
data in di cated that both the FM and the AFM do mains have 
con stant ver ti cal size be ing equal to the layer thick ness ob -
tained from the X-ray re flec tivity. At room tem per a ture,
the FM vol ume (al though very small) is spread from the
very bot tom to the top of the thin layer, prob a bly in the
form of thin col umns lat er ally dis trib uted in the layer. Just
these col umns could be the seeds for the emerg ing FM
phase during the heating.

1. Zakharov, A. (1964). So viet Phys ics JETP, 46(6),
2003–2010.

2. Lu, W., Huang, P., Chen, Z., He, C., Wang, Y., & Yan, B.
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3. Baldasseroni, C., Pálsson, G. K., Bordel, C., Va len cia, S.,
Unal, a. a., Kronast, F., ... Hellman, F. (2014). Jour nal of
Ap plied Phys ics, 115, 043919
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 Re fined X-ray spec tros copy can play a key role in un der -
stand ing the fun da men tal mech a nisms re spon si ble for the
phys i cal and chem i cal prop er ties of ad vanced func tional
ma te ri als and de vices. In this con tri bu tion, we will fo cus on 
TiO2 – based nanostructures, which are ac tively stud ied for 
many ap pli ca tions, in clud ing photocatalysis. De spite many 
po ten tial ad van tages, one lim i ta tion of TiO2 is the wide

band gap, which lim its so lar light ab sorp tion. By us ing
high res o lu tion X-ray ab sorp tion spec tros copy (XAS) and
res o nant in elas tic X-ray scat ter ing (RIXS) we have re -
cently stud ied the atomic and elec tronic struc ture of two
ma te ri als sys tems de signed to over come this lim i ta tion:
nanostructures formed by close as sem bly of Au and TiO2

nanoparticles [1] and V-doped TiO2 [2]. 
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Fig ure 1: Graph i cal de scrip tion of the ex per i ment on Au:TiO2 and of hot elec tron charge trans fer. The in set re -

ports the ef fect of la ser il lu mi na tion on high res o lu tion XAS spec tra and a typ i cal RIXS plane.



Ex ploit ing plasmonic Au nanoparticles to sen si tize
TiO2 to vis i ble light is a widely em ployed route to pro duce
ef fi cient photocatalysts. How ever, a de scrip tion of the
atomic and elec tronic struc ture of the semi con duc tor sites
in which charges are in jected is still not avail able. Such a
de scrip tion is of great im por tance in un der stand ing the un -
der ly ing phys i cal mech a nisms and to im prove the de sign of 
cat a lysts with en hanced photoactivity. We in ves ti gated
changes in the lo cal elec tronic struc ture of Ti in pure and
N-doped nanostructured TiO2 loaded with Au nano -
particles dur ing con tin u ous se lec tive ex ci ta tion of the Au
lo cal ized sur face plasmon res o nance with XAS and RIXS.
Spec tral vari a tions strongly sup port the pres ence of long-
 lived charges lo cal ized on Ti states at the semi con duc tor
sur face, giving rise to new laser-induced low coordinated
Ti sites. 

Dop ing with tran si tion met als is an ef fec tive method to
en hance vis i ble-light ab sorp tion in TiO2 nanoparticles and
to im prove the ef fi ciency of many photocatalytic pro cesses

un der so lar ra di a tion. We have per formed an in-depth XAS 
study of V dop ants in TiO2 nanoparticles de pos ited by gas- 
phase con den sa tion with a lo cal struc ture sim i lar to ana -
tase, rutile, or in ter me di ate. The com bi na tion of K- and
L-edge spec tra in the pre-edge, edge, and ex tended en ergy
re gions with full po ten tial ab in itio spec tral sim u la tions
shows that V ions oc cupy substitutional cationic sites in the 
TiO2 struc ture, ir re spec tive of whether it is sim i lar to rutile, 
ana tase, or mixed. Very recently we have also per formed.

RIXS mea sure ments which high light changes in the oc -
cu pa tion of elec tronic states lo cal ized on Ti and V in duced
by vis i ble light ab sorp tion.

1. L. Amidani, A. Naldoni, M. Malvestuto, M. Marelli, P.
Glatzel, V. Dal Santo, and F. Boscherini, Angew. Chem.
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10.1002/anie.201412030. 
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7457 (2015). DOI: 10.1021/acs.jpcc.5b12045.
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From in or ganic crys tals to pro tein crys tals, struc ture de ter -
mi na tion with atomic res o lu tion is mostly based on dif frac -
tion tech niques (elec trons, X-rays, and neu trons).
How ever, since the co her ent scat ter ing cross-sec tion for
X-ray by at oms have in ter me di ate val ues be tween those for 
elec trons and neu trons, ex per i men tal mea sure ments of
struc ture fac tor phases have been suc cess fully car ried out

with X-rays [1]. Dy nam i cal dif frac tion tak ing place within
per fect do mains is an other re quire ment for phys i cal phase
mea sure ments via multi-beam dif frac tion ex per i ments. In
crys tals with small unit cells, dy nam i cal dif frac tion re gime
is achieved in much smaller do mains than in crys tals with
large cells such as pro tein crys tals. Fact that has al lowed
phase mea sure ments to re veal struc tural de tails-in ac ces si -
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Fig ure 1. Dy nam i cal dif frac tion in amino acid crys tal giv ing rise to asym met ric peak pro files of multi-beam cases.

Base line in ten sity (top panel) is from 261 re flec tion (dashed Bragg-cone line, bot tom panel). 



ble by other tech niques-of op ti cal crys tals with dop ant ions
[1,2], as well as to solve chirality in crys tals with no res o -
nant at oms [3]. Dif fer ently from any other method in X-ray
crys tal log ra phy based on struc ture re fine ment of in ten sity
data, phase mea sure ments pin point a spe cific fea ture of the
struc ture and di rectly prove its ex is tence be yond of any re -
li abil ity pa ram e ter or good ness-of-fit ting val ues. In this
work, we first pres ent a sim ple ap proach to the graphic in -
dex ing of ap pro pri ate cases for phase mea sure ments, e.g.
Fig. 1 (bot tom panel), which is also very use ful for other
dif frac tion tech niques in semi con duc tor de vices and sin gle
crys tals in gen eral [4,5]. Then, we pres ent dif frac tion data
in sin gle crys tals of D-alanine car ried out at two syn chro -
tron fa cil i ties and with dif fer ent in stru men ta tion (flux, op -
tics, and goniometry). Model struc tures tak ing into ac count 
ionic charges of hy dro gen at oms are pro posed and com -
pared to ex per i men tal data, lead ing to an ideal model to de -
scribe X-ray dif frac tion by this sim ple amino acid mol e cule 
in terms of in vari ant phase trip lets. More over, dy nam i cal
dif frac tion cal cu la tion of crit i cal do main size (per fect crys -
tal lat tice) for phase mea sure ments in large mol e cule crys -

tals, how to plan an ex per i ment in non-per fect crys tals,
sen si tiv ity to de tect hy dro gen at oms, and other ap pli ca tions 
are discussed. 
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Dur ing the last years, the mol e cule dioctyl- benzothieno -
benrothiophene (C8-BTBT-C8) has at tracted large at ten -
tion, since thin film tran sis tors based on this or ganic
semi con duc tor show out stand ing de vice per for mance. The
high qual ity of C8-BTBT-C8 films may be one of the key
fea tures for this suc cess ful ap pli ca tion. The pres ence of a
liq uid crys tal line smectic state at el e vated tem per a tures to -

gether with a crys tal line state at low tem per a tures al lows
for spe cial film prep a ra tion meth ods re sult ing in high
struc tural per fect ness. Films in the monolayer (thin films)
and in the multilayer re gime (thick films) are ac cessed by
spin coat ing, a method known to work far from ther mo dy -
namic equi lib rium. Heat treat ment of such films re sults in
strong islanding (for thick films). The struc ture of these or -
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Fig ure 1. Chem i cal struc ture of the mol e cule C8-BTBT (left), in-situ X-ray re flec tivity at de creas ing tem per a ture of a multilayer
film cross ing the phase tran si tion tem per a ture from the smectic A phase  to the crys tal line state (mid dle) and an atomic force mi cros -
copy im age of a bilayer film with the height dis tri bu tion im age as an in set (right).



ganic films is in ves ti gated by tem per a ture de pend ent
in-situ meth ods us ing atomic force mi cros copy, X-ray re -
flec tivity and graz ing in ci dence X-ray dif frac tion. Al ready
at tem per a tures few de grees be low the phase tran si tion
from the crys tal line state to the smectic A state (T = 381.5
K) the for ma tion of a sin gle monolayer is ob served (for thin 
films). The mo lec u lar re ar range ment is slow and it takes 30 
min utes un til the monolayer for ma tion is com pleted. In
case of thick films, an in crease of the tem per a ture in duces
dis crete monolayer for ma tion whereby bi-layer, tri -
ple-layer, … up to 5-monolayer struc tures form. The re -

vers ibil ity of the dis crete layer for ma tion strongly in di cate
that ther mo dy namic equi lib rium states are the rea son for
this be hav iour. Us ing rapid cool ing, also non-equi lib rium
struc tures can be ob served and are sta bi lised by the sub -
strate sur face. Ex pla na tion of these ob ser va tions are given
in terms of clas si cal film for ma tion mod els in volv ing sur -
face en ergy dif fer ences of the sil i con ox ide sur faces and
the C8-BTBT-C8 mol e cules whereby the later changes
con cretely on tem per a ture variation. 
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The ar chi tec ture of the min er al ized cu ti cle of ar thro pods
like the man tis shrimp (stoma to pod) may serve as ex am -
ples of nat u ral struc tural ma te ri als for bioinspired ma te ri als 
de sign [1-4]. The stoma to pod telson is a de fen sive shield at 
the tail of the an i mal, used to re sists blows dur ing intra-spe -
cies fights [2]. As such, it  re quires strong im pact re sis -
tance, to re sist the high load ing rate blows in flicted by the
dac tyl club of other stoma to pods [1, 4] with out dam age to
struc tural in teg rity, and its ar chi tec ture will pro vide in sight
into, for ex am ple, de sign of new ar mour ma te ri als. At the
mo lec u lar- and supra mo lecu lar level, cu ti cle com prises a
fi brous com pos ite of chitin fi brils, cal cium car bon ate min -
eral and pro teins [3, 5]. How ever the ar chi tec ture and func -
tional gra di ents in this com pos ite at the meso- and
microscale, in clud ing in fi bril and min eral com po si tion, are 
less in ves ti gated. The ex trac tion of 3D ori en ta tion dis tri bu -
tions of min er al ized fi bril as well as the quan ti ta tive in for -
ma tion is tech ni cally chal leng ing due to the anisotropic
fea ture in side telson and the pres ence of both in-plane and
out plane fibres. Here, we re port the three-di men sional
chitin-fi bril ori en ta tion across the cen tral carinae of the
stoma to pod telson and ter gite, us ing a com bi na tion of
microfocus syn chro tron wide-an gle X-ray dif frac tion
(WAXD) to gether with a model for lo cal ized three-di men -
sional dif frac tion re con struc tion. We iden tify two sep a rate
fam i lies of in-plane and out-plane fi brils, cor re spond ing to

the fibres in the lamellae and per pen dic u lar pore-ca nals
run ning through the cu ti cle. The 3D ori en ta tion of these
two dif fer ent fi bril fam i lies and their quan ti ta tive ra tios are
mapped across the telson cu ti cle. We find gra di ents in fi bril 
ori en ta tion in both groups and that the rel a tive amounts of
the two fi brils var ies across the telson cross-sec tion. Higher 
pro por tions of out-plane fi brils in the cen tre of the telson
are iden ti fied, which may en able higher re sis tance to im -
pact loads dur ing nat u ral use. We pro pose a sim ple two-
 phase fi bre-buck ling model to un der stand how the telson
re sists high-im pact load ing. Fur ther, the 3D fibrillar ori en -
ta tion ex trac tion meth od ol ogy pre sented here can be ap -
plied to a range of other graded microtextured fi bre
com pos ites to pro vide in sights into struc ture-func tion cor -
re la tions at mul ti ple hierarchical levels.
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