained by a correct plane symmetry classification. This type of noise is the sum total of all effects of the recording and 

processing of the digital image and also includes all disturbing effects of “structural defects” in the underlying patterns. For the 

methods to work (at their current state of development), this kind of noise needs to be considered as approximately Gaussian 

distributed. Given that there are many sources of that kind of noise with different distributions and that the contribution of none of 

these sources dominates, this assumption is justified by the central limit theorem.  

The new methods allow for objective, i.e. researcher independent, classifications of the full range of crystallographic symmetries, i.e. 

Bravais lattice type, Laue class, and plane symmetry group, of “noisy” real-world patterns. The identification of the plane symmetry 

group that can with the highest likelihood, i.e. minimized expected Kullback-Leibler information loss [6,7], be assigned to a noisy 

digital 2D periodic image of that pattern by an information theory based method enables the most meaningful crystallographic 

averaging in the spatial frequency domain.  

Considering that it is fundamentally unsound to assign an abstract mathematical concept such as a single symmetry type, class, or 

group with 100 % certainty to a piece of art or the work of artisans, the information theory-based approaches to crystallographic 

symmetry classifications deliver probabilistic (rather than definitive) classifications. This means that numerically derived confidence 

levels of the classifications within individual symmetry hierarchy branches are provided with each classification result so that the 

researcher is presented with objectively derived information, which may be used at the researcher’s discretion.  

The paper demonstrates the objective classification of a few Islamic building ornaments and examples of Hans Hinterreiter’s graphical 

art. It is hoped that this will be helpful to the recreation of busy conference participants at the 25th World Congress and General 

Assembly of the International Union of Crystallography. Using some of Emil Makovicky’s words from the second direct quote above, 

information theory based crystallographic symmetry classifications are poised not only to help resolve controversies in the 

symmetrology of art and cultural artifacts field [8], but also in the “natural sciences wherefrom the science of symmetry originated” 

[2].  
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Fully non-invasive multi-analytical approach combining spectroscopic (FT-IR, Raman) and X-ray-based (MA-XRF, XRPD) 

techniques was used to study a number of miniature portraits from Czech collections.  

The portrait miniatures of the late sixteenth to the nineteenth century represent a highly specific and significant field of European fine 

art. After 1700, ivory plates were introduced and became the most frequent support of the eighteenth and the nineteenth centuries. 

Watercolour and gouache were the most common techniques; however, the use of oil has also been recorded.  

It is the ivory-painted miniatures that are a special challenge for XRPD - not only because the painting layers are very thin and the 

ivory signal can interfere the signal from the phases in the painting layer, but also because ivory is a hygroscopic material whose 

dimensions and curvature respond to changes in environmental conditions (temperature, relative humidity) even during the 

measurements. We have therefore created a special methodological procedure for measuring miniatures painted on ivory, which we 

plan to present together with the most interesting results. XRPD helped to identify rare pigments, degradation products and even the 

binder used thanks to the evidence of metal soaps’ formation in paint layers. 

 

 

Figure 1 X-ray pattern measured in yellow-green curtains in the background. The XRPD identified lead white (H), mixed Pb-Sb-Sn 

yellow (Y), earth pigments represented by mica (M) and kaolinite (K) and lead soaps (S) formed by interaction of fatty binder (oil) 

with Pb-based pigments. 

 

Keywords: X-ray diffraction, X-ray microdiffraction, non-invasive analysis, miniature painting, metal soaps 
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Spin chain oxides containing cobalt and manganese whose structure is closely related to the 2H hexagonal perovskite [1-5] offer a 

very attractive field for the investigation of magnetic and multiferroic properties. The structure of the prototypic one-dimensional 

manganate and cobaltate Sr4Mn2CoO9 consists of chains of face-sharing MnO6 octahedra and trigonal CoO6 prisms. According to the 

very important study performed by Perez-Mato et al [2], these spin chain oxides can be described as a composite 2H hexagonal 

perovskite family A1+x(Mn1-Cox)O3. Recently the possibility of extra oxygen incorporation during synthesis has been evidenced 

leading to a large family aperiodic chain structures [6] expressed by the simple formal formula Sr1+x(Mn1-xCox)O3+δ; it induces a 

decrease of the proportion of the number of trigonal prismatic sites (NP) with respect to the octahedral sites (NO) within the chains as δ 

increases and concomitantly the formation of cobalt vacancies on the trigonal prismatic sites. Therefore the structural formula of these 

oxides must be expressed as Sr1+y[(Mn1-xCox)1-z◊z]O3.]  

The air-synthesized oxide x = 3/8-Sr1+x(Mn1-xCox)O3+δ  is of great interest, since by decreasing the oxygen over stoichiometry to δ=0, 

one should obtain the oxide “Sr11Mn5Co3O24”(x = y, z = 0) expected to be  built up of trimeric and dimeric polyhedral units according 

to the sequence [Sr4Mn2CoO9]2.[Sr3CoMnO6]. Such an oxide containing exclusively strontium was never synthesized in air due to the 

partial oxidation of Co2+ into Co3+, imposing δ>0. We then have investigated the substitution of calcium for strontium in the pure Sr-

phase x = 3/8 (δ~0.09). The objective was to design composite structures built up of trimeric and dimeric units by decreasing δ down 

to zero through Ca for Sr substitution in order to finally obtain the stoichiometric oxide A11Mn5Co3O24 (A = Sr,Ca). We report herein 

on a series of A11/8(Mn5/8Co3/8)O3+δ oxides with composite structures, commensurate or incommensurate, built up of trimeric M3O9 and 

dimeric M2O6 units (M = Mn, Co, O) with cationic vacancies on the trigonal prismatic sites. We also show the possibility to synthesize 

the quasi commensurate stoichiometric composite Sr4.2Ca6.8[Mn2CoO9]2.[MnCoO6] (δ = 0.002). 

 

[1] J. Darriet, M.A. Subramanian, J. Mater. Chem. 5 (1995) 543-552. 

[2]  J.M. Perez-Mato, M. Zakhour-Nakhl, F. Weill, J. Darriet, J. Mater. Chem. 9 (1999) 2795-2807. 

[3]  K. Boulahya, M. Parras, J.M. Gonzalez-Calbet, J. Solid State Chem. 145 (1999) 116-127. 

[4]  K.E. Stitzer, J. Darriet, H.-C. zur Loye, Curr. Opin. Solid State Mater. Sci. 5 (2001) 535-544. 

[5]  H.-C. zur Loye, Q. Zhao, D.E. Bugaris, W.M. Chance, Cryst. Eng. Commun. 14 (2012) 23-39.  

[6]  Caignaert V, Perez O,  Boullay P, Seikh MM, Sakly N, Hardy V, Raveau B, J. of Mater Chem. C 8 (2020) 14559-14569 
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Diffraction enhancement of symmetry (DES) is a phenomenon by which the space-group symmetry suggested by the diffraction 

pattern of a crystal is higher than the space-group symmetry of the structure that has produced it [1-5]. The most well-known example 

is that of Friedel’s law, which is however realized only when resonant scattering is not taken into account. In modular structures, DES 

does occur also when considering resonant scattering. We address this phenomenon in monoarchetypal modular structures [6]. The 

condition for DES to occur is that both the module and the vector set (set of all interatomic vectors) [7] are invariant under an isometry 

that is not a symmetry operation for the structure. Only -isometries [8], i.e. isometries that do not reverse the polarity of the stacking 

vectors, can lead to DES once resonant scattering is taken into account. The example of SiC polytypes, where the phenomenon has 

been confirmed experimentally, is studied in detail. The SiC layer has symmetry p6mm (diperiodic group); the stacking of SiC layer 

leads to many polytypes, rapidly increasing in number with the number of layers defining the period along to stacking direction. These 

polytypes can occur in four types of space group: F43m, R3m P63mc and P31m. If the vector set exhibits hexagonal symmetry, than 

the space group of the polytype can be either of type P63mc or of type P31m. In both cases, the diffraction pattern shows hexagonal 

symmetry although in the latter case the structural symmetry is only trigonal: DES is thus observed. The number of polytypes showing 

DES increases rapidly with the number of layers, but the fraction of these polytypes with respect to the total number of polytypes 

decreases. These conclusions apply as well to all modular structures built by layers of the same symmetry, like ZnS. 

 

[1] Iwasaki, H. (1972). On the Diffraction Enhancement of Symmetry. Acta Cryst. A28, 253-260. 

[2] Perez-Mato, J. M. and Iglesias, J.E. (1974). Acta Cryst. A33, 466-474. 

[3] Sadanaga, R. and Ohsumi, K. (1975). Proc. Japan Acad. 51, 179-183. 

[4] Sadanaga, R. and Ohsumi, K. (1979). Acta Cryst. A35, 115-122. 

[5] Iglesias, J. E. (1979). Z. Kristallogr. 150, 279-285. 

[6] Ferraris, G.. Makovicky E. and Merlino, S. (2008). Crystallography of Modular Materials. Oxford: Oxford University Press, 384 pp.. 

[7] Buerger, M. J. (1950). Acta Cryst. 3, 87-97. 
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The 1:1 layered silicate cronstedtite (Fe2+
3-x Fe3+

x)(Si2-xFe3+
x)O5(OH)4, of the serpentine-kaoline group forms relative large amount of 

polytypes. They are subdivided into four OD subfamilies, or Bailey’s groups A, B, C, D according to different stacking rules of 

identical (structure building) 1:1 layers (equivalents of OD packets) with trigonal protocell a=5.5, c=7.1 Å. Distributions of so called 

subfamily reflections along the reciprocal lattice rows [2 l]* / [11l]* / [ 2l]* in ( lhex)* / (hhlhex)* / ( 2hlhex)* planes of diffraction 

pattern is used for subfamily determination. Similarly, distributions of characteristic reflections along [10l]* / [01l]* / [ 1l]* rows in 

(h0lhex)* / (0klhex)* / ( hlhex) planes allow determination of particular polytypes. For this purpose, graphical identification diagrams 

simulating distribution of reflections along named rows are used [1]. Owing modern diffractometers with area detectors and 

appropriate software, and/or Electron Diffraction Tomography (later EDT) technique, precession-like images of Reciprocal Space 

(later RS) sections corresponding to above listed planes can be easily and quickly obtained.  

Lot of specimens of cronstedtite from various terrestrial localities and synthetic run products were studied by the author [1-5]. RS 

sections were recorded, and selected ones are presented in the lecture in order to demonstrate the variability of diffraction pattern. 

In the subfamily A, the stacking rule comprises ±ai/3 shifts of consecutive layers. The most common is the 3T, relatively rare are 1M 

and 2M1 polytypes. They usually occur in 3T+1M, 3T+2M1, 1M+2M1 allotwins. Monoclinic polytypes might be affected by twinning 

by reticular merohedry with 120º rotation as twinning operation. Six-layer 6T2 and three-layer triclinic 3A polytypes are rare. Another 

possible twinning by 60º rotation changes obverse setting of the subset of subfamily reflections into the reverse one [1, 4].  

In the subfamily D, the stacking rule is characterized by alternating 180º rotations of consecutive layers, combined by ±b/3 (of the 

orthohexagonal cell) or zero shifts. The most common polytypes are 2H1 and 2H2, occurring either isolated or in allotwins. Rarely, 

several six-layer polytypes were found. They usually occur in allotwins containing more polytypes, up to six! Diffraction patterns of 

such crystals are, of course, confusing. Fortunately, in many cases polytypes were isolated simply by cleaving crystals into smaller 

fragments, later studied separately. Hall et all. [6] derived 24 possible sequences of six-layer polytypes of subfamily D serpentines, 

valid also for cronstedtite. Their diffraction patterns were modelled, and compared with real RS sections. This simulation revealed, 

that five pairs of sequences (No. 4+6, 7+18, 8+10, 9+13, 11+12) provided identical diffraction patterns. Polytypes actually found 

correspond to following sequences: 1 (Hall’s 6T1), 5 (proposed 6T3), 8+10 (6T5), 11+12 (6T4), 24 (6T6) (trigonal polytypes), 22 (6R1), 

23 (6R2), (rhombohedral polytypes). The hexagonal polytype 6H2 corresponding to the sequence 14 was also found. However, the 

identical diffraction pattern can be produced by the obverse-reverse twin of the rhombohedral polytype 6R2 (sequence 23).  

Allotwins of polytypes belonging to different subfamilies were rarely found. 1M+1T allotwins of subfamilies A and C, respectively, 

was identified by EDT in the synthetic material [1]. The C subfamily is characterized by mere ±b/3 or zero shifts, without any 

rotation. The allotwins of A+D subfamilies were found in some terrestrial samples. Sometimes, the A and D parts of such crystals 

were separated by cleaving into smaller fragments. 

Many RS sections showed diffuse streaking of characteristic reflections along c* due to partial stacking disorder. In extreme cases, 

reciprocal lattice rows are completely replaced by diffuse streaks. 

The total number of ascertained polytypes of cronstedtite, recognized in RS sections, is 15 (+ one questionable).  

[1] Hybler, J., Klementová, M., Jarošová, M., Pignatelli, I., Mosser-Ruck, R., & Ďurovič, S. (2018). Clays and Clay Minerals 66, 379–402.  

[2] Hybler, J., Sejkora, J., & Venclík, V. (2016). European Journal of Mineralogy, 28, 765–775. 

[3] Pignatelli, I., Mugnaioli, E., Hybler, J., Mosser-Ruck, R., Cathelineau, M., & Michau, N. (2013). Clays and Clay Minerals 61, 277–289. 

[4] Hybler, J., Števko, M., & Sejkora, J. (2017). European Journal of Mineralogy, 29, 91–99. 

[5] Hybler, J., Dolníček, Z., Sejkora, J., & Števko, M., (2020). Clays and Clay Minerals 68, 632-645. 
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Even after decades of solid-state research, there are intriguing binary systems lacking investigation, even exclusively with main group 

elements. For instance, there are significantly fewer investigations on beryllium compounds than on any other class of light-element 

materials, even though beryllium-containing phases feature interesting properties for basic and applied research.[1] Owing to its 

toxicity, efforts to understand the chemistry of Be are rather rare. However, the limited knowledge present promises a rich and unusual 

structural chemistry. The few results concerning Be compounds with group 15 elements include the disordered diamond-like structure 

of BeP2.[2] Yet, the true building blocks, i.e. the arrangement of polyphosphide anions, remained elusive with respect to the 

description of the average structure. Preliminary work on BeAs2 and BeSb2 indicates related structures for both compounds;[3] 

however, this information is only based on qualitative evaluation of powder X-ray diffraction data. Precise structural data require very 

accurate diffraction data due to the large difference in scattering factors. Despite the simple stoichiometry, a complete structural 

analysis proved difficult as the crystals obtained are by far too small for data collection using laboratory diffractometers. We now 

employed a combined approach using microfocused synchrotron radiation, electron diffraction and HRTEM. 

Synchrotron data of a microcrystal of BeSb2 reveal a coloring variant of the cubic diamond structure (Fig. 1). The corresponding 

tetragonal superstructure contains twisted chains of Sb atoms interconnected by Be atoms with all atoms showing a distorted 

tetrahedral coordination. The conformation of the polyanion corresponds to the Ge substructure in Li~3AgGe2.[4] This indicates 

chemical bonding according to a Zintl phase with a “sulfur-like” Sb- polyanion (comparable to Ge2-). Yet, BeSb2 can also be viewed as 

a Grimm-Sommerfeld semiconductor with an average valence electron concentration of 4. Compared to Be13Sb, which features Be12 

icosahedrons in analogy to the NaZn13 type, the bonding situation changes from quasi-molecular entities to typical semiconductors 

upon varying the relative Be content. Hypothetical intermediate structures may exhibit rather unusual chemical bonding.  

For BeP2 and BeAs2, our investigations have confirmed the disordered diamond-like / sphalerite-like structures according to the 

average structures in literature, which can be refined in space group I41/amd.[2,3] Diffraction patterns (both with X-rays and electrons, 

Fig. 2) exhibit pronounced diffuse streaks that indicate stacking disorder. Synchrotron data were collected from microcrystallites on 

TEM grids that were pre-characterized by electron microscopy. Both the evaluation of synchrotron diffraction data and HRTEM 

imaging reveal the nature of the disorder and the local structure of the polyanions. Stacking probabilities were derived by simulation 

diffraction patterns. The degree of ordering varies: diffuse streaks can be almost uniform but, especially in the case of BeAs2, they 

may also approach a superstructure. 
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Fig. 1: Crystal structure of BeSb2 Fig. 2: SAED pattern of BeAs2 
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Semiconductors [1] and topological materials [2] doped with transition metal elements attract considerable attention due to the 

fascinating physics and nonospintronic functionalities associated with exchange coupling between band carries and localized spins. 

However, there is a growing amount of evidence that d-shells of magnetic impurities contribute also to bonding, which can affect their 

spatial distribution and modify key properties, such as magnetic ordering temperature [3]. It has recently been experimentally 

demonstrated that the resulting phase separation (spinodal decomposition) can be anisotropic and result in the hitherto puzzling 

rotational symmetry breaking (i.e., nematic characteristics) revealed in a certain class of dilute magnetic semiconductors [4]. This 

finding put in a new light a possible origin of nematicity in other systems, such as unconventional superconductors and modulation 

doped semiconductor quantum wells, in which rotational symmetry breaking has so far been assigned to unidirectional spontaneous 

ordering of spin, orbital or charge degrees of freedom.  

[1] T. Dietl and H. Ohno, Rev. Mod. Phys. 86, 187–251 (2014). 

[2] Y. Tokura, K. Yasuda, and A. Tsukazaki, Nature Rev. Phys. 1, 126–143 (2019). 
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87, 1311–1376 (2015). 
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Pressure-induced phase transitions and superconductivity  
in a black phosphorus single crystal 
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A high-pressure study of a black phosphorus crystal leads to a rich phase diagram, including a Lifshitz-type semiconductor-semimetal 

transition, a Weyl semimetal, and superconductivity as well as structural phase transitions. Transport properties and quantum 

oscillations under high pressure provide critically valuable information to understand the physics behind these new phases. These 

properties have been measured reliably under hydrostatic pressure and magnetic field with a large-volume apparatus. 

Superconductivity in the A7 phase has been found to exhibit the largest magnetoresistance effect in its normal state so far. The BCS 

superconductivity in the A7 phase as identified by the experiment can be accounted for by a first-principles calculation. 

 

Keywords: high pressure, black phosphorus, phase transition, topological property 
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Unconventional states and topological defects in Fe-langasite 

Maxim V. Mostovoy, Evgenii O. Barts 
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Topology of defects in ordered states of matter is determined by dimensionality and symmetry properties of the order parameter. 

Larger number of variables needed to describe an ordered state gives rise to a greater diversity and complexity of topological defects, 

a prominent example being the A-phase of superfluid 3He. The order parameter describing non-collinear antiferromagnetic orders in 

the swedenborgite, CaBaCo2Fe2O7, and Fe-langasite, Ba3TaFe3Si24O14, is an SO(3) matrix [1,2]. The iron langasite spin lattice is built 

of triangles formed by antiferromagnetically coupled Fe3+-ions (S = 5/2). The orientation of three co-planar spins added into the zero 

total spin is described by three Euler angles. This amazing material is both chiral and magnetically frustrated. It shows a non-collinear 

120o spin ordering at the scale of one unit cell, a spiral with a period of 7 lattice constants and complex spin superstructures at the 

scale of 1000 Å. Lifshitz invariants allowed by the lack of inversion symmetry give rise to interesting modulated magnetic phases and 

stabilize particle-like topological defects previously discussed in very different physical contexts, e.g. nuclear physics and 

superfluid 3He. 

[1] J. D. Reim, E. Rosén, O. Zaharko, M. Mostovoy, J. Robert, M. Valldor, and W. Schweika, Phys. Rev. B 97, 144402 (2018). 

[2] M. Ramakrishnan et al., npj Quantum Materials 4, 60 (2019). 

 

Keywords: Skyrmion, topological defects, non-collinear magnetism 

 

 

 



MS-87-4                           Microsymposium  

Acta Cryst. (2021), A77, C554 

Magnetic excitations and structure of the topological semimetal YbMnSb2 
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Topological semimetals have high carrier mobility in the form of quasiparticles resembling relativistic fermions. Experimental 

realisations of magnetic topological semimetals are relatively thin on the ground. Here we probe both the magnetic structure and 

interactions of the topological semimetal candidate YbMnSb2 using neutron scattering.  

YbMnSb2 belongs to the P4/nmm space group and shows evidence of a magnetic ordering transition involving the Mn moments at 

~350 K [1]. This is a relatively high Néel temperature among the family of materials AMnSb2 (A = Ca, Sr, Ba, Yb, Eu), which has 

demonstrated characteristics of the topological semimetals. The quasi-2D plane formed by the Sb ‘square’ may host Weyl or Dirac 

fermions [1-3].  YbMnSb2 has previously been studied via quantum oscillations, magnetometry, optical spectroscopy, ab initio band 

structure calculations, and angle-resolved photon emission spectroscopy [1, 4, 5]. Interestingly, these studies reached different 

conclusions as to the magnetic structure of YbMnSb2, and hence its semimetal nature: the jury is out on whether it is a Dirac [4], 

nodal-line [5], or Weyl semimetal [1]. 

In this presentation I shall report the magnetic structure of YbMnSb2 found by neutron diffraction, which is different to any previously 

proposed structures: C-type antiferromagnetism with the spins pointing along the c axis. This magnetic structure is shared by 

YbMnBi2 [6].  Dirac physics is also seen in such AMnBi2 materials; however, Bi rather than Sb layers results in stronger spin-orbit 

coupling. This widens the band gap at any nodes and makes the resulting quasiparticles more massive [1]. We have also measured the 

spin wave spectrum of YbMnSb2 and the results of this measurement will be described and compared with the spin dynamics in 

related materials. The implications for the topology of the electrons will be discussed. 

 

Figure 1. left, proposed magnetic structure of YbMnSb2; right, spin wave spectrum of YbMnSb2 in the h0l plane obtained from 

inelastic neutron scattering. 

 

[1] Wang, Y.-Y., Xu, S., Sun, L.-L., and Xia, T.-L. Physical Review Materials 2(2), 021201 February (2018). 

[2] Liu, J., Hu, J., Cao, H., Zhu, Y., Chuang, A., Graf, D., Adams, D. J., Radmanesh, S. M. A., Spinu, L., Chiorescu, I., and Mao, Z. Scientific 

Reports 6(1), 2016 

[3] He, J. B., Fu, Y., Zhao, L. X., Liang, H., Chen, D., Leng, Y. M., Wang, X. M., Li, J., Zhang, S., Xue, M. Q., Li, C. H., Zhang, P., Ren, Z. A., and 

Chen, G. F. Physical Review B 95(4), 045128 January (2017). 

[4] Kealhofer, R., Jang, S., Griffin, S. M., John, C., Benavides, K. A., Doyle, S., Helm, T., Moll, P. J. W., Neaton, J. B., Chan, J. Y., Denlinger, J. D., 

and Analytis, J. G. Physical Review B 97(4), 045109 January (2018). 

[5] Qiu, Z., Le, C., Liao, Z., Xu, B., Yang, R., Hu, J., Dai, Y., and Qiu, X. Physical Review B 100(12), 125136 September (2019). 

[6] Soh, J.-R., Jacobsen, H., Ouladdiaf, B., Ivanov, A., Piovano, A., Tejsner, T., Feng, Z., Wang, H., Su, H., Guo, Y., Shi, Y., and Boothroyd, A. T. 

Physical Review B 100(14), 144431 October (2019). 
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Magnetic topological insulators (MTIs) are a hot topic of materials science, promising future availability of spintronics with low 

energy consumption, quantum computing and phenomena like the Quantized Anomalous Hall Effect (QAHE) [1-2]. MTIs are 

chemically and structurally akin to the original non-magnetic topological insulators. Of those, the tetradymites Bi2Te3 and Sb2Te3 have 

recently proven to allow the introduction of a third magnetic element resulting in magnetically active, topologically non-trivial 

compounds. A magnetic element can be incorporated either via substitution on the Bi/Sb position in (Bi, Sb)2Te3, or by adding a third 

element which introduces a new crystallographic site, resulting for example in MnBi2Te4. (Bi, Sb)2Te3 itself and all members of its 

family exhibit the rhombohedral R m1 space group (No. 166) [2]. Therein interchanging sheets of Mn, (Bi, Sb) and Te build septuple 

layers with the central sheet being Mn (Wyckoff position 3a). Situated between the respective layers is a van der Waals gap (Fig. 1).  

 

Figure 1: The structure of Bi2Te3 [3], MnBi2Te4, MnSb2Te4 and (Mn, Ge)Bi2Te4. All of those compounds are classified as topological 

insulators and are currently being investigated by us.  

 

Our group was the first to successfully grow single crystals and conduct an in depth study of the physical properties of MnBi2Te4 [4-

5]. Single crystal diffraction experiments reported in that study showed intermixing of Mn and Bi and since then several studies have 

reported intermixing of the two elements (MnBi2.14Te3.96 [6], Mn1.01Bi1.99Te4 and Mn0.98Bi2.05Te4 [7]). While a lot of attention has been 

given to MnBi2Te4, MnSb2Te4 proved to be synthetically achievable too. Similar to MnBi2Te4, MnSb2Te4 features intermixing of Mn 

and Sb (Mn0.852Sb2.296Te4 [8]). For MnSb2Te4, a recent study by Murakami et al. uncovers the impact of finding a certain amount of 

the magnetic Mn on the position of the non-magnetic Sb [9]. According to their discoveries, this changes the magnetic order from 

antiferromagnetic to ferrimagnetic.  

These compounds are known to react sensitively to synthesis procedure and tempering history. Hence, our studies aim at 

understanding the greater connection between synthesis aspects and the resulting structural and physical properties. More precisely we 
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studied MnBi2Te4 and MnSb2Te4 containing various amounts of Mn and other analogues of these systems. In these studies we 

uncovered, that the magnetism in MnSb2Te4 is even more sensitive to annealing procedures than previously expected.   

[1] Y. Ando, Journal of the Physical Society of Japan, (2013), 82, 102001 

[2] I. I. Klimovskikh, M. M. Otrokov, D. Estyunin, et al., Quantum Materials, (2020), 54.  

[3] Y. Feutelais, B. Legendre, N. Rodier, V. Agafonov, Materials Research Bulletin, (1993), 28, 591-596 

[4] A. Zeugner, F. Nietschke, A. U. B. Wolter, et al., Chemistry of Materials, (2019), 31, 2795-2806. 

[5] M. M. Otrokov, I. I. Klimovskikh, H. Bentmann, et al., Nature, (2019), 576, 416-422. 

[6] H. Li, S. Liu, C. Liu, et al., Physical Chemistry Chemical Physics, (2020), 22, 556-563. 

[7] M.-H. Du, J. Yan, V. R. Cooper, M. Eisenbach, Advanced Functional Materials, (2020), 2006516. 

[8] L. Zhou, Z. Tan, D. Yan, et al., Physical Review B, (2020), 102, 85114. 

[9] T. Murakami, Y. Nambu, T. Koretsune, et al., Physical Review B, (2019), 100, 195103. 
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Topological analysis of local heteropolyhedral substitutions in the eudialyte-related structures 
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Eudialyte-group minerals (EGMs) are of a scientific and industrial interest as important concentrators of rare and strategic elements 

(mainly, Zr and REE) in agpaitic alkaline rocks. The general crystal chemical formula of EGMs is 

[N(1)3N(2)3N(3)3N(4)3N(5)3]{M(1)6M(2)3M(3)M(4)Z3(Si9O27-3x(OH)3x)2(Si3O9)2Ø0–6}X(1)X(2) where M(1) = VICa, VIMn2+, VIREE, 

 VINa, VIFe2+; M(2) = IV,VFe2+, V,VIFe3+, V,VIMn2+, V,VINa, IV,VZr; M(3) and M(4) = IVSi, VINb, VITi, VIW6+; Z = VIZr, VITi; Ø = O, 

OH; N(1)–N(5) are extra-framework cations (Na, Н3О
+, K, Sr, REE, Ba, Mn2+, Ca) or H2O; X(1) and X(2) are extra-framework water 

molecules, halide (Cl–, F–) and chalcogenide (S2–) anions, and anionic groups (CO3
2–, SO4

2–); x = 0–1 (Rastsvetaeva & Chukanov, 

2012). 

The crystal structure of EGMs is based on a heteropolyhedral framework (Chukanov et al., 2004) which makes these minerals similar 

to zeolite-like materials and molecular sieves. The first topological analysis of the eudialyte-type structures (eudialyte, kentbrooksite, 

oneillite, and khomyakovite) was performed using the approach of coordination sequences {Nk} (k = 1–12), using the representation of 

crystal structure as a finite ‘reduced’ graph (Ilyushin & Blatov, 2002). As an invariant of the eudialyte-type structure and its 

derivatives the MT-layer [Zr3Si24O72]∞∞ (PBU: primary building unit, an elementary component of an MT-framework) was chosen. 

Topological analysis of the heteropolyhedral MT-framework in the eudialyte-type structure and its derivatives was performed based on 

a natural tiling (Blatov et al., 2007) (partition of the crystal space by the smallest cage-like units) analysis of the 3D cation nets using 

the ToposPro software (Blatov et al., 2014). According to the modern topological classification, it is necessary to use 

the standard representation to determine the topological type of the net. For the topological analysis carried out in this work, atomic 

nets for each of the 12 structure types were simplified and the corresponding underlying nets, which characterize the connectivity of 

the primary structural units as well as their point symbols, were obtained. The 0-1-2-free representation was used for topological 

analysis of cages within the tiling approach because it represented the cages in more detail. To analyze the migration paths of sodium 

cations in these structures, the Voronoi method was used. 

The parental eudialyte-type MT-framework is formed by isolated ZO6 octahedra, six-membered [M(1)6O24] ring of edge-

shared M(1)O6 octahedra, and two types of rings of tretrahedra, [Si3O9] and [Si9O27]. Different occupancies of additional M(2), M(3), 

and M(4) sites with variable coordination numbers by Q, T*, and M* cations, respectively, result in 12 types of the MT-framework. 

Corresponding point symbols for the cationic 3D-nets of the MT-frameworks as well as tiles’ sequences have been calculated. 

Based on the results of natural tilings calculations as well as theoretical analysis of migration paths, it was found that Na+ ions can 

migrate through six- and seven-membered rings, while all other rings are too small. In eight types of the MT-frameworks, Na+-ion 

migration and diffusion is possible at standard temperature and pressure, while in four other types cages are connected by narrow gaps 

and, as a result, the Na+ diffusion in them is complicated at ambient conditions but may be possible either at higher temperatures or 

under mild geological conditions during long times. This conclusion is in a good agreement with numerous examples of the 

transformation of initial EGMs into their hydrated Na-deficient counterparts as a result of natural processes of sodium leaching and 

hydrolysis under hydrothermal conditions. 

The relationships between heteropolyhedral substitutions and topological features of the derivative framework structures have been 

also discussed for alluaudite supergroup (Aksenov et al., 2021) minerals and related synthetic compounds. However, in the case of 

eudialyte-type structures such relationships look more complicated because of multiple variants of their derivative structures. 

Moreover, in the case of so-called “megaeudialytes” (Rastsvetaeva et al., 2012), i.e. EGMs which are characterized by modular 

structures and doubling of the c parameter (c ~ 60 Å), different modules regularly alternating in the structure can represent different 

types of the framework, which increases the amount of topological variations. Similar influence of modularity on the topological 

features of zirconium silicates have been described for the lovozerite-type structures (Pekov et al., 2009), where different ways of 

stacking of the lovozerite modules define the unit cell parameters, symmetry, and topology of the derivative structures (Krivovichev, 

2015). 

mailto:aks.crys@gmail.com
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Synchrotron experiments revealing the similarities and differences between crystal and 
enzyme environmental effects on the electron densities of protease inhibitors and ibuprofen 

derivatives 
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Non-covalent intermolecular interactions polarize a drug molecule in the biological environment to prepare it for the recognition and 

binding process with a related enzyme. In a crystal structure of the same drug molecule, the crystal packing is defined by the same 

kind of non-covalent interactions. This means that in both a biological as well as a crystalline environment, the small molecule will 

conformationally adapt its shape to the prevailing intermolecular binding forces, so that the resulting bound state reflects both its 

inherent flexibility and the environment. Electrostatic complementarity between an enzyme binding site and an active molecule is an 

aspect that goes beyond geometry and molecular conformation since the electrostatic potential is inherently related to the electron 

density distribution. We ask to which extent small-molecule crystal structures can be used to predict the conformation and interaction 

density of the same molecule in the enzyme. 

The first compound class investigated is related to loxistatin acid E64c. These compounds are cysteine protease inhibitors, and the 

active site is an electrophilic epoxide ring.[1] It took us many years to solve the small-molecule crystal structure of E64c,[2] and 

experimental electron-density studies were only possible for related model compounds.[3] Recently, however, we were able to 

perform a full quantum-crystallographic, molecular-dynamics and QM/MM study of the active site of E64c co-crystallizing in a 

system that closely resembles the binding situation of E64c in the cysteine protease cathepsin B.[4] 

The second compound class investigated refers to ibuprofen derivatives. We used the umpolung principle to tune the properties of 

ibuprofen by carbon-silicon exchange, which in turn impacts on the electrostatic complementarity relationships when ibuprofen binds 

to cyclooxygenases.[5] Again, we investigated the enzyme and crystal environmental effects on ibuprofen and sila-ibuprofen by 

quantum crystallography, molecular dynamics and QM/MM calculations.[6] 

Every low-temperature high-resolution single-crystal X-ray diffraction experiment utilized in this study was conducted at a 

synchrotron beamline at either DESY, APS or SPring-8. Without access to large infrastructure, such studies on weakly scattering 

pharmaceutically active compounds would not be possible. I will therefore not only report the biochemically relevant results, but also 

the importance of synchrotron experiments for our field. 

 

[1] Mladenovic, M., Ansorg, K., Fink, R. F., Thiel, W., Schirmeister, T. & Engels, B. (2008). J. Phys. Chem. B, 112, 11798. 

[2] Shi, M. W., Sobolev, A. N., Schirmeister, T., Engels, B., Schmidt, T. C., Luger, P., Mebs, S., Dittrich, B., Chen, Y.-S., Bąk, J. M., Jayatilaka, D., 

Bond, C. S., Turner, M. J., Stewart, S. G., Spackman, M. A. & Grabowsky, S. (2015). New J. Chem. 39, 1628. 

[3] Grabowsky, S., Schirmeister, T., Paulmann, C., Pfeuffer, T. & Luger, P. (2011). J. Org. Chem. 76, 1305.  

[4] Kleemiss, F., Wieduwilt, E. K., Hupf, E., Shi, M. W., Stewart, S. G., Jayatilaka, D., Turner, M. J., Sugimoto, K., Nishibori, E., Schirmeister, T., 

Schmidt, T. C., Engels, B. & Grabowsky, S. (2021). Chem. Eur. J. 27, 3407. 

[5] Kleemiss, F., Justies, A., Duvinage, D., Watermann, P., Ehrke, E., Sugimoto, K., Fugel, M., Malaspina, L. A., Dittmer, A., Kleemiss, T., Puylaert, 

P., King, N. R., Staubitz, A., Tzschentke, T. M., Dringen, R., Grabowsky, S. & Beckmann, J. (2020). J. Med. Chem. 63, 12614. 

[6] Kleemiss, F., Duvinage, D., Puylaert, P., Fugel, M., Sugimoto, K., Beckmann, J. & Grabowsky, S. (2021). Acta Cryst. B, in preparation. 
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Visualizing on the atomic scale the full extent of the electronic and structural changes that are triggered by charge separation and 

subsequent charge transport is crucial for developing the rational design of novel sensitizers and catalysts. The rapid progress of 

ultrafast X-ray techniques, both at synchrotrons (100 ps) and at X-ray free electron laser facilities (sub-ps) have equipped the scientific 

community with novel analytical tools that are capable of delivering unique feedback with spin and elemental sensitivity about the 

highly-correlated nonadiabatic dynamics that follow photoabsorption. The present talk will review the technical state-of-the art and 

the ongoing developments that are currently taking place. The talk will also highlight several of the recent results that have been 

obtained for intramolecular and interfacial processes of relevance for the function and optimization of advanced materials. 

 

Keywords: time-resolved XAS and WAXS, large scale facilities 
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Photoactive materials are among the most researched and engineered functional materials, due to the multiplicity of applications they 

find in research and industry. Investigating of the dynamics of short-lived excited states in crystal structures allows us to extract 

information on how such materials could be designed on the molecular level in order to obtain desired properties. Coordination 

compounds containing group XI transition-metal atoms, such as copper (I), silver(I), or gold(I), are excellent examples of compounds 

with interesting and diverse photoactive properties, and thus were chosen for this study. 

Time-resolved photocrystallographic methods allow us to investigate structural changes occurring due to formation of short-lived 

laser-induced excited-state species in crystals. For the following study, several coinage-metal mononuclear and multinuclear 

coordination compounds were examined using time-resolved X-ray-pump / laser-probe Laue experiments, conducted at the 14-ID-B 

BioCARS APS synchrotron beamline. The studied complexes include the literature-reported Ag(PP)(PS) (PP = 1,2-

bis(diphenylphosphino)ethane, PS = 2-(diphenylphospaneyl)pyridine) and newly-synthesised Ag2Cu2(PS)4 systems, both exhibiting 

bright luminescence in the solid state. The time-resolved data were processed with our home-made software and the photodifference 

maps were generated and analysed. 

In order to comprehensively understand excitation-induced effects occurring in crystals, the abovementioned photocrystallographic 

measurements were supplemented with time-resolved luminescence spectroscopy experiments (355 nm excitation wavelength) and 

quantum computations yielding the nature of studied exited states and predicting the geometry changes (TDDFT and QM/MM 

methods) upon excitation. Results will be presented, and their accordance with photocrystallographic results assessed. 

The authors thank NSC (2016/21/D/ST4/03753, 2014/15/D/ST4/02856) and WCSS (grant No. 285) in Poland, EU programme 

(POIG.02.01.00-14-122/09) and APS, USA (DOE: DE-AC02-06CH11357, NIH: R24GM111072) for financial support and access to 

facilities. 

Keywords: photocrystallography, spectroscopy, coinage-metal complexes, time-resolved studies 
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High-resolution X-ray diffraction experiments, theoretical calculations and atom-specific X-ray absorption experiments are applied to 

investigate two nickel complexes [Ni(II) (A) and Ni(III) (B)] (Figure 1a, 1b) with the non-innocent 3,6-dichlorobenzene-1,2-dithiolate 

ligand. Combining the techniques of metal K-, L-edge and sulphur K-edge X-ray absorption spectroscopy with high-resolution X-ray 

charge density studies, the experimental assessment of oxidation states of the central Ni atoms is studied and compared with 

theoretical predictions. Furthermore, the experimentally derived X-ray charge density (obtained via the multipole model) and the 

electron density from theoretical calculations are provided to further explore the contrast and contest of both approaches employed. 

Ni(II) – ratio [NiS4C12Cl4H4]2-  

: (PPh3CH3)+ = 1 : 2 (½ : 1) (A) 

Ni(III) – ratio [NiS4C12Cl4H4]- : (PPh3CH3)+ =  

1 : 1 (½ + ½ : 1) (B) 

Laplacian of electron density at the iso-

surface 4 eÅ-5 around Ni(1) atom in (B) 

Figure 1. Compounds(a) (A), (b) (B), (c) Laplacian of electron density The oxidation state of the central atom will be 

discussed [1] (Figure 1c). 

[1] Machata, P., Herich, P., Lušpai K., Bučinský, L., Šoralová, S., Breza, M., Kožíšek, J. & Rapta, P. (2014). Rev. Sci. Instrum. 70, 3554. 

Organometallics 33 (18), 4846. 

Keywords: non-innocent ligand; coordination compound, nickel, quantum crystallography 
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Unusual C=O...C=O carbonyl interactions in co-crystals of urea and dicarboxylic acids 
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Carbonyl…carbonyl interactions have been identified in biologically active systems such as small biomolecules, proteins or protein-

ligand complexes. Their contribution into molecular assembly was proven to be comparable to moderate hydrogen bonds, thus they 

can be considered as organic synthons playing crucial role in determining three-dimensional crystal packing or even stabilizing the 

secondary structure motifs of proteins. In the literature one can find many examples of C=O…C=O interactions between the same 

molecules, however to the best of our knowledge, only one case where such a pattern was characterized between different molecules 

(urea and oxalic acid co-crystal) [1].  

Here we report a series of co-crystals of urea and dicarboxylic acid, where antiparallel carbonyl…carbonyl motif [2] between 

heteromolecules is observed and acts as a “glue” between 2D layers built of strong hydrogen bonds. In order to get inside into the 

nature and mechanism of the synthons, experimental and theoretical electron density studies were engaged as well as ETS-NOCV 

method (Extended transition state. Natural orbitals for chemical valence) was applied [3]. NCI analysis [4] and interaction energies 

calculated with EP/MM (Exact Potential and Multipole Method) method [5] indicate a correlation between the strength of carbonyl 

interactions and the number of carbon atoms in the main chain of the acid molecules. 

[1] A. Krawczuk, M. Gryl, M. Pitak, K. Stadnicka Cryst. Growth Des. (2015), 15, 5578−5592.  

[2] F.H. Allen, I.J. Bruno Acta Crystallogr., Sect. B: Struct. Sci. (2010), 66, 380−386. 

[3] F. Sagan, M. P. Mitoraj J. Phys. Chem. A (2019), 123, 21, 4616–4622 

[4] E.R Johnson, S. Keinan, P. Mori-Sánchez, J. Contreras-Garciá, A.J. Cohen, W. Yang, J. Am. Chem. Soc. (2010), 132, 6498−6506. 

[5] A. Volkov, T. Koritsanszky, P. Coppens, Chemical Physics Letters (2004), 391 (1–3), 170–175. 

Keywords: carbonyl interaction; quantum crystallography; NCI index; interaction energy; natural orbitals 
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Refinement on electron diffraction data in MoPro: A quest for improved structure model  
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The most conclusive and elucidating component of any small or macromolecular study is the proper structure determination. The two 

most used tool for structure determination is being nuclear magnetic resonance spectroscopy (NMR) and X-ray diffraction. While both 

these techniques are extremely popular but have certain limitations. Recently a new technique 3D Electron Diffraction (3D ED) data 

collection for getting near to atomic resolution structures has taken a leap in last few years. In this method, once the intensities are 

extracted, the structures are obtained from the 3D ED data using similar tools as for X-ray diffraction structure determination like 

SHELX, olex2 etc. In general Independent atom model (IAM) are used for solving the structures, where a precomputed model of 

electrostatic potential is built using scattering factors from isolated, spherically averaged atoms or ions.1 In reality the atoms in 

molecule are not isolated and spherical, moreover the usage of improper electron scattering factors in refinement may lead to 

physically unrealistic values. To overcome this, a aspherical TAAM refinement have been applied both for X-ray and ED refinement 

which largely improved the physical representation and refinement statistics of the structure.2 We have chosen a model molecule β-

glycine for this study for which 3D ED data is already available.3 Spherical and Aspherical TAAM refinement seemed to be possible 

in MoPro with the inclusion of electron scattering factors. Aspherical electron scattering TAAM model will be constructed using 

ELMAM2 and MATTS databank and refinement will be performed using MoPro. A comparison will be shown between reported data 

and spherical and aspherical TAAM refinement using MoPro and various statistics will be presented.  

  

1. Brown, A. et al. Tools for macromolecular model building and refinement into electron cryomicroscopy reconstructions. Acta 

Crystallogr. Sect. D Biol. Crystallogr. 71, 136–153 (2015).  

2. Gruza, B., Chodkiewicz, M., Krzeszczakowska, J. & Dominiak, P. M. Refinement of organic crystal structures with multipolar 

electron scattering factors. Acta Crystallogr. Sect. A Found. Adv. 76, (2020).  

3. Broadhurst, E. T. et al. Polymorph evolution during crystal growth studied by 3D electron diffraction. IUCrJ 7, 5–9 (2020).   

 

Keywords: electron diffraction, IAM, TAAM, MoPro, quantum crystallography  
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Crystal harvesting remains the bottleneck in protein crystallography experiments and is the rate-limiting step for many structure 

determination, high-throughput screening and femtosecond crystallography studies. Huge progress has been made towards the 

automation of high-throughput crystallization, even for membrane proteins. Moreover, free electron lasers and fourth generation 

synchrotrons support extraordinarily rapid rates of data acquisitions and put further pressure on the crystal-harvesting step. Here [1], a 

simple solution is reported in which crystals can be acoustically harvested from slightly modified MiTeGen In Situ-1 crystallization 

plates. Acoustic harvesting uses the automated and keyboard driven acoustic droplet ejection (ADE) technology, in which an acoustic 

pulse ejects each crystal out of its crystallization well, through a short air column and directly onto a micro-mesh. Crystals can be 

individually harvested or can be serially combined with a chemical library such as a fragment library.  

As crystallization plates are used in most automated high-throughput crystallization robots, ejecting crystals directly from their 

crystallization wells eliminates the laborious and time-consuming manual harvesting of fragile protein crystals. We here made it 

possible with a very simple modification of the MiTeGen In Situ-1 crystallization plate, that consists in a light sanding of their edge 

pedestal (Figure 1a). This is enough to make the plate acoustically compatible with the Echo 550 liquid handler (Labcyte Inc.) and 

would not be needed if the plates were designed with acoustically compatible plastic. An acoustic compatible plate enables multiple 

acoustic harvests of crystals from different wells, directly to the X-ray diffraction data collection media (micro-meshes), (Figure 1b). 

Each harvested aliquot can then be combined with distinct chemicals, making combinatorial crystallography an obvious application. 

Our results demonstrate that acoustic harvesting is not merely a viable and gentle crystal harvesting technique, but it also makes 

protein crystal harvesting remarkably more efficient. 

 

Figure 1. a) Intact MiTeGen plates with the edge pedestal lightly sanded down (inset). (b) Crystals were successfully acoustically 

harvested onto the micro-meshes (inset) in a pin platform. 

  

[1] Samara, Yasmin N., et al. Acta Crystallographica Section D: Structural Biology 74.10 : 986-999, 2018 

Keywords: crystal harvesting; acoustic droplet ejection; crystal mounting; automation; crystallography; microcrystals; high-
throughput screening; drug discovery. 
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In recent years, serial crystallography has emerged as promising method for structural studies of integral membrane proteins.  The 

possibility of collecting data from very small crystals at room temperature, with reduced radiation damage, has opened new 

opportunities to the membrane protein structural biology community. In particular in the field of time-resolved studies. However, 

one of the technical bottlenecks of the method is the production of large amounts of tiny optimized crystals in mesophases. Here, we 

present a simple and fast method to prepare hundreds of microliters of high-density microcrystals in lipidic cubic phase (LCP) for 

serial crystallography including time resolved measurements. This approach not only eliminates the need for large quantities of 

expensive gas-tight syringes, but also may be used as a high-throughput tool when screening conditions for the growth of high 

density well-diffracting crystals.  

We also demonstrate, with practical examples, that this new approach is of great advantage to fragment drug discovery since it 

facilitates in situ crystal soaking with minimal disturbance to the crystals in LCP.  

Finally, the method is economical and easily implemented in any standard crystallisation laboratory. 

 

Keywords: Lipidic cubic phase, Membrane proteins, Serial Crystallography, Fragment screening 
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Antibiotic resistance is growing to dangerously high levels and poses a serious threat to global public health. The emergence and 

spread of resistance mechanisms to all antibiotics introduced into the clinic jeopardize the effectiveness of current treatments. 

Traditionally, antibiotics have been designed to inhibit bacterial viability or impair their growth; these mechanisms induce a strong 

selection pressure for resistance development. To overcome this problem, an alternate approach is to disarm bacterial virulence 

without killing them, which potentially reduces selection pressure and delays the emergence of resistance. 

In this project, we target the thiol-disulfide oxidoreductase enzyme DsbA which catalyzes disulfide bond formation in the periplasm of 

Gram-negative bacteria. DsbA facilitates folding of multiple virulent factors and acts as a major regulator of bacterial virulence. 

Bacteria lacking a functional DsbA display reduced virulence, increased sensitivity to antibiotics and diminished capacity to cause 

infection in many Gram-negative pathogens [1]. We carried out a fragment screening campaign against Escherichia coli DsbA and 

identified the first small molecule inhibitors that bind to the catalytic site of DsbA and inhibit DsbA activity in vitro and cell-based 

assays [2,3,4]. By exploiting an array of biophysical/biochemical tools (NMR, SPR, X-ray crystallography and in vitro assays), we 

aim to optimize these DsbA inhibitors from fragment hits to high-affinity leads. Herein we report our established drug discovery 

pipeline and current efforts in developing DsbA inhibitors. The goal of this work is to develop a new generation of antimicrobials with 

a novel mode of action that could be used alone or in combination with existing drugs to treat multi-drug resistant infections. 

 

[1] B. Heras, et al. (2009), DSB proteins and bacterial pathogenicity, Nat. Rev. Microbiol., 7,215-225 

[2] Duncan L.F., et al. (2019), Molecules 24 (20) 

[3] L.A. Adams, et al. (2015), Application of fragment-based screening to the design of inhibitors of Escherichia coli DsbA, Angew. Chem. Int. Ed., 

54, 2179-2184 

[4] M.Totsika, et al. (2018), Inhibition of diverse DsbA enzymes in multi-DsbA encoding pathogens. Antioxid. Redox. Signal., 29,7 

Keywords: Oxireductase; fragment-based drug discovery; antibacterials; drug resistance; X-ray crystallography; protein 
dynamics 
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Crystallographic fragment screening (CFS) is an established method in academia and the pharmaceutical industry thanks to dedicated 

workflows established and optimized at several synchrotron sites. Apart from the hit identity, this technique also provides the 

structural 3D-information of the fragment hits on the protein surface and therefore fosters rational tool compound development and 

drug discovery.   

At Helmholtz-Zentrum Berlin (HZB), a dedicated CFS-workflow is available that enables stream-lined experiments and data 

analysis [1]. The outcome of such a workflow depends to a large extend on the quality of the fragment library employed. Higher count 

and chemical diversity of the resulting fragment hits increases the chances for successful design of follow-up compounds. To this end, 

in collaborative effort with the drug design group at Marburg University, we designed libraries that are highly diverse in terms of their 

3D-pharmacophores and representative for the chemical space of fragments. The resulting F2X-Universal Library of 1103 compounds 

and its representative sub-selection of 96 compounds - the F2X-Entry Screen - are now the libraries of choice for CFS user campaigns 

at our facility due to their high performance [2]. Validation campaigns and several user campaigns were performed and showed hit 

rates of usually 15-25%, reaching 30% in exceptional cases. Another advantage of the libraries is their physical presentation as ready-

to-use 96-well plates with dried-in compounds which also enables CFS for sensitive crystals without DMSO tolerance.   

Apart from the exceptional library, a dedicated tool was developed at HZB to ease handling of large amounts of crystals - the 

EasyAccess Frame [3]. By supplying the users with such and other tools, as well as the dried-in libraries we can provide CFS 

campaigns as “fragment screening to go”, i.e., campaigns can be conducted inside our facility or in the user’s home laboratory. 

Furthermore, the robot assisted, and remotely controllable beamlines BL 14.1 and BL 14.2 are a key part of the HZB workflow and 

deliver high-quality diffraction data. Subsequently, processing of the data up to the identification of even weakly bound fragments is 

highly automated and provided via FragMAXapp, a user friendly, web-based tool developed in collaboration with the FragMAX 

facility at MAX IV [4]. Several CFS campaigns have been conducted successfully using the described workflow at HZB. As part of 

the EU-funded iNEXT Discovery project, application for access to the facility is straightforward and convenient for users from 

academia and industry. 

[1] Wollenhaupt, J., Barthel, T., Lima, G.M.A., Metz, A., Wallacher, D., Jagudin, E., Huschmann, F.U., Hauß, T., Feiler, C.G., Gerlach, M., Hellmig, 

H., Förster, R., Steffien, M., Heine, A., Klebe, G., Mueller, U. & Weiss, M.S. (2021). J. Vis. Exp. 169, e62208  

[2] Wollenhaupt, J., Metz, A., Barthel, T., Lima, G.M.A., Heine, A., Mueller, U., Klebe, G. & Weiss, M.S. (2020). Structure. 28, 694. 

[3] Barthel, T., Huschmann, F.U., Wallacher, D., Feiler, C.G., Klebe, G., Weiss, M.S. & Wollenhaupt, J., (2021). J. Appl. Cryst. 54, 376. 

[4] Lima, G.M.A., Jagudin, E., Talibov, V.O., Benz, L.S., Costantino, M., Barthel, T., Wollenhaupt, J., Weiss, M.S. & Mueller, U. (2021). Acta 

Cryst. D. accepted. 
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Wrong organic crystal structures solved and refined from powder data 

Martin U. Schmidt, Viktoria Gramakov, Carina Schlesinger, Lukas Tapmeyer 

Goethe-Universität, Institut für Anorganische und Analytische Chemie, Max-von-Laue-Str. 7, 60438 Frankfurt am Main, Germany. 

m.schmidt@chemie.uni-frankfurt.de 

Organic crystal structures, solved and refined from powder data, may be fully wrong, even if they are chemically sensible and give a 

good fit to the powder patterns. Two examples are shown.  

In both cases, the atomic positions and the molecular packing were completely wrong. 

Example 1: 

The crystal structure of the commercial organic hydrazone Pigment Red 52:1, Ca2+(C18H11ClN2O6S)2-*H2O was determined from 

powder data in the usual way by indexing, structure solution by real-space methods, and Rietveld refinement. The resulting structure 

was chemically sensible and gave a good fit to the powder data. By chance, a single-crystal of poor quality was obtained, and the 

correct structure was determined by a combination of single-crystal structure analysis and Rietveld refinement. The structure initially 

determined from powder data turned out to be completely wrong. The correct and the wrong structures differ in the position and 

coordination of the Ca2+ ions, as well as the position and mutual arrangement of the anions (see Figure).  

Example 2: 

The crystal structure of 4,11-difluoroquinacridone, C20H10F2N2O2, was solved from unindexed powder data by a global fit of millions 

of random structures to the powder pattern using the FIDEL method [1,2], which uses cross-correlation functions for the comparison 

of experimental and simulated powder patterns. The structures were subsequently refined by the Rietveld method. Four completely 

different structures (different space groups, different molecular packings, different H bond topolgies) were obtained. All four 

structures were chemically sensible, had a good fit to the powder data, gave a relibale fit to the pair-distribution function and good 

lattice energy minimisation. One is correct, the other were wrong [3]. 

 

[1] S. Habermehl, P. Mörschel, P. Eisenbrandt, S.M. Hammer, M.U. Schmidt, Acta Cryst. B70 (2014), 347-359. 

[2] S. Habermehl, C. Schlesinger, M.U. Schmidt, in preparation. 

[3] C. Schlesinger, A. Fitterer, C. Buchsbaum, S. Habermehl, M.U. Schmidt, in preparation. 

Keywords: Structure determination from powder data, organic compounds, wrong crystal structures, Rietveld refinement, 
pair-distribution function refinement 
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Next generation materials of nearly every kind rely on chemical, electronic, and/or magnetic heterogeneity for creating, harnessing, 

and controlling functionality. Exploration of these phenomena increasingly involve multiple length-scale scattering probes and require 

sophisticated modeling approaches to characterize and understand them. Total scattering methods, including both Bragg and diffuse 

scattering signals, are providing key insights into how long-range, nanoscale, and local atomic structure motifs differ in materials and 

cooperate to deliver their unique properties. The nuances of capturing nanoscale heterogeneities, including correlated defects, 

chemical short-range order, and stacking fault distributions, represent a modern frontier in the field of crystallography. We will 

explore this theme through detailed investigation of two distinct materials classes. First, we will present the operando study of 

nanostructured fluorite catalysts. We will specifically follow the nature of correlated oxygen vacancies at elevated temperatures, 

including their behavior under acid-gas exposure. Second, we will present structure-property characteristics of new pyrochlore and 

perovskite high entropy oxides (HEOs). HEOs exhibit a single-phase crystal structure containing five or more different metal cations 

of the same amount on single crystallographic lattice sites; their compositional and configurational disorder and associated structural 

diversity offer great potential for unique material characteristics. We will highlight contemporary challenges and opportunities in the 

quest to extract crystal structure models from experimental data with the detail needed to guide and validate solid state theories, and 

design new and improved functional materials. 

 

Keywords: x-ray diffraction, neutron diffraction, pair distribution function, catalysts, complex oxides 
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Functional devices such as sensors, actuators or micro-electromechanical systems (MEMS) are obtained through a large variety of 

microfabrication processes, many of whom affect the structure and microstructure of materials because of the introduction of stress, 

strain, crystalline defects and volume-cracks. The materials degradation originated by these effects may translate into a lack of 

performance and reliability of the final devices. Indeed, in the frame of the microfabrication industry, controlling the structure of 

materials at the micrometer and nanometer scale represents a fundamental objective toward the optimization of the microfabrication 

process itself and achievement of improved devices' performance and lifetime.   

In this work, we studied the influence of an innovative wafer bonding process, namely Impulse Current Bonding (ICB), in principle 

enabling low-temperature bonding between a wide class of materials, on the degradation of SCSi, SC-sapphire and borosilicate glass 

structures and crystallinity. A comprehensive frame of the microstructural deterioration at different size scales is obtained by a 

correlative approach between high-resolution X-ray diffraction (HRXRD)[1-2] and X-ray micro-computed tomography (CT). In 

particular, micro CT revealed the formation of large cracks with thickness in the order of tens of microns generated to release the high 

stress at the bonding interface. In parallel, strain and tilt affecting the SCSi crystallinity due to the presence of defects at the nanoscale 

dimension are revealed by HRXRD methods, such as the mapping of the reciprocal space (RSM), radial scans (i.e., 2θ/θ) and angular 

scans (i.e., ω-scans or rocking curves) of symmetrical and asymmetrical reflections. The residual stress after the bonding process is 

also calculated from the in-plane and out-of-plane X-ray strain. The effectiveness and strength of the bonding are also assessed by our 

approach and compared to the conventional wafer bonding technologies, i.e., the anodic bonding.  

We aim to present here a unique approach to the evaluation of the structural and crystalline degradation of materials involved in wafer 

bonding microfabrication processes.  The combination of X-ray micro CT with HRXRD enables a holistic evaluation of the bonding 

between SCSi, sapphire and borosilicate glass wafers achieved exploiting an innovative low-temperature process, namely ICB. This 

allows the correlation between the micrometer scale and volumetric defect detection (voids and cracks) with atomic-level strain and 

defect analysis.  

  

Figure 1. Distribution of the scattering vector module in the reciprocal space: (a) RSM around the symmetrical Si(111) lattice point of 

SCSi bonded with SC-sapphire; (b) RSM around the asymmetrical Si(113) of SCSi bonded with borosilicate glass. (c) X-ray micro CT 

image of cracks and voids at the bonding interface between SCSi and sapphire: Si in yellow, sapphire transparent.  

 

1. A. Schifferle, A. Dommann, and A. Neels, (2017) Science and Technology of Advanced Materials 18, no. 1, 219–230.  

2. A. Neels et al., (2010), 11th international Workshop on Stress-Induced Phenomena in Metallization, 114–119  

 Keywords: HRXRD, X-ray micro CT, wafer bonding, microfabrication, Impulse Current Bonding (ICB)  
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Orientation and conformation in nanoscale amorphous regions often dominate the properties of soft materials such as composites and 

semicrystalline polymers. Robust correlations between between structure in these amorphous regions and important properties are not 

well developed due to a lack of measurements with high spatial resolution and a sensitivity to molecular orientation. I will describe 

our approach to solving this issue using polarized resonant soft X-ray scattering (P-RSoXS), which combines principles of soft X-ray 

spectroscopy, small-angle scattering, real-space imaging, and molecular simulation to produce a molecular scale structure 

measurement for soft materials and complex fluids. 

Because P-RSoXS is relatively new to the scattering community, I will first cover the basics of the measurement. The fundamental 

principles of P-RSoXS and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, the spectroscopic basis for P-RSoXS, 

will be reviewed. The P-RSoXS experiment will be discussed including sample preparation and constraints, which differ considerably 

from analogous scattering techniques such as conventional small-angle X-ray scattering (SAXS) and small angle neutron scattering 

(SANS). I will also cover approaches for including gases or liquids in the experiment, and describe available measurement facilities. 

Data collection best practices will be reviewed. 

I will then describe polarized resonant soft X-ray scattering (P-RSoXS) measurements of model systems including polymer-grafted 

nanoparticles. Analysis will focus on quantitative extraction of orientation details from nanoscale glassy regions. This work is now 

accelerated by a powerful analysis framework using parallel computation across graphics processing units (GPUs) for the forward-

simulation of P-RSoXS patterns. In polymer-grafted nanoparticles, we can apply this framework to fit quantitative and detailed 

descriptions of amorphous chain orientation with ≈ 2 nm resolution. 

Keywords: macromolecule, polymer, SAXS, XAFS, amorphous 
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Characterising the supramolecular organisation of macromolecules in the presence of varying degrees of disorder remains one of the 

challenges of structural research. Discotic liquid crystals (DLCs) are an ideal model system for understanding the role of disorder on 

multiple length scales. Consisting of rigid aromatic cores with flexible alkyl fringes, they can be considered as one-dimensional fluids 

along the stacking direction and they have attracted attention as molecular wires in organic electronic components and photovoltaic 

devices [1]. 

With its roots in single-particle imaging, fluctuation x-ray scattering (FXS) [2] is a method that breaks free of the requirement for 

periodic order. However, the interpretation of FXS data has been limited by difficulties in analysing intensity correlations in reciprocal 

space [3]. Recent work has shown that these correlations can be translated into a three-and four-body distribution in real space called 

the pair-angle distribution function (PADF) – an extension of the familiar pair distribution function into a three-dimensional volume 

[4]. The analytical power of this technique has already been demonstrated in studies of disordered porous carbons and self-assembled 

lipid phases [5,6]. 

Here we report on the investigation of order-disorder transitions in liquid crystal materials utilising the PADF technique and the 

development of facilities for FXS measurements at the Australian Synchrotron. 

 

Figure 1. Three-dimensional intensity correlations between detector pixels are determined in reciprocal space. Intensity correlations 

are converted into the real-space PADF function which encodes three-and four-body correlations with distances r, r’ and internal angle 

θ. Discotic molecules can be approximated as rigid aromatic discs surrounded by flexible alkyl chains; a common transition observed 

in DLCs is between ordered and disordered columnar structures (adapted from [1,5]). 

 

[1] Laschat, S., et al., (2007). Angew. Chem. Int. Ed., 46(26), 4832–4887. 

[2] Kam, Z. (1977). Macromolecules, 10(5), 927–934.  

[3] Wochner, P., et al., (2009). Proceedings of the National Academy of Sciences of the United States of America, 106(28), 11511–11514.  

[4] Martin, A. V. (2017). IUCrJ, 4, 24–36. 

[5] Martin, A. V., et al., (2020). Small, 2000828, 1–6 

[6] Martin, A. V., et al., (2020). Communications Materials, 1(40), 1–8. 
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X-Ray Free Electron Lasers provide a means of conducting crystallography experiments with remarkable time and spatial resolution.
These methods can directly recover the electron density of materials. However, there are stringent requirements such as crystal size,
number density per exposure, and the crystal order which are required for reconstruction. Membrane proteins, which do not readily
crystallise or meet these requirements [1], are particularly interesting to study as they comprise up to 50% of drug targets [2], but less
than 10% of the protein structures in the Protein Data Bank [3]. 

The Pair Angle Distribution Function (PADF) describes the three and four body correlations of the electron density in a sample, and
can be recovered from X-ray cross-correlation analysis (XCCA) [4]. Although PADF analysis does not recover the electron density
directly, it still contains significant information about the local three dimensional structure of the material. PADF analysis also has the
potential to relax the stringent crystal requirements of current single crystal experiments. 

We discuss the sensitivity of the PADF to different protein structures [5], and the correlations generated at different length scales;
from atomic bonding to tertiary structure. Our aim is to further develop PADF analysis to recover crystal structure factors using X-ray
cross-correlation analysis.

Figure 1. (a) Two scattering vectors in reciprocal space are correlated to produce the XCCA, which can be transformed into the
PADF. (b) The PADF encodes three and four body spatial correlations of the material (c).   (d) The XCCA data from protein crystal
diffraction [5]. (e) The PADF produced from the XCCA data in (d) [5]. (f)  Intermolecular structure of protein 1AL1 in crystal, with

matching distance in PADF, indicated by the red dot in e) [5].

[1] Johansson, L.C.; Arnlund, D.; White, T.A.; Katona, G.; DePonte, D.P.; Weierstall, U.; Doak, R.B.; Shoeman, R.L.; Lomb, L.; Malmerberg, E.; et
al. Lipidic phase membrane protein serial femtosecond crystallography. Nat. Methods 2012, 9, 263–265.

[2] Cournia, Z.; Allen, T.W.; Andricioaei, I.; Antonny, B.; Baum, D.; Brannigan, G.; Buchete, N.V.; Deckman, J.T.; Delemotte, L.; del Val, C.; et al.
Membrane protein structure, function, and dynamics: A perspective from experiments and theory. J. Membr. Biol. 2015, 248, 611–640.

[3] Berman, H.M.; Battistuz, T.; Bhat, T.N.; Bluhm, W.F.; Bourne, P.E.; Burkhardt, K.; Feng, Z.; Gilliland, G.L.; Iype, L.; Jain, S.; et al. The Protein
Data Bank. Acta Crystallogr. Sect. D Biol. Crystallogr. 2002, 58, 899–907.

[4] Martin, A.V. Orientational order of liquids and glasses via fluctuation diffraction. IUCrJ 2017, 4, 24–36. 

[5] Adams, Patrick, et al. "The Sensitivity of the Pair-Angle Distribution Function to Protein Structure." Crystals 10.9 (2020): 724.
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Polymer crystallization, particularly near the glass transition, exhibits strong nonlinearities and prolonged metastability that enable 

fabrication of devices with complex hierarchal structure from nm to mm.  A fascinating example arises in the production of bioresorbable 

scaffolds (BRS) from poly(L-lactide) (PLLA), in which a sequence of processes (extrusion, stretch-blow molding and crimping) create 

diverse semicrystalline morphologies, side-by-side within a span of a hundred microns (Figure 1).  To discover how these structures 

form, we need to examine transient structure under conditions that mimic manufacturing processes.  An apparatus that enables scattering 

measurements during the stretch-blow molding step, called “tube expansion” imposes a nearly constant-width elongation as it converts 

an extruded “preform” into an “expanded tube”. To increase the range of accessible properties of PLLA-based BRS, we use this 

apparatus to examine inorganic nanotubes as potential reinforcing agents that also enhance radiopacity, relevant to clinical applications. 

Understanding how their microstructure develops during processing is relevant to increasing strength to enable thinner devices and 

improving radiopacity to enable imaging during implantation.  Consistent with the premise of this MS, in-situ X-ray scattering reveals 

unanticipated phenomena in the transient microstructure of PLLA/WS2NTs nanocomposites during “tube expansion” (Figure 2). 

Surprisingly, the WS2NT orientation hardly changes from that produced during extrusion of the preform (z-dir., defined Fig. 1A), 

despite significant strain in the transverse 

direction (at inner diameter, 500% strain in -

dir.). Although WS2NTs promote PLLA 

nucleation, the NTs do not modify the 

orientation of crystallization (c-axis along , 

just as observed in tube expansion of neat 

PLLA). The striking independence of the 

orientations of the NT and polymer crystals 

stems may arise from the favorable 

interaction between PLLA and WS2NTs: 

facile and stable dispersion of WS2NTs in 

PLLA enables strong NT orientation in shear 

(extrusion); NT that are orthogonal to the 

stretching direction do not reorient; 

remaining orthogonal to decouples WS2NT 

orientation from that of PLLA crystals. 

Future directions include evaluating cross-

reinforcement of the mutually orthogonal NT 

and PLLA crystals. Based on the surprising 

effects we have found, further discoveries 

likely lie ahead in the effects of WS2NT on 

morphology development during crimping. 

Keywords: stretch-blow molding; WS2NT; 
flow-induced crystallization; 
microdiffraction; SAXS/WAXS 
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Figure 1. Diverse morphologies form during manufacture of PLLA bioresorbable 

scaffolds: A. a thin-walled (150 m) tube, created by “tube expansion”, is laser cut and 

crimped. B. Polarized light micrographs guide microdiffraction. C. Morphology changes 

from weakly-oriented to highly-oriented over 150m.  

 

Figure 2. During “tube expansion”, WS2NT orientation and PLLA crystallization are 

probed by A,B. WAXS and C. SAXS. Initially, PLLA is amorphous and WS2NT are 

aligned along z. Heating begins at t=0 from 25°C to 80°C at 0.5°C/s; internal pressure of 7 

bar is imposed at t=30s (T=40°C); elongation in the -direction stops at t  90s (T  70°C) 

when the sample meets the mold walls. After t  110s, the sample is isothermal at 80°C.  
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Polymeric nanoparticles are used in many fields, e.g. for drug delivery. Poly(N-isopropylacrylamide) in aqueous solution forms 

nanoparticles (“mesoglobules”) above its cloud point. The coexistence line of this system in the temperature-pressure frame is an 

ellipse with a maximum at ~60 MPa and 35 °C [1]. We investigate the formation and growth of mesoglobules as well as their 

disintegration after rapid pressure jumps across the coexistence line, both at low (below 20 MPa) and high pressures (above 101 MPa). 

Time-resolved small-angle neutron scattering at instrument D11 (ILL Grenoble) gives structural information on a large range of length 

scales and in a time range from 50 ms to ~1650 s after the jump.  

Mesoglobule formation is found to be vastly different in the low- and the high-pressure regime [1-3]. In the low-pressure regime, we 

find that, initially, growth of the mesoglobules proceeds via diffusion-limited coalescence, but this process is later slowed down by the 

appearance of a dense and rigid shell from dehydrated polymers. The deeper the target pressure in the two-phase region, i.e. the 

further away from the coexistence line, the earlier the slowing-down sets in and hinders further growth. In contrast, in the high-

pressure regime, the chains stay hydrated and mobile, when the coexistence line is crossed towards the two-phase region, and the 

diffusion-limited coalescence proceeds without hindrance during the entire measuring time. 

The disintegration of mesoglobules is studied by pressure jumps from the two-phase into the one-phase region, varying the target 

pressure [4]. At a target pressure close to the coexistence line, the release of single polymers from the surface of the mesoglobules is 

the dominating mechanism, whereas for target pressures deeper in the one-phase regime, the swelling of the mesoglobules by water 

prevails. The disintegration time decreases with increasing jump depth. The results point to the importance of the osmotic pressure of 

water. 

These findings are key for the tuning of the switching process in applications of responsive polymers for transport and release 

purposes. The comparatively simple polymer PNIPAM serves as a model system for more complex biological macromolecules, such 

as cellulose or proteins.  

 

[1] Niebuur, B.-J., Claude, K.-L., Pinzek, S., Cariker, C., Raftopoulos, K. N., Pipich, V., Appavou, M.-S., Schulte, A., Papadakis, C. M. (2017)  

ACS Macro Lett. 6, 1180.  

[2] Niebuur, B.-J., Chiappisi, L., Zhang, X., Jung, F., Schulte, A., Papadakis, C. M. (2018) ACS Macro Lett. 7, 1155. 

[3] Niebuur, B.-J., Chiappisi, L., Jung, F., Zhang, X., Schulte, A., Papadakis, C. M. (2019) Macromolecules 52, 6416.  

[4] Niebuur, B.-J., Chiappisi, L., Jung, F., Zhang, X., Schulte, A., Papadakis, C. M. (2021) RSC Nanoscale, DOI: 10.1039/d1nr02859f 
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In general, when a polymer film becomes thinner, the aggregation states and physical 

properties will deviate from those in the corresponding bulk due to surface and 

interfacial effects.  This is also the case for perfluorosulfonic acid polyelectrolytes such 

as Nafion, Aquivion, etc.  We previously reported that the anisotropic conductivity of 

protons was induced by thinning of a Nafion film in water.[1] This could be explained 

in terms of the peculiar aggregation states of Nafion close to the solid interface.  In this 

study, the impact of the solid interface on the proton conductivity in Nafion thin films 

under a humidity condition was examined by alternating current (AC) impedance 

measurements in conjunction with neutron reflectivity (NR) measurements.   

Nafion films were prepared by a spin-coating method from Nafion alcohol dispersions 

onto the substrates and dried under vacuum at 413 K for 3 h.  The films were kept under 

humidity condition for 5 h to reach an equilibrium swollen state.  The AC impedance 

measurements were performed at room temperature by a two-point probe method with a 

Kelvin connection using an impedance analyzer combined with a micro-prober.  The 

density profile of the Nafion film along the direction normal to the interface was 

examined by NR measurement under a D2O vapor condition (RH86%) at BL-17 in J-

PARC. 

Figure 1 shows the thickness (hw) dependence of in-plane proton conductivity () in 

Nafion thin films in water and under a humidity condition.  While  increased with 

decreasing hw in water,  decreased with decreasing hw under the humidity condition.  

Since the interface-to-volume ratio increased with decreasing hw, it was evident that the 

thinning-induced  variation was due to an interfacial effect.   

Panel (a) of Figure 2 represents an NR curve of the 57 nm thick Nafion thin film 

prepared on a quartz substrate under the D2O vapor condition.  A solid line denotes the 

best-fit calculated reflectivity to the experimental one based on the model scattering 

length density (b/V) profile shown in Figure 2(b).  The model containing an interfacial 

segregation layer gave a better fitting for the experimental data.  The interfacial layer 

having a lower (b/V) value than the internal region may correspond to the initially 

adsorbed H2O-contained one.  This was in contrast to the interfacial structure of Nafion 

in D2O, showing multi-layers with a total thickness of ca. 5 nm [1].  These results make 

it clear that the aggregation states of Nafion at a substrate interface were strongly 

affected by the wet environment.  Thus, it can be concluded that the presence or absence 

of the interfacial multi-layers, or the two-dimensional proton-conductive pathway, 

enhanced and suppressed the in-plane proton conductivity.   

[1]  Ogata, Y. Abe, T., Yonemori, S., Yamada, N. L., Kawaguchi, D., Tanaka, K. (2018). 

Langmuir, 34, 15483-15489. 
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Fig. 2. (a) NR curve for a Nafion thin film 
supported on a quartz substrate under a D2O vapor 

condition at room temperature.  Experimental data 

set is shown by open circles, and a best-fit curve 
calculated using the model (b/V) profile shown in 
(b) is expressed by a solid line. 

Fig. 1 Thickness (hw) dependence of proton 

conductivity () in Nafion thin films on a quartz 

substrate along the in-plane direction in water and 

under humidity conditions at room temperature.   
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Metal-organic frameworks (MOFs) are of great interest for applications such as energy storage and carbon capture [1] and have 

outstanding chemical tunability.[2] In particular, the isostructural Zr and Hf MOFs are particularly promising for real-world 

applications due to their stability.[3] We recently discovered that the formation during synthesis of Hf metal clusters with different 

nuclearities and geometries results in a dramatic change in the structure of the subsequent MOF. Selection between the resultant MOF 

phases can be controlled by tuning the synthesis conditions, including temperature and solvent system. [4,5,6] This finding raises the 

possibility of designing syntheses to obtain previously inaccessible MOF phases with new metal clusters and therefore different 

reactive properties. While recent studies have demonstrated the importance of understanding the formation of MOF frameworks, [7,8] 

the evolution of their formation, from individual clusters and their precursors through to the ordering of the full framework, during the 

reaction must be fully explored and understood in order to rationally synthesise new MOFs.  

 
Figure 1. Schematic of hcp UiO-66(Hf) MOF formation through different cluster intermediates. 

In our previous work, we have shown that X-ray Pair Distribution Function (XPDF) measurements are sensitive to the identity of the 

cluster in Zr MOFs, and can clearly distinguish between isolated Zr atoms, Zr6 clusters, and Zr12 clusters.[5] Here we show that XPDF 

measurements, taken in situ during reactions of both Hf precursor solutions and the full hcp UiO-66(Hf) MOF, can be used to identify 

critical intermediates in the materials,[9] improving our understanding of stages of growth of Hf metal-organic frameworks [Figure 1] 

and hence providing routes towards the efficient design of syntheses for new and unrealised members of this important MOF family. 

[1] Schoedel, A., Ji, Z. & Yaghi, O. (2016). Nature Energy 1, 16034. 

[2] Stock, N. & Biswas, S. (2012). Chem. Rev. 112, 933. 

[3] Cavka, J.H., Jakobsen, S., Olsbye, U., Guillou, N., Lamberti, C., Bordiga, S. & Lillerud, K.P. (2008). J. Am. Chem. Soc. 130(42), 13850–13851. 

[4] Cliffe, M.J., Castillo-Martínez, E., Wu, Y., Lee, J., Forse, A.C., Firth, F.C.N., Moghadam, P.Z., Fairen-Jimenez, D., Gaultois, M.W., Hill, J.A., 

Magdysyuk, O.V., Slater, B., Goodwin, A.L. & Grey, C.P. (2017). J. Am. Chem. Soc. 139, 5397. 

[5] Firth, F.C.N., Cliffe, M.J., Vulpe, D., Aragones-Anglada, M., Moghadam, P. Z., Fairen-Jimenez, D., Slater, B., & Grey, C.P. (2019) J. Mater. 
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Nat. Commun., 5, 4176. 
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[9] Firth, F.C.N., Wu, Y., Gaultois, M.W., Stratford, J., Keeble, D.S., Grey, C.P., Cliffe., M.J. (2021), ChemRxiv, https://doi.org/10.33774/chemrxiv-

2021-ssr8z. 
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The picture of the phase separation constitutes a continuing source of inspiration for the development of multicomponent functional 

materials [1]. A key point of many applications is to precisely control the size and the connectivity of the phase-separated domain to 

achieve the desired structure and properties. However, the region of the forming the interconnected domains does not coincide with 

the spinodal curve, as often supposed, but that its region is actually much narrower, instead a densely packed droplet structure forms, 

i.e., the so-called "droplet spinodal decomposition (DSD)" [2]. A richness of kinetic phenomena was observed in the DSD, especially 

the hydrodynamic motion and collision of the droplets which are different from the pure diffusion in the NG and also deserve 

particular attention in the theoretical investigation. Obviously, an effective control of the DSD structure is much more complicated, 

because, in addition to some relevant material and thermophysical parameters, we also need to know the structural details, such as the 

droplet size, their size distribution, and the spatial correlation between them, at any instant of the evolution.  

In this work, since the scatterers are known to be a collection of spherical droplets, our aim is to construct a suitable scattering 

function for the DSD structure and then to solve the droplet size distribution in real space by the indirect Fourier transformation (IFT) 

method [3]. Furthermore, unlike the most commonly used a priori strategies, we adopt a posteriori judgment to solve the IFT 

problems and yield quantitatively accurate descriptions of the transient domain structure in the bulk, especially in the droplet-size 

distribution, the well-defined short-range order, and the stress-optical phenomenon. Furthermore, the microscopic observation shows 

that at high droplet densities, the droplet collision and coalescence trigger a series of chain collisions which looks like a "ripple" 

propagating. The IFT results of the scattering by bulk specimen also support the observation. It is interesting that this new 

hydrodynamic phenomenon seems to be a nonequilibrium self-organization process and can occur only if the size of the coalescing 

droplets is greater than a threshold value. 

 

Figure 1. (a) Morphologies evolution of the DSD for the ϕ=0.54 PEG/RAN mixture at 363K in the 10μm sample thickness. (b) The 

evolution snapshots of the bulk DSD structure at different moments by the indirect Fourier transformation analysis. 

 

[1] Wang, F., Altschuh, P., Ratke, L., Zhang, H., Selzer, M. & Nestler, B. (2019). Adv. Mater. 31, 1806733. 

[2] Shimizu, R. & Tanaka, H. (2015). Nat. Commun., 6, 7407. 

[3] Glatter, O. Scattering Methods and Their Application in Colloid and Interface Science (Elsevier, 2018). 
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Liposomes have attracted increasingly higher attention due to its wide applications in bioengineering and drug transport. To prolong 

the circulation time of liposomes, it is advantageous to graft poly(ethylene glycol) (PEG) at the liposomal surface for so-called 

PEGylated liposomes. The grafted PEG layer increases the miscibility of the drug-carrier liposomes in blood, and reduces changes of 

being targeted by opsonins. In this study, EGylated liposome solutions, of tens of nanometers, prepared with the different surface-

modified phospholipids, are studied using synchrotron small-angle X-ray scattering (SAXS). A 5-layer model is developed for the 

SAXS data analysis, to resolve the nanostructures of the complex vesicles of PEGylated phospholipids. The proposed model employs 

five Gaussian functions to represent: one central layer of the lipid-tail zone in the liposome vesicles, which is sandwiched by two 

layers of phosphate head groups of the lipids, and further capped by two outermost layers of PEG of the unilamellar vesicle bilayer of 

the liposomes. The 5-layer model could fit decently the SAXS data and reveal the thickness and electron-density of each sublayer of 

the PEG-grafted vesicle bilayer of the liposome. The structural changes observed are further correlated to the drug releasing efficiency 

observed, providing a structural basis for the design of controlled drug delivery. 

Keywords: SAXS, PEGylated liposomes, membrane structure, drug delivery  
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Mobile genetic elements (MGEs) drive evolution and adaptation throughout the tree of life. In bacteria, MGEs frequently transfer 

antibiotic resistance gene (ARGs) and are major drivers of resistance spreading. Their movements have been linked to the emergence 

of multidrug-resistant pathogens, including VRE, MRSA and ESBL, which present major public health challenges world-wide. 

Transposase enzymes that catalyze MGE movement, are the most abundant and most ubiquitous proteins in nature. Yet, their structure 

and biochemical mechanisms are poorly understood [1]. 

In this talk, I will present our recent discoveries on a group of transposases, which can effectively transfer ARG-carrying MGEs 

between diverse bacterial species in microbial communities. We have mapped the most wide-spread transposases in bacterial genomes 

[2] and reconstituted their molecular mechanisms [3, unpublished data]. We further characterized the biochemical steps of these 

MGEs and determined high-resolution crystal and cryo-EM structures of the protein-DNA assemblies involved in their transposition 

[4, unpublished data]. The results shed new light on the molecular strategies of transposase enzymes and elucidate how specific DNA 

structures enable these proteins to insert into diverse genomic sites, thus expanding ARG transfer. These insights open new 

possibilities for future strategies to block or prevent transposition and thus help control the spread of antibiotic resistance. 

[1] Arinkin, V., Smyshlyaev, G. & Barabas, O. (2019) Curr Opin Struct Biol. 59, 168-177. 

[2] Smyshlyaev, G., Bateman A. & Barabas O. (2021) Mol Syst Biol. e9880 

[3] Lambertsen, L., Rubio-Cosials, A., Patil, K.R. & Barabas, O. (2018) Mol Microbiol. 107, 639-658. 

[4] Rubio-Cosials, A., Schulz, E.C., Lambertsen, L., Smyshlyaev, G., Rojas-Cordova, C., Forslund, K., Karaca, E., Bebel, A., Bork, P. & Barabas, O. 

(2018) Cell 173, 208-220. 
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Recognition of DNA by proteins, both sequence and structure specific, is important in the functioning of the cell, such as in the 

processes of replication, transcription, and DNA repair. Twenty-five years after base flipping, a phenomenon whereby a base in 

normal B-DNA is swung completely out of the helix into an extrahelical position, was first observed in HhaI methyltransferase, we 

are still learning from and surprised by structures of protein-DNA complexes. The novel structures of the bacterium Caulobacter 

crescentus cell cycle-regulated DNA adenine methyltransferase (CcrM), as well as the newly discovered CamA enzyme (named 

for Clostridioides difficile adenine methyltransferase A) in complexes with double-stranded DNA containing their recognition 

sequence, will be discussed. Each of these enzymes affect their DNA substrate in a unique number of ways that are critical for their 

level of discrimination of their recognition DNA sequence. 

CcrM in C.crescentus is responsible for maintenance methylation immediately after replication and methylates the adenine of 

hemimethylated GANTC. CcrM contains an N-terminal methyltransferase domain and a C-terminal nonspecific DNA-binding 

domain. CcrM is a dimer, with each monomer contacting primarily one DNA strand: the methyltransferase domain of one molecule 

binds the target strand, recognizes the target sequence, and catalyzes methyl transfer, while the C-terminal domain of the second 

molecule binds the non-target strand. The DNA contacts at the five base pair recognition site results in dramatic DNA distortions 

including bending, unwinding and base flipping. The two DNA strands are pulled apart, creating a bubble comprising four recognized 

base pairs. The five bases of the target strand are recognized meticulously by stacking contacts, van der Waals interactions and 

specific Watson–Crick polar hydrogen bonds to ensure high enzymatic specificity. 

In the developed world, C. difficile is one of the leading causes of hospital-acquired infections. CamA-mediated methylation of the last 

adenine in CAAAAA is required for normal sporulation and biofilm production by this bacterium, a key step in disease transmission. 

Thus, selective inhibition of CamA has great therapeutic potential. CamA contains an N-terminal methyltransferase domain as well as 

a C-terminal DNA recognition domain. Major and minor groove DNA contacts in the recognition site involve base-specific hydrogen 

bonds, van der Waals contacts and the Watson-Crick pairing of a rearranged A:T base pair. These interactions provide sufficient 

sequence discrimination to ensure high specificity. In addition, this DNA methyltransferase has unusual features that may aide in 

discovery of a new selective antibiotic to combat C. difficile infection. 

Knowledge acquired from these structures may also relate to other projects in our laboratory relating to mammalian epigenetics. 

Keywords: DNA methyltransferase, N6 adenine methylation 
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Enzymes with a protein kinase fold transfer phosphate from adenosine 5′-triphosphate (ATP) to substrates in a process known as 

phosphorylation. Here, we show that the Legionella meta-effector SidJ adopts a protein kinase fold, yet unexpectedly catalyzes protein 

polyglutamylation. SidJ is activated by host-cell calmodulin to polyglutamylate the SidE family of ubiquitin (Ub) ligases. Crystal 

structures of the SidJ-calmodulin complex reveal a protein kinase fold that catalyzes ATP-dependent isopeptide bond formation 

between the amino group of free glutamate and the gamma-carboxyl group of an active-site glutamate in SidE. We show that SidJ 

polyglutamylation of SidE, and the consequent inactivation of Ub ligase activity, is required for successful Legionella replication in a 

viable eukaryotic host cell. [1] 

Here we also present cryo-EM reconstructions of SidJ:CaM:SidE reaction intermediate complexes. We show that the kinase-like 

active site of SidJ adenylates an active site Glu in SidE resulting in the formation of a stable reaction intermediate complex. An 

insertion in the catalytic loop of the kinase domain positions the donor Glu near the acyl-adenylate for peptide bond formation. Our 

structural analysis led us to discover that the SidJ paralog SdjA is a glutamylase that differentially regulates the SidE-ligases 

during Legionella infection. Our results uncover the structural and mechanistic basis in which the kinase fold catalyzes non-ribosomal 

amino acid ligations and reveal an unappreciated level of SidE-family regulation. [2] 

[1] Black, M. H., Osinski, A., Gradowski, M., Servage, K. A., Pawłowski, K., Tomchick, D. R., Tagliabracci, V. S. (2019). Science 364, 787-792. 

[2] Osinski, A., Black, M. H., Pawłowski, K., Chen, Z., Li, Y., Tagliabracci, V. S. (2021). bioRxiv doi: https://doi.org/10.1101/2021.04.13.439722 
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Tick-borne encephalitis virus is the cause of tick-borne encephalitis, an important arboviral disease affecting population within European 

and north-eastern Asian countries. There is currently no specific treatment available although it is preventable by vaccination [1, 2]. The 

lack of specific antiviral together with low vaccination coverage allowed the expansion of the virus within the Europe in recent years. 

In the lifecycle of TBEV, NS3 helicase (NS3H) domain plays an essential role in viral genome replication. This domain carries out three 

enzymatic activities: RNA 5’-triphosphatase, RNA helicase and ATP hydrolysis. The latter activity is coupled to and provides energy 

for the RNA helicase activity during unwinding of the double-stranded RNA replication intermediate [3]. To understand the coupling 

between ATP hydrolysis and NS3H activity, we determined several crystal structures of NS3H, either the apo form or in complex with 

non-hydrolyzable ATP-analogue (AMPPNP), ADP or ADP-Pi (post-hydrolysis state). These represent structural snapshots of the key 

stages in ATP hydrolysis and nucleotide exchange. We also demonstrated that the ATP hydrolysis is stimulated in the presence of 

ssRNA but not ssDNA, both of which bind but the latter acts as a competitive inhibitor. Thus, RNA selectivity is not due to specific 

binding but is encoded in the coupling mechanism. 

The obtained structures served as basis for molecular dynamics simulations of NS3H in complex with ssRNA. RNA binding in the post-

hydrolysis state leads to an allosteric change which forces opening of the ATP binding site and allows release of the resulting inorganic 

phosphate ion, Pi. The allosteric change is commensurate with movement of ssRNA, suggesting that this step plays a key role in the 

tight coupling between helicase and ATPase activities. 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A) ATP hydrolysis cycle captured in crystal structures. Upper panel: Structure of apo NS3H (PDB: 7AY4; 1.83Å). ATPase site is highlighted 

in red circle. Lower panel, from left to right: NS3H -AMPPNP–Mn2+ (PDB: 7BM0; 1.90Å), NS3H-ADP–Pi–Mn2+ (PDB: 7NXU; 2.10Å) and the 

NS3H-ADP–Mn2+ (PDB: 7BLV; 2.21Å). Residues from Walker B and motif VI are shown in sticks representation. An anomalous Fourier map (grey 

matrix) was calculated and displayed at a level of 1σ, the Mn2+ (purple spheres) and the highly coordinated waters (red spheres). Hydrogen bonds are 

displayed as black dashed lines. (B) Stimulation of ATP hydrolysis in the presence of ssRNA (poly(A)) determined using phosphate release assay. 

 

[1] Beauté, J., Spiteri, G., Warns-Petit, E. & Zeller, H. (2018). Euro Surveill 23. 

[2] Ruzek, D., Avsic Zupanc, T., Borde, J., Chrdle, A., Eyer, L., Karganova, G., Kholodilov, I., Knap, N., Kozlovskaya, L., Matveev, A., Miller, A. 

D., Osolodkin, D. I., Overby, A. K., Tikunova, N., Tkachev, S., & Zajkowska, J. (2019). Antiviral Res. 164, 23-51. 

[3] Luo, D., Xu, T., Watson, R. P., Scherer-Becker, D., Sampath, A., Jahnke, W., Yong, S. S., Wang, C. H., Lim, S. P., Strongin, A., Vasudevan, S. 

G., & Lescar, J. (2008) 
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Quinole-dependent nitric oxide reductases (qNORs), that use Nitric oxide (NO) to generate Nitrous oxide (N2O) as the enzymatic 

product in agricultural and pathogenic conditions are of major importance to food production, environment and human health. These 

membrane-bound enzymes strongly contribute to environmental problem at the global level (N2O is an ozone-depleting and 

greenhouse gas some 300-fold more potent than CO2) and play significant roles in survival of pathogens (qNOR from human 

pathogenic bacterium, Neisseria meningitidis is responsible for detoxification of NO produced to combat immune response of the 

host). We have determined high-resolution cryo-EM structure of active quinol-dependent nitric oxide reductases (qNOR) from 

Neisseria meningitidis (Nm) and Alcaligenes xylosoxidans (Ax) at 3.06Å and 3.2Å, respectively [1,2]. For NmqNOR, we have also 

determined the crystallographic structure at 3.15Å. All of the crystallographic structures including that of NmqNOR are monomeric 

[3] while both cryoEM structures showed clear dimeric arrangement. We have identified a number of factors that may trigger 

destabilisation of helices necessary for preserving the integrity of dimer including the use of zinc in crystallisation. Activity assay of 

both NmqNOR and AxqNOR in the presence of ZnCl2 or ZnSO4 abolished the activity. A closer examination of the NmqNOR 

crystallographic and cryoEM structures revealed a significant movement of TMII where one of the Zn (called Zn1) is present in the 

crystallographic structure and the other was at Glu498 which is pulled away from binding to FeB in order to ligate the second Zn 

(called Zn2). It is unclear if the loss of activity is due to the binding of Zn1 located near TMII or is a consequence of the removal 

Glu498 from the coordination of FeB. The mutation of Glu to Ala led to an inactive enzyme with the size exclusion chromatography 

indicating the major species to be a monomer. We were able to determine the cryoEM structure of this monomer (~85kD) showing 

that the mutation, in addition to TMII movement, causes destabilisation of additional helices (TMIX and TMX). These results and 

their wider implications for structure determination of membrane proteins would be discussed in the context of enzyme mechanism.  
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Figure 1. L to R. Zn2 site in crystallographic NmqNOR structure showing Glu 498 is pulled into ligate to Zn. Equivalent mutation in 

AxNqNOR (Glu494Ala) leads to primarily Peak 2 (associated with monomer) with complete loss of activity. cryoEM structre of this 

mutant compared to WT AxqNOR monomer from the dimeric cryoEM structure revealing movements of helices including TMII, 

feature observed in NmqNOR crystallographic structure 

[1] Gopalasingam, C. C. et al. (2019) Science Advances, 5(8), eaax1803 (2019). 

[2] Jamali, M. A. M. et al. (2020) IUCrJ (under review) 

[3] Matsumoto et al. Nat. Struct. Mol. Biol. 19, 238 (2011). 
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Since resolution of the first macromolecular structure, the goal of structural biology has been to link structure to function. It is now 

widely accepted that the latter emerges from the structural dynamics animating the macromolecule, making characterization of 

intermediate (and sometime excited) states of high interest to further understand molecular processes and possibly control them. With 

the advent of serial crystallography at X-ray free electron lasers and synchrotrons, time-resolved crystallography, performed following 

a specific perturbation of the crystalline system (laser excitation, substrate soak, etc), is on the verge of becoming feasible on virtually 

all systems opening avenues to characterize such excited and/or intermediates states. Because crystallography is an ensemble-averaged 

method, however, an inherent limitation is that the occupancy of intermediate states must be high enough for the “probed state” under 

investigation to become visible in the electron density. This is generally not the case, with “perturbed” crystals rather existing as 

mixtures of initial and/or final state(s) with the “probed” state. Differences in structure factor amplitudes between the reference and 

“perturbed” dataset can allow calculation of Fourier difference maps (Fobs,perturbed-Fobs,unperturbed), in which only the differences between 

the states are depicted. An even more powerful approach is to generate extrapolated structure factor amplitudes (Fextr,perturbed) solely 

describing the intermediate state and and to use these to refine its structure using conventional refinement tools. Such data processing 

has in the past been performed by a handful of well-experienced crystallographers with strong knowledge of existing software but 

remains out of reach for a wide audience. 

Here, we will present a user-friendly program, Xtrapol8, written in python and exploiting the cctbx toolbox modules, that allows the 

calculation of high-quality Fourier difference maps, estimation of the occupancy of the intermediate state(s) in the crystals, and 

generation of extrapolated structure factor amplitudes. Briefly, the program uses Bayesian statistics to weight structure factor 

amplitude differences [1] which are then used to generate extrapolated structure factor amplitudes for a range of possible intermediate 

state occupancies, with distinct weighting schemes [2, 3] (Figure 1). Based on the comparison between experimental and calculated 

differences, i.e. solely on experimental observations, the correct occupancy of the intermediate state is determined and its structure 

refined, shedding light on conformational changes not visible before. With various user-controllable parameters of which defaults are 

carefully chosen, the program is adapted to be used by a wide audience of structural biologists, ranging from well-experienced 

crystallographers to newcomers in the field. We anticipate that this program will ease and accelerate the handling of time resolved 

structural data, and thereby the understanding of molecular processes underlying function in a variety of proteins. 
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Figure 1. Xtrapol8 outline. The minimal input is shown in bold. 

 

[1] Ursby, T. & Bourgeois, D. (1997), Acta Crystallogr. Sect. A, 53, 564-575. 

[2] Genick, U, Borgstahl, G. E., Ng, K., Ren, Z., Pradervand, C., Burke, P. M., Srajer, V., Teng, T. Y., Schildkamp, W., McRee, D. E., Moffat, K. & 

Getzoff, E. D. (1997), Science, 275, 1471-1475. 

[3] Coquelle, N., Sliwa, M., Woodhouse, J., and others, Colletier, J.-P., Schlichting, I. & Weik, M. (2018), Nature chemistry, 10, 31–37. 
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The last decade has witnessed significant growth in our understanding on intermolecular interactions [1]. Experimental and 

computational approaches have resulted in obtaining quantitative insights into the underlying nature of different interactions [2]. Non-

covalent interactions involving halogens have attracted significant attention. Interactions involving the heavier halogen bromine are 

ubiquitous and hence an investigation into the electronic features of such interactions is of interest. The existence of the - hole in 

bromine-centered interactions have been quantitatively investigated via high resolution electron density analysis in crystals of an 

ebselen derivative (I). It has been observed that in addition to formation of -hole centered linear interaction involving bromine, the 

lone pairs on bromine also interact with the electron deficient region on the π-ring (Fig. 1a) [3]. Thus bromine is associated with both 

electron donor and acceptor characteristics. Furthermore, this approach has also been utilized to understand carbon-centered π-hole 

directed O=C...O=C interactions in crystalline fluoroanil (II) and chloranil [4]. The topological characteristics in terms of the MESP, 

and the electronic features of the interacting atoms will be discussed (Fig. 1b). Such studies establish the subtle yet pivotal role of 

weak intermolecular interactions in the crystal packing of organic molecules. 

 

(a)                                                                                      (b) 

Figure 1.(a) 2D experimental deformation density depicting bromine centered interaction at the 0.05eÅ-3 level in (I). (b) 2D 

experimental deformation density denoting C...O contact at the 0.05eÅ-3 level in (II). Red region denotes charge depletion and blue 

denotes charge concentration.  

 

[1] Pramanik, S & Chopra, D. (2020) J. Ind. Inst. Sci 100, 143 - 159. 

[2] (a) Chopra, D. (2018) Understanding Intermolecular Interactions in the Solid State: Approaches and Techniques, RSC, London (b) Nova, J. J. 

(2018) Intermolecular Interactions in Crystals: Fundamentals of Crystal Engineering, RSC, London. 

[3] Shukla, R. Claiser, N. Souhassau, M. Lecomte, C., Balkrishna, S.J., Kumar, S. & Chopra, D. (2018) IUCrJ, 5, 647-653.  

[4] Shukla, R & Chopra, D. (2018) CrystEngComm, 20, 3308 - 3312.  
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Counterions are ubiquitous in solution but the role they play in species formation, stability, and reactivity is not well understood. 

Inspired by recent work that has shown that consideration of counterions may be important for understanding phase formation and the 

overall chemical behavior of a metal ion, our group has sought to examine the impact of nonbonding interactions on actinide (An) 

complex formation and precipitation. Our efforts have focused on the solution and solid‐state structural chemistry of An‐Cl complexes 

formed from acidic aqueous chloride solutions in the presence of protonated N‐heterocycles. Within this context, a series of seven 

unique ThIV compounds that were precipitated from aqueous solution will be presented. The compounds consist of Th IV metal centers 

that adopt 8- or 9-coordinate complexes with the general formulas [Th(H2O)xCl8–x]x–4 (x = 2, 4) and [Th(H2O)xCl9–x]x-5 (x = 5–7). 

While all of the complexes are heteroleptic, bound to Cl- and H2O ligand, the structural units vary in composition, charge, and 

coordination geometry. The complexes range from chloride rich to chloride deficient, with the number of bound chlorides and hence 

charge on the structural unit showing some dependence on the counterion present in the outer coordination sphere. Our experimental 

and computational efforts to understand phase formation, the effects of noncovalent interactions, and the energetics that drive the 

formation of this series of structurally related ThIV–aquo–chloro compounds will be discussed. 

Keywords: structural chemistry, actinides 

 



MS-93-3                           Microsymposium  

Acta Cryst. (2021), A77, C589 

 

Stacking interactions of chelate rings of transition metal complexes  

Dušan P. Malenov, Snežana D. Zarić 

University of Belgrade – Faculty of Chemistry, Studentski trg 12-16, 11000 Belgrade, Serbia  

malenov@chem.bg.ac.rs 
 

Stacking interactions of aromatic fragments are ubiquitous in many chemical and biological systems [1]. Benzene dimer, as a 

prototype, has stacking energy of -2.73 kcal/mol, in the most stable parallel-displaced geometry [2]. However, stacking interactions 

can also be formed by non-aromatic fragments, most notably by metal-chelate rings [3].  

Stacking interactions between chelate and aromatic rings were described in crystal structures deposited in the Cambridge Structural 

Database [3], and were shown to have parallel-displaced geometries (Fig. 1), similar to stacking of aromatic molecules. The study of 

crystal structures with stacking interactions between aromatic rings and systems that have chelate ring fused with aromatic ring 

showed that aromatic ring is dominantly closer to chelate than to aromatic ring of the fused system, indicating that chelate-aryl 

stacking is stronger than aryl-aryl stacking [3]. Calculated CCSD(T)/CBS and DFT interaction energies confirmed this; stacking of 

benzene with nickel chelate of acac type has the energy of -5.52 kcal/mol, while stacking of benzene with zinc chelate of acac type is 

even stronger, -7.56 kcal/mol [4].   

Stacking interactions can be formed between two chelate rings as well. This type of stacking was also described by studying the CSD 

crystal structures [3]. Geometries of chelate-chelate stacking interactions are mostly parallel-displaced, but there are examples of face-

to-face geometries (Fig. 1). Chelate-chelate stacking is even stronger than aryl-aryl and chelate-aryl stacking. Stacking energy 

between two acac type chelates of nickel is -9.47 kcal/mol [4], while stacking between two dithiolene chelates of nickel is -10.34 

kcal/mol [5].  

Chelate-aryl and chelate-chelate stacking interactions are much stronger than aryl-aryl stacking due to much stronger electrostatic 

interactions caused by the presence of metals [4]. Stacking geometries and relative strengths of interactions can be rationalized by 

observing electrostatic potentials of the complexes that contain metal-chelate rings. 

 

Figure 1. Stacking of [Ni(acac)2] complex with benzene (chelate-aryl stacking) and stacking of two [Cu(acac)2] complexes (chelate-

chelate stacking). 

 

[1] Salonen, L. M., Ellermann, M., Diederich, F. (2011). Angew. Chem. Int. Ed. 50, 4808. 

[2] Lee, E. C., Kim, D., Jurečka, P., Tarakeshwar, P., Hobza, P., Kim, K. S. (2007). J. Phys. Chem. A 111, 3446. 

[3] Malenov, D. P., Janjić, G. V., Medaković, V. B., Hall, M. B., Zarić, S. D. (2017). Coord. Chem. Rev. 345, 318. 

[4] Malenov, D. P., Zarić, S. D. (2019). Dalton. Trans. 48, 6328. 

[5] Malenov, D. P., Veljković, D. Ž., Hall, M. B., Brothers, E. N., Zarić, S. D. (2019). Phys. Chem. Chem. Phys. 21, 1198. 
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In the category of sigma-hole interaction, halogen bonds (XBs) have been extensively exploited in the field of supramolecular 

chemistry and crystal engineering owing to the great strength of the interaction, tunability, strong directionality and most importantly 

predictability.[1] A sister non-covalent interaction, chalcogen bonding (ChB),[2] is an interaction between the electropositive surface of 

a chalcogen atom acting as chalcogen bond donor and a Lewis-base acting as chalcogen bond acceptor.[1-2] Chalcogen bonds, despite 

being known for decades, still struggle to make a mark in crystal engineering, owing mainly to the lack of predictability and also 

underdeveloped synthetic chemistry of chalcogens. The figure 1 demonstrates activation of a strong sigma-hole on iodine through an 

alkynyl substitution which helps this XB donor to interact efficiently with a Lewis-base. Looking for such analogous rigid and 

directional ChB donors, we considered the possibility of replacing the iodine with alkylseleno/alkyltelluro moiety by asking ourselves 

the questions if an alkynyl substitution can similarly generate a sigma-hole on Se/Te and eventually help this ChB donor to interact 

with a Lewis-base (Fig 1).  

Herein, we describe the synthesis and solid-state assembly of 1,4-bis(methylseleno/telluroethynyl) 

perfluorobenzene derivatives acting as directional chalcogen bond donors in crystal engineering. 

Both type-I and type-II Ch•••Ch contacts in this series of derivatives, allow for a unique helical 

arrangement in the solid-state assembly of donor molecule alone. Co-crystallization with various 

ditopic Lewis-bases fabricate chain motifs with short chalcogen bonds, with a degree of strength, 

directionality and predictability, quite comparable to that of halogen bonds with the analogous iodo 

derivatives (fig. left). We further demonstrated utility of this alkynyl approach by first designing a 

new U-shaped ChB donor which upon co-crystallization with linear di-topic acceptors yield 

discrete supramolecular rectangular motifs held together by very short Te•••N contacts (fig. right). In summary, we provide crystal-

engineering community with an efficient tool that can potentially be used to engineer 2D/3D chalcogen bonded architectures and also 

synthesis of multi-component crystals is an interesting future target.  

                         
 

 

 

 

 

 

 

 

 

 

 

[1] Cavallo, G., Metrangolo, P., Milani, R., Pilati, T., Priimagi, A., Resnati, G. & Terraneo, G. (2016). Chem. Rev. 116, 2478–2601. 

[2] a). Aakeroy, C. B., Bryce, D. L., Desiraju, G. R., Frontera, A., Legon, A. C., Nicotra, F., Rissanen, K., Scheiner, S., Terraneo, G., Metrangolo, P., 

Resnati, G. Definition of the chalcogen bond (IUPAC Recommendation 2019). (2019). Pure Appl. Chem., 91, 1889-1892. b). Vogel, L., 

Wonner, P., Huber, S. M. (2019). Angew. Chem. Int. Ed., 58, 1880-1891. 

[3] a) Dhaka, A., Jeannin, O., Jeon, I.-R., Aubert, E., Espinos,a E., Fourmigue, M. (2020). Angew. Chem. Int. Ed.. 59, 23583-23587. b) Dhaka, A., 

Jeannin, O., Aubert, E., Espinos,a E., Fourmigue, M. (2021). Chem. Commun. 57, 4560-4563. 
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Alcohols and amines can be considered as excellent cocrystal forming agents, due to the compatibility of intermolecular interactions 

where both compounds act as hydrogen bond donor and acceptor. In such structures different motifs as isolated oligomers (0D), 

ribbons (1D), layers (2D), etc. can be expected. The main trust of the research was the crystallization and structure determination of 

cocrystals of allylamine and alcohols followed by the analyses of hydrogen bond architectures, using computational methods. 

The examined mixtures are liquid at ambient conditions, therefore, an IR laser-assisted in situ crystallization method has been used 

directly on the goniometer of the single crystal diffractometer [1]. The X-Ray measurements were complement by DFT periodic 

calculation in CRYSTAL17. 

Among obtained cocrystals, those with three simplest alcohols (methanol, ethanol, and 1-propanol) contain molecules arranged in 

layers with L4(4)8(8) motif [2] of hydrogen bonds. Further elongation of the aliphatic chain of the alcohol moiety leads to change in 

hydrogen bonds architecture from 2D to 1D. In consequence, all cocrystals containing C4 to C7 alcohols infinite ribbons reveal the 

T4(2) topology [2]. Further modification appears for 1-octanol cocrystal, where the molecules interact via hydrogen bonds forming 

layers of the L6(6) type [2]. Thus different topology than for C1-C3 alcohols is observed. This structural motif is preserved for 

cocrystals with C9 and C10 alcohols. 

In the analyzed structures three types of hydrogen bonds motifs occur, depending on the aliphatic chain length of the alcohol 

molecule. Furthermore, all the systems were analyzed according the binding energy between structural units (ribbons or layers) 

present in the structures. In addition the calculations were also performed for simulated structural units (e.g. applying 1D motif for 

methanol and 2D motif in case of butanol)  to show a potential reason for specific architecture type formation in analyzed cocrystals. 

The research shows that for ten allylamine – alcohol cocrystals three of structural motifs may exist. Elongation of the aliphatic chain 

of the alcohol impacts on the change of the motif in a systematic way. This alteration can be used for rational design of similar 

systems. 

[1] R. Boese, Z. Kristallogr., 2014, 229, 595-601. 

[2] L. Infantes, S. Motherwell, CrystEngComm, 2002, 4, 454−461. 

Keywords: in situ crystallization; crystal engineering; hydrogen bonds; periodic calculation 
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Computational methods for predicting the crystal structures [1] of organic compounds have evolved over the past three decades to the 

point where they are now used in major pharmaceutical companies to support the solid-form development of new active 

pharmaceutical ingredients (APIs). More broadly, knowledge of the crystal structure of a compound is fundamental to understanding 

the mechanical response, charge carrying capacity and porosity of the material. Most crystal structure prediction (CSP) studies 

produce a static crystal form landscape (CFL) which depicts the possible polymorphs as a function of lattice energy and crystal 

density. However, the challenge of extracting the set of molecular and crystal descriptors from the CFL that will support the targeted 

crystallization of a desired polymorph remains a major unresolved challenge within the CSP community.  

 

                             

 

Figure 1. We apply a synergistic mechanochemical milling and in-silico screen to discover novel eutectics and higher-order crystals 

 

Whilst there have been many reports of the application of computational methods to support the discovery of binary cocrystals, very 

little is known about the accuracy of CSP methods for supporting the discovery of periodic multicomponent crystals that contain > 2 

distinct chemical fragments in the crystallographic asymmetric unit. The discovery of such higher-order cocrystals (HOCs) widens the 

CFL and allows drug developers to choose the optimal solid dosage form for a particular API. We demonstrate [2] that CSP methods 

can be adapted to support the discovery of ternary molecular ionic cocrystals comprising many competing intermolecular hydrogen 

bonding interactions in the crystal. Beyond periodic HOCs, a eutectic composite is an example of a solid mixture that can be described 

as a conglomerate of solid solutions. The discovery of eutectics is associated with a depression in the melting point of the API. The 

extent of melting point depression is correlated with a commensurate increase in the solubility of the API. Since a large fraction of 

pharmaceutical lead compounds are abandoned due to poor solubility profiles, a computational model that can accurately predict 

eutectic formation is of significant value to the pharmaceutical industry. We demonstrate [3] that the computed mixing energies and 

binding modes of candidate molecular pairs leads to temperature-dependent interaction parameters that can accurately predict the 

formation of eutectic composite materials of molecular compounds. Our results demonstrate that the range of solid forms that may be 

developed to enhance one or more physicochemical properties of molecular compounds is wider than previously thought. 

Computational methods remain indispensable in supporting the discovery of new functional crystalline forms of organic compounds. 

[1] Reilly, A. M. et al. (2016). Acta Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 72, 439-459. 

[2] Shunnar, A. F., Dhokale, B., Karothu, D. P., Bowskill, D. H., Sugden, I. J., Hernandez, H. H., Naumov, P. & Mohamed, S. (2020). Chemistry – A 

European Journal 26, 4752-4765. 

[3] Saeed, Z. M., Dhokale, B., Shunnar, A. F., Awad, W. M., Hernandez, H. H., Naumov, P. & Mohamed, S. (2021).  Cryst. Growth Des. 21, 4151-

4161. 
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Polyoxometalates (POMs) are a class of discrete, anionic metal-oxides with an enormous structural diversity and a multitude of 

interesting properties leading to potential applications in different areas including catalysis, nanotechnology and medicine [1]. Noble 

metal-containing POMs are in particular attractive for homogeneous and heterogeneous catalytic applications. However, the number 

of well characterized noble-metal POMs is rather small [2]. POMs based exclusively on Pd2+ addenda (polyoxopalladates, POPs) were 

discovered in 2008 [3]. The area of POP chemistry has developed rapidly ever since, due to the fundamentally novel structural and 

compositional features of POPs, resulting in unprecedented electronic, spectroscopic, magnetic, and catalytic properties [4]. In terms 

of POP structural types, the symmetrical 12-palladate nanocube {MPd12L8} and the 15-palladate nanostar {MPd15L10} are the most 

abundant. Especially for the {MPd12L8} nanocube, many derivatives with various central guests including d and f block metal ions and 

various capping groups are known [4]. We demonstrated the use of {MPd12L8} as discrete molecular precursors for the formation of 

supported palladium metal nanoparticles as hydrogenation catalysts, and we discovered an important dependence of the catalytic 

properties on the type of internal metal guest and external capping group [5]. We also managed to construct 3D coordination networks 

using externally functionalized POPs, resulting in metal-organic framework (MOF)-type assemblies (POP-MOFs) with interesting 

sorption and catalytic (C-C coupling) properties [6].   

1. Pope, M. T. (1983). Heteropoly and isopoly oxometalates. Springer Verlag.  

2. Izarova, N. V.; Pope, M. T.; Kortz, U. (2012). Angew. Chem. Int. Ed. 51, 9492.  

3. Chubarova, E. V.; Dickman, M. H.; Keita, B.; Nadjo, L.; Mifsud, M.; Arends, I. W. C. E.; Kortz, U. (2008). Angew. Chem. Int. Ed. 47, 9542.  

4. Yang, P.; Kortz, U. (2018). Acc. Chem. Res. 51, 1599.  

5. Ayass, W. W.; Miñambres, J. F.; Yang, P.; Ma, T.; Lin, Z.; Meyer, R.; Jaensch, H.; Bons, A.-J.; Kortz, U. (2019). Inorg. Chem. 58, 5576.  

6. Bhattacharya, S.; Ayass, W. W.; Taffa, D. H.; Schneemann, A.; Semrau, A. L.; Wannapaiboon, S.; Altmann, P. J.; Pöthig, A.; Nisar, T.; 

Balster, T.; Burtch, N. C.; Wagner, V.; Fischer, R. A.; Wark, M.; Kortz, U. (2019). J. Am. Chem. Soc. 141, 3385.  
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Exploration of organic minerals on Saturn’s moon Titan 
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Titan, the largest moon of Saturn, has been revealed by the Cassini-Huygens mission to be a fascinating and quite Earth-like world.  

Among the parallels to Earth, which includes the lakes, seas, fluvial and pluvial features on its surface, is an inventory of organic 

minerals [1].  However, where on Earth these organic minerals are only found in niche environments, on Titan they are likely to be the 

dominant surface-shaping materials.  Titan’s organic minerals are formed primarily from photochemistry induced by UV radiation and 

charged particles from Saturn’s magnetosphere, which cause molecular nitrogen and methane (the primary components of the upper 

atmosphere) to generate into various CHN-containing species that deposit onto the surface [2].    

Despite the ubiquity of these organic minerals upon the surface, it is difficult to understand their influence on the landscape and as, in 

some cases, even their crystal structure is unknown let alone wider physical properties[3].  Hence we have undertaken an experimental 

program to address this, and are currently focusing on the missing crystal structure and physical property understanding of a number 

of molecular solids and co-crystals that are likely to be organic minerals upon Titan.  Using a combination of neutron diffraction, X-

ray diffraction and Raman scattering we have studied molecular solids including ethane, acrylonitrile, acetonitrile, butadiene and 

propyne, and explored what co-crystal form from the inventory of Titan’s molecules.  This contribution will report highlights from 

these investigations.       

 

[1] Lopes, R.M., Malaska, M.J., Schoenfeld, A.M., Solomonidou, A., Birch, S.P.D., Florence, M., Hayes, A.G., Williams, D.A., Radebaugh, J., 

Verlander, T. and Turtle, E.P. (2020) Nature Astronomy 4(3) pp.228-233. 

[2] Hörst, S. M. (2017). Journal of Geophysical Research: Planets 122 (3), 432-482  

[3] Maynard-Casely, H.E., Cable, M.L., Malaska, M.J., Vu, T.H., Choukroun, M. and Hodyss, R. (2018) 103(3), pp.343-349 

[4] Balzar, D. & Popa, N. C. (2004). Diffraction Analysis of the Microstructure of Materials, edited by E. J. Mittemeijer & P. Scardi, pp. 125-145. 

Berlin: Springer. 
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A Crystal Flask Composed of Huge Cage-of-Cage Metallosupramolecules for the Formation of 
Polyoxomolybdate 
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Over the last decade, crystal flask that converts one chemical species to another one in single-crystal-to-single-crystal (SCSC) manner 

has attracted much attention in crystal engineering. An important key for the construction of crystal flask is a porous space which can 

induce a chemical from outside of a crystal.1 To design such a porous space, our group has intensively studied the metalloligand 

approach in which a pre‐prepared homometallic complex with coordination donor sites is reacted stepwise with secondary metal 

ions.2 We established the construction of a variety of metalloarchitectures by the metalloligand approach with using thiolato groups 

derived from amino acids and phosphine ligands. Recently, our group has successfully prepared a microporous material of a 

nanometer-sized AuICdII 116-nuclear cage-of-cage structure (1CdNa) from the reaction of the tripodal-type trigold(I) metalloligand, 

[AuI3(tdme)(d-Hpen)3] (tdme = 1,1,1-tris(diphenylphosphinomethyl)ethane, d-H2pen = d-penicillamine), with CdII(NO3)2.3 The 

cage-of-cage structure was constructed from 12 building units of AuI6CdII3 cage complex through hierarchical aggregation. 

Interestingly, 1CdNa has large interstices connected by 3D channels which allow the easy incorporation and accommodation of guest 

molecules. Therefore, it was found that 1CdNa underwent the stepwise SCSC transmetallation reactions to form AuICuII metallocage 

(1Cu). Furthermore, we found that the crystals of 1Cu have the ability to accommodate MoO42– ions (2Mo1) and condense them to 

form Mo7O246– (2Mo7) and β-Mo8O264– (2Mo8) by the addition of protons in the solid state. These results show the availability of 

the large crystal interstices in 1Cu as crystal flask, which serves as a reaction field for accommodated chemical species in crystal. 

Such a crystal flask reaction of polyoxomolybdate will give an important insight for not only material science but also biosynthesis in 

Mo-storage protein (MoSto) which contains Mo8, Mo5-7 and Mo3 clusters. The detail will be discussed in the presentation. 

 

Figure 1. Synthetic route of 1CdNa, 1Cu, 2Mo1, 2Mo7, and 2Mo8. 

 

[1] Inokuma, Y., Kawano, M. & Fujita, M. (2011). Nat. Chem. 3, 349. 

[2] Yoshinari, N. & Konno, T. (2016). Chem. Rec. 16, 1647. 

[3] Imanishi, K., Wahyudianto, B., Kojima, T., Yoshinari, N. & Konno, T. (2020). Chem. Eur. J. 26, 1827. 

[4] Kowalewski, B., Poppe, J., Demmer, U., Warkentin, E., Dierks, T., Ermler, U. & Schneider, K. (2012). J. Am. Chem. Soc. 134, 9768. 
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Stress-accumulated electrical charge to close wounds in living tissue, yet to-date this piezoelectric effect has not been realised in self-

repairing synthetic materials which are typically soft amorphous materials requiring external stimuli, prolonged physical contact and 

long healing times (often >24h). Here we overcome many of these challenges using piezoelectric organic crystals, which upon 

mechanical fracture, instantly recombine without any external direction, autonomously self-healing in milliseconds with remarkable 

crystallographic precision (Figure 1). Atomic-resolution structural studies reveal that a 3D hydrogen bonding network, with ability to 

store stress, facilitates generation of stress-induced electrical charges on the fractured crystals, creating an electrostatically-driven 

precise recombination of the pieces via a diffusionless instant self-healing, as supported by spatially-resolved birefringence 

experiments. Perfect, instant self-healing creates new opportunities for deployment of molecular crystals using crystal engineering 

principles in robust miniaturised devices, and may also spur development of new molecular level repair mechanisms in complex 

biomaterials [1].  

 

Figure 1. Self-healing cycles in the single crystal of bipyrazole derivative. 

 

[1] Bhunia S, Chandel, S., Karan, SK., Dey, S., Tiwari, A., Das, S., Kumar, N., Chowdhury, R., Mondal, S., Ghosh, I., Mondal, A., Khatua, BB., 

Ghosh, N., Reddy, C. M. Autonomous self-repair in piezoelectric molecular crystals. (2021) Science. 373 , 321-327  
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The crystalline sponge method[1],[2] allows the absolute structural determination of non-crystalline compounds such as powder, 

amorphous solid, liquid, volatile matter or oily state. In this method, metal-organic frameworks (MOFs) are used as ‘crystalline 

sponges’ which can absorb target sample (guest) molecules from their solution into the pores and allow them to arrange themselves in 

a regular pattern with the help of specific interactions between MOF pores and the guests, such as π-π, CH-π, and charge-transfer 

interactions. This technique was first introduced in 2013[1] and since then has grown rapidly and proved helpful in the structure 

elucidation of liquids and other volatile compounds.  

In this work, the crystalline sponge [{(ZnI2)3(tris(4-pyridyl)-1,3,5- triazine)2·x(solvent)n] (1) was used to produce three novel 

encapsulation complexes of terpenes, such as geraniol-monoterpenoid, farnesol-sesquiterpenoid and β-damascone-tetraterpenoids.[3] 

Along with the structure determination of the terpenoids, non-bonding CH-π, π-π interactions were identified in the host-guest 

complexes shown in Figure 1, which were responsible for holding the guests in the specific position with respect to the framework. 

Since pores of sponge 1 were hydrophobic, no hydrogen bonding between host and guest was observed.  

In addition, new crystalline sponges were explored {[Co2(bis-(3,5-dicarboxy-phenyl) terephthalamide)(H2O)3]·solventx}[4] (2) and 

[Cd7(4,4’,4’’-[1,3,5-benzenetriyltris(carbonylimino)]trisbenzoic acid)(H2O)]·solvent x][5] (3). With sponge 2 two novel inclusion 

complexes with 3-Phenyl-1-propanol and 2-Phenylethanol were obtained. Sponge 2 has three coordinated water molecules indicating 

the hydrophilic nature, which was further observed in the inclusion complexes where the hydroxyl group of guest molecules were 

found to form hydrogen bonds with the framework of 2. Further, 3 shows great potential to act as a crystalline sponge because of 

larger pore size than 1 and the hydrophilic nature which will allow a wide range of guest molecule for encapsulation and their 

structure elucidation. 

                          

 

[1] Y. Inokuma, S. Yoshioka, J. Ariyoshi, T. Arai, Y. Hitora, K. Takada, S. Matsunaga, K. Rissanen, M. Fujita. (2013).  Nature. 495, 461. 

[2] M. Hoshino, A. Khutia, H. Xing, Y. Inokuma, M. Fujita. (2016). IUCrJ. 3  139.  

[3] F. Habib, D.A. Tocher, N.J. Press, C.J. Carmalt. (2020) Microporous Mesoporous Mater. 308, 110548.  

[4] Y. Zou, C. Yu, Y. Li, M.S. Lah. (2012). CrystEngComm. 14, 7174.  

[5] Y. Zhang, Q. Wang, Y.J. Xiao, J. Han, X.L. Zhao. (2012). Polyhedron. 33,127. 
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Figure 1 a) Packing diagram of β-damascone inclusion complex viewed down the b axis. Framework shown as capped 

stick model, β-damascone as ellipsoids shown in green colour, residual cyclohexane in light blue colour. Hydrogen 

atoms have been are omitted b) CH-π interaction between host framework and β-damascone.[3]
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The first developments on metal-organic frameworks, or MOFs, were made approximately four decades ago, marking the discovery of 

a novel class of porous materials. Initially thought to be ordered and truly crystalline, there is now an increasing realisation that 

defects and disorder are prevalent in MOFs, and that nontrivial arrangements can be important in physical properties [1]. Though, 

disorder in MOFs does not necessarily imply randomness. In fact, depending on the interactions between components, MOF structures 

can exhibit short-range order and long-range disorder simultaneously. This is what we refer to as correlated disorder [2]. Thorough 

understanding is achieved through investigation of the interactions involved in causing these states, with the aim of controlling 

physical properties via their manipulation.  

Generally, there are three types of disorder observed in MOFs: vacancy defects, compositional disorder, and 

orientational/conformational disorder [3]. The latter forms the focus of this project. A key factor is the distinction between molecular 

point symmetry (i.e. the local structure) and that of the corresponding position in the lattice (i.e. the average structure). Namely, 

molecular components are arranged on a lattice of which the geometry is determined by that of the MOF, giving control over the 

molecular orientational degrees of freedom [4]. Since MOF geometry is often highly symmetric, lowering the symmetry of nodes 

and/or linkers can enable targeted design of correlated conformational disorder (Fig. 1).  

In this work, correlated disorder is introduced to the highly symmetric (hypothetical) parent framework ZnO4(BTC) (BTC = benzene 

tricarboxylic acid) by reducing the linker symmetry from D3h to C2v, giving ZnO4(1,3-BDC) (BDC = benzene dicarboxylic acid) (Fig. 

1). The resulting linker disorder is characterised via diffuse scattering observed in single crystal X-ray diffraction (SCXRD) patterns, 

3DΔ-pair distribution functions (3DΔ-PDFs), and Monte Carlo code. Ultimately, we want to understand how to control defective 

structures in MOFs to optimise their properties, enabling utilisation in real-life applications.  

  

Figure 1. Approach of introducing correlated disorder into MOF structures, showing an example relevant to this project – replacing 

the highly symmetric BTC linker with 1,3-BDC.  

  

[1] Bennett, T. D., Cheetham, A. K., Fuchs, A. H., Coudert, F.-X. (2017). Nat. Chem. 9, 11.  
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The structural dynamics of chemical systems can be investigated by in situ or operando X-ray experiments. Advanced and fast 

computational methods are needed to cope with the huge amount of data collected, and to extract precious information hidden in data 

through a model-free analysis. Data analysis approaches based on multivariate analysis are particularly suited to this aim, as they are 

able to efficiently process in a probe-independent way multiple measurements, by considering them as a whole data matrix [1]. 

We have developed a fully automatic and big-data set of computing procedures based on principal component analysis, which is able 

to process with the same algorithms in situ/operando X-ray diffraction and XAFS data to extract qualitative and quantitative 

information. The multivariate approach has been adapted to treat crystallographic data, by optimizing the directions of the principal 

components [2], or by including kinetic models in the extraction of the reaction coordinate [3]. The procedure includes several pre-

processing strategies that can be applied on crystallographic and XAFS data; among them a peak-shift correction to disentangling 

lattice variations from changes of the atomic parameters [4]. The procedures have been implemented in the computer program 

RootProf [5], available from www.ic.cnr.it/ic4/en/software/. It can be also used for fast on-site analysis while running in situ 

experiments (Fig.1). 

Here we show how in situ experiments coupled with new data analysis methods can disclose the structural mechanism underlying: i) 

the thermal adsorption of gas in zeolites [4]; ii) the non-isothermal solid-state synthesis of materials based on poly-aromatic molecular 

complexes [6]; iii) the temperature-induced transitions of metal halide perovskites [7]. 

 

Figure 1. The RootProf program processes data from in situ experiments to locate atoms responding to an external stimulus. 

 

[1] Guccione, P., Lopresti, M., Milanesio, M., Caliandro R. Crystals 11, 12. 

[2] Caliandro, R., Guccione, P., Nico, G., Tutuncu, G., Hanson, J.C. (2015). J. Appl. Cryst. 48, 1679. 

[3] Guccione, P., Palin, L., Belviso, B. D., Milanesio, M., Caliandro R. (2018). Phys. Chem. Chem. Phys. 20, 19560.  

[4] Guccione, P. Palin, L., Milanesio, M., Belviso B.D., Caliandro, R. (2018). Phys. Chem. Chem. Phys. 20, 2175. 

[5] Caliandro, R., Belviso, B. D., (2014). J. Appl. Cryst. 47, 1087. 

[6] Palin, L., Conterosito, E., Caliandro, R., Boccaleri, E., Croce, G., Kumar, S., van Beek, W., Milanesio M. (2016). CrystEngComm 18, 5930. 

[7] Caliandro, R., Altamura, D., Belviso, B. D., Rizzo, A., Masi, S., Giannini. C. (2019). J. Appl. Cryst. 52, 1104. 
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In the last years a growing number of studies have been devoted, both experimentally and theoretically, to understanding the structural 

properties of disorder systems and chemical processes occurring in solution and more clear pictures are emerging. This was possible 

by the improvements of the experimental techniques and the development of more sophisticated and reliable theoretical models. As 

we will detail in this presentation, experimentally in the last years X-ray absorption spectroscopy (XAS) played a major role in 

unravelling many structural aspects of disordered systems and it was exploited to gain unprecedent information on chemical reactions 

occurring in solution. This was possible by coupling experiments with theoretical simulations and multivariate analysis, and by better 

exploiting the X-ray absorption near edge spectroscopy (XANES) that is very sensitive to three-dimensional structures. Here, we will 

show specific applications to several liquid systems and chemical reaction occurring in the ms time scale. Aqueous solutions 

containing lanthanoid and actinoid ions are analysed with the aim of providing a unified description of the hydration properties of 

these series. We will show how the combined approach using XAS and molecular dynamics simulations can be applied to the study of 

complex systems such as ionic liquids and deep eutectic solvents, that represent an innovative research field. Lastly, we will show 

how it is possible to shed light into mechanistic properties of bimolecular reactions in solution by combining XANES, UV-Vis with 

multivariate data analysis.   

 Keywords: XAS, XANES, Data Analysis, Chemical Systems 
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Tektites and impactites are mainly amorphous silicate glass bodies of impact genesis. The conditions, such as pressure (P), 

temperature (T), oxygen fugacity (fO2), that existed during glass formation process influence the cation coordination. One of the 

common elements in impact glasses is iron, so it a useful probe of atmospheric parameters and collision conditions in geological 

history of Earth. X-ray absorption spectroscopy (XAS) is a direct probe of the local atomic structure around specific element 

applicable to liquids, single molecules or amorphous solids. Recent developments in theoretical interpretation of the X-ray absorption 

fine structure along with machine learning (ML) methods opened a new perspective for quantitative structural analysis of complex 

systems [1,2]. In this work we extend ML-driven fitting procedure to the amorphous structures of tektites, where several inequivalent 

sites with different coordination numbers can coexist. The analysis was performed in PyFitIt software [3]. For each possible 

coordination number N = 2…6 we constructed a fragment of silica where Fe ion was coordinated by several (SiO4) tetrahedral units. 

Structural parameters of Fe(SiO4)N cluster were varied to simulate possible bond length variation in amorphous silica both for Fe2+ 

and Fe3+ ions, e.g. all Fe-O distances were varied in the range [1.8…2.3 Å]. 

  

Figure 1. Theoretical training set calculated for 3-ccordinated Fe 

ion in SiO2 matrix by varying three structural parameters 

Figure 2. Best fits, obtained as a superposition of pairs  

with 3, 4, and 6-coordinated iron 

 

Figure 1 shows geometry parameters for the three-coordinated Fe ions: distance to the nearest oxygen, distance to the rest two 

oxygens, bending angle (distortions are marked with overlay of two structures for each of three deformations). In the space of 

structural parameters we selected a set of 700 points where XANES spectra were calculated by means of finite difference approach 

implemented within FDMNES software. These spectra were used as training set for machine learning method which established the 

relation between spectrum and structural parameters. The best quality of approximation was achieved for Radial Basis Functions 

method. After algorithm was trained the PyFitIt software allows user to predict structural parameters for a given spectrum in the input 

(so called direct method) or predict spectrum for a given set of structural parameters (so called indirect method, the analogue of 

multidimensional interpolation). Figure 2 shows the analysis of the Muong-Nong tektite spectrum. The two best fits are shown as red 

and blue lines and use a combination of 6-coordinated iron ions either with 4-coordinated or 3-coordinated species. The resulting 

parameters of two fits provided average coordination number <CN>=5.4±0.2 and average Fe-O distance <R>=1.96±0.04 Å which are 

in a good agreement with classical EXAFS analysis. 

[1] Guda, A. A., Guda, S. A., Lomachenko, K. A., Soldatov, M. A. et.al., (2019). Catalysis Today 336, 3–21. 

[2] Timishenko, J, Frenkel, A. I., (2019). ACS Catal. 9, 10192−10211. 

[3] Martini, A., Guda, S. A., Guda, A. A., Smolentsev, G. A., et.al., (2020). Computer Physics Communications 250, 107064 

Keywords: XANES; pre-edge; radial distribution function; machine learning; radial basis functions; descriptors 
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Copper molybdate (CuMoO4) is a thermochromic and piezochromic material, which exhibits structural phase transitions under the 

influence of pressure and/or temperature that make this material perspective in chromic-related applications starting from the user-

friendly temperature and pressure indicators to "smart" inorganic pigments.  

Since the functional properties of CuMoO4 are directly connected with its local structure, X-ray absorption spectroscopy (XAS) is an 

obvious choice to probe structural changes during temperature variation including the phase transition. However, the interpretation of 

extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) spectra is not straightforward 

and often requires the use of advanced simulation tools. Treatment of thermal fluctuations and static disorder in XAS is a complex 

task, which can be successfully addressed by the reverse Monte Carlo (RMC) method [1, 2]. 

In this study, we used XAS at the Cu and Mo K-edges to probe the temperature-induced evolution of the local structure of CuMoO4 in 

the range from 10 to 973 K (Fig. 1). At low temperatures, the thermochromic phase transition between α-CuMoO4 and γ-CuMoO4 

with a hysteretic behaviour was observed [3] while at temperatures above 400 K, the thermochromic properties of α-CuMoO4 were 

related to temperature-induced changes in the O2− → Cu2+ charge transfer processes [4]. 

The structural information encoded in the EXAFS spectra was extracted by RMC simulations based on an evolutionary algorithm 

(EA) implemented in the EvAX code [1]. This method allows one to obtain a structural model of such complex material as copper 

molybdate accounting for multiple-scattering effects as well as structural and thermal disorder contributions in the experimental 

EXAFS data. The structural models obtained by RMC were used to simulate the Cu K-edge XANES spectra at a high-temperature 

range, in which the temperature effect is the most pronounced. The simulated XANES spectra are in good agreement with the 

experiment and reproduce the main temperature-dependent XANES features.  

 

Figure 1. (a) Results of RMC/EA calculations for the Mo K-edge in CuMoO4 at 10 and 300 K. (b) Temperature-dependent 

experimental Cu K-edge XANES spectra in the high-temperature range. 

[1] J. Timoshenko, A. Kuzmin, and J Purans, (2014) J. Phys.: Condens. Matter 26, 055401. 

[2] I. Jonane, A. Anspoks, and A. Kuzmin, (2018) Model. Simul. Mater. Sci. Eng. 26, 025004. 

[3] I. Jonane, A. Cintins, A. Kalinko, R. Chernikov, and A. Kuzmin, (2020) Rad. Phys. Chem. 175, 108411. 

[4] I. Jonane, A. Anspoks, G. Aquilanti, and A. Kuzmin, (2019) Acta Mater. 179, 1901132. 
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Developments over the last two decades have achieved accuracies in attenuation coefficient and X-ray absorption fine structure of 

below 0.2%. This generally requires careful sample characterisation, monochromator and detector characterisation and additional 

experimental components to measure and correct for a range of systematics. More recently similar levels of accuracy have been 

obtained in fluorescence measurement. These techniques, XERT developed by Chantler, Barnea, Tran and group; and Hybrid, 

developed by Chantler, Tran, Best et al. offer accuracies and insight for disordered systems up to 100x more than previous work. To 

bring them to standard routine implementations for all users would strengthen hypothesis discrimination and testing for molecular and 

disordered structure and dynamics including for ideal crystals. In this they are complementary to XRD and ND investigations. 

Over the past two years parts of this system have been implemented at the Australian Synchrotron with excellent precision and control 

of a range of systematics using XERT and Hybrid techniques in both transmission and fluorescence geometries.  

Insight includes high accuracy of derived dynamical bond length, thermal parameters, consistency and inconsistency of energy offsets 

revealed from the data, and structural determination of nearby shells approaching an ab initio manner with XAS. It has allowed 

exploration of atomic form factors [1], XAFS dynamical bonding [2], electron inelastic mean free paths [3] and nanoroughness [4] 

appropriate for circuit quality control for microcomputers, with technological offshoots into detector and synchrotron diagnostics. As a 

consequence, the accurate characterization of fluorescence spectroscopy is developing [5], together with the accurate investigation of 

organometallic complexes. Further it has allowed investigation of several types of dynamic behaviour including the investigation of 

the reaction coordinate [6], thermal isotropy, and potentially Debye behaviour. The reaction coordinate investigations permit study of 

catalytic paths in Amyloid beta, and other electrochemical studies of ifficult or fragile organometallic systems in solid or solution 

form, at room temperature or in a cryostat. 

Perhaps intriguingly, it has permitted the first X-ray measurements of electron inelastic mean free path [7]. This paper will explore the 

requirements for and applicability of higher accuracy in XAFS, the advantage of theory simultaneously fitting XANES and XAFS [8], 

and the opportunities for advanced dynamics and Debye studies, in addition to the potential for resolving challenges in catalytic and 

active centres.  

The quality of XAFS data and the intrinsic information content can be outstanding, and its ability to determine bonding and dynamical 

modes can be unsurpassed. The talk will also look towards future opportunities not yet realised in advanced analysis and disorder 

measurement. 

[1] de Jonge, MD et al., Measurement of the x-ray mass attenuation coefficient and determination of the imaginary component of the atomic form-

factor of tin over the energy range of 29 keV – 60 keV, Phys. Rev. A75 032702 (2007) 

[2] Glover, JL et al. Measurement of the X-ray mass-attenuation coefficients of gold, derived quantities between 14 keV and 21 keV and 

determination of the bond lengths of gold, J. Phys. B 43 085001 (2010) 

[3] Chantler, CT, Bourke, JD, X-ray Spectroscopic Measurement of the Photoelectron Inelastic Mean Free Paths in Molybdenum, Journal of 

Physical Chemistry Letters 1 2422 (2010); Bourke, JD, Chantler, CT, Phys. Rev. Lett. 104, 206601 (2010) 

[4] Glover, JL et al., Nano-roughness in gold revealed from X-ray signature, Phys. Lett. A373 1177 (2009) 

[5] Chantler, CT, et al., Stereochemical analysis of Ferrocene and the uncertainty of fluorescence XAFS data, J Synch. Rad.19 145 (2012) 

[6] Best, SP et al., Reinterpretation of Dynamic Vibrational Spectroscopy to Determine the Molecular Structure and Dynamics of Ferrocene, 

Chemistry - A European Journal, 22 18019-18026 (2016) 

[7] Chantler, CT, Bourke, JD, Electron Inelastic Mean Free Path Theory and Density Functional Theory resolving low-Energy discrepancies for low-

energy electrons in copper, Journal of Physical Chemistry A118 909-914 (2014) 

[8] Bourke, JD et al., FDMX: Extended X-ray Absorption Fine Structure Calculations Using the Finite Difference Method, J Synchrotron Radiation 

23 551-559 (2016) 
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Palladium nanocatalysts play significant role in wide range of reactions such as selective hydrogenation of alkynes. The information 

extracted during operando experiments on working catalysts allows us to consider various processes from a new point of view. X-ray 

absorption near edge structure (XANES) spectroscopy is a powerful tool widely applied for determining atomic and electronic 

properties of working catalysts [1]. In many cases, analysis of XANES data requires construction of theoretical models with a huge 

number of variable parameters. In this case, application of machine learning (ML) to in situ and operando XANES offers new 

horizons for structural characterization [2]. 

In this work, we discuss the construction of the theoretical models of palladium nanoparticles covering a big number of structural 

parameters. We investigate how the particle size, concentration of carbon impurities, which can be formed during hydrogenation of 

alkynes, and their distribution in the bulk and at the surface of palladium particles affect the Pd K-edge XANES features. We 

demonstrate step-by-step increasing similarity between the experimental difference spectra and theoretical model by increasing the 

complexity of the theoretical model, e.g. taking into account only interatomic distances (Fig. 1 dashed red), interatomic distances and 

carbon concentration (Fig. 1 dashed blue) and interatomic distances, carbon concentrations and particle size effects (Fig. 1 green line). 

Finally, we suggest a set of formal descriptors relevant to possible structural diversity and construct a library of theoretical spectra for 

ML-based analysis realized in PyFitit software [3]. 

 

Figure 1. Experimental difference Pd K-edge XANES for 2.8 nm Pd NPs in acetylene (solid black) and best fit results using 

theoretical spectra with interatomic distances only (dashed red), interatomic distances and carbon impurities in the bulk (dashed blue), 

and interatomic distances, carbon impurities in the bulk and surface (solid green) contribution as variable parameters. The best fit 

made by ML algorithm is represented by purple line [4]. 

 

[1] Bordiga, S., Groppo, E., Agostini, G., Bokhoven, J.A. & Carlo Lamberti, C. (2013). Chem. Rev. 113, 1736. 

[2] Guda, A.A., Guda, S.A., Lomachenko, K.A., Soldatov, M.A., Pankin, I.A., Soldatov, A.V., Braglia, L., Bugaev A.L., Martini, A., Signorile, M., 

Groppo, E., Piovano, A., Borfecchia, E. & Lamberti, C. (2019). Catal. Today. 336, 3. 

[3] Martini, A., Guda, S.A., Guda, A.A., Smolentsev, G., Algasov, A., Usoltsev, O., Soldatov, M.A., Bugaev, A., Rusalev, Yu., Lamberti, C. & 

Soldatov, A.V. (2019). Comput. Phys. Commun, 23, 107064. 

[4] Usoltsev, O.A., Bugaev, A.L., Guda, A.A., Guda, S.A. & Soldatov, A.V. (2020) Top. Catal., in press. 
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Crystallography research in Latin America started with the pioneering work of Prof. Ernesto Galloni in Buenos Aires, Argentina, 

during the 1940s. The progress in several countries was very fast and, during the 1950s and 1960s, courses on crystallography were 

given regularly in Argentina, Brazil, Chile and Mexico. The first international crystallography course in Latin America was probably 

the “Latin American course on Pure and Applied Crystallography” held in Santiago, Chile, in 1959, which was the birth of the Ibero 

American Crystallographic Group. This group organized several meetings and courses during 35 years. Unfortunately, due to 

economic problems and the long distances among the countries involved, this group was finally dissolved. The Latin American 

Crystallographic Association (LACA) was founded in October 2013 in Córdoba, Argentina, and recognized as a Regional Association 

of the IUCr during the 22nd IUCr Congress and General Assembly (Montreal, Canada, August 2014). At present, this association has 

seven full members (Argentina, Brazil, Mexico, Chile, Costa Rica, Uruguay and Venezuela) and organizes several meetings, schools 

and OpenLabs. The International Year of Crystallography 2014 (IYCr2014) was an excellent opportunity to increase the work related 

to education and outreach throughout Latin America and several activities were carried out, including exhibitions, science fairs, art or 

photo contests, outreach talks, etc. In addition, very successful national crystal growing contests were organized in Argentina, Chile 

and Uruguay, which also involved short courses on crystallography and crystal growth for primary and secondary school teachers. 

Most of these activities were organized during several years with great success. 

Nowadays, there are an important number of regular local, national or international courses in Latin America, covering all kind of 

topics: single crystal X-ray diffraction, powder diffraction, fundamental crystallography, protein crystallography, crystallization 

methods, synchrotron radiation techniques, neutronic techniques, small-angle X-ray scattering, X-ray absorption spectroscopies, etc.  

Many of them are organized by national crystallographic associations, while LACA has a regular regional Crystallography school. In 

most of the cases, the topics taught in these courses involve applications in a wide variety of areas, resulting in interdisciplinary 

activities that are enriching for all the participants.  

The COVID-19 pandemic was a global challenge and many congresses, schools, courses and outreach activities in Latin America had 

to be postponed or cancelled. However, as 2020 progressed, some of these difficulties were overcome. For example, the 3rd LACA 

school on Small Molecule Crystallography, planned to be held in Mexico in March 2020, was postponed, but it was finally held in a 

virtual modality in November/December 2020 with great success. Many virtual courses were also organized and some of them, thanks 

to the online modality, reached new regions or countries. Such was the case of the short courses on crystallography and crystal growth 

organized by the Argentinian Association of Crystallography (AACr), that in 2020 had to be taught in a new virtual format. These 

courses received a large number of new participants not only from Argentinian cities not previously visited by AACr members, but 

also from all over Latin America.  

Finally, it is worth to mention that the crystal growing contests organized in Argentina and Uruguay continued in 2020, this time 

proposing that students work from home with simple and inexpensive materials, without any danger. In the case of the contest 

organized by the AACr, bibliographic research works related to crystallography were also accepted in the 2020 edition, allowing the 

participation of students that could not grow crystals at home or school. Once again, both contests were highly successful and are 

planned to be continued in 2021. 

Keywords: Teaching of Crystallography; Outreach; Latin America 
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African countries, especially Sub-Saharan Africa, suffers from a severe deficit of engineers and scientists and relies heavily on 

imported expertise for several reasons including poor quality of education, limited research facilities, and lack of practical experience 

among graduates. According to the UNESCO’s second engineering report, Africa continues to have the lowest number of engineering 

professionals per capita of all regions of the world [1]. Hence, developing inclusive high-tech education and research facilities is an 

efficient way to bridge this gap. That is the purpose of the X-TechLab. 

X-TechLab is a regional training platform that aims to provide the region with skills and tools to use X-ray techniques for developing 

innovative solutions to critical issues in Africa. The initiative is the result of an interaction between the Lightsources for Africa, the 

Americas, Asia, Middle East, and the Pacific (LAAAMP) and the Sèmè City hub, one of Benin Government’s flagship projects, which 

aims to create a world-class knowledge and innovation centre in Africa. The goals are to: 1) provide hands-on experience with the use 

of cutting-edge X-ray equipment, 2) develop X-ray-based problem-solving skills targeting specific socioeconomic issues, 3) meet the 

requirement for Feeder Facilities that allow the preparation of samples to be studied at world advanced light sources and 4) contribute 

to the emergence of a community of experts who will be active users of the future African Synchrotron. 

Learners participating in the X-TechLab are trained around 2 parallel, interrelated yet distinct, tracks: Crystallography and X-ray 

diffraction techniques, including both single and powder diffraction applied to structural studies; and Absorption and phase contrast 

X-ray imaging (Microtomography) using mathematical tools for research on sustainable and ecological materials. Started in 2019, X-

TechLab training sessions gathered many scientists from several countries and scientific disciplines. As shown in the figure below, 84 

participants with 1/3 of women from 12 African countries (Benin, Burkina Faso, Burundi, Cameroon, Congo-Brazzaville, Côte 

d’Ivoire, Democratic Republic of Congo, Ethiopia, Ghana, Nigeria, Senegal, Togo) have been trained [2]. About 20 Experts from 

several academic institutions worldwide (Africa, Europe, USA) are involved in the training sessions. This will emphasize the unique 

potential of  X-ray techniques as a multidisciplinary tool for development in Africa.  

 

     
 

Figure 1. Dispatching of X-TechLab learners by disciplines and nationality. 

 
[1] UNESCO and International Center for Engineering Education (ICEE), (2021), Engineering for sustainable development 

[2] https://www.xtechlab.co/en/  
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Modern crystallography, as an umbrella of techniques and methods, reaches out to almost everyone interested in the basic question: 

how are atoms or molecules arranged in a material. This inherent interdisciplinarity of crystallography is further supported by 

availability of various schools for aspiring crystallographers. On one hand, a well-curated content, good choice of lecturers, and 

offered sponsorships, make it possible to reach out to students from various backgrounds, interests, regions and economic status. On 

the other, on-site presence and a good social program ensure interactions between lecturers, students and organizers. Having all this in 

mind, the success of these schools is not a coincidence. Their interdisciplinarity seems to rely on three factors: content, outreach and 

interactivity.  

In the last year, COVID19 has forced many of crystallographic schools and initiatives to undergo a digital transformation. Emergence 

of virtual schools has removed many restraints imposed by physical presence in real space: costs, time and geographical limitations, 

and recruitment of lecturers and speakers. However, it also opened up new questions. What are the needs of a modern 

researcher/crystallographer? Can crystallography get more interdisciplinary by adopting new fields, such as didactics, communications 

and economics? Can modern technology be used to enforce interdisciplinarity by improving interactivity, outreach and content?  

This presentation looks back to the past and then turns to the future in order to examine possible ways that could be taken to optimize 

content, outreach and interactivity in both real and virtual schools. Examples are focused on building and maintaining crystallographic 

communities and include use of social media, industry-academia collaborations, and online interaction tools.   
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From December 2010 till December 2020, I have been involved in over a dozen schools and short courses in different countries of 

Latin America where I -alone or as part of a group of Lecturers- have been teaching crystallographic symmetry and the International 

Tables for Crystallography Volume A: Space Group Symmetry (ITC-A). I was not new to teaching symmetry in 2010 since I have 

taught an undergraduate course of Crystallography for Chemists at my institution since 1995. However, the first of these international 

schools, and the one I have been involved in more times (the International School on Fundamental Crystallography with MaThCryst 

Commission [1]), has pushed me to teach symmetry in many other schools devoted to single crystals and/or powder X-rays and/or 

neutron diffraction, that have recently evolved to virtual schools (such as the 3rd LACA School on Small Molecule Crystallography 

[2]). This lecturing has allowed me to meet all sorts of students/researchers of very different backgrounds from most of the countries 

of the region, as well as interacting with many colleagues working in different areas of crystallography, solid-state physics/chemistry, 

and materials science. With the aim of improving the learnings of students over the years, I have tried to make systematic observations 

of the background, difficulties, and outcomes of participants in the different kinds of schools. It is significantly different to evaluate 

the outcome of learning symmetry in very different course formats having a total time of symmetry lectures of 40, 15, or 4 hours. 

Moreover, it could be argued that nobody could learn any significant concept about crystallographic symmetry in 4 hours. However, 

the need of students and users/practitioners of crystallography coming from different disciplines, of having at least the minimal 

rudimentary tools to deal with symmetry in everyday work makes it worth it. Figure 1 shows two extracts of the many evaluation 

forms I have collected in the last decade. In this presentation, I will show the main conclusions of the evaluations regarding the 

fundamental part of the courses, and more specifically symmetry and the ITC-A, and share some of the strategies I have developed to 

give students with common or varied background the best tools I consider could make a difference for their understanding of 

symmetry, even in the very unfavourable conditions of teaching 2 hours of theoretical and 2 hours practical sessions. Luckily this will 

help other colleagues improve their teaching work, as well as giving me feedback for my next 10 years of teaching symmetry. 

  

Figure 1. Extract of the evaluation by participant form of ISFC2010 [1] (left) and 3rd LACA School [2] (right). 

[1] https://www.crystallography.fr/mathcryst/meetings.php (scroll down to Schools in Latin America). 

[2] https://www.iquimica.unam.mx/LACA/  

Keywords: teaching; symmetry; Latin America; LACA  

I would like to acknowledge M.I. Aroyo and M. Nespolo from MaThCryst Commission and J. Ellena and H. Napolitano from LACA 
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years. I would finally want to dedicate this abstract to the memory of Prof. Dr. Graciela Punte from LANADI, Universidad Nacional 

de La Plata, Argentina for being an inspiring crystallographer and teacher and selflessly contributing to the current development of 

the Latin American and particularly the Uruguayan community of Crystallographers. 
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Resources to develop high impact skills in diffraction data collection and interpretation can be limited by facility access, expert 

availability, and the budgetary requirement to meet a critical mass of participants before it becomes practical to offer instruction. At 

the local level, shared resources between institutions, as well as curriculum approaches that incorporate scaffolding practices from first 

year general chemistry to senior undergraduate capstone courses, can be employed to equip trainees with skills in structural science.[1] 

Looking to the regional and (inter)national level, the Canadian National Committee for Crystallography (CNCC) [2] sponsors the 

annual Canadian Chemical Crystallography Workshop (CCCW) and the Canadian Powder Diffraction Workshop (CPDW), both 

which have now past their first decades of instruction. Several hundred trainees from Canada, and well beyond (for example, the US, 

UK, and Brazil) have participated in these opportunities.  

As a university instructor, the organizer for CCCW2019 – 2021, and an administrative supporter of CPDW, my presentation will 

highlight (1) the diversity of experiences that attendees have, (2) logistical aspects of organizing and teaching in these various 

ventures, with a look at the transition to remote delivery for CCCW2020 and 2021, amid the current pandemic, and (3) I will share 

some insights and results from past trainees whose research practices have been transformed as a result of these learning opportunities. 

[1] Gražulis, S., Sarjeant, A. A. Moeck, P., Stone-Sundberg, J., Snyder, T. J., Kaminsky, W., Oliver, A. G., Stern, C. L., Dawe, L. N., Rychkov, D. 

A., Losev, E. A., Boldyreva, E. V., Tanski, J. M., Bernstein, J., Rabeh, W. M. & Kantardjieff, K. A. (2015) Crystallographic Education in the 

21st Century. J. Appl. Crystallogr. 48, 1964. 

[2] Canadian National Committee for Crystallography: https://xtallography.ca/ 

Keywords: crystallography education; crystallography workshops; crystallography in Canada  
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Crystallography for all – Using the CSD to help promote interdisciplinarity in science 
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We are privileged in crystallography that every published crystal structure is shared through established databases and that scientists 

worldwide can gain new insights from these collections. The Cambridge Crystallographic Data Centre (CCDC) was set up to curate 

and distribute one of these databases, the Cambridge Structural Database (CSD), a resource containing over one million experimental 

crystal structures. 

As a non-profit organisation sharing data from crystallographers worldwide the CCDC has always had a keen interest in developing 

material to help others to use structural data to teach both chemical concepts and crystallography. More recently we have realised that 

we also need to use our position in the scientific community to engage students and researchers to help promote interdisciplinarity in 

research. 

This presentation will highlight some of our efforts to cultivate more interdisciplinarity in science from the establishment of new 

guidelines, partnerships, links and community initiatives. We will explore recent activities to engage scientists across research areas 

and ages through our involvement in a variety of schools, workshops and science festivals globally. We will also share our 

experiences in creating more virtual resources including a new series of CCDC virtual workshops and on-demand training courses 

through CSD University. 

Finally, we will reflect on some of the challenges we have faced, what we have learnt from our experiences and look at what more 

could be done to increase interdisciplinarity in science. 

Keywords: Education, interdisciplinarity, CSD, Data, Training 
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"Enhanced peer review" - rebuilding early SARS-CoV-2 structures in ISOLDE 

Tristan Ian Croll 

University of Cambridge, Cambridge, United Kingdom 

tic20@cam.ac.uk 

The first few months of the SARS-CoV-2 pandemic illustrated, in many ways, the level of maturity and essential nature of modern 

structural biology. The outbreak was given official pandemic status on 11 Feb 2020 - six days after the release of the first crystal 

structure of the main protease; the first cryo-EM structure of the spike protein was released just two weeks later. These were the first 

of a flood of new structures - most, in a strong break with tradition, released well before the associated manuscripts. This, combined 

with the recent decision by the worldwide Protein Data Bank to allow re-versioning of submitted structures by the authors, allowed for 

an almost unprecedented scenario: while the experimentalists worked to get these critically important structures solved as quickly as 

possible, specialists in model building and refinement could check and (where necessary) improve their models, returning the results 

to the original authors often before their papers were ever published. 

In this talk I will discuss some of my observations arising from inspecting and rebuilding some three dozen early SARS-CoV-2 and 

SARS-CoV-1 structures. In a great many respects, the remarkable improvement in the rate of modelling errors between SARS-CoV-1 

and -2 structures shows just how far the field has come. However, the devil is in the details, and various classes of repeated errors in 

the modern structures point to the need for further improvement in model-building and validation methods. 

Keywords: macromolecular model building, SARS-CoV-2, molecular dynamics 
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The Protein Data Bank (PDB) [1] was established as the first open-access digital data resource in biology in 1971 with just seven X-

ray crystallographic structures of proteins. Today, the single global archive houses more than 177,000 experimentally determined 3D 

structures of biological macromolecules that are made freely available to millions of users worldwide with no limitations on usage. 

This information facilitates basic and applied research and education across the sciences, impacting fundamental biology, 

biomedicine, biotechnology, bioengineering, and energy sciences. The PDB archive is managed jointly by the Worldwide Protein Data 

Bank [2-3] (wwPDB, wwpdb.org) which is committed to making PDB data Findable-Accessible-Interoperable–Reusable (FAIR) [4].  

To ensure the highest quality structure data, the wwPDB OneDep system for structure deposition [5], validation [6], and biocuration 

[7] (deposit.wwpdb.org) provides enhanced validation reports. During 2019-2020, wwPDB implemented depositor-initiated 

coordinate versioning that enables the Depositor of Record (or Principal Investigator) to replace previously released x,y,z atomic 

coordinates without obsoleting the original PDB entry or changing the PDB ID. This feature was developed in response to feedback 

from PDB depositors, who were reluctant to update their structures because the newly issued PDB ID would differ from that reported 

in original structure publication. We thank all of many PDB depositors, who have proactively corrected their structures using the new 

versioning feature within OneDep. To date, more than 200 PDB structures have been updated with newly versioned atomic 

coordinates.   

Since the early days of the COVID-19 pandemic, PDB data have informed our understanding of SARS-CoV-2 protein structure, 

function, and evolution, and facilitated structure-guided discovery and development of anti-coronaviral drugs, vaccines, and 

neutralizing monoclonal antibodies. More than 1,000 SARS-CoV-2 related protein structures are now freely available from the PDB, 

reflecting enormous efforts made by the structural biology community in fighting the pandemic. Occasionally, rapid PDB data 

deposition and publication of coronavirus structural studies driven by an understandable sense of urgency has resulted in public 

release of PDB structures containing minor errors. The wwPDB coordinate versioning feature described above has enabled rapid 

correction of SARS-CoV-2 related structures archived in the PDB.   

The wwPDB strongly encourages PDB depositors to update structures as needed using OneDep. Doing so will improve the quality of 

data stored in the archive, while preserving original PDB IDs and maintaining connections to the scientific literature. 

 

[1] Protein Data Bank. (1971). Crystallography: Protein Data Bank. Nature (London), New Biol. 233:223-223. 

[2] Berman, H., Henrick, K., Nakamura, H. (2003). Announcing the worldwide protein data bank. Nat Struct Biol. 10:980. 

[3] wwPDB consortium. (2019). Protein Data Bank: The single global archive for 3d macromolecular structure data. Nucleic Acids Res. 47:D520-

D528. 

[4] Wilkinson, MD, Dumontier, M, Aalbersberg, IJ, Appleton, G, Axton, M, Baak, A, Blomberg, N, Boiten, JW, da Silva Santos, LB, Bourne, PE, et 

al. (2016). The FAIR guiding principles for scientific data management and stewardship. Sci Data. 3:1-9 

[5] Young, J. Y., Westbrook, J. D., Feng, Z., Sala, R., Peisach, E., Oldfield, T. J., Sen, S., Gutmanas, A., Armstrong, D. R., Berrisford, J. M., et al. 

(2017). OneDep: Unified wwpdb system for deposition, biocuration, and validation of macromolecular structures in the pdb archive. 

Structure. 25:536-545. 

[6] Gore, S., Sanz Garcia, E., Hendrickx, P. M. S., Gutmanas, A., Westbrook, J. D., Yang, H., Feng, Z., Baskaran, K., Berrisford, J. M., Hudson, B. 

P., et al. (2017). Validation of structures in the protein data bank. Structure. 25:1916-1927. 

[7] Young, J. Y., Westbrook, J. D., Feng, Z., Peisach, E., Persikova, I., Sala, R., Sen, S., Berrisford, J. M., Swaminathan, G. J., Oldfield, T. J., et al. 

(2018). Worldwide protein data bank biocuration supporting open access to high-quality 3d structural biology data. Database. 2018:bay002. 

Keywords: Protein Data Bank; PDB; worldwide Protein Data Bank; structure data quality; biocuration; validation; OneDep; 
structure biology; macromolecular structure 
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COVID-19, caused by SARS-CoV-2, is a global health and economic catastrophe. The viral main protease (Mpro) is indispensable for 

SARS-CoV-2 replication and thus is an important target for small-molecule antivirals. Computer-assisted and structure-guided drug 

design strategies rely on atomic scale understanding of the target biomacromolecule traditionally derived from X-ray crystallographic 

data collected at cryogenic temperatures. Conventional protein X-ray crystallography is limited by possible cryo-artifacts and its 

inability to locate the functional hydrogen atoms crucial for understanding chemistry occurring in enzyme active sites. Neutrons are an 

ideal probe to observe the protonation states of ionizable amino acids at near-physiological temperature, directly determining their 

electric charges – crucial information for drug design. Our X-ray crystal structures of Mpro collected at near-physiological 

temperatures brought rapid insights into the reactivity of the catalytic cysteine, malleability of the active site, and binding modes with 

clinical protease inhibitors. The neutron crystal structures of ligand-free and inhibitor-bound Mpro were determined allowing the direct 

observation of protonation states of all residues in a coronavirus protein for the first time. At rest, the catalytic Cys-His dyad exists in 

the reactive zwitterionic state, with both Cys145 and His41 charged, instead of the anticipated neutral state. Covalent inhibitor binding 

results in modulation of the protonation states, retaining the overall electric charge of the Mpro active site cavity. In addition, high-

throughput virtual screening in conjunction with in vitro assays identified a lead non-covalent compound with micromolar affinity, 

which is being used to design novel Mpro inhibitors. Our research is providing real-time data for atomistic design and discovery of Mpro 

inhibitors to combat the COVID-19 pandemic and prepare for future threats from pathogenic coronaviruses. 

Keywords: SARS-CoV-2, main protease, neutron crystallography, protonation states, drug design. 
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The COVID-19 pandemic, instigated by the SARS-CoV-2 coronavirus, continues to plague the globe.  The SARS-CoV-2 main 

protease, or Mpro, is a promising target for development of novel antiviral therapeutics.  Previous X-ray crystal structures of Mpro were 

obtained at cryogenic temperature or room temperature only.  Here we report a series of high-resolution crystal structures of 

unliganded Mpro across multiple temperatures from cryogenic to physiological, and another at high humidity.  We interrogate these 

datasets with parsimonious multiconformer models, multi-copy ensemble models, and isomorphous difference density maps.  Our 

analysis reveals a temperature-dependent conformational landscape for Mpro, including a mobile water interleaved between the 

catalytic dyad, mercurial conformational heterogeneity in a key substrate-binding loop, and a far-reaching intramolecular network 

bridging the active site and dimer interface.  Our results may inspire new strategies for antiviral drug development to counter-punch 

COVID-19 and combat future coronavirus pandemics. 

 

Figure 1. Conformational variability in SARS-CoV-2 Mpro as a function of temperature.  Left: Heatmap of global Cα atom root-mean-

square deviation (RMSD) between pairs of structures, revealing temperature-dependent clustering.  Right: Cartoon putty 

representation of local root-mean-square fluctuations (RMSF) among all structures, highlighting flexibility not only at the active site 

but also elsewhere in the enzyme. 

Keywords: SARS-CoV-2, X-ray crystallography, multitemperature crystallography, protein structure, protein flexibility 
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Technological developments and growing interests in the study of cellular assemblies have led cryo-EM as a powerful technique to 

solve the three-dimensional structures of macromolecular complexes. More than 450 structures of molecular complexes from SARS-

CoV-2 have been solved using cryo-EM and the structures have been crucial to understand molecular details behind the viral infection 

and development of drug molecules and vaccines. Given that majority of the cryo-EM reconstructions are solved at resolutions worse 

than 2.5Å and often the local resolution within the map varies considerably, atomic model validation is crucial to identify errors and 

less reliable areas of the model.  

Here, we present the database CoVal, which is a repository of amino acid replacement mutations identified in the SARS-CoV-2 

genome sequences, mapped onto protein structures from cryo-EM and X-ray crystallography. We provide information on the 

demographic distribution of these mutations, along with details on co-occuring mutations. CoVal gives easy access to mutation sites 

mapped to known structures with multiple metrics on the quality of the structure and agreement with experimental data. We also 

provide validation scores for the local quality of mutation site(s) and their structural neighbors. The database is freely accessible at: 

https://coval.ccpem.ac.uk. We also discuss tools for atomic model validation in the CCP-EM software suite [1] and results from the 

validation analysis of cryo-EM structures from SARS-CoV-2. 

[1] Burnley, T., Palmer, M. C., Winn, M. (2017). Acta Cryst. D. 73, 469-477. 

Keywords: cryo-EM; SARS-CoV-2; model validation; mutations 
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Semiconductor nanowires have mostly been synthesized from conventional three dimensional (3D) crystalline materials. Layered 

crystals, in which covalently bonded sheets are held together by weaker van der Waals forces, have emerged as a class of materials 

with extraordinary properties not found in 3D crystals. Shaping layered materials into nanowires could open up new, tunable 

structural, optoelectronic, and electronic transport/device characteristics. 

Here, we discuss the realization of this vision, namely the synthesis and emerging properties of van der Waals nanowires of layered 

crystals, formed by combining the concepts of vapor-liquid-solid (VLS) growth and van der Waals epitaxy. We demonstrate the 

possibility of forming nanowires of germanium (II) sulfide (GeS), a 2D/layered chalcogenide semiconductorwith anisotropic structure 

[1], by a VLS process [2]. High-quality van der Waals nanowires crystallize with layering along the wire axis and show bright, size 

dependent band-edge luminescence [3], [4]. A strong propensity for forming screw dislocations, often found for layered crystals [4], 

introduces extraordinary properties without analogues in 3D-crystalline nanowires. Eshelby twist, induced by a torque on the ends of a 

cylindrical solid due to the stress field of an axial dislocation, causes a chiral structure of the layered nanowires and leads to 

spontaneous, size-tunable twist moiré patterns between the van der Waals layers along the wires. Using tailored growth protocols 

complex structures can be obtained that are impossible to realize in planar van der Waals stacks, including homojunctions between 

twisted (dislocated) and ordinary layered (dislocation-free) segments as well as continuously variable Eshelby twist translating into a 

seamless progression of helical moiré patterns [5]. Combined electron diffraction and local (nanometer-scale) optoelectronic 

measurements using cathodoluminescence and electron-energy loss spectroscopy show the correlation between the interlayer twist and 

locally excited light emission/optical absorption that is due to progressive changes in the lattice orientation and in the interlayer moiré 

registry along the nanowires. These findings demonstrate an avenue for the scalable fabrication of van der Waals structures with 

defined twist angles for the emerging field of twistronics, in which interlayer moiré patterns are realized along a helical path on a 

nanowire instead of a planar interface. 

[1] E. Sutter, B. Zhang, M. Sun, P. Sutter, ACS Nano 13, 9352 (2019). 

[2] E. Sutter, P. Sutter, ACS Applied Nano Materials 1, 1042 (2018). 

[3] P. Sutter, C. Argyropoulos, E. Sutter, Nano Letters 18, 4576 (2018). 

[4] P. Sutter, S. Wimer, E. Sutter, Nature 570, 354 (2019). 

[5] P. Sutter, J.-C. Idrobo, and E. Sutter, Adv. Funct. Mater. 31, 2006412 (2021). 
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Over the last decade, the discovery of graphene has triggered a new paradigm of two-dimensional (2D) crystal materials. They are 

characterized by a periodic network structure and topographical thickness at the atomic/molecular level, enabling the investigation of 

fundamental exotic physical and chemical properties down to a single-layer nanosheet. Thereby, robust technologies and industrial 

applications, ranging from electronics and optoelectronics to energy storage, energy conversion, membranes, sensors, and 

biomedicine, have been inspired by the discovery and exploration of such new materials. 

In contrast to the tremendous efforts dedicated to the exploration of graphene and inorganic 2D crystals such as metal dichalcogenides, 

boron nitride, black phosphorus, metal oxides, and nitrides, there has been much less development in organic 2D crystalline materials, 

including the bottom-up organic/polymer synthesis of graphene nanoribbons, 2D metal-organic frameworks, 2D 

polymers/supramolecular polymers, as well as the supramolecular approach to 2D organic nanostructures. One of the central chemical 

challenges is to realize a controlled polymerization in two distinct dimensions under thermodynamic/kinetic control in solution and at 

the surface/interface. In this talk, we will present our recent efforts in bottom-up synthetic approaches towards novel organic 2D 

crystals with structural control at the atomic/molecular level and beyond. We will introduce a surfactant-monolayer assisted interfacial 

synthesis (SMAIS) method that is highly efficient to promote supramolecular assembly of precursor monomers on the water surface 

and subsequent 2D polymerization in a controlled manner. 2D conjugated polymers and coordination polymers belong to such 

materials classes. The unique structures with possible tailoring of conjugated building blocks and conjugation lengths, tunable pore 

sizes and thicknesses, as well as impressive electronic structures, make them highly promising for a range of applications in 

electronics and spintronics. Other application potential of organic 2D crystals, such as in membranes, will also be discussed. 

Chem. Commun. 2009, 6919; Adv. Mater. 2015, 27, 403; Angew. Chem. Int. Ed. 2015, 54, 12058; J. Am. Chem. Soc. 2015, 137, 14525; Nature 

Comm. 2015, 6, 8817; Nature Comm. 2016, 7, 13461; Polym. Chem. 2016, 7, 4176; Angew. Chem. Int. Ed. 2017, 56, 3920; Chem. Rev. 2018, 118, 

6189; Nature Comm. 2018, 9, 1140; Nature Comm. 2018, 9, 2637; Nature Mater. 2018, 17, 1027; Angew. Chem. Int. Ed. 2018, 130, 13942; Nature 

Comm. 2019, 10, 3260; Nature Chem. 2019, 11, 994; Nature Comm. 2019, 10, 4225; Nature Comm. 2020, 11, 1409; J. Am. Chem. Soc. 2020, 142, 

12903; Angew. Chem. Int. Ed. 2020, 59, 8218; Angew. Chem. Int. Ed. 2020, 59, 6028; Angew. Chem. Int. Ed. 2020, 59, 23620; Science Adv. 2020, 6, 

eabb5976; Nature Mater. 2021, 20, 122; Chem. Soc. Rev. 2021, 50, 2764; Angew. Chem. Int. Ed. 2021, 60, 13859. 

Keywords: graphene; 2D crystals; organic crystalline materials; SMAIS method; controlled polymerization; 2D conjugated 
polymers 
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Single crystals of lead-free organic-inorganic 2D (BA)2CsAgBiBr7 with double perovskite structure (monoclinic, P21/m) exhibit a 

significant potential for X-ray sensing [1]. This stems from their heavy elements constituting the perovskite octahedral network that is 

in an alternating arrangement with the barrier layer of organic BA+ cations, consequently producing desirable electrical properties. In 

this study, several yellow-coloured single crystals of (BA)2CsAgBiBr7 were grown from a low-temperature solution [2]. All crystals 

are characterised by growth/dissolution features and defects (Figure 1). The phase purity and crystallinity of all samples have been 

verified from the powder XRD data. High ordering of Ag+ and Bi3+ octahedra cations is apparent from the XRD patterns for single 

crystals, which depict peaks arising from the {001} plane.  

Results from electrical characterisation of the single crystals of (BA)2CsAgBiBr7 reveal high resistivity (1011 cm) and low density of 

trap states (1011-1012 cm-3), which are comparable to those published in literature [1]. This implies that the samples synthesised in this 

study also satisfy requirements for radiation sensors. 

 

Figure 1. The top crystal surface of the sample (BA)2CsAgBiBr7_Exp1 (top right corner, 4 x 4 x 0.75 mm3) is characterised by 

irregular growth /dissolution features (image on the left made in reflected light, 100 m scale bar) and defects such as twinning planes 

at 90o (image on the right made in transmitted light). 

 

[1] Xu, Z., Liu, X., Li, Y., Liu, X., Yang, T., Ji, C., Han, S., Xu, Y., Luo, J., & Sun, Z. (2019). Angew. Chem. Int. Ed. 58, 15757. 

[2] Connor, B. A., Leppert, L., Smith, M. D., Neaton, J.B., & Karunadasa, H. I. (2018). J. Am. Chem. Soc. 140, 5235. 
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 Functional devices such as sensors, actuators or micro-electromechanical systems (MEMS) are obtained through a large variety of 

microfabrication processes, many of whom affect the structure and microstructure of materials because of the introduction of stress, 

strain, crystalline defects and volume-cracks. The materials degradation originated by these effects may translate into a lack of 

performance and reliability of the final devices. Indeed, in the frame of the microfabrication industry, controlling the structure of 

materials at the micrometer and nanometer scale represents a fundamental objective toward the optimization of the microfabrication 

process itself and achievement of improved devices' performance and lifetime.   

In this work, we studied the influence of an innovative wafer bonding process, namely Impulse Current Bonding (ICB), in principle 

enabling low-temperature bonding between a wide class of materials, on the degradation of SCSi, SC-sapphire and borosilicate glass 

structures and crystallinity. A comprehensive frame of the microstructural deterioration at different size scales is obtained by a 

correlative approach between high-resolution X-ray diffraction (HRXRD)[1-2] and X-ray micro-computed tomography (CT). In 

particular, micro CT revealed the formation of large cracks with thickness in the order of tens of microns generated to release the high 

stress at the bonding interface. In parallel, strain and tilt affecting the SCSi crystallinity due to the presence of defects at the nanoscale 

dimension are revealed by HRXRD methods, such as the mapping of the reciprocal space (RSM), radial scans (i.e., 2θ/θ) and angular 

scans (i.e., ω-scans or rocking curves) of symmetrical and asymmetrical reflections. The residual stress after the bonding process is 

also calculated from the in-plane and out-of-plane X-ray strain. The effectiveness and strength of the bonding are also assessed by our 

approach and compared to the conventional wafer bonding technologies, i.e., the anodic bonding.  

We aim to present here a unique approach to the evaluation of the structural and crystalline degradation of materials involved in wafer 

bonding microfabrication processes.  The combination of X-ray micro CT with HRXRD enables a holistic evaluation of the bonding 

between SCSi, sapphire and borosilicate glass wafers achieved exploiting an innovative low-temperature process, namely ICB. This 

allows the correlation between the micrometer scale and volumetric defect detection (voids and cracks) with atomic-level strain and 

defect analysis.  

  

Figure 1. Distribution of the scattering vector module in the reciprocal space: (a) RSM around the symmetrical Si(111) lattice point of 

SCSi bonded with SC-sapphire; (b) RSM around the asymmetrical Si(113) of SCSi bonded with borosilicate glass. (c) X-ray micro CT 

image of cracks and voids at the bonding interface between SCSi and sapphire: Si in yellow, sapphire transparent.  

[1] A. Schifferle, A. Dommann, and A. Neels, (2017) Science and Technology of Advanced Materials 18, no. 1, 219–230.  

[2] A. Neels et al., (2010), 11th international Workshop on Stress-Induced Phenomena in Metallization, 114–119  

Keywords: HRXRD, X-ray micro CT, wafer bonding, microfabrication, Impulse Current Bonding (ICB)  
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The interest in layered and multi-layered materials such as graphene and van der Waals crystals, e.g. the transition metal 

dichalcogenide crystal family, is constantly growing owing to their interesting properties and possible technological applications. The 

symmetry of single monolayers can be described by the so-called layer groups, which are three-dimensional crystallographic groups 

with two-dimensional translations. Due to the arising interest in these type of materials, new programs dedicated to the study of 

materials with layer and multilayer symmetry have been developed and implemented in the Bilbao Crystallographic Server 

(www.cryst.ehu.es) [1,2]. The server is in constant improvement and development, offering free of charge tools to study an 

increasingly number of crystallographic systems which now also includes the ones with layer symmetry.  

The section dedicated to Subperiodic groups in the Bilbao Crystallographic Server gives access to the layer groups databases which 

contains the basic crystallographic information of the 80 layer groups (generators, general positions, Wyckoff positions and maximal 

subgroups) [3] and the Brillouin zone and k-vectors tables that form the background and classification of the irreducible 

representations of layer groups which can be calculated with one of the programs available in the server. More sophisticated programs 

to identify the layer symmetry of periodic sections and to describe the electronic structure and surface states of crystals [4] are also 

available. The symmetry relations between the localized state (atomic displacements) and extended states (phonon, electrons) over the 

entire Brillouin zone can also be calculated. The utility of the available applications will be demonstrated by illustrative examples. 

[1] Aroyo, M. I., Perez-Mato, J. M., Capillas, C., Kroumova, E., Ivantschev, S., Madariaga, G., Kirov, A. & Wondratschek H. (2006). Z. Krist. 221, 

15-27. 

[2] Aroyo, M. I., Perez-Mato, J. M., Orobengoa, D., Tasci, E., de la Flor, G. & Kirov A (2011). Bulg. Chem. Commun. 43(2), 183-197. 

[3] International Tables for Crystallography Vol. E: Subperiodic-Groups (2002), edited by Kopský and D.B. Litvin. Dordrecht: Kluwer Academic 

Publischers. 

[4] de la Flor, G., Orobengoa, D., Evarestov, R. A., Kitaev, Y. E., Tasci,  E. & Aroyo M. I. (2019). J. Appl. Cryst. 52, 1214-1221 

Keywords: Bilbao Crystallographic Server, symmetry, layer groups, layer and multilayer materials 
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Glutathione peroxidase (GPX) [1] is a selenoenzyme containing multiple selenocysteine units in its active site. It catalyses the 

reduction of harmful peroxides, thus protecting cells from oxidative stress. High concentrations of active peroxides results in an 

alternative path of the catalytic cycle of GPX, where selenenic acid residues (R–SeOH) undergo oxidation to the corresponding 

seleninic (R–SeO2H) and selenonic acids (R-SeO3H). In general, synthetic seleninic acids and their sulfurated analogues sulfinic acids 

(R-SO2H) have been reported as key component in redox regulation [2], exerting in some cases a surprising anticancer activity [3].  

The reactivity of these moieties may be related to the electrophilic behaviour of selenium and, to a lesser extent, of sulphur. The 

propensity of an electron rich atom to act as an electrophile is related to the presence of regions of positive electrostatic potential (σ-

holes) on its surface, located on the back-end of the covalent bonds formed by the considered atom. σ-hole interactions are named 

from the group of the periodic table to which the element behaving as an electrophile belongs; based on this, interactions given by 

atoms of group 16 are dubbed as Chalcogen Bonds (ChB) [4]. 

Here, we report the controlled oxidation of L-selenocystine (C6H12N2O4Se2) in selenocysteine seleninic acid, which is a simple mimic 

of GPX activity. This compound was isolated and single crystals suitable for X-ray diffraction allowed to an insight at the atomic level 

of the electrophilic behaviour of selenium. This crystal structure suggests the possible involvement of ChB in the redox regulation 

activity of the seleninic acid moiety. A survey of the Cambridge Structural Database (CSD) and some computational studies on a 

small library of these class of compounds may confirm the propensity of seleninic (and sulfinic) acids to act as ChB donors. 

 

Figure 1. The three ChBs formed by selenocysteine seleninic acid. Color code: carbon, grey; oxygen, red; nitrogen, violet; sulphur, 

orange; hydrogen, white. ChBs are depicted as light blue dashed lines. 

 

[1] Margis, R., Dunand, C., Teixeira, F. K., Margis-Pinheiro, M. (2008). FEBS J.. 275, 3959. 

[2] Jeong, W., Park, S., Chang, T., Lee, D., Rhee, S. (2006). J. Biol. Chem. 281, 14400. 

[3] Shen, H., Ding, W., Ong, C.(2002). Free Radic. Biol. Med. 33, 552.  

[4] Aakeroy, C. B., Bryce, D. L., Desiraju, G. R., Frontera, A., Legon, A. C., Nicotra, F., Rissanen, K., Scheiner, S., Terraneo, G., Metrangolo, P., 

Resnati, G. (2019). Pure Appl. Chem., 91, 1889. 

Keywords: Selenocistinic acid, Chalcogen Bond, Glutathione peroxidase 
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The decomposition of the crystal contacts on the Hirshfeld surface between pairs of interacting chemical species enables to derive a 

contact enrichment ratio [1,2,3]. This descriptor yields information on the propensity of chemical species to interact with themselves 

and other species. The enrichment ratio is obtained by comparing the actual and equiprobable contacts. H∙∙∙N, H∙∙∙O and H∙∙∙S as well 

as weak H∙∙∙halogen hydrogen bonds appear generally more or less enriched, depending on the context. Larges series of molecules 

made of a set of chemical groups and retrieved from the Cambridge Structural Database can be investigated to find trends in the 

propensity of interactions to form.  

The electrostatic energy of between atoms in contact was also computed using a multipolar atom model after electron density database 

transfer. The mean energy values of different contact types between multipolar pseudoatoms were compared statistically to the contact 

enrichment ratios. 

The analyses suggest that hydrogen bonds are often the most enriched and attractive interactions and are therefore a driving force in 

the crystal packing formation for organic molecules. The methodology also enables to compare different types of hydrogen bonds 

which are in competition within a crystal packing. The behavior of weaker interactions such as halogen bonds is less contrasted. The 

methodology is a way to rank the occurrence of given synthons and the impact in crystal engineering will be discussed. 

 

 

 

 

Figure 1. 

Scatterplot of average electrostatic energy vs average contact 

enrichment ratio for 79 amide hydrocarbon molecules. 

Horizontal error bars correspond to the sample standard 

deviation of enrichment divided by 5. 

[1] Jelsch, C. & Bibila Mayaya Bisseyou Y., IUCrJ 2017, 4, 158. 

[2] Jelsch, C., Soudani, S. & Ben Nasr C.  IUCr J. 2015, 2, 327. 

[3] Jelsch, C., Ejsmont, K. & Huder, L. IUCr J. 2014, 1, 119. 

[1] Margilies, L., Kramer, M. J., McCallum, R. W., Kycia, S., Haeffner, D. R., Lang, J. C. & Goldman, A. I. (1999). Rev. Sci. Instrum. 70, 3554. 

Keywords: atomic interactions; crystal packing ; multipolar atom model ; halogen bond 
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The tenoxicam (4-hydroxy-2-methyl-N-2-pyridyl-2H-thieno(2,3-e)-1,2-thiazine-3-carboxamide 1,1-dioxide), is a non-steroidal anti-

inflammatory drug (NSAID), member of oxicam family, widely used in the treatment of osteoporosis. Tenoxicam (TXM) could be 

present in the β-keto-enolic form (BKE) or β-diketone (BDK) and in a zwitterionic form (ZWC) (Figure 1). However, in solid form 

(more than 20 different compounds including polymorphic modifications, co-crystals, and solvates) [1 and present work] TXM has 

predominantly found in the zwitterionic form (ZWC). While in a dissolved form, keto-enolic equilibrium is observed since recorded 

by us experimental absorption and fluorescence spectra for various TXM solutions show presence two forms of TXM (called A and B) 

in solvents with high polarity and only A form of TNX in low polar solvents (cyclohexane, toluene, chloroform, dioxane). This led us 

to think about the possibility to obtain solid forms of tenoxicam contain it in BKE or BDK form. 

Figure 1 TXM molecular structures of three different forms: zwitterionic (ZWC), left; β-keto-enolic (BKE), center; β-diketone 

(BDK), right. Structural differences between forms are highlighted by red. 
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A set of NMR measurements using various 1D- and 2D- techniques were used to assign which of TXM keto-enolic form (see Figure 

1) belong to the A and B forms observed in a liquid environment. As a result, form A observed by optical methods assigns to BKE 

form and the form B – to ZWC. 1H NMR spectra of tenoxicam in CDCl3 detected at various temperatures from -55 to 25 °C show 

almost 100% TXM in form of BKE at 25 °C and almost 100% TXM in ZWC form at -55°C. 

Taking into account optical and NMR data about the domination of BKE form in low polar solvents at room temperature, we tried to 

obtain solid forms of TNX containing TXM in BKE form by its crystallization from cyclohexane, toluene, dioxane, and chloroform. 

These experiments showed no crystal phase from cyclohexane and powder of TXM polymorph I from dioxane and toluene. 

Crystallization from chloroform gave single crystals of three different solvates so called TXM-CHCl3-I (grow up at room 

temperature), TXM-CHCl3-II (grow up at -18°C) and TXM-CHCl3-III (grow up at -18°C). But in all these solvates TXM presents in 

ZWC form. 

For understanding why TNX exists in BKE form in solution, but crystallize in ZWC form, DFT calculations in vacuo were made. It 

shows that BKE to be the most thermodynamically stable form, ZWC is less stable and BDK is the least stable (ΔG between BKE and 

these two forms of 2.20 kcal/mol and 12.49 kcal/mol, respectively). But BKE form is characterized by a large twist between A 2-

pyridyl ring and TXM backbone with respect to almost flat ZWC form. Planarization of BKE form diminishes the energy difference 

between flatten BKE and ZWC forms almost to 0.15 kcal/mol that indicates a presence of another thin interaction within TXM 

molecule predisposing it to crystallization in ZWC form. This thin interaction was showed to be S-bond between thiophenil ring and 

carbonyl oxygen according to the analysis of intramolecular interactions within natural bond orbital theory [4]. This S-bond is 

significantly stronger for ZWC form as compared with flatten BKE form and it should be considered as the driving force of TXM 

crystallization 
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Halogen bonding (XB) interactions are defined as those involving electrophilic sites (-holes) associated to a covalently bonded atom 

of group-17 with nucleophilic sites from either the same or a different molecule1. These -hole regions are expected to exhibit along 

the extension of covalent bonds and can be finely tuned by the electronic nature of substituents in the molecule bearing the halogen 

atom. 

In a previous study involving donor-acceptor complexes, we have succeeded to co-crystallize iodine substituted imide derivatives with 

pyridine derivatives. In these systems, we have pointed out a strong halogen bonding motif where the halogen atom is significantly 

shifted towards the acceptor moiety. For one of them, which is leading to an ionic crystal rather than a co-crystal2, an electrostatic 

secondary interaction of C=O-···I + type has been discussed as one of the reasons behind such a halogen atom shift towards the 

acceptor. In our work, we are actually investigating the evolution of such XB interactions in an organic binary adduct composed of N-

Iodosaccharin and Pyridine (NISac.Py) via X-ray diffraction experiments under pressure. These experiments were undertaken with a 

Membrane Diamond Anvil Cell (MDAC) under external pressure ranging from 0 GPa to 4.5 GPa, by using an in-house set-up (with 

the in-situ measurement of pressure from time to time) developed in our laboratory and adapted to the diffractometer (Bruker D8 

venture) that was used to collect high-pressure X-ray diffraction data.  

 

Fig. 1: (a) [Nsac-I···N’py] motif in NISac.Py at ambient conditions (b) MDAC installed in in-house set-up for the in-situ measurement of pressure by 

ruby luminescence (c) molecular shell generated around the central molecule in a radius of 3.8 Å for analysis of intermolecular interactions at 0 GPa. 

Aiming to analyse the influence of the molecular environment on the XB motif of NISac.Py, X-ray diffraction studies have permitted 

to follow the evolving behaviour of the Nsac-I···N’py interactions as a function of pressure, which results in the shifting of the halogen 

atom position between donor and acceptor moieties. This trend might be linked to a potential change of state from co-crystal to ionic 

crystal form under pressure. The study also opens up an opportunity to understand the modification of secondary interactions as a 

function of pressure. Another interesting finding resulting from this work is the occurrence of a mechanical twinning and its behaviour 

as a function of pressure, which is analysed in detail. Periodic theoretical calculations were also carried out by applying isotropic 

external pressures. They were followed by the analyses of the Equation of State (EOS), molecular environments and non-covalent 

interactions, all of them showing good agreements with experimental results. In summary, this work illustrates the possibility of 

working with pressure as another thermodynamic variable that permits to alter weak intermolecular interactions and therefore to 

explore phase transformation or polymorphic phases in other donor-acceptor systems formed by similar interactions. 

 [1] Cavallo, G., Metrangolo, P., Milani, R., Pilati, T., Priimagi, A., Resnati, G. & Terraneo, G. (2016). Chem. Rev. 116, 2478–2601. 

 [2] Makhotkina, O., Lieffrig, J., Jeannin, O., Fourmigué, M., Aubert, E. & Espinosa, E. (2015). Cryst. Growth Des. 15, 3464–3473.         
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Controlling supramolecular synthetic output, with the aim to achieve targeted macroscopic properties, is the main goal of crystal 

engineering.[1] Mechanical flexibility, as one of the highly desired properties of functional materials, has recently become a feature of 

a growing number of crystalline compounds.[2-5] Plastic deformation, together with elastic response, is frequently observed among 

organic molecular crystals,[3] but quite rarely noticed among crystalline metal-organic compounds.[4,5] Since the introduction of 

metal cations to organic systems allow us to achieve specific properties such as magnetic and electric ones, and therefore opens a wide 

range of possible applications, it is clear that there is a need for determining structural requirements that need to be fulfilled to equip 

metal-organic crystals with mechanical flexibility.   

Recently, it was shown that cadmium(II) coordination polymers equipped with halopyrazine ligands adaptably respond to applied 

external stimuli, displaying elastic flexibility.[5] It was observed that introducing a slight structural changes, simply by exchanging 

bridging halide anion or halogen atom on halopyrazine ligand, changes the extent of elastic response significantly, while the 

quantification of their mechanical behaviour clearly showed that they can be categorized into three main subgroups, highly, 

moderately and slightly elastic. To get an invaluable insight into the phenomenon, we decided to systematically examine similar 

classes of coordination polymers by introducing slight structural differences through the exchange of supramolecular functionalities 

only. Herein we opted for pyridine-based ligands decorated with cyano functionality to explore their impact on macroscopic 

mechanical output. It was determined that the position of cyano group on pyridine ring, as well as used bridging halide anion, dictate 

the nature and extent of mechanical response. For crystals that displayed elastic behaviour, the responses were quantified and 

correlated with structural features, primarily the strength and geometry of supramolecular interactions, and compared with the 

mechanical behaviour of similar metal-containing systems.  

  

[1] Desiraju, G. R. (2007) Angew. Chem. Int. Ed. 46, 8342.  

[2] Commins, P., Tilahun Desta, I., Prasad Karothu, D., Panda, M. K., Naumov, P. (2016) Chem. Commun. 52, 13941.  

[3] Saha, S., Mishra, M. K., Reddy, C. M., Desiraju, G. R. (2017) Acc. Chem. Res. 51, 2957.  

[4] Worthy, A., Grosjean, A., Pfrunder, M. C., Xu, Y., Yan, C., Edwards, G., Clegg, J. K., McMurtrie, J. C. (2018) Nat. Chem. 10, 65.  

[5] Đaković, M., Borovina, M., Pisačić, M., Aakeröy, C. B., Soldin, Ž., Kukovec, B.-M., Kodrin, I. (2018) Angew. Chem. Int. Ed. 57, 14801.  
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Strong intermolecular interactions serve as vital tools in cocrystal assembly. Halogen bonding (XB) [1], a highly directional 

interaction, is most often observed between a halogen-atom donor and electron-rich acceptors, such as oxygen or nitrogen. However, 

XBs can also be used for the organization of arenes in the solid state through interactions with aromatic -systems, as previously 

explored in the dichroic and pleochroic cocrystals of naphthalene or azulene, respectively. [2] 

This presentation will outline our study of XB cocrystal structures containing various polycyclic aromatic hydrocarbons (PAHs), and 

evaluate the reliability of halogen bonding to carbon as an overlooked tool for crystal engineering.  

[1] Christopherson, J. C.; Topić, F.; Barrett, C. J.; Friščić, T. (2018). Crystal Growth & Design, 18, 1245-1259. 

[2] Vainauskas, J.; Topić, F.; Bushuyev, O. S.; Barrett, C. J.; Friščić, T. (2020) Chemical Communications 56, 15145-15148. 

Keywords: Halogen bonding; cocrystal; polycyclic aromatic hydrocarbons 
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The hybrid inorganic–organic material [(CH3)2NH2]2NiCl4 was reported to exhibit a remarkable thermochromism. [1] The color of this 

compound rapidly changes from deep red to deep blue upon heating at 383 K. Surprisingly, upon cooling to room temperature, the 

deep blue compound changes its color to dark, golden yellow. The so-produced yellow compound spontaneously transitions back to 

the starting deep red compound upon prolonged storage at ambient conditions. This color-change sequence can be cycled for a number 

of times without apparent degradation. Originally, it was believed that the color change originates from temperature-induced changes 

in the local geometry around the Ni+2 cations in the structure. To shine light at these processes, we performed detailed studies using 

synchrotron X-ray powder diffraction, with diffraction data collected as a function of temperature. We discover that rather than 

undergoing thermochomic transitions, this compound is in fact a reacting system and the different color originate from different 

crystalline phases. The crystal structure and composition of these phases was solved and refined using the diffraction data. These 

structures were used to rationalize the color changes. This contribution emphasized the importance of powder X-ray diffraction, and 

crystallography in general, in the mechanistic studies of the stimuli-responsive crystalline compounds.    

  

[1] Bukleski, M., Petrusevski, M. V. (2009). J. Chem. Ed. 86, 30.   

Keywords: thermochromism; powder diffraction; Rietveld  
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Molecules that change their colour, structure, and electronic properties in response to an external stimulus represent an emerging class 

of ‘smart’ material with potential applications in sensing, actuating and responsive technologies. The spin crossover (SCO) 

phenomenon leads to a redistribution of electrons within the d-orbitals of some transition metal complexes as a result of an external 

perturbation such as changes in temperature, pressure changes and light irradiation. The transition between high spin and low spin 

states involves a significant change in molecular volume and is often cooperative in crystalline materials, leading to dramatic changes 

in the optical, mechanical and magnetic properties. 

We have demonstrated the use of mechanochemistry in the synthesis of SCO materials,1 and have recently shown that they can be 

synthesised through contact of the reagents in the solid state without any applied mechanical force.2 Recent work in our group has 

shown the significant promise of using supramolecular interactions to design new SCO materials with tunable thermally-responsive 

properties.3 This talk will focus on how various stimuli can affect the synthesis, structure and properties of these SCO materials in the 

solid state. 

 

Keywords: Switchable molecular materials 
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Rotors, motors and switches in the solid state find a favorable playground in porous materials, such as Metal Organic Frameworks 

(MOFs), thanks to their large free volume, which allows for fast dynamics. We fabricated MOFs with reorientable linkers and 

benchmark mobility also at very low temperature, to reduce the energy demand for motion-activation and light stimulus-response. 

In particular, we have realized a fast molecular rotor in the solid state whose rotation speed approaches that of unhindered rotations in 

organic moieties even at very low temperatures (2 K). The rotors were hosted within the struts of a low-density porous crystalline 

MOF and energetically decoupled from their surroundings. A key point was the unusual crossed conformation adopted by the 

carboxylates around the pivotal bond on the rotor axle, generating geometrical frustration and very shallow wells along the circular 

trajectory. Continuos, unidirectional hyperfast rotation with an energy barrier of 6.2 cal/mol and a high frequency persistent for 

several turns is achieved (10 GHz below 2 K).[1] 

Responsive porous switchable framework materials endowed with light-responsive overcrowded olefins, took advantage of both the 

quantitative photoisomerization in the solid state and the porosity of the framework to reversibly modulate the gas adsorption in 

response to light. [2] 

Motors were inserted into metal-organic frameworks wherein two linkers with complementary absorption-emission properties were 

integrated into the same materials. Therefore, unidirectional motion was achieved by simple exposure to sun-light of the solid 

particles, which thus behave as autonomous nanodevices.[3] 

MOF nanocrystals comprising high-Z linking nodes interacting with the ionizing radiation, arranged in an orderly fashion at a 

nanometric distance from diphenylanthracene ligand emitters showed ultrafast sensitization of the ligand fluorescence, thus supporting 

the development of new engineered scintillators.[4] 

 

 

1.  J. Perego, S. Bracco, M. Negroni, C. X. Bezuidenhout, G. Prando, P. Carretta, A. Comotti, P. Sozzani Nature Chem. 2020, 12, 845. 

2.  P. Sozzani, S. Bracco, S. J. Wezenberg, A. Comotti, B. L. Feringa et al. Nature Chem. 2020, 12, 595. 

3. W. Danowski, F. Castiglioni, A. Comotti, B. L. Feringa et al. J. Am. Chem. Soc. 2020, 142, 9048. 

4. J. Perego, F. Meinardi, S. Bracco, A. Comotti, A. Monguzzi et al. Nature Photonics 2021, doi 10.1038/s41566-021-00769-z. 
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Shape-memory effects in molecular crystals  
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Molecular crystals can be bent elastically by simultaneous expansion and contraction or plastically by delamination into slabs that 

glide along slip planes [1,2]. Here we describe a hitherto unreported mechanism of crystal bending in terephthalic acid crystal which 

undergoes pressure-induced phase transition upon bending where the two phases (form II and form I) coexist at ambient conditions. 

Scanning electron microscopy and microfocus XRD using synchrotron radiation provided direct evidence that upon bending, 

terephthalic acid crystals can undergo a mechanically induced phase transition without delamination and their overall crystal integrity 

is retained [3]. We report a distinctly different mechanism of plastic bending of molecular single crystals which have two phases and 

we provide the crystal structure of the bent section of such plastically bent crystal as direct evidence of the proposed mechanism. We 

also establish that this plastic deformation which effectively results in coexistence of two phases in the bent section of the crystal is the 

origin of unconventional properties such as shape-memory and self-restorative effects. Such plastically bent crystals act as bimorphs 

and their phase uniformity can be recovered thermally by taking the crystal over the phase transition temperature. This recovers the 

original straight shape and the crystal can be bent by a reverse thermal treatment, resulting in shape memory effects akin of those 

observed with some metal alloys and polymers. We anticipate that similar memory and restorative effects are common for other 

molecular crystals having metastable polymorphs.  

  

Figure 1. Scanning electron microscopy (SEM) imaging and structure analysis of a bent TA crystal. a SEM images of the crystal after 

bending with striations from the grain boundaries visible on the surface. The line that runs across the center of the crystal (marked 

with red arrows) corresponds to the habit plane (inter-phase boundary) between the two phases. b Optical image of a bent crystal of 

TA analyzed by microfocus X-ray diffraction. The approximate locations where the structure was determined are marked with circles. 

c Crystal structures determined in the circled regions of the bent crystal shown in panel (b).  

  

1. Ahmed, E., Karothu, D. P. & Naumov, P. (2018). Angew. Chem. Int. Ed. 57, 8837.  
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Laser beam machining (LBM) of ceramics, polymers, or metals is usually performed using high-power femtosecond lasers (4–20 W). 

Using LBM, micro- or nano-sized patterns can be machined into surfaces of these materials to alter their properties for various 

applications. A drawback of such high-power techniques is the possibility of considerable chemical damage to the surface of the 

machined materials.  

We now report the use of halogen bonding to generate new dye-based cocrystals with volatile cocrystal-forming molecules 

(coformers) that can be etched, cut, and punctured with micrometer-scale precision using low-powered laser beams (for example, 

between 0.5 and 20 mW).[1] This unique phenomenon, shown to be wavelength-tunable and powerdependent, can be utilized to 

machine molecular crystals by forming holes or cuts of controllable sizes. Using a microscope-guided low-power laser beam 

numerical control of this process can be achieved, enabling a variety of complex patterns to be inscribed onto the surface of molecular 

cocrystals. A mechanism is proposed with the volatile conformer acting as a leaving group, giving the ability to gently inscribe 

patterns using a low-power laser beam, without chemical decomposition of the cocrystals. This has not been previously reported in 

small molecule organic solids and appears to be a new emergent property achievable through crystal engineering by halogen bonding, 

opening a new type of materials to micrometer-scale shaping and machining applications.  

  

[1] Borchers, T. H., Topić, F., Christopherson, J. -C., Bushuyev, O. S., Vainauskas, J., Titi, H. M., Friščić, T. & Barrett, C. J. (2021). ChemRxiv. 

https://doi.org/10.26434/chemrxiv.14398856.v1  
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Crystal locomotion driven by photo-triggered phase transition  
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 Mechanical crystals are expected to be applicable for actuators and soft robots [1]. Before the past decade, we have developed many 

mechanical crystals based on photoisomerization [2], and some based on phase transition [3] and photothermal effect [4]. In 2019, we 

have found a new kind of phase transitions, referred to as the photo-triggered phase transition [5]. The photochromic crystal exhibiting 

a thermal, reversible single-crystal-to-single-crystal phase transition upon heating and cooling, transform to the identical phase upon 

light irradiation at temperatures lower than thermal phase transition temperature. A chiral salicylidnephenylethylamine [enol-(S)-1] 

crystal is known to undergo photoisomerization (Fig. 1a) [6], and thermal phase transition [7]. We have found that the enol-(S)-1 

crystal exhibited the photo-triggered phase transition.  

 Upon heating, the enol-(S)-1 crystal in the a-phase (P21) transformed to the b-phase (P212121) with the discontinuous b-angle change 

to 90° at 0 °C due to thermal phase transition from monoclinic to orthorhombic crystal system (yellow circles, Fig. 1b). Under UV 

light (365 nm) irradiation, the a-phase changed to the b-phase even at -30 °C (orange circles, Fig. 1b). The mechanism was revealed 

that the photo-triggered phase transition is driven by the strain near the irradiated surface produced by the photoisomerization. A thick 

crystal in the a-phase deformed by the photo-triggered phase transition to the b-phase upon UV light irradiation; the surface 

temperature did not reach the thermal phase transition temperature. Furthermore, the thin plate-like crystal exhibited two-step bending 

motion by the photo-triggered phase transition and then the photoisomerization (Fig. 1c). Finally, by alternate irradiation of UV and 

visible light (488 nm) from the left, the plate-like crystal on the glass surface locomoted in the lower right direction (Fig. 1d). This 

finding leads to generalize the photo-triggered phase transition phenomenon and indicates that the photo-triggered phase transition 

enables to create various motions of crystals such as locomotion.  

  

Figure 1 (a) Photoisomerization of enol-(S)-1. (b) Temperature dependence of the b-angle before and under UV light irradiation. (c) 

Two-step bending of the thin-plate crystal. (d) Locomotion of the crystal on the glass plate.  

  

[1] Edited by H. Koshima. (2019) Mechanically Responsive Materials for Soft Robotics, Weinheim: Wiley-VCH.  

[2] H. Koshima, N. Ojima & H. Uchimoto. (2009) J. Am. Chem. Soc. 131, 6890–6891.  

[3] T. Taniguchi, H. Sugiyama, H. Uekusa, M. Shiro, T. Asahi & H. Koshima. (2018) Nat. Commun. 9, 538.  

[4] Y. Hagiwara, T. Taniguchi, T. Asahi & H. Koshima. (2020) J. Mater. Chem. C 8, 4876–4884.   

[5] T. Taniguchi, H. Sato, Y. Hagiwara, T. Asahi & H. Koshima. (2019) Commun. Chem. 2, 19.  

[6] H. Koshima, R. Matsuo, M. Matsudomi, Y. Uemura & M. Shiro. (2013) Cryst. Growth Des. 13, 4330–4337.  

[7] A. Takanabe, T. Katsufuji, K. Johmoto, H. Uekusa, M. Shiro, H. Koshima & T. Asahi. (2017) Crystals. 7, 7.  
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Over the recent decade, functional electronic materials design and discovery have shifted way from chemical-intuition-based towards 

data-driven synthesis and simulation. Numerous machine learning models have been developed to successfully predict materials 

properties and generate new crystal structures. Most existing approaches, however, rely much upon physical insights to construct 

handcrafted features (descriptors), which are not always readily available. For novel materials with sparse prior data and insufficient 

physical understanding, conventional machine learning models display limited predictability. In this talk, I will address this challenge 

by introducing an adaptive optimization engine for materials composition optimization, where feature engineering is not explicitly 

required. I then describe a use case where multi-objective Bayesian optimization with latent-variable Gaussian processes is utilized to 

accelerate the design of electronic metal-insulator transition compounds [1]. Next, I will present a quantitative study on the structure-

property relationship in crystal systems enabled by deep neural networks. The model, which learns the structural genome, could 

identify intrinsically similar structures in Fourier space. Finally, I propose that these two methods could work harmoniously with each 

other towards an iterative exploration of novel functional materials. 

[1] Wang, Y., Iyer, A., Chen, W. & Rondinelli, J.M. (2020). Appl. Phys. Rev. 7, 041403. 

Keywords: metal-insulator transition; lacunar spinel; DFT; machine learning 
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That X-rays can affect the structure, and therefore functionality, of materials is well established. In macromolecular crystallography, 

the phenomenology of ‘radiation damage’ is a mature and important field.[1] Conversely, discussions about radiation damage in small 

molecule crystallography are rarer and only starting to be identified.[2] X-ray-induced effects are somewhat less well studied in 

conventional inorganic systems, despite being implicated in a number of interesting phenomena. Examples include decomposition, 

conductivity enhancement, colour changes, spin-crossover, charge transfer, cell-parameter changes, crystallisation, and 

amorphisation.[3–5] 

Cadmium cyanide, Cd(CN) 2, is a flexible coordination polymer best studied for its strong and isotropic negative thermal expansion 

(NTE) effect. In this talk I will show that this NTE is actually X-ray exposure dependent: Cd(CN) 2 contracts not only on heating but 

also on irradiation by X-rays.[6] 

This behaviour contrasts that observed in other beam-sensitive materials, for which X-ray exposure drives lattice expansion. We call 

this effect ‘negative X-ray expansion’ (NXE) and suggest its origin involves an interaction between X-rays and cyanide ‘flips’; in 

particular, we rule out local heating as a possible mechanism.[7] Irradiation also affects the nature of a low-temperature phase 

transition. Our analysis resolves discrepancies in NTE coefficients reported previously on the basis of X-ray diffraction measurements, 

and we establish the ‘true’ NTE behaviour of Cd(CN) 2 across the temperature range 150–750 K. The interplay between irradiation and 

mechanical response in Cd(CN)2 highlights the potential for exploiting X-ray exposure in the design of functional materials. 

Figure 1. X-ray irradiation of cubic coordination polymer Cd(CN)2 leads to unit-cell contraction and phase transition selectivity. 

[1] E. F. Garman (2010) Acta Cryst. D 66, 339–351. 

[2] J. Christensen, P. N. Horton, C. S. Bury, J. L. Dickerson, H. Taberman, E. F. Garman and S. J. Coles (2019) IUCrJ, 6, 703–713 

[3] V. Kiryukhin, D. Casa, J. P. Hill, B. Keimer, A. Vigliante, Y. Tomioka and Y. Tokura (1997), Nature, 386, 813–815.  

[4] H. Ishibashi, T. Y. Koo, Y. S. Hor, A. Borissov, P. G. Radaelli, Y. Horibe, S.-W. Cheong and V. Kiryukhin (2002), Phys. Rev. B 

66, 144424 

[5] M. Tu et al., (2021) Nat. Mater. 20, 93–99 

[6] C. S. Coates, C. A. Murray, H. L. B. Boström, E. M. Reynolds and A. L. Goodwin (2021) Mater. Horiz.  

[7] C. S. Coates et al. (2021) Nat. Commun. 12, 2272 
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The crystal chemistry of AIBIIXO4 (AI = Alkali ion, BII = alkali-earth ion, X = P, V, As) is very rich and has been widely investigated, 

particularly the phosphate family [1]. In recent years, we have been investigated the crystal structures [2,3] and magnetic properties of 

some compositions within the AIBIIXO4 series [4]. Besides the pure interest from a crystal chemistry point of view, the research 

activity related to this series of materials is driven mainly due to their ferroelectric, ferroelastic properties and possible applications as 

phosphors for LEDs [1, 5]. Within the rich AIBIIVO4 sub-family (X = V), we have recently found a new structural type: the larnite 

structure with the composition NaSrVO4 [3]. In this contribution, we are investigating its counter phosphate composition. 

Despite its simple chemistry NaSrPO4 has never been reported so far. Here, we present the synthesis, crystal structure and phase 

transitions of this phosphate. Surprisingly, this material exhibits a complex structure (31 atoms in the asymmetric unit-cell, Z = 10) at 

room temperature characterized by a strongly under bonded Na atom. This under-bonded atom is responsible for the complex and rich 

phase diagram as function of temperature as illustrated in Fig. 1. NaSrPO4 exhibits 4 phase transitions between room temperature and 

750°C. Besides its rich phase diagram, NaSrPO4 exhibits a re-entrant phase transition slightly below 600°C before to reach a 

hexagonal paraelastic phase at high temperature. In addition, we show that the sequence of phase transitions is strongly driven by the 

history of the sample and several phases can be quenched at room temperature. Finally, the co-existence of Na channels within the 

structure with weakly bounded Na atoms makes this material a likely candidate for ionic conductivity. 

 

Figure 1. a) Temperature phase diagram of NaSrPO4 and b) crystal structure of the  re-entrant polymorph. 

 

 

[1] Isupov, V. A., (2002). Ferroelectrics 274, 203.. 

[2] Nénert, G., O’Meara, P. , Degen, T. (2017). Phys. Chem. Minerals 44, 455. 

[3] Nénert, G., (2017). Z. Kristallogr. 232, 669. 

[4] Nénert, G., et al. (2013). Inorg. Chem. 52, 9627. 

[5] Choi, S., Yun, Y. J. , Kim, S. J., Jung, H.-K. (2013) Opt. Lett. 38, 1346. 
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Sr2TiO4, first member of the Ruddlesden-Popper series Srn+1TinO3n+1, has been long known to undergo a phase transition at 1550 °C. 

This transition makes the growth of single crystals of this material highly challenging, because it usually breaks the crystal into a 

periodic array of uneven lamellae. While the low temperature tetragonal phase is widely studied due to its close connection to the 

famous perovskite SrTiO3, there is little information about the high temperature α-phase, except for an unindexed powder pattern by 

Drys&Trzebiatowski [1].  

We stabilized the high-temperature α-Sr2TiO4 crystals by rapid cooling of the incongruent melt from above the liquidus temperature. 

The α-phase crystallizes in the orthorhombic Pna21 group with lattice parameters a=14.2901(5) Å b=5.8729(2) Å c=10.0872(3) Å and 

is isostructural to the orthorhombic forms of Sr2VO4 and Sr2CrO4 (which belong to the β-K2SO4 structure type). Its structure is formed 

by a complicated framework of large SrOx polyhedra with tetrahedral cavities occupied by the transition metal. The tetrahedral 

coordination of TiIV makes the α-Sr2TiO4 quite a rare case among titanate compounds, the only other known example being the barium 

orthotitanate Ba2TiO4 [2].  

However, whereas in Ba2TiO4 the coordination is tetrahedral in both high- and low-temperature polymorphs and the topotactic relation 

between the two is known, in the case of Sr2TiO4 a transition occurs to the layered Ruddlesden-Popper structure with octahedral 

titanium coordination. 

In this work, we report for the first time the crystal structure of the high-temperature α-phase of Sr2TiO4. We elucidate the structural 

differences between the related compounds and discuss possible mechanism driving the structural transition. 

[1] Drys, M., Trzebiatowski, W. (1957). Roczniki Chemii. 31, 489. 

[2] Gunter, J., Jameson, G. (1984). Acta Cryst. C40, 207. 
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Magneto-caloric materials offer the possibility to design environmentally friendlier thermal management devices compared to the 

widely used gas-based systems [1]. These materials exhibit a change in entropy (ΔSM) or a temperature change (ΔTad) when subjected 

to a magnetic field under isothermal or adiabatic conditions, respectively. The magnitude of change is largest about the materials 

Curie temperature (Tc) due to the order-disorder phase transition of the magnetic moments within the system. A suitable material must 

present a large magneto-caloric effect over a broad temperature span together with suitable secondary application parameters such as 

low heat capacity and high thermal conductivity. MnZnSb is derived from the PbFCl structure (in which the Mn sites are arranged 

within two-dimensional square nets), resulting in a pseudo 2D itinerant ferromagnetism which orders just above room temperature.  

The first structural study reports that MnZnSb crystallises in the same anti-PbFCl-type structure as Mn2Sb, with the tetragonal space 

group P4/nmm [2]. However, results from our experiments suggests that the true structure is more complex than this and has some 

aperiodic nature. Electron diffraction, in-house X-ray diffraction (Fig. 1(b)) and D20 neutron diffraction (Fig. 1(c)) data on powder 

samples all suggest that there is a small distortion of the tetragonal cell to a triclinic subgroup cell. As well as this, there appears to be 

incommensurate modulations in atomic positions and possibly Mn-Zn occupation (which is only seen in the neutron data). In the 

variable temperature neutron diffraction, we have also uncovered an unreported structural transition at ~130 K. 

We have investigated the magneto-caloric properties of MnZnSb [3] using a combination of computational and experimental methods, 

including samples in which some Mn is substituted with Fe and Cr. Scaling analysis of the magnetic properties determines that they 

are second order phase transition ferromagnets and neutron diffraction has determined that the magnetic entropy change (Fig. 1(a)) is 

driven by the coupling of magneto-elastic strain in the square net through the magnetic transition. The primary and secondary 

application related properties have been measured experimentally, and the c/a parameter is identified as an accurate proxy to control 

the magnetic transition. Chemical substitution on the square net affords tuning of the Curie temperature over a broad temperature span 

between 252 and 322 K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) RT Powder XRD data with P-1(αβγ)0 model. The 2.955 Å peak is split by making γ ≠ 90. Positional satellite peak(s) around the 3.11 

Å peak are fit with q = (0.00188(2), 0, 0.00161(2)), indicated with green ticks. (b) Neutron D20 data at 320K, where a suspected Mn-Zn occupation 

satellite (2.55 Å) is visible. Fitted in a P-1(αβγ)0 model, where q = (0, 0.3218(2), 0.3587(3)) is fitted to the occupation peaks, indicated with orange 

ticks. (c) Magnetic entropy change (Jkg-1K-1) vs temperature (K) for MnZnSb with magnetic field changes ranging from 0-1T to 0-7T. 

 

[1] Franco, V. et al. (2018). Prog. Mater. Sci., 93, pp. 112-232, 4. 

[2] Johnson, V. & Jeitschko, W. (1977). J. Solid State Chem, 22, pp. 71-75.  

[3] Murgatroyd, P.A.E. et. al. (2021). Adv. Funct. Mater., 31, 2100108.  

Keywords: magnetocalorics; chemical control; magnetic materials; incommensurate 
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The epsilon phase of Fe2O3 (ε-Fe2O3, its least known polymorph) has gained considerable interest due to its intriguing properties and 

great application potentials. In the last few years this rare polymorph has received extraordinary attention due to its unique physical 

properties: it stands out for its huge coercive field (up to 2 T at room temperature), millimeter-wave ferromagnetic resonance, 

magneto-electric coupling, room temperature ferroelectricity, non-linear magneto-optical effect and photocatalytic activity [1-4]. 

ε-Fe2O3 presents a complex noncentrosymmetric structure (Pna21) with four distinct Fe sublattices: two positions in distorted 

octahedra (Fe1 and Fe2), one in regular octahedral environment (Fe3r), and one in a distorted tetrahedron (Fe4t). This work examines 

the structural and magnetic phase transitions in ε-Fe2O3 nanoparticles (~20 nm) combining synchrotron X-ray and neutron diffraction 

measurements in the range 2-900 K. Complemented with X-ray absorption spectroscopy (XAS) and angle-dispersive X-ray diffraction 

under pressure up to 34 GPa.  

The origin of the spin frustration was studied in the context of the rich magnetic phase diagram (with four different successive 

magnetic states) and its relationship with the magnetostructural transitions observed as a function of temperature. The successive 

magnetic transitions have been thoroughly studied in the whole temperature range, and commensurate ones have been fully described 

using the magnetic space groups approach. We have found that spin frustration at the Fe3+ tetrahedral-site (Fe4t) not only is 

responsible for the unexpected different FIM1 (soft) and FIM2 (super-hard) commensurate ferrimagnetic phases [5], but it is also at 

the origin of the singular FIM2-to-ICM magnetic phase transition that disrupts the super-hard ferrimagnetic state of Pna'21' magnetic 

symmetry. 

The structural evolution of ε-Fe2O3 is investigated across the magnetic transitions, putting the emphasis on the FIM1 (soft) to FIM2 

(super-hard) phase transition at ≈480 K. The observed magnetostructural coupling at that temperature explains the changes between 

the magnetic structures associated to respectively the soft and super-hard phases. Puzzling successive changes are also observed 

between 150 and 100K under cooling, which are the signature of a non-conventional mechanism behind the commensurate-

incommensurate magnetic phase transition (FIM2-ICM). The spiral magnetic structure previously proposed below 100 K does not 

match our neutron diffraction data. Incommensurate (ICM) collinear solutions compatible with neutron data are presented and 

contrasted. This transition reduces the coercivity of ε-Fe2O3 from 20 kOe to 0.8 kOe and the final ICM magnetic order (ground state) 

involves the creation of magnetic antiphase boundaries.  

Finally, we report on the structural phase transition under pressure associated to the volume collapse reported in [6]. The 

transformation of the pristine octahedral and tetrahedral environments above 27 GPa is presented based on synchrotron X-ray 

diffraction experiments. The observed pressure transition is analyzed in connection with the mechanism for switching the ferroelectric 

polarization in ε-Fe2O3 thin films.  

 

[1] Namai, A.; Yoshikiyo, M.; Yamada, K.; Sakurai, S.; Goto, et al.  (2012). Nature Commun. 3, 1035. 

[2] Gich, M.; Fina, I.; Morelli, A.; Sánchez, F.; Alexe, M.; Gàzquez, J.; Fontcuberta, J.; Roig, A. (2014). Advanced Materials, 26, 4645. 

[3] Xu, K.; Feng, J. S.; Liu, Z. P.; Xiang, H. J. (2018,). Physical Review Applied  9, 044011. 

[4] X. Guan, L. Yao, K. Z. Rushchanskii, S. Inkinen, R. Yu, M. Ležaić, F. Sánchez, M. Gich, et al. (2020). Adv. Electron. Mater. 6, 1901134. 

[5] García-Muñoz, J. L.; Romaguera, A.; Fauth, F.; Nogués, J. & Gich, M. (2017). Chemistry of Materials 29 (22), 9705. 

[6] Sans, J. A., Monteseguro, V.  et al. (2018). Nature Communications 9, 4554. 
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Simple solids such as TaS2, NbSe2, and CdI2 show surprisingly complex polytypic behaviour where a number of crystalline structures 
can form whose unit cells differ only along their c-axis [1, 2]. This phenomena arises due to the differences in stacking sequences of 
the AB2 layers along the c-axis. Although models have been developed to explain the complex phase behaviour, no model thus far has 
been able to account for all polytypes formed in practice [3, 4]. 

Figure 1. Projection of AB2 layers onto the (a,c)-plane for the ten ground states produced by our model. A cations are shown as small 
black spheres and B anions are represented by large grey spheres. 

In this study we look at a new way of describing the structure of layered AB2 compounds. Focusing on the layered dichalcogenides, 
we translate their structural degrees of freedom to a 1D model of coupled Ising chains to explain the polytypic behaviour. Our analysis 
suggests a family of ten ‘simplest’ ground states (Figure 1), seven of which have previously been reported. Using Monte Carlo 
simulations, we find that other phases identified in the literature but not expected by our model, are either describable as disordered 
states intermediate to our limiting phases, or mischaracterised. We proceed to show that the coupled 1D Ising chains encapsulate the 
behaviour of solid solutions of layered AB2 systems, with a long term aim to link the properties of these materials to the interaction 
parameters relevant to the model. This phase control is an important result as it could lead to targeted design for specific properties, as 
structure is known to have a profound influence on materials’ properties.

[1] Katzke, H., Tolédano, P. & Depmeier, W. (2004). Phys. Rev. B 69, 134111.

[2] Wahab, M.A. & Kant, R. (1986). Cryst. Res. Technol. 21, 243-251.

[3] Trigunayat, G. C. (1989) Phase Transit. 16, 509.

[4] Ramasesha, S. & Rao,  C. N. R. (1977) Phil. Mag. 36, 827.
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We report discovery of new metallic and magnetic phases in the van-der-Waals antiferromagnets MPS3, where M = Transition Metal, 

form an ideal playground for tuning both low-dimensional magnetic and electronic properties[1-4]. These are layered honeycomb 

antiferromagnetic Mott insulators, long studied as near-ideal 2D magnetic systems with a rich variety of magnetic and electric 

properties across the family. 

We will present magnetic, structural and electrical transport results and compare the behaviour of Fe-, V-, Mn- and NiPS3 as we tune 

them towards 3D structures – and Mott transitions from insulator to metal. I will show recent results on record high-pressure neutron 

scattering, which has unveiled an enigmatic form of short-range magnetic order in metallic FePS3. 

We have mapped out the full phase diagram - a first in this crucial family of materials. We observe multiple transitions and new states, 

and an overall increase in dimensionality and associated changes in behaviour. 

[1] G. Ouvrard et al., Mat. Res. Bull., 1985, 20, 1181. 

[2] C.R.S. Haines et al., Phys. Rev. Lett. 2018, 121, 266801. 

[3] M.J. Coak et al., J.Phys.:Cond. Mat. 2019, 32, 124003. 

[4] M.J. Coak, et al., Phys. Rev. X, 11, 011024 (2021) 
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During last decades, the impact of high-pressure studies on fundamental physics, chemistry, and Earth and planetary sciences, has 

been enormous. Modern science and technology rely on the vital knowledge of matter which is provided by crystallographic 

investigations. The most reliable information about crystal structures of solids and their response to alterations of pressure and 

temperature is obtained from single-crystal diffraction experiments. Advances in diamond anvil cell (DAC) techniques, designs of 

double-stage DACs, and in modern X-ray instrumentation and synchrotron facilities have enabled structural research at multimegabar 

pressures. 

We have developed a methodology for performing single-crystal X-ray diffraction experiments in double-side laser-heated DACs and 

demonstrated that it allows the crystal structure solution and refinement, as well as accurate determination of thermal equations of 

state above 200 GPa at temperatures of thousands of degrees. Application of this methodology resulted in discoveries of novel 

compounds with unusual chemical compositions and crystal structures, uncommon crystal chemistry and physical properties. 

Perspectives of materials synthesis and crystallography at extreme conditions will be outlined. 
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High pressure is a powerful tool to study experimentally the response of selected hydrogen bonds to mechanical stress. Cooling is an 

alternative method to compress a structure. A comparison of compression on cooling and increasing pressure gives an insight into 

intermolecular interactions. Guanine and its derivatives, as well as nucleic acids, in general, attract much attention because of their 

interesting properties. Crystals made of small RNA or DNA fragments can serve as models of the effect of pressure on nucleic acids 

and oligonucleotides, similar to how the crystals of amino acids are used to model proteins. Nucleobases are the structural elements of 

nucleic acids. They are widely used as components of some crystalline drugs and molecular materials. Guanine is remarkable for its 

unique ability to form assemblies. In particular, oligonucleotides enriched with guanine can form quadruplexes in the presence of 

alkali and earth-alkaline metals. Because of the extremely low solubility of guanine in water and most of the organic solvents at 

neutral pH, only a few guanine compounds are known. An additional challenge is to obtain single crystals. Crystal structures 

containing guanine, metal ions and water molecules can also be used, to shed more light on the interactions between the guanine 

anions, metal cations and water molecules. Potassium cations are of special biological importance because they form natural 

quadruplexes, which are present in telomeric parts of the chromosome. The hydrates of guanine metal salts are of interest in this 

respect. In this contribution, the approaches to the crystallization of salts of guanine and alkaline metals from aqueous, alcoholic and 

aqueous-alcoholic solutions. Two salts of guanine were investigated by single-crystal X-ray diffraction, namely, 

2Na+·C5H3N5O2−·7H2O and K+ ∙C5H4N5O
- ∙H2O. The crystals of K+∙C5H4N5O

-∙H2O were obtained for the first time. The structure is 

quite different from that of the previously documented sodium salt hydrate (2Na+·C5H3N5O
2−·7H2O) [1]. The crystal structures of both 

sodium and potassium salt hydrates have channels. However, the structure of the channels, the cation coordination, the tautomeric 

form of the guanine anions, as well as the role of water molecules in the crystal structure are different for the two salt hydrates. In the 

potassium salt hydrate, there are two tautomeric forms of guanine anions and two types of potassium ions with different coordination. 

It is interesting to note, that though no “true” guanine quadruplexes could be found in the crystal structure of the potassium salt of 

guanine hydrate the “quartets” of guanine connected via hydrogen bonds with each other and two water molecules are present in this 

crystal structure. The sodium salt hydrate (2Na+·C5H3N5O2−·7H2O) was characterized by single-crystal X-ray diffraction in the 

pressure range of 1 atm- 2.5 GPa [2] as well as in the temperature range 100 K - 300 K. The potassium salt of guanine was 

characterized by single-crystal X-ray diffraction in the temperature range 100 K - 300 K. ThetaToTensor software was used to 

calculate the coefficients of thermal expansion tensor and create a graphical representation of the characteristic surface [3]. The 

anisotropy of strain on temperature variation was compared for the two salt hydrates, the similarities and the differences are discussed 

concerning the intermolecular interactions [4].  

[1] Gur D., Shimon L. J. W. (2015) Acta Crystallographica Section E: Crystallographic Communications, 71 (3), 281-283.  

[2] A.Gaydamaka et al. (2019) CrystEngComm , 21, 4484-92.  

[3] Bubnova, R. S., V. A. Firsova, and S. K. Filatov. (2013) Glass Physics and Chemistry, 39.3, 347-350.  

[4] Gaydamaka, A. A., Arkhipov, S. G., Boldyreva, E. V., 2021, Acta Crystallographica Section B, in preparation. 

Keywords: guanine, nucleobase, single crystal X-ray diffraction, XRD, vibrational spectroscopy, high pressure, low 
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Carbon dioxide, CO2, is one of the most important compounds in nature and the second most abundant volatile in the Earth's interior. 

Its structure and properties at high pressures and temperatures pertaining to geoscience are crucial both to fundamental chemistry and 

solid state physics. 

CO2 has a very complex phase diagram consisting of a number of crystalline molecular phases below 40 GPa. On further compression 

it polymerizes forming at moderate temperatures (up to 680 K) amorphous glass with carbon in threefold and fourfold coordination [1], 

while the laser heating above 1800 K/40 GPa produces a polymeric covalent crystal phase (CO2-V, space group  
𝐼4̅2𝑑) that can be described as a network of fourfold coordinated carbon atoms interconnected by oxygen bridges resembling structurally 

β-cristobalite (SiO2) [2]. 

The substantial kinetic barrier, reflecting dramatic changes in the bonding scheme on transition to the polymeric phase, led to numerous 

observations of metastable states in the stability field of CO2-V, causing controversies. Hence, we have decided to investigate the 

chemical and phase stability of carbon dioxide at pressures up to 120 GPa [3] and temperatures reaching 6000 K [4], an unexplored 

range in all the previous reports. 

High-pressure high-temperature in situ X-ray diffraction patterns, here reported for the first time, proved that CO2-V is the only non-

molecular form of CO2 relevant to the Earth's deep interior. Moreover, contrary to the previous findings, no evidences for the 

decomposition of CO2-V into the elements have been found. Variation of the Bragg peak distribution on Debye-Scherrer rings at 

temperatures >4000  K [4] may suggest a further possible extension of the stability field of this polymeric solid toward the pre-melting 

state. The  presented findings play a pivotal role in understanding the behavior of hot dense carbon dioxide and provide a good basis for 

further experimental studies of CO2 at extreme pressures and temperatures. 

[1] Santoro, M., Gorelli, F.A., Bini, R., Ruocco, R., Scandolo, S. & Crichton, W.A. (2006). Nature 441, 857. 

[2] Santoro, M., Gorelli, F.A., Bini, R., Haines, J., Cambon, O., Levelut, C., Montoya, J.A. & Scandolo, S. (2012). Proc. Natl Acad. Sci. USA 109, 

5176. 

[3] Dziubek, K.F., Ende, M., Scelta, D., Bini, R., Mezouar, M., Garbarino, G. & Miletich, R. (2018). Nat. Commun. 9, 3148. 

[4] Scelta, D., Dziubek, K.F., Ende, M., Miletich, R., Mezouar, M., Garbarino, G. & Bini, R. (2021). Phys. Rev. Lett. 126, 065701. 
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The martensitic transformation is a fundamental physical phenomenon at the origin of important industrial applications. However, the 

underlying microscopic mechanism, which is of critical importance to explain the outstanding mechanical properties of martensitic 

materials, is still not fully understood. This is because for most martensitic materials the transformation is a fast process that makes in 

situ studies extremely challenging. Noble solids krypton and xenon undergo a progressive pressure induced fcc to hcp martensitic 

transition with a very wide coexistence domain. Here, we took advantage of this unique feature to study the detailed mechanism of the 

transformation by employing in situ X-ray diffraction and absorption. We evidenced a four stages mechanism where the lattice 

mismatch between the fcc and hcp forms plays a key role in the generation of strain. We also determined precisely the effect of the 

transformation on the compression behavior of these materials. 
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Water and soil pollution by heavy metals and other hazardous compounds is a global problem threatening the entire biosphere and 

affecting the life of many millions of people around the world. For instance, approximately two million tons of industrial, sewage and 

agriculture waste are discharged every day into water, causing serious health problems and the death of many thousands of people 

every day on a worldwide basis [1]. Design and assessment of technologies for immobilization and removal of hazardous elements 

(HEs) is one of the highest priorities for environmental protection both in the industrialized and the developing countries [2]. 

The incorporation of HEs into crystalline and glassy silicate ceramics (the “harder” geomaterials) provides a perfect example to show 

that modelling the preferential distribution and the efficiency of immobilization of HEs in the crystal lattice and vitreous phase 

requires a detailed crystallographic knowledge at both the long- (XRD) and the short- (XAS) range (see Fig. 1) [3]. 

   

Figure 1. On the left: main crystalline phases that can form during firing of silicate ceramics with structural parameters of sites that 

can accommodate HEs. On the right: HEs hosted in natural and synthetic aluminosilicate melts and glasses [3]. 

 

Concerning the application of “softer” geomaterials, crystallographic knowledge of the zeolite structures proved successful for 

removal of heavy metals and VOCs from contaminated water [4] and for the clean-up of water polluted with antibiotics [5]. 

Simultaneous toxic metal uptake and bacteria disinfection from aqueous solution was achieved using well characterized 

nanocomposites of both the softer (zeolite) and the harder (e.g. Fe3O4) geomaterials [6]. 

[1] Bolisetty S., Peydayesh M. & Mezzenga R. (2019). Chem. Soc. Rev. 48,463. 

[2] Joseph L., Jun B-M., Flora J.R.V., Park C.M. & Yoon Y. (2019). Chemosphere. 229, 142. 

[3] Ardit M., Zanelli C., Conte S., Molinari C., Cruciani G. & Dondi M. (2021). Submitted to J. Hazard. Mater. 

[4] Braschi, I., Blasioli, S., Buscaroli, E., Montecchio, D. & Martucci, A. (2016) J. Environ. Sci. (China) 43, 302 

[5] Mancinelli M., Arfè A., Martucci A., Pasti L., Chenet T., Sarti E., Vergine G. & Belviso C. (2020) Processes 8, 1519. 

[6] Zendehdel, M., Ramezani, M., Shoshtari-Yeganeh, B., Cruciani, G. & Salmani, A. (2019) Environ. Technol. 40, 3689. 
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Despite cadmium being a toxic element for environmental and human health, it is widely used in industries for fabrication of nickel-

cadmium batteries, as anticorrosive agent, color pigment, etc. The most common and effective techniques for Cd removal from 

wastewater include filtration, chemical precipitation, bio-remediation and ion exchange [1]. Because of their microporous structure 

and extremely efficient cation exchange capacity, natural zeolites are good candidates for use as ionic filters. Moreover, heavy-metal 

exchanged zeolites show improved catalytic properties that can be exploited in post remediation processes [2,3]. Therefore, the 

chemical reactivity and stability of heavy-metal enriched zeolite is of paramount importance. Additionally, the nature of the metal 

species and their interaction with the zeolite framework play a fundamental role. Nevertheless, the correct determination of the 

aforementioned aspects can be compromised by the high disorder of the extraframework species, making difficult an unequivocal 

interpretation of the coordination chemistry of the metal cations. In this respect, the combination of X-ray diffraction (XRD) based 

techniques together with X-ray absorption spectroscopy (XAS) represents a valid tool to probe the long and short-range order of the 

species of interest. 

In this contribution, we used a complementary experimental and theoretical approach to investigate in detail the structure of two Cd2+ -

exchanged zeolites, levyne (LEV) and erionite (ERI). These two minerals are classified as small-pore zeolites (pore size between 0.35 

and 40 nm) and, due to their structural similarity, they are often found as intergrown phase in nature [4]. In this study, experimental 

data from single crystal XRD and XAFS were coupled with Molecular Dynamics (MD) simulations to determine the distribution and 

coordination chemistry of Cd2+ in the two framework types (LEV and ERI). Our results showed that in Cd-LEV, Cd2+ ions have a 

fairly ordered distribution, resembling that characteristic of the pristine material [5]. In contrast, a strong disorder of the 

extraframework species (Cd2+ and H2O) is detected in Cd-ERI pores, where the occupancy of the EF sites is lower than 20%. Such 

disorder was attributed to the presence of Cd+2(H2O)6 complexes, which are only partially coordinated to framework oxygen and, 

therefore, more mobile. To discriminate between the effect of thermal and structural disorder in the measured and theoretically 

calculated EXAFS spectra, we propose a theoretical approach based on a set of geometry optimizations performed starting from the 

uncorrelated atomic configuration of MD simulations [6]. Moreover, based on EXAFS analysis, the formation of metallic Cd within 

the pores of both zeolites could be ruled out.   

Finally, we present the effect of Cd2+ incorporation on the thermal stability of Cd-LEV. The structural changes were monitored in situ 

from 25 to 400°C by single crystal X-ray diffraction. Our results demonstrated that, even if Cd had little influence on the room 

temperature structure, the dehydration behaviour drastically changes compared to that of the pristine material (natural levyne-Ca). The 

most relevant differences can be summarized by: i) a stronger volume contraction of the unit-cell volume (8% and 5% for Cd-LEV 

and levyne-Ca [5], respectively) in the investigated temperature range, and ii) the lack, at high temperatures, of the phase 

transformation to levyne B’ topology, characteristic of natural levyne-Ca.  

[1] Rodriguez-Narvaez, O. M, Peralta-Hernandez, J. M., Goonetilleke, A., Bandala, E. R. (2017). Chem. Eng. J. 323, 361. 

[2] Onyestyak, G., Kallo, D. (2003) Microporous and Mesoporous Mater. 61, 199. 

[3] Zhang, Y., Qu, Y., Wang, D., Zeng, X. C., Wang, J. (2017) Ind. Eng. Chem. Res. 56, 12508. 

[4] Passaglia, E., Galli, E., Rinaldi, R. (1974) Contrib. Mineral. Petrol. 43, 253. 

[5] Cametti, G. (2018) Microporous and Mesoporous Mater. 265, 162. 

[6] Cametti, G., Scheinost, A. C., Churakov, S. V. (2021) Microporous and Mesoporous Mater. 313, 110835. 
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In recent years, the occurrence and fate of perfluoroalkyl substances (PFAS) in the aquatic environment was recognized as one of the 

emerging issues in environmental chemistry.  In particular, PFOA (C8HF15O2) and PFOS (C8HF17O3S) have recently become the 

targets of global concern due to their ubiquitous presence in the environment, persistence, and bioaccumulative properties. Strong 

carbon-fluorine (C–F) bonds make PFOA and PFOS extremely resistant to chemical, thermal and biological degradation, 

consequently, their removal from water is a crucial scientific and social challenge [1-2]. This work aims to investigate, for the first 

time, the structural modifications and the desorption kinetics during the thermal activation of FAU and Ag-exchanged FAU-type 

zeolites used for removal of PFOA and PFOS from water. The introduction of Ag in the framework confers them unique physical, 

chemical, and antibacterial properties along with strong absorption property, good stability and catalytic activity [3]. In situ high-

temperature synchrotron X-ray powder diffraction and thermal analysis coupled with Elemental Analyzer – Isotope Ratio Mass 

Spectrometry (EA-IRMS) provided to: i) investigate high temperature structural modifications experienced after during PFOA and 

PFOS thermal desorption and to check the crystallinity preservation of the porous matrix; ii) monitor and evaluate the organics 

decomposition process upon heating; iii) estimate the influence of Ag active sites in working zeolites; iv) verify the best regeneration 

temperature in order to verify whether they can be re-used for PFAS removal from wastewater. This information was crucial for 

designing and optimizing the regeneration treatment of such zeolites, which are revealed to be highly effective in water-remediation 

technology. Powder diffraction data of each sample were collected at the synchrotron MCX beamline (Elettra, Trieste, Italy) and were 

subjected to the same heat treatment profile encompassing the heating ramp with a rate of 5°C/min from room temperature to 800 °C. 

The powder samples were loaded and packed into a 0.5 mm quartz capillary open at one end and heated in situ using a hot air stream. 

The analysis of the patterns collected using in situ synchrotron XRPD on zeolites showed no heat-induced symmetry change. 

Moreover, to carry out a comparison, structural data relating to bare zeolites are also reported in order to check the contribution of the 

loaded organic molecules. The differential thermal analysis (DTA) curve shows two DTA exothermic events between 300 and 600 ºC 

due to the PFAs degradation, in very good agreement with the EA-IRMS analyses. The complete thermal regeneration of selected 

materials was achieved at ~600 and 750°C for PFOA and PFOS loaded samples, respectively. No relevant variations were observed in 

Ag-exchanged materials. This information is crucial to examine the efficiency of Ag-exchanged zeolites compared to same samples 

taken separately for the adsorption of PFOS and PFOA from water. The diffraction peaks were also accurately monitored to study in 

real-time their evolution (in terms of broadening, shift, changes of intensities) compared with the Y zeolites without any treatment, 

after silver activation and as well as after PFOS and PFOA adsorption. The XRD analysis demonstrated that the adsorption/desorption 

process occurred without significant loss of zeolite crystallinity, but with slight deformations in the channel apertures. The regenerated 

zeolites regain the unit-cell parameters of the bare materials almost perfectly, however. Only a slight memory effect in terms of 

structural deformations is registered in channel geometry thus demonstrating that the regenerated samples which could be able to re-

adsorb similar amounts of PFOS. 

 

[1] Ferreira, L., Fonseca, A.M., Botelho, G, Almeida-Aguiar, C, Neves, I.C. (2012). Antimicrobial activity of faujasite zeolites doped with silver.  

Microporous and Mesoporous Materials. 160, 126–132. 

[2] Kucharzyk, K.H., Darlington, R., Benotti, M., Deeb, R., Hawley, E. (2017). Novel treatment technologies for PFAS compounds: A critical 

review. Journal of Environmental Management. 204, 757-764. 

[3] Ziwen, D., Denga, S., Bei, Y., Huang, Q., Wang, B., Huang, J., Yua, G. (2014). Adsorption behavior and mechanism of perfluorinated 

compounds on various adsorbents—A review. Journal of Hazardous Materials. 274, 443–454. 

 

Keywords: perfluoroalkyl substances, emerging contaminants, in situ-synchrotron X-ray diffraction, EA-IRMS, zeolites.   
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Humans have used asbestos for about 5,000 years in various parts of the world [1] because of its outstanding properties.  

The massive use of asbestos turned out to be a global environmental problem when animal carcinogenicity tests and long-

term epidemiological studies proved that inhalation of asbestos fibres may induce fatal lung diseases like asbestosis, 

carcinoma, malignant mesothelioma (MM) and many more after a latency period of decades [2]. 

Besides the morphological and chemical characterization conveyed by ESD-supported electron microscopy, X-ray 

diffraction is considered a reliable tool for the characterization of asbestos fibres. Due to problems of peak overlap in 

powder data, it is not possible though, to carry out a free refinement of these complex atomic structures in order to detect 

and measure subtle chemical changes to prove the biopersistence. 

Since 2016, ID11 offered a new end station, called “nanoscope” where it is possible to focus the beam to the deep sub-

micron scale. This is possible by using the in-line crossed silicon compound refractive lenses [3] and using a crossed pair 

of vertical and horizontal line foci. Combining the very small beam size with a diffractometer to align and maintain a 

sample in the beam during rotation is very promising for the crystallographic characterization of natural fibres. Here we 

report a proof of the in vivo biopersistence of asbestos fibres in human lung tissues (figure1) at the atomic scale using 

synchrotron micro-diffraction. We show that the atomic structure of an amosite fibre remained stable for about 40 years in 

the lungs of a subject diagnosed with malignant mesothelioma (MM) and originally exposed to a mixture of chrysotile, 

amosite and crocidolite [4]. 

Figure 1. The amosite fibre extracted from the lung and mounted on a MiTeGen microloopsTM of 400 m diameter and 

10 m mesh size. 

[1]Gualtieri, A.F. (2017). Introduction. In Mineral Fibres: Crystal Chemistry, Chemical-Physical Properties, Biological Interaction

and Toxicity. Vol. 18. London, European Mineralogical Union-EMU Notes in Mineralogy. 

[2]Manning, C. B., Vallyathan, V. & Mossman, B. T. (2002). Int. Immunopharmacol., 2, 191-200. 

[3] Snigirev, A. A., Snigireva, I., Grigoriev, M., Yunkin, V., Di Michiel, M., Kuznetsov, S. & Vaughan, G. (2007). Proc. SPIE, 6795, 

670506 

[4] Giacobbe, C., Di Giuseppe, D.,  Zoboli,A., Lassinantti Gualtieri, M.,  Bonasoni,P., Moliterni, A.,Corriero, N., Altomare, A.,

Wright,J.,  & Gualtieri, A.F. (2021). IUCrJ , 8, 76-86. 
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Metal oxide aluminosilicate and aluminogermanate nanotubes, called imogolite nanotubes (INT), are nanotubes with well-controlled 

diameter and with different morphologies [1,2]. These nanotubes undergo major structural changes at high temperatures, including the 

transformation from one-dimensional nanochannels into a structure which is supposed to be lamellar [3,4]. 

Here, we report a complete analysis of the structural transformations of single and double-walled aluminogermanate nanotubes, up to 

900°C. We applied an original approach combining (i) in-situ X-ray absorption spectroscopy measurements (LUCIA & DiffAbs 

beamlines, synchrotron SOLEIL), allowing us to investigate the evolution of both Al and Ge atoms coordination during the 

transformation process, and (ii) in-situ diffraction. It reveals that the dehydroxylation of nanotubes does not lead to a lamellar phase 

but to metastable intermediate states that we named “meta-imogolite” states by analogy with meta-kaolinite. A mechanism explaining 

the major structural reorganizations is proposed based on atomic jump processes. The understanding of these structural modifications 

represents a benchmark for further studies concerning the properties of transformed INT-based compounds. 

[1] Paineau E. & Launois P. (2019) In. Nanomaterials from clay minerals. Amsterdam, Netherlands: Elsevier, pp. 257-284. 

[2] Monet G., Amara M.S., Rouzière S., Paineau E., Chai Z., Elliott J.D., Poli E., Liu L.M., Teobaldi, G. & Launois P. (2018) Structural resolution of 

inorganic nanotubes with complex stoichiometry. Nat. Commun., 9, 2033. 

[3] MacKenzie K.J.D., Bowden M.E., Brown I.W.M. & Meinhold R.H. (1989) Structure and thermal transformations of imogolite studied by 29Si 

and 27Al high resolution solid-state nuclear magnetic resonance. Clays Clay Miner., 37, 317-324. 

[4] Zanzottera C., Vicente A., Armandi M., Fernandez C., Garrone E. & Bonelli B. (2012) Thermal collapse of single-walled alumino-silicate 

nanotubes: Transformation mechanisms and morphology of the resulting lamellar phases. J. Phys. Chem. C, 116, 23577-23584. 
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Naica's giant crystals caves have astonished scientists since their discovery in 2000. Their gypsum crystals have been the subject of 

extensive studies and reports, both on scientific aspects and general cultural news. This work reports a detailed investigation of the 

wall-crystal interface of a blocky type crystal pulled off the "Cueva de los Cristales" wall. At the interface, the zones that probably 

correspond to the nucleation and growth of the blocky were identified. Representative samples were extracted at different depths of 

the wall-crystal junction and studied by ICP-OES, light and electron microscopies, XRD, and synchrotron-based -XRF and -

XANES methods. The interface layer, of an average thickness of about 30 to 60 m, contains various crystalline and amorphous 

aggregates with diameters ranging from 1 to 30 m. Calcite, silica, goethite, as well as several Pb, Mn, Cu, and Zn aggregates, have 

been identified as main components (Figure 1).  

 

Figure 1.The wall-crystal interface of  Cueva de los Cristales, with Fe and Zn -XRF and -XANES obtained from the sample. 

The study of the shape and composition of these mineral aggregates, as well as the morphology of the wall-crystal interface, allowed 

deducing their transformation and role in the crystal nucleation and growth. It has been concluded 1 that the nucleation and growth 

of the Naica giant crystals have occurred under conditions of a slightly supersaturated solution, almost in equilibrium, and stable over 

a long time. In addition, considering the non-classical theory of crystal nucleation 2 and the results presented here, we can formulate 

that the heterogeneous nucleation of the giant Naica crystals was initiated with the adsorption of nanocrystalline monomers. These 

clusters formed in the solution were successively physi- and chemisorbed on the cave walls and on the crystal surface, assembling the 

crystalline planes during the crystal growth. 

The CONACYT (México), Projects 183706, 257912 and 270738, and Project MINECO(Spain) MAT2017-86168-R are acknowledged. 

[1] Otalora, F. & Garcia-Ruiz, J. (2014). Chem. Soc. Rev. 43, 2013-2026. 

[2] Van Driessche, A. E. S., Stawski, T. M. & Kellermeier, M. (2019). Chem. Geol. 530, 119274. 
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A painting is made up of complex mixtures of materials, carefully selected by an artist, usually to create a specific optical illusion or 

esthetic effect. Depending on its material composition and the environmental conditions that a painting is subjected to, various 

chemical reactions can take place which cause the paint layers to deteriorate over time. Therefore, collecting reliable chemical 

information from a work of art is essential to understand its composition, past and ongoing conservation issues and to develop 

preservation strategies. In this sense, X-ray powder diffraction is an important tool as it allows for the direct identification of 

crystalline phases within the complex mixtures present in a painting [1]. However, an important limitation of this method has been the 

amount of material that needed to be sampled [2]. In the past decade a new trend has been set towards the application of elemental and 

chemical imaging techniques, such as macroscopic X-ray fluorescence (MA-XRF) and reflectance imaging spectroscopy (RIS), for 

the study of painted artefacts as they provide valuable information on the heterogeneous composition within complete paintings [3-5].  

Following this trend, the AXES research group has developed a macroscopic X-ray powder diffraction (MAXRPD) imaging 

instrument that allows for the identification and visualization of the crystalline materials used in a painting in a non-invasive manner. 

This instrument uses a low power microfocus X-ray source (IµS, Incoatec) combined with multilayer mirrors to obtain a slightly 

focused and fairly monochromatic X-ray beam in combination with a large area detector (PILATUS 200K, Dectris). By moving the 

painting and the instrument relative to each other, a large set of diffraction images (typically >10000) is collected following a raster-

scanning approach. Subsequently, this large powder diffraction dataset is azimuthally integrated after which the resulting one 

dimensional 2θ spectrum at each data point is individually fitted with the XRDUA software package [6] using a model comprising all 

identified crystalline phases. By plotting the scaling factors as grey-scale values individual images that correspond to the distribution 

of the crystalline materials can be created [7].  

The MA-XRPD instrument can be used in a transmission geometry, suitable for underlaying and strongly absorbing paint layers, or in 

reflection geometry, which is more sensitive for the (thin) pictorial layers. The latter also has the added advantage that larger works of 

art can be investigated as the painting remains stationary while the scanning head is translated in three dimensions. Typically a (short) 

dwell time of 10 seconds is used with a step size of 1-2 mm over a maximum scanning range of 30 x 30 cm.  

The MA-XRPD instrument has been used within several museums on well-known masterpieces, such as Van Gogh’s Sunflowers, 

Vermeer’s Girl with a Pearl Earring, the Ghent altarpiece by the brothers Van Eyck and The Night Watch by Rembrandt. On these 

works, next to the visualization of the original pigments employed by the artists and later additions or overpaint, also various chemical 

alteration products that have formed within/on top of the paint layers could be identified. In some cases, the data collected with the 

MA-XRPD instrument can be exploited to yield other types of highly-specific information, such as the buildup of the paint layer or the 

orientation of the crystals on the paint surface. Furthermore, the collection of large datasets allows a reliable quantification of various 

pigment mixtures and to track their differences within and between artworks/time periods.  

[1] Artioli, G. (2013). Rendiconti Lincei-Scienze Fisiche E Naturali, 24, S55.  

[2] Madariaga, J. M. (2015). Anal. Methods, 7, 4848.  

[3] Alfeld, M., & Broekaert, J. A. C. (2013). Spectrochim. Acta, Part B, 88, 211.  

[4] Alfeld, M., & de Viguerie, L. (2017). Spectrochim. Acta, Part B, 136, 81.  

[5] Trentelman, K. (2017). Annu. Rev. Anal. Chem., 10, 247.  

[6] De Nolf, W., Vanmeert, F., & Janssens, K. (2014). J. Appl. Crystallogr., 47, 1107.  

[7] Vanmeert, F., De Nolf, W., De Meyer, S., Dik, J., & Janssens, K. (2018). Anal Chem, 90, 6436.  
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High-strength lightweight magnesium (Mg) alloys have substantial potential for reducing the weight of automobiles and other 

transportation systems and, thus, for improving fuel economy and reducing emissions. However, compared to other structural metals, 

the development of commercial Mg alloys and our understanding of Mg alloy physical metallurgy are less mature, and enabling the 

widespread use of Mg alloys requires significant improvement in strength, fatigue, and formability. The low formability of Mg alloy 

sheet is due to its strong basal texture in the rolling direction. The addition of Ca and rare earth elements can result in a desired weaker 

texture. However, despite numerous studies, the mechanisms by which this texture reduction occurs remains unknown, and it is likely 

that several different mechanisms occur simultaneously or sequentially. This is the topic of this research. 

A Mg-3Zn-0.1Ca alloy was deformed under hot plane-strain compression and samples were subjected to annealing on ID3A on ID3A 

at the Cornell High Energy Syncrhotron Source (CHESS) and ID06 at the European Synchrotron Radiation Facility (ESRF). In-situ 

far-field and near-field high-energy diffraction microscopy (ff- and nf-HEDM) characterization was performed at CHESS, and in-situ 

partial intermediate-field HEDM (if-HEDM) and dark-field X-ray microscopy (DFXM) was performed on ID06 at the ESRF. By 

combining the different modalities, we were able to characterize the microstructure evolution during annealing on different length 

scales, from the subgrain morphology of individual grains (using DFXM) to the aggregate behavior of several thousands of grains 

(using HEDM). Fig. 1 shows the different length scales represented in the raw data, and Fig. 2 illustrates the evolution of this data 

during the annealing process. 

  

Figure 1. Raw data collected using ff-HEDM, if-HEDM, and 

DFXM, illustrating the different fields of view (FOV) and spatial 

resolutions. 

Figure 2. The evolution of the raw data from Fig. 1 during the 

annealing process. 

Keywords: Magnesium; annealing; recrystallization; diffraction; imaging 
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The mechanical and functional properties of polycrystalline materials have significant contributions from the 3D interaction of grains 

that form their micro-structure. Such grain maps can be extracted from existing characterisation techniques that utilise X-rays or 

electrons. However, complimentary techniques using neutrons have not yet developed to maturity. Furthermore, neutrons provide 

distinct advantages where, due to their lower attenuation, larger materials can be analysed, such as real-world engineering materials.  

Here, a novel 3D grain mapping methodology, known as Trindex, has been demonstrated to reveal the micro-structure of a 

prototypical cylindrical iron material. While there already exist several methods on grain mapping with neutron imaging [1,2], Trindex 

provides a robust and relatively straightforward approach. Trindex is a pixel-by-pixel neutron time-of-flight reconstruction method 

which extracts the morphology of grains throughout the sample, in addition to their pseudo-orientations.  

 
 

Figure 1. 3D reconstruction of grain map from a prototypical Fe sample. Colours represent different grain orientations.  

Sample height of approx. 4 mm. 

 

Experiments were performed at the SENJU beamline of the Japan Proton Acceleration Research Complex  

(J-PARC). For the setup, an imaging detector was placed behind the sample with diffraction detectors simultaneously collecting the 

backscattering from the sample. Such diffraction will be used to confirm grain orientations. Details of the methodology and the 

resulting 3D grain maps of materials will be presented. 

 
1. Cereser, A., et al. "Time-of-flight three dimensional neutron diffraction in transmission mode for mapping crystal grain structures." Scientific 

reports 7.1 (2017): 1-11.  

2. Peetermans, S., et al. "Cold neutron diffraction contrast tomography of polycrystalline material." Analyst 139.22 (2014): 5765-5771. 
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The properties and behaviour of materials (metals, alloys, semiconductors, ceramics, polymers, drugs, biomaterials) are to a large 

extent determined by their phase composition, particle size, crystallinity, stress, defects and crystallographic orientation (texture). 

Two-dimensional (2D) X-ray diffraction is one of the most appealing techniques for users who are interested in extracting every bit of 

information about their samples. 2D X-ray diffraction patterns, collected using area detectors contain detailed information about all 

these important material characteristics. Furthermore, the high sensitivity and resolution of modern detectors (e.g. PIXcel3D, 

GaliPIX3D) make possible the collection of relevant structural information within seconds. This allows following in real time 

transformation processes of materials, like recrystallization, deformation or phase transitions. XRD2DScan is the Malvern Panalytical 

software for displaying, processing, and analyzing 2D X-ray diffraction data. The latest version of the software (version 7.0) offers 

new features such as orientation and crystallite size analysis, image comparison, as well as scripting for easy automation. The 

application of the software to the characterization of complex anisotropic materials (liquid crystals, polymers, bone, wood, ...) will be 

illustrated through several examples. 

 

Keywords: 2D X-ray diffraction, microstructure, crystallite size, texture, bone 
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A material responds to its surroundings via residual changes in its structure that change its corresponding properties. The macroscopic 

structural evolution is instigated by the dynamics of statistical populations of defects that move, interact, and pattern – causing atomic-

scale defects to create 3D networks of boundaries that comprise the heterogeneous “real-world” materials. While techniques exist to 

probe material defects, they are mainly limited to surface measurements or rastered scans that cannot measure the dynamics of 

irreversible or stochastic processes characteristic of defect dynamics. In this talk, I will introduce time-resolved dark-field X-ray 

microscopy (tr-DFXM) as a new tool to capture movies that visualize dislocation dynamics in single- and poly-crystals at the 

mesoscale. I will start by describing the infrastructure we have developed to build and align the microscope, then to interpret and 

quantify the information captured in our movies. With this new tool, I will then demonstrate how dislocation patterns evolve at high 

temperatures in aluminum (Fig. 1). Tr-DFXM holds important opportunities for future studies on mesoscale dynamics, as it can 

inform models that have previously been refined only by indirect measurements and multi-scale models. 

 

Figure 1: Schematic of the tr-DFXM setup used to collect dislocation movies in single-crystal aluminum at high temperatures. 

 

This work was performed in part under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory 

under Contract DE-AC52-07NA27344. 
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The three-dimensional X-ray diffraction (3dxrd) technique provides a useful tool to investigate polycrystalline materials, grain-by-

grain, in a non-destructive way. The approach of the scanning 3dxrd microscopy is to probe the sample by moving a pencil beam 

horizontally across it (y direction) with a resolution dependent on the beam size. For each step, the sample is rotated of 180° (or 360°, 

ω angle) in order to collect the diffraction spots of all the grains in the sample [1]. 

We used a combined approach of scanning 3dxrd and Phase Contrast Tomography (PCT) to investigate the hydration of a widespread 

hydraulic binder material, namely gypsum plaster. This material forms when the bassanite (calcium sulfate hemihydrate) reacts with 

water. In-situ 3dxrd measurements allowed to understand the crystallographic lattice, orientation and position of each grain in the 

sample during the hydration reaction (Figure 1 a,b).  

The PCT reconstructions, instead, allowed the visualization of the shape of the crystals in the sample over time and a quantification of 

density and porosity (Figure 1 c,d).  

Monitoring the evolution of the hydration reaction of gypsum plaster with both these techniques appears to be a promising tool to gain 

insights about the kinetics of the hydration reaction, the crystallization and growth of the hydrated phase and the shape of the final 

gypsum crystals that build the interlocked and porous gypsum plaster hardened mass.  

 

Figure 1. From the left: a) reconstruction of the grains of the sample from the 3dxrd diffraction intensity; b) preliminary grain map 

showing some indexed grains; c) PCT slice showing the shape of the crystals; d) PCT reconstruction of the volume of the sample. 

 

 [1] Hayashi, Y., Hirose, Y., Seno, Y. (2015). J. Appl. Cryst. 48, 1094-1101. 
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An-Pang Tsai: an exceptional career from quasicrystals to catalysis 

M. de Boissieu  
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An-Pang Tsai, professor at Tohoku University, Sendai, Japan, passed away on May 25 2019 at the age of 60. He was a pioneer and a 
leader in the field of quasicrystals and complex intermetallic phases. With him the community has lost one of the brightest scientist in this 
field. This symposium is dedicated to his memory and illustrates the many different fields he has been contributing in crystallography, 
metallurgy, material science and solid-state physics and chemistry. 

In this presentation we will highlight the many important contributions of the research conducted by An-Pang Tsai going from fundamental 
and basic research to their applications and the important impact it had on the scientific community. We can quote:  the discovery of 
most of the thermodynamically stable quasicrystals including the stable binary quasicrystals named ‘Tsai-type’ quasicrystals, the physics 
allowing to understand which systems is favorable for quasicrystal growth, their atomic structure and physical properties, lattice dynamics, 
magnetism, mechanical properties. In view of applications he has been one of the first to promote the use of quasicrystals for light alloy 
reinforcement and more recently he developed a completely new field with new ideas for the development of new catalytic materials.  

An-Pang Tsai also had a decisive impact in training the younger generation in the different labs he has ben leading. He always was 
enthusiast to explore new fields, proposing ambitious targets, but with the long-term perspective, without pressure and with the entire 
necessary scientific environment.  He has coordinated researches in the field of quasicrystals and material sciences in Japan and abroad. 
In particular he started to organize annual meetings on quasicrystals in Japan in 1996, which continued for more than 20 years andhas 
organized or initiated number of international conferences.  

From very early on in his career, An-Pang Tsai built up an impressive large number of collaborations all across the world, in Japan, 
Europe, USA, Canada, China and Taiwan. His generosity in sharing his discoveries, his constant curiosity and inspiring ideas have 
irrigated the quasicrystal community, promoting collaboration rather than competition, leading to major results in almost all aspects of 
quasicrystal researches and from experiments to theory. He always was available and ready to share his knowledge with senior scientists 
as well as with young students. 

We have lost a great colleague and a good friend, and we will honour his memory by continuing his interdisciplinary research work, 
keeping his enthusiast and collaborative approach. 

[1] de Boissieu M and Ishimasa T (2019) Acta Cryst.  B 75  763. 

Keywords: quasicrystals; catalysis; intermetallics. 
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The Al-Mn icosahedral quasicrystal discovered by Shechtman was a metastable phase [1]. Attempts at its structure solution 

immediately began after the discovery was declared. After the subsequent discovery of stable icosahedral quasicrystals, the study of 

their physical properties became more active in addition to the elucidation of their structures, but these quasicrystals were all formed 

in ternary systems [2]. Because chemical disorder of inherent in ternary icosahedral quasicrystals, it was difficult to achieve any 

structure solution which is comparable to what is obtained for ordinaryl crystal. Discovery of a stable binary icosahedral quasicrystal 

in a Cd-Yb alloy opened a route to the structure solution to at least for this particular type of quasicrystal [3]. This quasicrystal, now 

known as Tsai-type icosahedral quasicrystal, forms the largest group among known quasicrsytals and their approximant crystals 

forming systems. Although I was not directly involved in the discovery of this quasicrystal, I was present at the scene as a member of 

Tsai's group and took the first X-ray transmission Laue photographs (Fig. 1), which were appeared in the paper announcing the 

discovery [3]. In the beginning, the quality of Cd-Yb quasicrystal was not very good, but soon good quality was obtained, and higher-

dimensional crystal structure analysis by means of single crystal X-ray diffraction became possible [4]. Here is the story of how we 

arrived at the structural solution of this particular icosahedral quasicrystal. 

 

 

Figure 1. X-ray transmission Laue photographs of Cd-Yb icosahedral quasicrystal along 5-fold, 3-fold and 2-fold-axes (from left to 

right). 

 

[1] Shechtman, D., Blech, I., Gratias, D. & Cahn, J. W. (1984). Phys. Rev. Lett. 53, 1951. 

[2] Tsai, A. P., Inoue, A. & Masumoto, T. (1989). Mater. Trans. JIM 30, 666. 

[3] Tsai, A. P., Guo, J. Q., Abe, E., Takakura H. & Sato, T. J. (2000). Nature 408, 537. 

[4] Takakura, H., Gómez, C. P., Yamamoto, A., De Boissieu, M. & Tsai, A. P. (2007). Nat. Mater. 6, 58. 

 

Keywords: Icosahedral quasicrystals; Tsai-type; Cd-Yb; structure solution 
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We had collaborated exciting themes in materials science together with Professor An Pang Tsai for 17 years (since 2002). Prof. Tsai 

began the investigation of catalytic materials in term of metallurgy at NIMS [1]. 

There are three important topics in the collaborative research with Professor Tsai. Firstly, we succeeded that novel catalytic materials 

were prepared by the leaching method of Al-Cu-Fe quasicrystalline (QC) [2]. The Al63Cu25Fe12 QC is a promising precursor for Cu 

catalysts, whose constituent elements, compositions and quasi-periodic structure are in favor of processing high performance catalysts. 

Brittleness resulting from quasi-periodic structure enables one to obtain powder form for processing catalysts. Relatively low 

dissolution rate of Al due to quasi-periodic structure upon leaching with NaOH solution, generated homogeneous nanocomposite 

consisting of Fe3O4 and Cu and hence gave rise to high activity and thermal stability for steam reforming of methanol. Secondary, 

Prof. Tsai proposed a concept for a psudo-element material such as “PdZn = Cu” [3]. A clear correlation between electronic structure 

and CO2 selectivity for steam reforming of methanol (SRM) was obtained with PdZn, PtZn, NiZn, and PdCd intermetallics on the 

basis of experiments and calculations. PdZn and PdCd also exhibited valence electronic densities of states and catalytic properties 

similar to that of Cu. Thirdly, a new concept of active sites for bulk-type metallic materials was proposed by Prof. Tsai, i.e., nano twin 

boundary [4]. According to the DFT calculation, surface density of the active six-coordinated atoms in nano porous gold (NPG) was 

comparable with that of supported gold nanoparticle catalysts. In addition, the energy profiles of reaction pathways for CO oxidation 

indicated that the six-coordinated sites created by twinning significantly contributed to the catalytic activity of NPG. I will overview of 

these topics in my presentation. 

Two years have passed since Professor A.P. Tsai passed away. Taking over Prof. A.P. Tsai’s spirits, now we are conducting research 

on novel metallic catalysis materials under the new system. We hope that those concepts of Prof. Tsai’s will lead to a principal for the 

development of metallic functional materials as well as metallic catalysts in the future. 

 

[1] A.P. Tsai, M. Yoshimura, “Highly active quasicrystalline Al-Cu-Fe catalyst for steam reforming of methanol”, Applied Catalysis, A, 214 (2001) 

237-241.; M. Yoshimura, A.P. Tsai, “Quasicrystal application on catalyst”, J. Alloys Compounds, 342 (2002) 451-454. 

[2] For example T. Tanabe, S. Kameoka, M. Terauchi and A.P. Tsai, “Microstructure of leached Al-Cu-Fe quasicrystal with high catalytic 

performance for steam reforming of methanol”, Applied Catalysis, A, 384 (2010) 241-251. 

[3] A.P. Tsai, S. Kameoka and Y. Ishii, “PdZn=Cu: Can an intermetallic compound replace an element ?”, J. Physical Soc. Jpn., 73 (2004) 3270-

3273. 

[4] M. Krajci, S. Kameoka and A.P. Tsai, “Twinning in fcc lattice creates low-coordinated catalytically active sites in porous gold”, J. Chem. 

Phys., 145 (2016) 084703.; ibid., 147 (2017) 044713. 
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An Pang Tsai – a chemist 
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The name of An-Pang Tsai is in first line connected with his pioneer work on quiasicrystalline and related crystalline materials, e.g. on 

the atomic structure of quasicrystals [1]. Less known are the studies of his group on chemical properties, in particular on catalytic 

materials. A mutual origin of the interest to this research field may be found in the search for possible application fields for 

quasicrystals and investigations on surface properties of quasicrystalline and approximant phases, i.e. oxidation behaviour [2] or 

etching reactions [3]. Logical continuation of these studies is the work of An Pang Tsai and his group on hydrogen absorption on 

intermetallic compounds [4,5] and high catalytic activity of amorphous intermetallic hydrides in hydrogenation of ethylene and 

CO2 [6,7]. The subsequent studies were devoted to the influence of real structure of materials (Renee catalyst) or electronic factors on 

the catalytic activity [8,9]. Coming back to the possible applications of quasicrystals, the group of A. P. Tsai was working on 

activation of quasicrystalline surface and fabrication of a fine nanocomposite layer with high catalytic performance [10]. In the 

following years several new results were produced by A. P. Tsai and his co-workers on composite catalyst with mixed lamellar 

structures and dual catalytic functions, dominant factors of porous gold for CO oxidation, effects of Cu oxidation states on the 

catalysis of NO+CO and N2O+CO reactions, preparation of dispersive Au nanoparticles on TiO2 nanofibers from Al-Ti-Au 

intermetallic compound. The last product of the work of An Pang Tsai in the field of catalysis – although not finished by himself – 

was the special issue of Science and Technology of Advanced Materials giving an comprehensive overview of current research 

activities around the world [11]. 

 

[1] Takakura, H., Goméz, C. P., Yamamoto, A., de Boissieu, M., Tsai A. P. (2007). Nature Materials 6(1), 58. [2] Yamasaki, M., Tsai A. P. 

(2002). J. Alloys Compd. 342(1), 473. [3] Saito, K., Saito, Y., Sugawara, S., Shindo, R, Guo, J.-Q., Tsai, A. P. (2004) Phil. Mag. A, 84(10), 

1011. [4] Endo, N., Kameoka, S., Tsai, A. P., Zou, L., Hirata, T., Nishimura, Ch. (2009). J. Alloys Compd. 485, 588. [5] Endo, N., Kameoka, 

S., Tsai, A. P., Zou, L., Hirata, T., Nishimura, Ch. (2010). J. Alloys Compd. 490, L24. 

[6] Endo, N., Kameoka, S., Tsai, A. P., Hirata, T., Nishimura, Ch. (2011). Mat. Trans. 52, 1794. 

[7] Endo, N., Ito, Sh., Tomishige, K., Kameoka, S., Tsai, A. P., Hirata, T., Nishimura, Ch. (2011). Catalysis Today, 164, 293. 

[8] Nozawa, K., Endo, N., Kameoka, S., Tsai, A. P., Ishii, Y. (2011). J. Phys. Soc. Jpn. 80, 064801. 

[9] Murao, R., Sugiyama, K., Kameoka, S., Tsai, A. P. (2012). Key Eng. Mat. 508, 304. 

[10] Kameoka, S., Tanabe, T., Satoh, F., Terauchi, M., Tsai A. P. (2014). Sci. Techn. Adv. Mat. 15, 1878. 

[11] Special issue IMc (2019). Sci. Techn. Adv. Mat. 20 
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We will present several interesting structures of thin films grown on Tsai-type quasicrystal, icosahedral (i)-Ag-In-Yb, studied by 

various experimental techniques including scanning tunnelling microscopy (STM). The results include three dimensional 

quasicrystalline films of single elements [1] and molecular films [2] (Figure 1).  

The i-Ag-In-Yb quasicrystal is built by rhombic triacontahedral (RTH) clusters and its surface is formed at the bulk atomic planes that 

bisect the RTH clusters [3]. When Pb is deposited on the fivefold i-Ag-In-Yb surface, the Pb atoms adsorb at the sites that were 

originally occupied by the cluster atoms and thus produce quasicrystalline film in three-dimension [1]. This observation is evidenced 

in other systems as well, namely Pb on the threefold and twofold i-Ag-In-Yb surfaces [4, 5] and In, Sb and Bi on the fivefold i-Ag-In-

Yb surface [6].  

We also found that Pentacene molecules deposited on the fivefold i-Ag-In-Yb surface adsorb at tenfold-symmetric sites of Yb atoms 

around surface-bisected RTH clusters, yielding quasicrystalline order [2]. The selective adsorption of Pentacene on Yb sites is also 

observed on the threefold and twofold surfaces of the same sample.  

The phenomena of adsorption on selective sites is also found on Al-based quasicrystals. C60 molecules preferably adsorb on Fe or Mn 

when deposited on surfaces of i-Al-Pd-Mn and i-Al-Cu-Fe [2, 7], yielding quasicrystalline order of C60. The compatibility between the 

characteristic lengths of the substrate and the size of adsorbates has led to the growth of unprecedented epitaxial structures. 

 

Figure 1. (a) Pb on the fivefold i-Ag-In-Yb surface [1], (b) Pentacene on the fivefold i-Ag-In-Yb surface [2], and (c) C60 on the 

twofold i-Ag-In-Yb [7].  

 

[1] Sharma, H. R., Nozawa, K., Smerdon, J. A., Nugent, P.J., McLeod, I., Dhanak, V. R., Shimoda, M., Ishii, Y., Tsai, A. P., & McGrath R. (2013). 

Nature Communications 4, 2715. 

[2] Smerdon, J. A., Young, K., Lowe, M., Hars, S. S., Yadav, T. P., Hesp, D., Dhanak, V. R., Tsai, A. P., Sharma, H. R. & McGrath R. (2014). Nano 

Letters 14, 1184. 

[3] Sharma, H. R., Shimoda, M., Sagisaka, K., Takakura, H., Smerdon, J. A., Nugent, P. J., McGrath, R., Fujita, D., Ohhashi, S. & Tsai, A. P. (2009). 

Physical Review B 80, 121401 (R). 

[4] Coates, S., McGrath R. & Sharma, H. R. (2020). Journal of Physics: Condensed Matter 32, 425006.  

[5] Coates, S., Thorn, S., McGrath, R., Sharma, H. R. & Tsai, A. P. (2020). Physical Review Materials 4, 026003. 

[6] Hars, S. S., Sharma, H. R., Smerdon, J. A., Coates, S., Nozawa, K., Tsai, A. P. & McGrath, R. (2018). Surface Science 678, 222. 

[7] Coates, S., Smerdon, J. A., McGrath, R. & Sharma, H. R. (2018). Nature Communications 9, 3435. 
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The recent surpassing of 1 million structures in the Cambridge Structural Database [1] offered a moment for celebration and an opportunity to 

reflect. Achieving this significant milestone is a testament to the exemplary initiatives and engagement emanating from the crystallographic 

community over many decades. The development of semantic representation formats [2], the cultivation of joined-up publishing workflows, 

and the broad adoption of standards all pre-empted the principles, guidelines and practices that have come to dominate the discourse around 

research data preservation and reuse today [3]. We cannot however rest on our laurels. The curation activities of organisations such as the 

Cambridge Crystallographic Data Centre remain of critical importance and must continue to evolve. We must ensure that our data resources 

remain relevant and can be readily utilised by the data-driven approaches being applied to the complex scientific problems of today. 

This presentation will offer reflections on the successes of the crystallographic community that have been critical in ensuring the 

outputs of the past can conform to the expectations and demands of the future. It will highlight how these have enabled a wealth of 

structural chemistry knowledge to be applied across industry and academia to innovate and educate [4]. Additionally, it will look at the 

challenges and opportunities presented by an evolving research publication landscape, new experimental and computational methods, 

and the desire for greater reproducibility and richer reuse of structural chemistry data. 

[1] Groom C. R., Bruno I. J., Lightfoot M. P. & Ward S. C. (2016). Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater. 72(2), 171.  

[2] Hall S. R. & McMahon B. (2016). Data Sci. J. 15(3), 1. 

[3] Wilkinson M. D., Dumontier M., Aalbersberg IjJ., et al. (2016). Sci Data. 3(1), 1. 

[4] Taylor R., Wood P. A. (2019) Chem Rev. 119(16), 9427. 
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The Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB), the US data center for the global PDB 

archive and a founding member of the Worldwide Protein Data Bank partnership, serves tens of thousands of data depositors in the 

Americas and Oceania and makes 3D macromolecular structure data available at no charge and without restrictions to millions of 

RCSB.org users around the world, including > 800 000 educators, students and members of the curious public using 

PDB101.RCSB.org. PDB data depositors include structural biologists using macromolecular crystallography, nuclear magnetic 

resonance spectroscopy, 3D electron microscopy and micro-electron diffraction. PDB data consumers accessing our web portals 

include researchers, educators, and students studying fundamental biology, biomedicine, biotechnology, bioengineering, and energy 

sciences. During the past two years, the research-focused RCSB PDB web portal (RCSB.org) has undergone a complete redesign, 

enabling improved searching with full Boolean operator logic and more facile access to PDB data integrated with > 40 external 

biodata resources. New features and resources will be described in detail using examples that showcase recently released structures of 

SARS-CoV-2 proteins and host cell proteins relevant to understanding and addressing the COVID-19 global pandemic. 

 

Keywords: Protein Data Bank, Macromolecular Structure, Open Access 
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The Inorganic Crystal Structure Database (ICSD) has been collecting published crystal structures for more than 40 years. In addition, 

the database offers the structures in curated and extended form. In the process of adding a structure to the database, a series of tests are 

run to verify data integrity and correctness. Furthermore, the data is enriched with additional or missing information, which can help 

to detect possible discrepancies. Some of the procedures used will be explained here, and examples will be given to show how careful 

evaluation of crystallographic parameters and the addition of missing parameters improves the quality of the crystal structure entry. 

Keywords: data curation; crystal structures; databases; inorganic chemistry; metalorganic chemistry 
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The Powder Diffraction File™ (PDF®) is a comprehensive materials database containing data for inorganic materials including 

minerals (natural and synthetic), metals and alloys, and high-tech ceramics, as well as organic materials such as pharmaceuticals, 

excipients and polymers. Databases, including the PDF, that provide structural details can be used for a range of materials 

characterization analyses, including (but not limited to) phase identification, quantitative analysis, and structure modelling for Rietveld 

refinement and whole-pattern fitting. As a result, structural databases are one of the key tools used in the crystallographic community 

[1]. Though these databases do tend to have some common applications, they often differ in content, format, and functionality. 

ICDD’s PDF databases primary purpose is to serve as a quality reference tool for the powder diffraction community. 

Historically, the PDF has contained entries constructed as d-spacing and intensity (d-I) reduced diffraction pattern representations for 

phase identification. These condensed entries reduced storage space requirements, and increased search speed capabilities. With the 

advancement of computer hardware and software, and the transition of the PDF to a relational database format, storage space and 

speed capabilities have become less limiting [2]. Over time the PDF has grown exponentially and has evolved to where it is now 

common practice to construct entries of full digital patterns. In addition to being a powerful characterization database used for the 

analysis of single and multi-phase X-ray diffraction data, the ICDD has systematically been adding raw data digital pattern references 

for crystalline and non-crystalline materials since 2008; with an emphasis on excipients and polymers [3]. The addition of full digital 

patterns has enabled the analysis and identification of disordered and amorphous materials using a combination of the raw data pattern 

and d-I lists, or whole pattern similarity searching. The evolution of raw data archiving in the Powder Diffraction File will be 

discussed in this presentation, with emphasis on the benefits and increased capabilities for characterization of materials in both 

research and industrial applications including pharmaceutical, forensic, and energy sectors. 

 

[1] Kuzel, R. and Danis, S. (2007). Materials Structure. 14, pp.89–96. 

[2] Gates-Rector, S., & Blanton, T. (2019). Powder Diffraction, 34(4), pp. 352-360.  

[3] Fawcett, T., Gates-Rector, S., Gindhart, A., Rost, M., Kabekkodu, S., Blanton, J., & Blanton, T. (2019). Powder Diffraction, 34(2), pp. 164-183.  
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Protein Data Bank Japan (PDBj) accepts and processes regional 3D structure data of biological macromolecules since 2000. We 

celebrated our 20th anniversary of our regional Data-in activities last year. Our Data-out service has a much longer history, dating back 

to before the establishment of PDBj. The first protein structure from Asia was determined at the Institute for Protein Research (IPR) in 

1971 at 4 Å [1] and a subsequent structure at 2.3 Å solved in 1973 [2] was deposited to the PDB in 1975 as the 21st entry in PDB. Based 

on these early contributions to the crystallographic community, IPR founded the Crystallographic Research Centre and installed several 

4-circule diffractometers, and developed the Imaging Plate detectors of R-axis series later [3] together with Rigaku. In addition to above 

activities, IPR was assigned as the National Affiliated Centre of Cambridge Crystallographic Data Centre from 1978 and keep serving 

until now (http://www.protein.osaka-u.ac.jp/CSD/, Fig.1). Distribution of the PDB data from IPR started in 1979 as a regional data 

centre, initially by magnetic tape and later by CD-ROM, until the installation of an official mirror site of Brookhaven PDB in 1998. 

Since 2001, we have provided our newly developed online Data-out services freely and publicly through our own web site 

(https://pdbj.org; Fig.2), which includes our molecular graphics viewer, Molmil; a molecular surface database for functional sites, eF-

site; and a database of protein dynamics calculated via normal mode analysis, Promode Elastic [4], and we have served since 2003 as a 

founding member of the worldwide PDB (https://wwpdb.org). During the COVID-19 pandemic, we have provided a COVID-19 featured 

page in three Asian languages (Japanese, Chinese and Korean) and have started a new service archiving raw X-ray image data directly 

related to deposited PDB entries (XRDa, https://xrda.pdbj.org; Fig.3) [5]. Since we already have BMRBj (formerly PDBj-BMRB) and 

EMPIAR-PDBj on-site, XRDa completes the regional experimental raw data archives of the related PDB, BMRB and EMDB entries 

from the three major experimental methods; Macromolecular Crystallography, NMR spectroscopy and 3D Electron Microscopy.  

   

Fig 1. Web portal for the 

Japanese users of CSD  

Fig 2. Main page of PDBj including the links 

to our services. 

Fig 3. Web page of the XRDa. 

[1] Ashida, T., Ueki, T., Tsukihara, T., Sugihara, A., Takano, T. & Kakudo, M. (1971) J. Biochem. 70, 913–924.  

[2] Ashida, T., Tanaka, N., Yamane, T., Tsukihara, T. & Kakudo, M. (1973) J. Biochem.,  73, 463–465. 

[3] Sato, M., Katsube, Y. & Hayashi, K. (1993) J. Appl. Cryst., 26, 733-735. 

[4] Kinjo, A.R., Bekker, G.-J., Wako, H., Endo, S., Tsuchiya, Y., Sato, H., Nishi, H., Kinoshita, K., Suzuki, H., Kawabata, T., Yokochi, M., Iwata, T., 

Kobayashi, N., Fujiwara, T., Kurisu, G. & Nakamura, H. (2018) Protein Sci., 27, 95-102. 

[5] Bekker, G.-J. & Kurisu, G. in preparation 
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The Symmetry Database (https://symmdb.iucr.org/) forms part of the online edition of International Tables for Crystallography and 

gives access to databases of crystallographic point and space groups. These online databases expand and complement the symmetry 

information provided in the print editions of International Tables for Crystallography Volume A, Space-Group Symmetry [1] or 

Volume A1, Symmetry Relations between Space Groups [2]. The information in the database can either be retrieved directly or 

generated ‘on-the fly’ using a range of programs. Help pages briefly explain the crystallographic data and the functionality of the 

programs. The data and programs that are currently available in the Symmetry Database are arranged into three sections: 

 (i) Space-group symmetry: The data in Volume A are extended to include the generators, general positions and Wyckoff positions of 

all 230 space groups, including the 530 settings for the monoclinic and orthorhombic space groups listed in Volume A. If data are not 

available for a particular setting directly, an arbitrary basis transformation can be specified and the data will be transformed to this 

new basis. The Wyckoff positions are specified by the Wyckoff letters, multiplicities, coordinate triplets and site-symmetry groups. 

Optionally, the symmetry operations of the site-symmetry groups of any point (within the unit cell or specified by its coordinates) can 

be calculated. Different types of notation are used for the symmetry operations: they are presented as coordinate triplets, in matrix 

form, using geometric symbols (indicating the type and order of the operations, and the location and orientation of the corresponding 

geometric elements, and screw or glide components if relevant) and as Seitz symbols. Information is also available for the Euclidean, 

chirality-preserving and affine normalizers of the space groups. 

(ii) Symmetry relations between space groups: The maximal subgroup data given in Volume A1 are extended to subgroups of 

arbitrary index for all the space groups, and series of isomorphic subgroups are available for indices up to 50 for orthorhombic, 

tetragonal, trigonal and hexagonal space groups and for indices up to 27 and 125 for cubic space groups. Interactive contracted and 

complete graphs of chains of maximal subgroups, including basis transformations and origin shifts for each step, can also be 

generated. In addition, data for supergroups of arbitrary index of all the space groups are provided. In contrast to Volume A1, where 

only space-group types of supergroups are indicated, in the symmetry database each supergroup is listed individually and specified by 

the transformation matrix that relates the conventional bases of the group and the supergroup. The subgroup and supergroup data can 

be transformed to the basis of the group, left- and right-coset decomposition calculations can be carried out, and Wyckoff-position 

splittings can be obtained along with the relations between the coordinates of the positions within the group and subgroup. 

(iii) 3D Crystallographic point groups: The data for the point groups, presented in an analogous way to the space-group data, include 

generators, and general and special Wyckoff positions. The data can be transformed to different settings, thus enhancing and 

extending the data tabulated in Volume A. Clear and instructive visualization of the symmetry elements of the crystallographic point 

groups and their stereographic projections, including interactive 3D polyhedra representations of idealized crystals, is also provided 

[3].  

The Symmetry Database is available to all subscribers to the online version of International Tables for Crystallography. A Teaching 

Edition of the Symmetry Database, which can be used to obtain and explore the data for a selected set of space groups is also available 

online.  

[1] International Tables for Crystallography (2016). Volume A, Space-Group Symmetry, 6th ed., edited by M. I. Aroyo. Chichester: Wiley.   

[2] International Tables for Crystallography (2010). Volume A1, Symmetry Relations between Space Groups, 2nd ed., edited by H. Wondratschek & 

U. Müller. Chichester: John Wiley & Sons.  

[3] Arribas, V., Casas, L., Estop, E. & Labrador, M. (2014). Comput. Geosci. 62, 53–61.  

Keywords: online symmetry database; space-group symmetry; symmetry relations between space groups; crystallographic 
point groups 

The Symmetry Database has been developed as part of an ongoing project between International Union of Crystallography, eFaber 

Soluciones Inteligentes SL. (Bilbao) and the Bilbao-Crystallographic-Server team. Most of the additional crystallographic data for the 

space groups, their subgroups and supergroups, and program algorithms have been provided by the Bilbao Crystallographic Server 

(www.cryst.ehu.es).  

https://symmdb.iucr.org/
http://www.cryst.ehu.es/
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The ARP/wARP software provides automated model building in macromolecular crystallography and cryo-EM maps for structures of 

proteins, and their complexes with nucleic acids and small-molecule ligands. The ARP/wARP remote service for macromolecular model 

building has been available since 2004 and was used to provide tens of thousands of model-building jobs remotely submitted by more 

than 4,000 users. A comprehensive description of the ARP/wARP web service, including a historical perspective, will be provided. To 

allow the user a direct monitoring of the model-building task, its progress and accumulated results (including the Wilson plot, the 

development of crystallographic R/Rfree-factors, the number of residues built) are displayed graphically and in a tabular form as well 

as JavaScript-based cartoons of the built structures. The output files can also be downloaded when the job is completed. A user can 

rerun jobs with modified parameters and the results of these can be compared to each other. The analysis of the accumulated data and a 

number of take-home messages will be presented. 

Keywords: ARP/wARP, web service, model building, macromolecular crystallography, cryo-electron microscopy 
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Macromolecular crystallography instruments around the world run more and more in a remote access or unattended configuration. 

This leads to less contact between humans and the hardware as well as less awareness of software and hardware states. Beamline 

failures that were in the past routinely reported by humans are now missed and lost in the noise of other issues. On another hand there 

is a need to have a chain of triggers from the beamline failure to the call out of a synchrotron staff that can assess and fix an issue. 

Finally, although most facilities have constant monitoring tools such has text messages or emails on catastrophic failures like loss of 

vacuum or cooling in the DCM, they tend to not monitor less important values due to the incapacity of a human being to deal with 

excessive amounts of information including false positives. Here we present a beamline monitoring software that intents to monitor 

EPICS PVs as well as other systems via HTTP restful interfaces, database connections or on disk file analysis and report in a 

configurable way to systems such as Slack, Email, Signal/WhatsApp or others. The use of a Slack bot allows update of configuration 

notifications as well as query some beamline states remotely before a support remote connection is required. Concepts as beamline 

mode as well as custom notifications for different staff members as well as a dependency chain of failures help reduce the number of 

notifications to a level which can be dealt with. The expectation is that this will be part of the on call / callout system, monitor the 

beamline live for upcoming possible problems as well as provide a log of the beamline states for the last day(s). 

 

Figure 1. a) Live dependency diagram [1] for monitored EPICs PVs showing no images coming out of the but otherwise a healthy 

beamline. Notifications are only sent for PVs in failed state when no upstream dependency is not also in failed state. b & e) Example 

slack notifications for beamline i04 [2] running with remote interactive users (c) and beamline i03 running unattended data collection. 

c) Example of the YAML configuration for monitoring DCM temperature with target, tolerance, beamline modes and dependency 

settings. d) Example email notification when a beam steering/feedback failure led to no data being collected by the detector.  

 

[1] https://networkx.org/   

[2] R. Flaig et all, Acta Cryst. (2017). A73, a71 

Keywords: MX, beamline, monitor, call out, on call, remote, unattended, support, live, automation, resilience, pandemic, work 
from home  

We thank the whole I04-1 beamline staff for lots of ideas taken from their queue-monitor script as well as the 2020 Diamond Light 

Source pandemic MX python focus group for suggestions both in code and ideas to solve issues that arose but in particular to Mark 

Williams and Louise Dunnett.   
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Machine learning can be justified only if input descriptors are crystal invariants independent of accidental choices. To use a household 

analogy, the average color of human clothes can be the easiest descriptor extracted from images but cannot be seriously used to predict 

height or any reliable data about people. Similarly, no properties of crystals can be reliably predicted from ambiguous parameters of a 

unit cell and a motif. Since crystal structures are determined in a rigid form, they should be considered equivalent modulo rigid motion 

or isometry, which preserves all interpoint distances. Then crystals can be justifiably distinguished only by isometry invariants that are 

independent of a unit cell and are preserved under any translations and rotations. Though Niggli’s reduced cell is unique, it is 

discontinuous under atomic perturbations, which are always present in real crystals. This continuity of invariants is important to 

quantify similarities between near identical crystals obtained by Crystal Structure Prediction [1] as approximations to energy minima.  

The pictures on the right of Figure 1 show that almost any small perturbation of points breaks most past invariants: symmetry groups 

and descriptors depending on primitive or reduced cells, because the volume of the primitive cell doubles. The density was used to 

represent a crystal structure in energy landscapes but is constant under perturbations and not enough to distinguish dense (really, 

almost all) crystals. But density functions [2] depending on a variable radius give more information about relative positions of atoms. 

 

Figure 1. A traditional representation of a periodic crystal by ambiguous (cell, motif) on the left should be converted to isometry invariants such as 

complete isosets [3,4], which uniquely identify a crystal so that a similarity on the right is continuously quantified. 

All machine learning approaches implicitly assume that a target property continuously depends on a given input, for example similar 

crystals should have close values of their lattice energy. We experimentally tested that the lattice energy is discontinuous with respect 

to the density, powder X-ray diffraction and packing similarity (root mean square deviation as computed by Mercury). For example, 

many crystals detected as similar by the above tools have very different energies. The new invariants [5-6] are not only theoretically 

continuous under perturbations but also satisfy continuity for energy learning: we experimentally identified a distance threshold d and 

a constant c such that any distance between AMD invariants smaller than d guarantees an energy difference smaller than c times d [7].   

Standard machine learning tools were trained on AMD invariants without chemical data for 10 min and predicted the lattice energy 

with a mean average error of less than 5KJ/mole on a CSP dataset of 5679 crystals [1] containing about 250 atoms per unit cell. 

Distances between AMD invariants are computed so fast that the pairs of all 229K organic molecular crystals from the Cambridge 

Structural Database (CSD) were processed overnight on a modest desktop and detected numerous near duplicates in the CSD [5-6].  

[1] Pulido, A. et al, Functional materials discovery using energy–structure–function maps. Nature, 543(7647), pp.657-664.  

[2] Edelsbrunner, H., Heiss, T., Kurlin, V., Smith, P, Wintraecken, M. (2021). The density fingerprint of a periodic point set. Peer-reviewed 

proceedings of Symposium on Computational Geometry. Available at http://kurlin.org/research-papers.php#SoCG2021. 

[3] Anosova, O., Kurlin, V. (2021). An isometry classification of periodic point sets. Peer-reviewed proceedings of Discrete Geometry and 

Mathematical Morphology, available at http://kurlin.org/research-papers.php#DGMM2021.  

[4] Anosova, O., Kurlin, V. (2021). Introduction to Periodic Geometry and Topology. Available at https://arxiv.org/abs/2103.02749. 

[5] Widdowson, D., Mosca, M.M., Pulido, A., Kurlin, V., Cooper, A.I. Average Minimum Distances of periodic point sets. To appear in MATCH 

Communications in Mathematical and in Computer Chemistry (2022). Available at https://arxiv.org/abs/2009.02488. 

[6] Widdowson, D., Kurlin, V. Pointwise Distance Distributions of periodic sets. Available at http://arxiv.org/abs/2108.04798.  

[7] Ropers, J., Mosca, M.M., Anosova, O., Kurlin, V., Cooper, A.I. Fast predictions of lattice energies by continuous isometry invariants of periodic 

crystals. Proceedings of DACOMSIN (Data and Computation for Materials Science and Innovation) 2021.  

Keywords: machine learning; lattice energy prediction; crystal invariant and similarities; continuous classification of crystals 
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For over 40 years, the Collaborative Computational Project Number 4 in Protein Crystallography (CCP4) has maintained, developed, 

and provided an integrated Suite [1] of world-class software that allows researchers to determine macromolecular structures by X-ray 

crystallography and other biophysical techniques. 

Traditionally, the Suite is operated via CCP4i(2) graphical user interface, available for all major desktop platforms. More recent 

developments include interfaces that offer users the convenience of crystallographic computing on mobile devices and access to 

cloud-based resources. There are several good reasons for exploiting the distributed computing paradigm in crystallography. 

First, cloud-based solutions have become particularly appealing given recent advances in automated structure solution methods. Such 

methods are demanding for both computing power and various databases, making them less convenient for offline setups. 

Second, the cloud model of operations relieves researchers from the burden of maintaining software locally, providing 24/7 access to 

always ready, tested, and updated software setup. 

Third, cloud computing streamlines data management and logistics. Collected data may be put in cloud-based projects directly from 

synchrotrons, bypassing offload to user devices. Cloud projects can be shared in real-time between a team of researchers working 

from various geographic locations. This aspect has been particularly helpful at the virtual CCP4 workshops during the pandemic. 

CCP4 currently provides two interfaces for online work [2]. CCP4 Online, started from automatic Molecular Replacement service 

“BALBES” in 2008, is a web portal allowing users to run in the cloud the molecular replacement and experimental phasing pipelines 

in the CCP4 suite. In 2020, CCP4 released an advanced online platform, CCP4 Cloud, featuring a full desktop experience online. 

CCP4 Cloud includes an HTML5 interface for most crystallographic tasks and allows to develop and maintain structure solution 

projects completely online using common web browsers on any modern platform, including mobile devices. 

We will discuss the latest developments, achieved results, and future directions. Providing a global computing infrastructure for 

protein crystallography is now a feasible task; are we ready to accept it in practice? 

 

[1] M. D. Winn et al. Acta. Cryst. D67, 235-242 (2011) 

[2] E. Krissinel, V. Uski, A. Lebedev, M. D. Winn, C. Ballard. Acta Cryst. D74: 143-151 (2018) 
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All biological processes rely on the formation of protein-ligand, protein-peptide and proteinprotein complexes.  Studying the affinity, 

kinetics and thermodynamics of binding between these pairs is critical for understanding basic cellular mechanisms. There are many 

different technologies designed for probing interactions between biomolecules, each based on measuring different signals 

(fluorescence, heat, thermophoresis, scattering and interference; among others). Evaluation of the data from the binding experiments 

and its fitting is an essential step towards the quantification of binding affinities. Here, we present user-friendly online tools to analyze 

biophysical data from steady-state fluorescence spectroscopy, microscale thermophoresis and differential scanning fluorimetry 

experiments. The modules from our data analysis platform (spc.embl-hamburg.de) contain classical thermodynamic models and clear 

user guidelines for the determination of equilibrium dissociation constants (Kds) and thermal unfolding parameters such as melting 

temperatures (Tms).  

  

Keywords: online server, open science, molecular interactions, binding affinity, Kds, microscale thermophoresis, differential 
scanning fluorimetry, protein stability, Tm, ligand screening  
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The presented Virtual X-ray Laboratories (v-XRLab) have been developed to address the lack of advanced and expensive research 

equipment for educational purposes, facilitate hands-on practice associated with online science or engineering courses, and enhance 

students’ knowledge of equipment design and operational principles. Also, in contrast with fully computerized contemporary X-ray 

equipment, the v-XRLabs help students understand factors affecting data accuracy and method limitations first-hand, and, 

consequently, better estimate reliability of the experiment results.  

During the COVID-19 pandemic, the virtual labs helped instructors minimize drawbacks of lost access to actual physical laboratories.  

Integrated cloud-based virtual laboratories (ATeL’s v-Labs) allowed learners to perform authentic research and laboratory experiments 

online, using highly accurate digital copy of a multifunctional X-Ray Powder Diffractometer (v-XRPD) and X-ray Fluorescence (v-

XRF) spectrometer. The v-XRPD realistically imitates the design and operation of a typical flat plate geometry diffractometer, and it 

also includes educational analytical software.  

                                     

The v-XRLab includes an open repository of samples available for experiments. The Diffractometer can work with CIF files obtained from 

the CCDC CSD, XY formats produced by a vendor's instrument, and some other plain text files as well. The open collection of virtual 

samples available for online experimentation includes alloys, ceramics, polymers, nanostructured materials, thin films, and even human 

kidney stones. 

Experimental data can be collected and handled manually or automatically. Virtual data can be exported to popular software as well. 

The v-XRLabs incorporate self-guided online experiments that couple hands-on practice with efficient contextual ‘just-in-time learning” 

by integrating simulations with video and voice instructions, manuals, quizzes, references, and other multimedia learning resources. This 

combines skill development, knowledge acquisition and performance-based assessment into a single process. 

A complimentary authoring tool enables instructors to modify existing online experiments and to create new ones, as well as to add 

new samples in the repository. New samples can be either based on actual XRD patterns or be calculated from known structural data. 

The v-XRLabs incorporate an augmented reality (AR) X-Ray diffractometer (AR-XRPD) and its attachments running on a mobile device 

or smart glasses and synchronized in real time with the main simulated XRPD and the relevant processes. This dramatically enhances 

student engagement and provides them with unique opportunities for data analysis and deeper exploration of the equipment and processes 

in augmented reality. 

Figure1. Screenshots of an online experiment “Collecting Data and Indexing of a Powder Diffraction Pattern 
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The v-XRLlabs were incorporated into courses on chemistry, materials science, forensics, mineralogy, metallurgy, and materials 

characterization techniques, among others. They has been used as follows: (i) as the only tool for lab practice on the relevant subjects, 

by the students who have no access to real equipment including MOOC students; (ii) for hybrid experimentation in combination with 

equipment; (iii) for preparing students and tech personnel to effective and meaningful hands-on practice in actual X-ray labs; (iv) for 

performance-based assessment of students’ and trainees understanding, and their ability to apply acquired knowledge and skills for 

performing experiments, and solving practical tasks; (v) and for lecture demonstrations.  

The presenters will share their experience in using the v-XRLabs during the COVID-19 pandemic and beyond it. The v-XRLab can be 

accessed at the following link: https://atelearning.com/XRLab/index.php  

Keywords: Virtual laboratory, Digital X-Ray Diffractometer, COVID-19 
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Crystal structures of proteins are three-dimensional, but most depictions of them, in textbooks and in the scientific literature, are not. 

When students are on campus, they can interact with physical models, discuss structures in the computer lab and experience the 

properties and functions of proteins in the biochemistry lab. We describe two projects that support interactive, collaborative and 

experiential learning in a remote setting. In the first project, students explored metabolic enzymes using the visualization software 

Pymol. Starting with crystal structures in the Protein Data Bank, students learned the basics of Pymol: they superimposed structures 

representing different stages in the catalytic mechanism, highlighted non-covalent interactions, identified bonds broken and made, and 

discussed the active sites of these enzymes in the context of the protein fold. In weekly meetings, students shared their progress and 

setbacks amongst each other, and used peer-to-peer learning to elevate their chemical and graphical design skills. Individually, they 

created different scenes and made them into a short video for which they provided an explanatory voiceover. Students wrote about 

their progress in weekly reflections. Many students reported being “excited and challenged” about learning a new technique at the 

outset. Later, deeper learning strategies emerged such as searching the primary literature or comparing existing videos to see how one 

might position an active site. The help-seeking behavior also became more sophisticated, for example asking for a video tutorial 

showing how to add or remove functional groups from a model. Overall, students were actively engaged in their projects and were 

eager to share what they had learned in discussions with their peers. The second project, housed on the public science site 

Proteopedia.org, aims at presenting examples of conformational change in a more interactive way. We wrote a series of Jmol scripts 

(storymorph.spt) to make it easier to superimpose structures and create morphs (fictional trajectories connecting conformational 

states). Using an algorithm that combines rigid-body movement with linear interpolation, morphs are made on the fly, allowing the 

visitor to change parameters (such as the timing of distinct parts of the conformational change or the initial superposition) to get a 

better feel for how the conformation might change. It is also possible to slow down or pause the morph, allowing visitors to explore 

the suggested intermediates in three-dimensions, including potential clashes or unrealistic bond lengths or angles. Morphs made 

available through this project include hexokinase binding to glucose, RNA polymerase transitioning from early to late initiation, 

conformational changes in calmodulin, and the pre-fusion to post-fusion transition of the coronavirus spike protein. Together these 

two projects highlight simple ways to keep science-learning interactive, collaborative, fun, and — most importantly — three-

dimensional in spite of the limitations caused by a pandemic. 

Keywords: catalysis, conformational change, interactive learning 
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Many months of this pandemic brought high concentration on online teaching in basically all levels of education. Of course, the least 

problematic is such teaching in universities where many things can be transferred to online form without significant losses and in 

certain cases even with some benefits. Of course, not for the work that should teach students some manual skills. Otherwise, there are 

no limits for interactive communication during the online teaching. However, it may be easier for the teachers rather than for students 

who must sit at the computer many hours a day. Universities are supporting different platforms for online teaching. While for 

organizing of meetings I prefer to use Zoom or similar platforms, for teaching I have decided to prepare everything in MS Teams in 

the form for education where it is easy to create a team for the subject and assign students from the list of university students.  

Our faculty required that all the presentations be recorded, and the records are available, in addition to presentations (ppt, pdf), to all 

relevant students till the end of semester. Some shared files like Excel or Word ones have possibility of multiple access of teacher and 

student. Probably the most useful part is Notebook that can contain different folders owned by teacher only, shared for all and owned 

by each individual student, respectively. In the shared folder, anybody can write formatted text, draw, insert pictures, tables directly in 

Teams or in One Note application with a few more advanced features. Students cannot see folders and pages of other students while 

the teacher can see everything. So, the teacher can easily click on the corresponding place of any student any time and see up-to-date 

information, e.g. where the student is during his/her task. Teacher can also write or draw directly to their documents. Usually, it is 

working quite quickly if the Internet is not too slow. The system was used for online teaching of fundamentals of crystallography and 

X-ray diffraction for smaller groups of students up to 10. In addition to simple examples and tests, graphical possibilities were used 

either with mouse or graphical tablet. The students had different symmetrical periodical 2D patterns with a task to draw elementary 

cell, corresponding symmetry elements, and determine the plane group from the list. In order, to make their life easier, they could use 

a portfolio of all symbols and it was then sufficient to move specific symbols to relevant positions. A similar way was used for space 

groups (complete diagrams of general positions with symmetry elements or vice versa complete diagrams of symmetry elements with 

general positions, the determination or estimation of the space group). The work was quite smooth.  

A little more complicated was the preparation of online practical courses when the entrance of students to the faculty building was 

completely forbidden. One was the basic problem of powder diffraction – determination of lattice parameter of unknown cubic phase 

and then also phase analysis of mixture of 3-6 phases. This practical part always begins with a short excursion in X-ray laboratory 

showing them a few instruments, description of powder diffractometer, preparation of different samples, specimen alignment and 

automatic measurement in symmetrical scan. So, everything was recorded to videos and what was only missing for students was their 

own specimen preparation. This is followed by demonstration of fast evaluation of powder pattern and generation of a file with peak 

parameters. The students used the free program Winplotr. A short video tutorial how to use it quickly for simple fitting of XRD peaks 

was provided. Students used this output (each with different dataset) to index peaks according to procedure described on web link and 

determined the lattice parameter considering the instrumental aberrations. This was done in Excel file simultaneously accessible also 

by the teacher. The first part was closed by looking into the ICDD Powder Diffraction File and trial to find the phase (demo by the 

teacher). Usually, it was not found because the lattice parameter deviated from the database value from some reason that was 

discussed. Then the pattern of a mixture of phases was evaluated in commercial software (demo by the teacher), the list of peaks was 

generated (2, d, I) and the students obtained scanned education edition (ICDD material) of Hanawalt index and made the search 

“manually”, again with different datasets. Interaction of the teacher was necessary. Finally, for homework, the students should 

download 30-days trial of program Match and use it for the phase analysis of the mixture (again a short video tutorial provided. More 

online “practical” tasks were prepared, for example study of textures and stresses in thin films showing different diffraction 

geometries and scans. 

Real examinations could be realized after the winter semester in February 2021. In general, I have never heard so well-structured and 

correct answers. I think that the reasons were the following. Students had everything available in their Teams folders. Each student 

had to go through all the tasks and materials independently but except the direct online teaching in any time that was suitable for 

him/her, and I did the same. During the online teaching of these “practical” tasks direct presence of students was required but, for a 

few students, it was realized offline in a few steps according to the guidelines. This required more time (days, weeks) but finally it was 

always completed successfully. The students could return to some parts of presentations and if something were not clear, they could 

look at corresponding video part. So, my overall experience was positive. However, it should be noted that – the courses were not for 

larger groups of students, these tasks do not require any manual skills and can be then adopted quite easily for online form. 

Keywords: online teaching, MS Teams 
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In order to address the loss of crystallographic training opportunities resulting from the cancellation of conventional schools around 

the world due to the COVID-19 pandemic we have started an online crystallography school with live lectures and live Q&A using 

Zoom Webinar. In 2020 we ran three versions of the school: two 10 one-hour classes on basic topics in crystallography and five 1.5-

hour classes on advanced topics. In June 2021 we plan to run a fourth school consisting of 10 1.5 hour classes on advanced topics. We 

have reported on the execution and results of the two basic schools held in 2020 previously (1). 

For the June 2021 school, we have scheduled ten 1.5 hour lectures on advanced topics including: electron diffraction, refinement, 

twinning, powder and PDF analysis, solution scattering and macromolecular crystallography, non-spherical atom refinement and 

charge density analysis, and data mining. 

This presentation will review the execution and outcomes of the December 2020 and June 2021 advanced topics schools. 

1. https://doi.org/10.1063/4.0000078 

Keywords: teaching crystallography, pandemic, webinar 
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My objective is to share approaches by which I incorporate structural biology into our biochemistry curriculum at Hampton 

University. I will also discuss methods to engage K-12 and undergraduate students in crystallographic research and structural biology 

(since 2001). I will show the successes and failures involved in the process of fully integrating these pre-baccalaureate students in 

crystallography research. Our outreach efforts have included socioeconomically underserved students or groups underrepresented in 

STEM. We will present strategies for recruiting and retaining STEM students. We will present the significant barriers to our research 

programs. We will also discuss potential funding sources. Finally, we will present how structural science has helped COVID-proof our 

research and biochemistry teaching approach over the past year of remote-learning. 

Keywords: Education, virtual learning, STEM, Diversity, engagement 
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Integrating a discovery based remote/hybrid crystallography lab module into an 
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An approach for increasing the impact of undergraduate scientific training with a discovery based X-ray structure determination lab 

module has been part of the chemistry curriculum at Vassar College since 2010. Just as chemical crystallography and complimentary 

spectroscopic techniques such as NMR can be fast, effective tools to experimentally determine the structure of molecules and enhance 

students learning of molecular structure, they can also provide an inspiring opportunity for students to write short, scientific journal 

style reports that can be edited and published in collaboration with a mentor. This talk will briefly review the X-ray crystallography 

module and then focus on the experience of conducting this module with remote and hybrid online learning during the pandemic. 

Keywords: chemical crystallography; education 
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Representing low-resolution electron density maps from solution scattering data  

T.D. Grant 

Department of Structural Biology, Jacobs School of Medicine and Biomedical Sciences, University at Buffalo, Buffalo, NY, USA 

tdgrant@buffalo.edu 
 

Many computational algorithms devoted to the interpretation and modeling of small angle scattering (SAS) data have been developed 

over the last several decades. In addition to the commonly used ASCII text files containing fits to data, real space transforms, 

modeling parameters, etc., modeling algorithms often generate coordinate files containing 3D coordinates of atomic or coarse-grained 

models to describe the object. Due to their versatility and community acceptance, coordinate files have become popular for 

representing models from a variety of different algorithms including bead modeling, rigid body modeling, ensemble modeling, 

flexible fitting, molecular dynamics, etc. and have found wide spread adoption in the SAS community. As novel algorithms are 

developed, new representations of particles are often required that may not be compatible with conventional coordinate models. Here I 

will describe the program DENSS1 which generates low-resolution 3D density maps from 1D solution scattering data using a novel ab 

initio reconstruction algorithm. The primary output of DENSS is an MRC file, commonly used in the electron microscopy community 

(and similar to the CCP4 format used in crystallography), which represents objects on a 3D grid of voxels where each voxel has a 

value corresponding to the density at that location. DENSS offers advantages over conventional algorithms that are implicit to its use 

of density to represent particles. Accurate and unbiased interpretation of a density map requires understanding how visualization 

programs graphically represent the 3D grid of values and how the low-resolution nature of the reconstruction affects this visualization. 

This includes tasks such as selecting appropriate contour thresholds and how to accurately and unbiasedly display such low-resolution 

density maps in publication figures and archives. Community engagement in this area will help to generate a set of standards for 

accurately publishing low-resolution density maps to avoid overinterpretation, as has previously been done for validation of 

conventional SAS models2. 

 

[1] Grant, T.D. (2018). Nature Methods. 15, 191–193. 

[2] Trewhella, J., et. al. (2017). Acta Cryst. D. Struct. Bio. 79(9), 710-728. 

Keywords: small angle scattering; electron density; data analysis; algorithms; data validation and archival 
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Integrative modeling of structure and dynamics of macromolecules based on SAXS profiles 
and cross-linking mass spectrometry 
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Proteins generally populate multiple structural states in solution. Transitions between these states are important for function, such as 

allosteric signaling and enzyme catalysis. Structures solved by X-ray crystallography provide valuable, but static, atomic resolution 

structural information. In contrast, cross-linking mass spectrometry (XLMS) and small angle X-ray scattering (SAXS) datasets contain 

information about conformational and compositional states of the system. The challenge lies in the data interpretation since the cross-

links in the data often comes from multiple structural states. We have developed a novel computational method that simultaneously 

uncovers the set of structural states that are consistent with a given dataset (XLMS or SAXS). The input is a single atomic structure, a 

list of flexible residues, and an experimental dataset. The method finds multi-state models (models that specify two or more co-

existing structural states) that are consistent with the data. The method was applied on multiple SAXS and XLMS datasets, including 

large multi-domain proteins and proteins with long disordered fragments. The applicability of the method extends to other datasets, 

such as 2D class averages from Electron Microscopy, and residual dipolar couplings. 

Keywords: protein dynamics, multi-state modeling 
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Operando X-ray Absorption Spectroscopy probing Dynamic Processes in Batteries 
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An important element in the reduction of CO2 is the change of vehicles with internal combustion engines to electric battery powered 

vehicles. The as such produced renewable energy can be used for individual mobility as well as for a temporary intermediate storage 

of excess energy. A viable electric mobility concept requires however stable cycle batteries with high specific energy (minimising 

weight, maximising driving range).  

Li ion batteries are widely used in applications such as mobile phones and laptops, and will likely be key to future electromobility. An 

alternative promising battery is the lithium sulfur battery with a potential twofold energy density increase. The requirements for such 

batteries present major challenges; e.g. energy capacity, deactivation/stability and safety. A detailed understanding of the charge, 

discharge and deactivation mechanisms are thus required, preferably quantitative and spatially resolved. X-ray absorption 

spectroscopy (XAS) is a characterisation technique which provides detailed electronic and structural information on the material under 

investigation, in a time- and spatially resolved manner.  

Here, I will explain the strengths and limitations of XAS for battery research. A novel operando XAS cell design will be described [1], 

including the challenges to perform reliable experiments (electrochemically and spectroscopically). The cell allows time and spatial 

resolved XAS, providing insights in the type, location and reversibility of the intermediates formed in electrodes and electrolyte 

separately. Obtained insights in cycling and deactiviation mechanisms for the different battery types will be discussed [1-6] and future 

research directions described. 

[1] Y. Gorlin, A. Siebel, M. Piana, T. Huthwelker, H. Jha, G. Monsch, F. Kraus, H.A. Gasteiger, M. Tromp, J. Electrochem. Soc. 162(7): A1146-

A1155, 2015. 

[2] Y. Gorlin, M. U. M. Patel, A. Freiberg, Q. He, M. Piana, M. Tromp, H. A. Gasteiger, J. Electrochem. Soc. 2016, 163(6), A930-A939. 

[3] J. Wandt, A. Freiberg, R. Thomas, Y. Gorlin, A. Siebel, R. Jung, H. A. Gasteiger, M. Tromp, J. Mater. Chem. A 2016, 4, 18300-18305. 

[4] A. T. S. Freiberg, A. Siebel, A. Berger, S. M. Webb, Y. Gorlin, H. A. Gasteiger, M. Tromp, J. Phys. Chem. C 2018, 122, 10, 5303-5316. 

[5] A. Berger, A. T. S. Freiberg, R. J. Thomas, M. U. M. Patel, M. Tromp, H. Gasteiger, Y. Gorlin, J. Electrochem. Soc. 2018, 165(7), A1288-

A1296. 

[6] R. Jung, F. Linsenmann, R. J. Thomas, J. Wandt, S. Solchenbach, F. Maglia, C. Stinner, H. A. Gasteiger, M. Tromp, J. Electrochem. Soc. 2019, 

166(2): A378-A389. 
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Operando diagnostics of cathode materials based on novel sodium iron titanites 
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viks@sfedu.ru 

A set of sodium iron titanite samples with general formula NaxFe+2
x/2Ti2–x/2O4 was prepared using solid-state synthesis in an inert 

atmosphere to test for application as cathode materials for Na-ion batteries. These materials have several advantages over analogues 

with Fe3+, demonstrating better sodium ion conductivity and higher Na+ ions capacity without phase transition or destruction of the 

structure. [1] In the course of the investigation, several compositions of a new compound were obtained with NSIT-like structure type 

similar to Na0.9Fe3+
0.9Ti1.1O4. Among them, composition with x = 0.9 was selected due to its electrochemical performance and 

structural peculiarity. From the crystallographic point of view, formation of phases in NaxFe+2
x/2Ti2–x/2O4 system with 

Na0.9Fe3+
0.9Ti1.1O4 structure (having Fe3+ ions mixed with Ti4+ ions) is rather unusual due to different radii of mixing ions (Fe2+ = 0.92 

Å, Fe3+ = 0.785 Å, Ti+4 = 0.745 Å (CN=6) [2]). 

The Na0.9Fe3+
0.9Ti1.1O4 was further studied by operando XANES spectroscopy. The sample was placed as a cathode inside custom 

electrochemical cell with glassy carbon X-Ray transparent windows. Li foil was used as anode and 1M LiPF6 in 1:1 EC:DMC 

commercial solution (Sigma) was used as electrolyte. The cell was cycled in 1.6 to 4.5 V range with current of C/20. Operando Fe K-

edge XANES spectra were measured with the R-XAS Looper (Rigaku, Japan) laboratory X-Ray absorption spectrometer. 

  

Figure 1. Principal components extracted from the series of 

experimental spectra using PCA, compared to experimental 

spectra of several reference compounds. 

Figure 2. Cell potential and phase concentrations from PCA as a 

function of time (markers correspond to individual spectra). 

In total 200 spectra were collected for NaxFe+2
x/2Ti2–x/2O4 sample with x = 0.9 during 10 consecutive cycles, which were further 

analyzed by PCA to extract spectra of phases participating the electrochemical process and corresponding phase content diagrams. 2 

components were successfully extracted (fig. 1). Component corresponding to a Fe2+ phase shows good agreement with FeTiO3 

reference in terms of absorption edge position and overall profile of the spectrum. On the other hand, agreement with the spectrum of 

as-prepared sample is far from decent. Component corresponding to a Fe3+ phase shows good agreements with a reference compound 

(reference sample, fully oxidized in air). Comparison with theoretical spectra for various structural models have shown decent 

agreement of Fe2+ phase with the spectrum of freudenbergite. Fig. 2 shows the cell potential and phase concentrations from PCA as a 

function of time. One can clearly see the decrease in Fe2+/Fe3+ conversion rate during first 3 cycles, after that the rate remains stable 

and conversion is highly reversible. This decrease in conversion rate, as well as lack of agreement between Fe2+ phase from PCA and 

as prepared sample, might be accounted by electrochemical substitution of Na with Li that takes place during cycling in Li-based cell, 

which causes the change in local atomic and electronic structure of material, possibly leading to partially blocked or collapsed ion 

transfer channels. The degree and details of such substitution are subject for study by operando XRD and Mössbauer spectroscopy. 

[1] Rajagopalan et al., (2017) Adv. Mater. 29  

[2] Shannon, R.D. (1976), Acta Crystallogr. Sect. A 32, 751-767 

Keywords: Na-ion batteries; cathode materials; operando XAS; sodium iron titanites 
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Computational challenges in the search for better superconducting hydrides 
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Structure prediction, and the theoretical computation of reliable superconducting transition temperatures, have undoubtedly played a 

major role in the discovery of novel high temperature superconductivity in dense hydrides.[1] While the field has delivered room 

temperature superconductivity,[2] the technological relevance will be limited while the phenomenon is restricted to extremely high 

pressures. Furthermore, the number of experimental research groups that can study the properties of these compounds at megabar 

pressures is limited, restricting the potential scientific impact. Rightly, the field is focusing on identifying compounds that 

superconduct at high temperatures, but much lower pressures. But there are considerable obstacles to progress. The number of 

theoretical candidates far exceed those experimentally confirmed, suggesting more attention should be paid to predicting 

synthesisability. It is becoming clear that metastability favours high temperature superconductivity, but how should we choose from 

the multitude of metastable candidates? Experimentally determined structures are frequently not found to be dynamically stable in 

static calculations, but full dynamics is computationally expensive, and difficult to account for in high throughput searches. At the 

same time, it is not clear how to compute superconducting transition temperatures in highly dynamic systems. So far, most attention 

has been paid to perfect crystals. Doping and deviation from perfect stoichiometry, and well as defects (both point, and extended, such 

as grain boundaries and interfaces) are likely to be important to the detailed properties of these materials. Finally, as we turn to 

exploring a broader range of compounds, in the ternaries and beyond, structure prediction becomes more challenging, not least in 

terms of the management of the quantities of data generated, and the computation of large numbers of superconducting transition 

temperatures. I will show some recent results which go some way to addressing this. 

[1] Pickard, Chris J., Ion Errea, and Mikhail I. Eremets. "Superconducting hydrides under pressure." Annual Review of Condensed Matter Physics 11 

(2020): 57-76. 

[2] Snider, Elliot, Nathan Dasenbrock-Gammon, Raymond McBride, Mathew Debessai, Hiranya Vindana, Kevin Vencatasamy, Keith V. Lawler, 

Ashkan Salamat, and Ranga P. Dias. "Room-temperature superconductivity in a carbonaceous sulfur hydride." Nature 586, no. 7829 (2020): 

373-377. 
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The remarkable high-temperature superconducting behavior of H3S (TC=200 K, [1]) and LaH10 (TC=250 K [2]) at about 150 GPa 

catalyzed the search for superconductivity in compressed ternary hydrides. The highest critical temperature of 288 K at 275 GPa has 

been found recently in the C-S–H system [3]. High-temperature superconductivity in these compounds is due to the formation of 

metallic hydrogen sublattice, which is obtained by pulsed laser heating of various elements with hydrogen at extremely high pressures 

achieved during compression on diamond anvils. In this report we will present new results of studies of high-pressure chemistry, 

magnetic and superconducting properties of YH6, UH7, ThH10, CeH9-10, PrH9, NdH9, EuH9 and BaH12 binary and (La,Y)H10 ternary 

polyhydrides discovered in the last 2 years by collaboration of IC RAS, LPI, Skoltech and Jilin University (China). Perspectives of 

design of light and magnetic sensors (SQIUDs) based on superhydrides synthesized in miniature diamond anvil cells will be 

discussed. 

[1] Drozdov A P, Eremets M I, Troyan I A, Ksenofontov V and Shylin S I, 2015, Nature, 525, 73–76. 

[2] Drozdov A P, Kong P P, Minkov V S, Besedin S P, Kuzovnikov M A,Mozaffari S, Balicas L, Balakirev F F, Graf D E, Prakapenka V 

B,Greenberg E, Knyazev D A, Tkacz M and Eremets M I, 2019, Nature 569, 528–531. 

[3] Snider E, Dasenbrock-Gammon N, McBride R, Debessai M, Vindana H, Vencatasamy K, Lawler K, Salamat A et al., 2020, Nature, 586, 373–

377.  
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The critical temperature Tc of superconductivity was recently found [1] to have a clear relationship to the Periodic Table – the 

highest-Tc superconducting hydrides are formed by elements forming a “belt of superconductivity”, roughly between II and III 

groups. These elements turn out to be neighbors in the sequence of Mendeleev numbers [2], which were introduced in 1984 by Pettifor 

[2] and shown to approximately characterize all elements by just one number. The physical meaning of these numbers remained 

unclear. We have shown [3] that Mendeleev number can be obtained by principal components analysis (PCA) or even a simple linear 

correlation applied to the set of points in the spac “atomic radius – electronegativity – polarizability” of all elements. This 

dimensionality reduction gives a single variable giving mathematically the best one-parameter description of the chemistry of the 

elements – the Mendeleev number. We have also shown [3] that thus defined Mendeleev numbers perform better than those proposed 

by Pettifor [1]. Reduced-dimensionality representations (such as representation by Mendeleev numbers) allow easier visualization of 

big data. 

Among the chemical properties of the elements, electronegativity plays perhaps the most important role – chemical reactivity of the 

elements, bond energies, directions and heats of reactions, and many properties of molecules and solids are related to 

electronegativities of the elements. The oldest and the most widely used is Pauling’s scale of electronegativity, developed in 1932 (see 

[4]) and based on bond energies. However, later it was found (e.g., [5]) that Pauling’s formula, relating bond energies with 

electronegativity differences, is very inaccurate for significantly ionic bonds. We have proposed [6] another formula, which works 

well for bonds with any degree of ionicity, and obtained a new thermochemical scale of electronegativities for all elements. New 

electronegativities better follow chemical intuition than traditional Pauling’s values (e.g. charge transfer in transition metal borides 

and hydrides is described qualitatively better, and so are oxyacids).  

[1] Semenok D.V., Kruglov I.A., Savkin I.A., Kvashnin A.G., Oganov A.R. (2020). On distributions of superconductivity in metal hydrides. Curr. 

Opin. Solid State & Mater. Sci. 24, 100808. 

[2] Pettifor D.G. (1984). A chemical scale for crystal structure maps. Solid State Commun. 51, 31-34.  

[3] Allahyari Z., Oganov A.R. (2020). Nonempirical definition of Mendeleev numbers: organizing the chemical space. J. Phys. Chem. C124, 23867-

23878. 

[4] Pauling, L. The Nature of the Chemical Bond 3rd edn (Cornell University Press, 1960). 

[5] Matcha, R. L. (1983). Theory of the chemical bond. 6. Accurate relationship between bond energies and electronegativity differences. J. Am. 

Chem. Soc. 105, 4859–4862. 

[6] Tantardini C., Oganov A.R. (2021). Thermochemical electronegativities of the elements. Nature Communications 12, 2087. 
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