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In tro ducti on 

Cur rent crys tal struc ture val i da tion pro ce dures rely pri mar -
ily on dif frac tion data anal y sis, as im ple mented in tools
such as PLATON/checkCIF [1]. A com ple men tary ap -
proach – com par i son of the ge om e try of ex per i men tal
struc tures with their DFT-op ti mized ge om e tries – was in -
tro duced by van de Streek & Neumann [2, 3], but did not
gain wide spread adop tion due to high com pu ta tional de -
mands and re li ance on com mer cial soft ware. Re cent ad -
vances in com put ing power and DFT meth od ol ogy now
make this ap proach prac ti cally vi a ble for rou tine use on
stan dard desk top hard ware even for or ganic mo lec u lar
crys tals with large unit cells. 

Method 

To fa cil i tate prac ti cal ap pli ca tion of this ap proach, we im -
ple mented the val i da tion workflow in the pro gram
checkCIF-DFT, a freely avail able pro gram that au to mates
pars ing CIF files, man age ment of DFT ge om e try
optimizations via the use of ex ter nal DFT pro grams and
eval u a tion of struc tural dis crep an cies us ing a set of com -
par i son descriptors. In our test ing so far, ge om e try
optimizations were per formed us ing CASTEP [4] with the
r2SCAN [5] meta-GGA func tional and Many-Body Dis -
per sion (MBD) cor rec tion [6]. Our descriptor set ex tends
the pre vi ously pro posed r.m.s. Car te sian dis place ment
(RMSCD) [2, 3] with max i mum changes in bond lengths,
bond an gles and tor sion an gles, max i mum Car te sian dis -
place ment and a tem per a ture-cor rected vol ume dif fer ence
– the lat ter ac count ing for the for mal 0 K con di tions of DFT 
op ti mi za tion us ing ther mal ex pan sion co ef fi cients de rived
from Cam bridge Struc tural Da ta base (CSD) [7] data [8]. 

Re sults 

To set ref er ence val ues of com par i son descriptors, the
method was benchmarked against two ref er ence sets: five
struc tures de ter mined by neu tron dif frac tion, rep re sent ing
cor rect high-qual ity ex per i men tal de ter mi na tions, and five
in cor rect struc tures known to be ob tained by data ma nip u -
la tion and fraud [9]. The use of our ex tended com par i son
descriptor set is jus ti fied as the use of the orig i nal RMSCD
cri te rion fails to flag three of the five fraud u lent struc tures

as prob lem atic, which was al ready noted by van de Streek
& Neumann in their work. How ever, the ex tended com par -
i son descriptor set – par tic u larly max i mum bond length dif -
fer ence and max i mum bond an gle dif fer ence – clearly
sep a rated all five fraud u lent struc tures from the neu tron
struc tures sup port ing the idea of the need for a multi-pa -
ram e ter val i da tion ap proach. 

The val i da tion pro ce dure was next ap plied to a rep re -
sen ta tive set of 100 or ganic crys tal struc tures drawn from
the CSD. Of these, 90 cal cu la tions com pleted and the large
ma jor ity showed de vi a tions con sis tent with cor rect ex per i -
men tal de ter mi na tions (see Fig. 1). How ever, a sub set
showed el e vated de vi a tions re veal ing sev eral re cur ring
cat e go ries of struc tural prob lems: unmodelled sol vent-ac -
ces si ble voids, miss ing at oms, in cor rect space group as -
sign ment etc. No ta bly, sev eral cal cu la tion fail ures were
also as so ci ated with struc tures show ing some of these
prob lems, which of fers a pos si ble ex pla na tion to the cal cu -
la tion dif fi cul ties. 

Conclu si ons 

Our re sults sug gest that DFT-based crys tal struc ture val i -
da tion may serve as a phys i cally grounded com ple men tary
val i da tion method to con ven tional val i da tion checks. This
in de pend ent val i da tion is of great use es pe cially in cases
where de ter mi na tion er rors were made but are dif fi cult to
spot or in cases where de ter mi na tion de tails are poorly doc -
u mented. Fur ther more, the re sults sug gest that the CSD is
not free of struc tures with se ri ous struc tural is sues, even
among those that have passed con ven tional val i da tion fil -
ters. Our im ple men ta tion of the method – the pro gram
checkCIF-DFT – is planned to be made freely avail able
and is in tended to make this DFT val i da tion workflow ac -
ces si ble to the broad crys tal lo graphic com mu nity. Ad di -
tion ally, it is planned to ex tend checkCIF-DFT with
pre-cal cu la tion checks to re veal most com mon struc tural
is sues that are iden ti fi able prior to DFT op ti mi za tion cal cu -
la tions. Fur ther more, sup port for the use of Ma chine
Learn ing In ter atomic Po ten tials (MLIPs) is be ing de vel -
oped as a sig nif i cantly faster al ter na tive to DFT cal cu la -
tions. 
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Fig ure 1. Max i mum bond length dif fer ence ver sus max i mum bond an gle dif fer ence for the neu tron struc tures (blue cir cles), fraud u lent 
struc tures (red cir cles) and 90 suc cess fully cal cu lated CSD struc tures (or ange cir cles) cal cu lated ex clud ing hy dro gen at oms. 
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INTRAMOLECULAR INTERACTIONS IN FERROCENE PHOSPHINOSTIBINES FROM
THE PERSPECTIVE OF STRUCTURAL ANALYSIS AND COMPUTATIONAL METHODS

D. Rezazgui, J. Schulz, P. Štìpnièka

Charles Uni ver sity, Fac ulty of Sci ence, Hlavova 8, 128 00, Praha 2, Czech Re pub lic

This con tri bu tion ex am ines intramolecular non-co va lent
in ter ac tions in ferrocene phosphinostibines from the per -
spec tive of X-ray struc tural anal y sis and com pu ta tional
meth ods. Hy brid lig ands com bin ing phos phine and stibine
do nor groups were pre pared in both flex i ble and rigid
ferrocenyl frame works, in clud ing 1,2-disubstituted
phosphino stibines, their phos phine chalcogenides, gold
com plexes, and the cor re spond ing ox i dized stiboranes.

The pri mary fo cus is placed on intramolecular do -
nor-ac cep tor in ter ac tions stud ied via sin gle-crys tal X-ray
dif frac tion and the o ret i cal cal cu la tions. The dif frac tion
data re veal a clear de pend ence of the intramolecular con -
tacts on the elec tronic state of the an ti mony cen ter.
Whereas neu tral phosphinostibines show only lim ited ev i -
dence for at trac tive do nor-ac cep tor in ter ac tion, ox i da tion
to stiboranes gen er ates sig nif i cantly short ened P···Sb,
Au···Sb and E···Sb con tacts (E = O, S, Se), in di cat ing pro -
nounced pnictogen-cen tered Lewis acid ity and ef fec tive
intramolecular do nor sta bi li za tion. In the rigid
1,2-disubstituted ferrocene se ries, these ef fects are par tic u -
larly well re solved, al low ing di rect com par i son of the
struc tural con se quences of do nor type, ox i da tion state, and
geo met ric preorganization. The short est and most dis tinct
in ter ac tions are ob served for ox y gen do nors, while the sul -
fide and selenide an a logues ex hibit weaker but still rec og -
niz able trends.

The na ture of these non-co va lent in ter ac tions was fur -
ther in ves ti gated us ing Den sity Func tional The ory (DFT)
and In trin sic Bond Or bital (IBO) anal y sis to gether with At -
oms In Mol e cules (AIM) anal y sis. The cal cu la tions con -
firmed the pres ence of pnictogen bond which upon
ox i da tion of the stibine moi ety to stiborane changed into
co va lent in ter ac tion [1-3].

The syn ergy be tween X-ray dif frac tion and quan tum
chem i cal mod el ing thus en ables the ra tio nal de sign of new
lig ands, where these sec ond ary in ter ac tions can be uti lized
to fine-tune re ac tiv ity.

1. D. Rezazgui, J. Schulz, P. Štìpnièka, Chem. Commun. 61
(2025) 18705-18708. 
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(2025) 11075-11092. 
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Inorg. Chem. 62 (2023) 14028-14043.

This work was sup ported by the Czech Sci ence Foun da tion
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ta tional re sources were pro vided by the e-IN FRA CZ pro -
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Metal–or ganic frame works (MOFs) of the MIL-140 se ries
(A, B, C, D) com bine high struc ture sta bil ity with one-di -
men sional chan nels with a di am e ter of ~10 C, mak ing
them very at trac tive for drug de liv ery. In this work we
pres ent a com bined com pu ta tional and ex per i men tal study
on paracetamol en cap su la tion in MIL-140C. Com pu ta -
tional pre-screen ing of nine com mon drugs was built in
Ma te ri als Stu dio (Forcite mod ule, Uni ver sal force field
(UFF), rigid frame work). Paracetamol was ranked as the
most af fine guest, ex hib it ing the low est to tal po ten tial en -
ergy (–223.26 kcal/mol) for two mol e cules per cell,
(Tab. 1). A test ing of con cen tra tion se ries for paracetamol
(2–8 mol e cules per cell), (Tab. 2), pre dicted an op ti mal
load ing of four mol e cules, (Fig. 1), which reached the to tal
min i mum po ten tial en ergy (–237.70 kcal/mol) and showed
fa vour able head-to-tail hy dro gen bond ing with the frame -
work.

Based on these cal cu la tion pre dic tions, MIL-140C was
syn the sised and the best crys tal line sam ple was se lected for 
ad sorp tion tests with paracetamol and dif fer ent sol vents.
Sim u lated pow der X-ray dif frac tion (PXRD) pat terns of
the loaded MOF (four paracetamol per cell) show sub tle
peak shifts and in ten sity vari a tions com pared to the empty
frame work (Fig. 2), (ex per i men tal data pend ing) con sis -
tent with pore oc cu pa tion. Ex per i men tal BET mea sure -
ments of the paracetamol-loaded sam ple gave a re duc tion
of sur face area (Tab. 3). This de crease, to gether with the
ab sence of crys tal line paracetamol peaks in ex per i men tal

PXRD (data pend ing), strongly sug gests en cap su la tion of
paracetamol mol e cules rather than mere sur face ad sorp -
tion. 

We ex plic itly dis cuss the lim i ta tions of our sim u la tions
(rigid frame work, (UFF), no sol vent, ideal ised crys tal line
struc ture) and ar gue that while com pu ta tional screen ing is
valu able for rank ing af fin i ties, quan ti ta tive pre dic tions re -
quire more ad vanced meth ods. Our in te grated ap proach
dem on strates that MIL-140C is a vi a ble plat form for
paracetamol de liv ery. Four-mol e cules of paracetamol were 
the most ef fi cient load ing. These cal cu la tion mod els can
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Guest Mo le cu le
To tal po ten tial ener gy

[kcal/mol]

Para ce ta mol -223.26

Ibupro fen -3.30

Ate no lol 16.04

Bisphe nol A 17.19

Dic lo fe nac 21.04

Car bo ma ze pi ne 56.61

3-Hyd ro xy car ba ma ze pi ne 61.10

Caf fei ne anhyd rous 92.34

Sulfa metho xa sol 219.15

Ta ble 1. En ergy com par i son of nine pairs of guest mol e cules
tested on MIL-140C

# of Para ce ta mol
To tal bin ding
ener gy [kcal/mol]

Bin ding ener gy
per para ce ta mol
[kcal/mol]

2 -90.76 -45.38

3 -115.26 -38.42

4 -237.70 -59.43

5 -45.17 -9.03

6 -41.36 -6.90

7 -40.71 -5.81

8 -2.41 -0.30

Ta ble 2. En ergy com par i son of dif fer ent amounts of para ceta -
mol

Sam ple Sol vent
BET 
[m2 /g]

Chan ge vs. 
pure MOF

MIL-140C
(pure)

---- 862.8 ----

MIL-140C +
para ce ta mol

2-Pro pa nol 774.4 -10.2 %

MIL-140C +
para ce ta mol

Tetra hyd ro fu ran 789.7 -8.5 %

MIL-140C +
para ce ta mol

Ethyl ace ta te 762.8 -11.6 %

MIL-140C +
para ce ta mol

Chlo ro form 74.8 -91.3 %

Ta ble 3. Ex per i men tal BET sur face ar eas (N2 ad sorp tion, 77 K)
of MIL-140C with dif fer ent sol vents 



serve as the first step of pre dic tion of host-guest in ter ac tion
of var i ous drugs, which will be sub se quently tested in
in-vi tro studies.
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Fig ure 1. Most sta ble po si tion of four mol e cules of paracetamol per unit cell of MIL-140C, af ter quench dy nam ics (Forcite, UFF). The
blue scat tered lines rep re sent hy dro gen bonds.

 

Fig ure 2. Com par i son of sim u lated Pow der X-Rays dif frac tion of
the empty MOF (RED), MOF filled with 4 paracetamols (BLUE).


