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Electrochemical Energy Storage - Insights from in operando Measurements 
 
Helmut Ehrenberg 

Institute for Applied Materials (IAM), Karlsruhe Institute of Technology (KIT), 
helmut.ehrenberg@kit.edu, Germany,  

Intermediate energy storage is one of the most important challenges for a successful transition 

into a sustainable energy technology based on fluctuating primary sources. Electrochemical 

energy storage is of high relevance for this purpose, because the high values for the energy 

efficiencies of the one-step transformations between electrical and chemical energy forms cause 

only low losses. The key performance indicators of electrochemical energy storage devices 

depend mainly on the properties of the battery materials used and their specific behavior in a 

battery cell. Therefore, a systematic optimization of batteries requires a solid knowledge of the 

working and degradation mechanisms of the involved materials during regular operation 

conditions. The highly reactive environments inside a cell and the pronounced interactions 

between the individual components require investigations by dedicated comprehensive and 

complementary in operando methods, supported by post mortem studies. This contribution 

presents and discusses in operando techniques using X-ray, synchrotron and neutron radiation 

with a focus on diffraction and their role in the development of battery materials. Selected 

examples are shown for Li-ion batteries but also for electrochemical energy storage “beyond 

lithium”, like Na- and Mg-batteries. During charge and discharge ions are alternatingly inserted 

and extracted from host structures accompanied with oxidation and reduction reactions. The 

underlying crystal structure is essential for the ionic transport properties, and the structural 

response during cycling reflects the working mechanism and changes during ageing and fatigue. 

Most reliable data are obtained from high-quality commercial cells, but sometimes specially 

designed test cells are used, especially at low technology readiness levels. Therefore, different 

types of in operando cells are also compared.  

Capabilities and challenges of in operando measurements are compiled and discussed. 

 

This work contributes to the research performed at CELEST (Center for Electrochemical Energy 
Storage Ulm-Karlsruhe) and was funded by the German Research Foundation (DFG) under 
Project ID 390874152 (POLiS Cluster of Excellence). 
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Polder	maps:	Improving	OMIT	maps	for	ligand	building	and	validation	
	
Dorothee	Liebschner1,	Pavel	V.	Afonine1,	Nigel	W.	Moriarty1,	Billy	K.	Poon1,	Oleg	V.	Sobolev1,	and	
Paul	D.	Adams1,2	

1Molecular	Biophysics	&	Integrated	Bioimaging	Division,	Lawrence	Berkeley	National	Laboratory	
(LBNL),	 Berkeley,	 CA,	 94720,	 USA,	 dcliebschner@lbl.gov, 2Department	 of	 Bioengineering,	
University	of	California	Berkeley,	Berkeley,	California,	94720,	USA	

In	macromolecular	crystallography,	electron	density	maps	are	used	to	build	and	validate	models.	
In	particular,	OMIT	maps	[1]	are	a	common	tool	to	verify	the	presence	of	ligands.	The	simplest	
way	to	compute	an	OMIT	map	is	to	exclude	the	ligand	from	the	model,	update	the	structure	factors	
and	compute	a	residual	map.	If	the	ligand	is	present	in	the	crystal	structure,	it	is	expected	that	the	
electron	density	of	the	ligand	will	appear	as	positive	features	in	the	OMIT	map.	However,	this	is	
complicated	by	the	flat	bulk-solvent	model	[2],	which	postulates	constant	electron	density	in	the	
areas	of	the	unit	cell	that	are	not	occupied	by	the	atomic	model.	Therefore,	if	atoms	are	removed	
from	the	model,	the	region	where	they	were	modeled	will	be	filled	with	bulk-solvent,	and	if	the	
density	 arising	 from	 the	 omitted	 atoms	 is	weak,	 then	 the	 bulk-solvent	model	may	 obscure	 it	
further.		

A	possible	solution	to	this	problem	is	to	prevent	bulk-solvent	from	entering	the	OMIT	regions,	
which	may	 improve	 the	 interpretative	power	of	 residual	maps.	This	approach	 is	 called	polder	
(OMIT)	map	[3]	and	the	tool	is	implemented	and	available	in	the	software	suite	Phenix	[4].	Polder	
OMIT	maps	can	be	particularly	useful	 for	displaying	weak	densities	of	 ligands	(Fig.	1).	Several	
examples	are	presented	where	polder	OMIT	maps	show	clearer	features	than	conventional	OMIT	
maps.	

	

Fig.	1:	OMIT	map	(a)	and	polder	map	of	a	MES	solvent	molecule	in	model	1ABA	(1.45	Å	resolution).		

	

	

[1]		Bhat	TN,	Calculation	of	an	OMIT	Map.	J.	Appl.	Cryst.	1988,	21	(3),	279–281.	
[2)		Jiang	JS,	Brünger	AT,	Protein	Hydration	Observed	by	X-Ray	Diffraction.	J.	Mol.	Biol.	1994,	243	(1),	100–

115.	
[3]		Liebschner	D,	Afonine	PV,	Moriarty	NW,	Poon	BK,		Sobolev	OV,	Terwilliger	TC,	Adams	PD,	Polder	

Maps:	Improving	OMIT	Maps	by	Excluding	Bulk	Solvent.	Acta	Cryst.	D	2017,	73	(2),	148–157.		
[4]		Liebschner	D.	et	al.,	Macromolecular	Structure	Determination	Using	X-Rays,	Neutrons	and	Electrons:				

Recent	Developments	in	Phenix.	Acta	Cryst	D	2019,	75	(10),	861–877.		
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Methods and Prospects of Machine Learning applied to Challenges in 
Crystallography 
 
Markus Reischl1, Jan Schützke1 

1Institute for Automation and Applied Informatics, Karlsruhe Institute of Technology, 
Markus.Reischl@kit.edu, Germany,  

Within the domain of analyzing powder X-ray diffraction scans, manual examination of the 

recorded data is the most popular method, but it requires expertise, is time-consuming and 

provides subjective results. Nowadays, numerous papers are published showing advances and 

benefits of artificial intelligence, especially of deep learning methods, using data-centered 

approaches to automatically derive mathematical models (e.g. for classification). With this 

contribution, we give a brief overview about possibilities of modern data-based modelling, about 

implementations, necessary data-structures and their application to crystallography. Coming 

back to X-ray diffractometries, we show how to design an automated phase-analysis model 

based on a Convolutional Neural Network (CNN). Therefore, a framework for the efficient 

generation of simulated diffraction scans is developed, since real measured and labeled scans 

are hardly available, and deep learning approaches require an extensive dataset to learn a 

general representation. Using this synthetic database, the CNN is parameterized, trained and 

compared against the manual analysis. As a supportive approach, a second network, a denoising 

autoencoder is presented, which can be used to eliminate background and other disturbing 

effects from the signal [1]. 

[1] Schuetzke J, Benedix A, Mikut R, Reischl M. Enhancing deep-learning training for phase identification in 
powder X-ray diffractograms. 2021. IUCrJ, 8 (3), https://doi:10.1107/S2052252521002402,   
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Figure 1. Framework-dependent photophysics. 

Metal-Organic and Covalent-Organic Frameworks (MOFs and COFs): from Single 
Crystals to Novel Functional Materials 
 
Corey Martin,1 Gabrielle Leith,1 Natalia B. Shustova1 

1Department of Chemistry and Biochemistry, University of South Carolina, 631 Sumter Street, 
Columbia, South Carolina 29208, United States 

The development of novel materials with 

enhanced performance is a continuous process 

mainly driven by everyday demands. 

Optoelectronics is an excellent example of a 

field where constantly growing societal 

demands in energy consumption have forced 

material evolution to speed up. Metal-organic 

frameworks (MOFs), crystalline porous 

materials consisting of organic and inorganic 

building blocks, have been evaluated as 

promising candidates for a variety of renewable 

energy applications. [1,2] The self-assembled 

nature of MOFs provides a very powerful tool 

for arranging hundreds of organic compounds 

with high structural organization and, therefore, provides an opportunity to utilize MOFs as 

light-harvesting mimics of the natural photosystem. At the same time, MOF crystallinity allows 

one to determine the precise distances and angles between self-assembled organic linkers and, 

therefore, study and model short- and long-range energy transfer processes. Furthermore, MOFs 

can be used as a “three-in-one” platform, which integrates the three aspects of artificial 

photosynthesis: photon absorption, generation of charge-separated excited states, and charge 

transfer to a reaction center into a single material to enhance, for instance, sensing efficiency or 

be applied as a photocatalyst. MOFs also offer a high degree of synthetic tunability, which could 

help to adjust optical, electrical, and sometimes even mechanical properties from the design 

stage (Figure 1). Thus, MOFs have ideal properties for the development of new systems with 

improved functionalities. To highlight this concept in my presentation, I will summarize the 

recent advancements achieved in my group focusing on understanding of MOF photophysics 

with an emphasis on energy transfer processes on the example of photochromic and fulleretic 

frameworks [1]. We also applied the acquired fundamental principles toward mapping of 

changes in material properties, which could provide a pathway for monitoring material aging or 

structural deterioration. I will also discuss our progress in understanding the tunability of 

electronic structure for bimetallic frameworks as well as recent developments towards utilizing 

MOF modularity and porosity for novel wasteforms [2]. 

[1] Martin, C. R.; Park, K. C.; Leith, G. A.; Yu, J.; Mathur, A.; Wilson, G. R.; Gange, G. B.; Barth, E. L.; Ly, R. T.; 
Manley, O. M.; Forrester, K. L.; Karakalos, S. G.; Smith, M. D.; Makris, T. M.; Vannucci, A. K.; Peryshkov, 
D. V.; Shustova, N. B. Stimuli-Modulated Metal Oxidation States in Photochromic MOFs  J. Am. Chem. 
Soc., DOI: 10.1021/jacs.1c11984 (2022). 

[2] Martin, C. R.; Leith, G. A.; Kittikhunnatham, P.; Park, K. C.; Ejegbavwo, O. A.; Mathur, A.; Callahan, C. R.; 
Desmond, S. L.; Keener, M. R.; Ahmed, F.; Pandey, S.; Smith, M. D.; Phillpot, S. R.; Greytak, A. B.; 
Shustova, N. B. Angew. Chem. Int. Ed. 60, 8072–8080 (2021). 

 

The authors acknowledge support from the NSF Award (DMR-2103722), SC EPSCoR GEAR grant, 
and Center for Hierarchical Wasteform Materials (CHWM), under grant DE-SC0016574. 
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Neutron crystallography to inform drug design targeting SARS-CoV-2 main 
protease 
 
Andrey Kovalevsky1, Daniel W. Kneller,1 Leighton Coates,2 Peter V. Bonnesen3 

1Neutron Scattering Division, Oak Ridge National Laboratory, kovalevskyay@ornl.gov, Oak 
Ridge, U.S.A., 2Second Target Station, Oak Ridge National Laboratory, Oak Ridge, U.S.A., 3Center 
for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, U.S.A. 

 

COVID-19, caused by SARS-CoV-2, remains a global health threat after two years of the pandemic 
even with available vaccines and therapeutic options. The viral main protease (Mpro) is 
indispensable for the virus replication and thus is an important target for small-molecule 
antivirals. Computer-assisted and structure-based 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 ideal probes to observe the 
protonation states of ionizable amino acids 
at near-physiological temperature, directly 
determining their electric charges – crucial 
information for drug design. Our room-
temperature X-ray crystal structures of 
Mpro 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 [1,2]. At rest, the catalytic Cys-His dyad exists in the reactive zwitterionic state (Fig. 
1), with both Cys145 and His41 charged, instead of the anticipated neutral state. Covalent 
inhibitor binding results in modulation of the protonation states. This information was used to 
design nanomolar hybrid reversible covalent inhibitors with robust antiviral properties. High-
throughput virtual screening, utilizing ORNL’s supercomputing capabilities, in conjunction with 
in vitro assays identified a lead noncovalent compound with sub-micromolar affinity. The 
neutorn structure of Mpro in complex with the noncovalent inhibitor was used in a structure-
activity relationship (SAR) study guided by virtual reality structure analysis to novel Mpro 
inhibitors with imporved affinity to the enzyme [3]. 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. 

[1] D.W. Kneller et al. Unusual zwitterionic catalytic site of SARS-CoV-2 main protease revealed by neutron 
crystallography. J. Biol. Chem. 295, 17365-17373 (2020). 

[2] D.W. Kneller et al. Direct observation of protonation state modulation in SARS-CoV-2 main protease 
upon inhibitor binding with neutron crystallography. J. Med. Chem. 64, 4991-5000 (2021). 

[3] D.W. Kneller et al. Structural, electronic and electrostatic determinants for inhibitor binding to subsites 
S1 and S2 in SARS-CoV-2 main protease. J. Med. Chem. 64, 17366-17383 (2021). 

 
The authors acknowledge support by the National Virtual Biotechnology Laboratory, US 

Department of Energy. 
 

Fig.1  
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Symmetry breakings and resulting magnetic, electric, and optical properties in 
ferroic materials 
 
Tsuyoshi Kimura 

Dept. of Advanced Materials Science, University of Tokyo, tkimura@edu.k.u-tokyo.ac.jp, Japan 

The symmetry breaking ascribed to the evolution of an order parameter is one of the most 

important concepts in materials physics. Representative examples are symmetry breakings in 

“ferroic” materials such as the symmetry breaking of time reversal in ferro-magnets and that of 

space inversion in ferro-electrics. Thus, one can find that this concept contributes to not only 

fundamental science but also materials’ functionalities available for device applications. 

Furthermore, recent research developments of “multiferroic” materials with broken time-

reversal and space-inversion symmetries have triggered extensive studies on unconventional 

ferroic materials such as “ferro-toroidic” and “ferro-axial” materials [1].  

The relationships among ferro-electric, 

ferro-magnetic, ferro-toroidal, and ferro-

axial orders are schematically illustrated in 

Fig. 1. In the case of ferro-toroidal order 

whose order parameter is a toroidal 

moment, that is, the sum of the cross 

product of spin and its position vector. Most 

typically, the toroidal moment is generated 

by head-to-tail arrangement of magnetic 

dipoles, which breaks both the time-

reversal and space-inversion symmetries. 

When we replace magnetic dipoles in 

toroidal moment with electric dipoles, 

ferro-axial moment is generated. In the 

ferro-axial order, a rotational electric-dipole 

arrangement breaking some mirror 

symmetry, the so-called ferro-axial moment, 

is an order parameter.  

In this presentation, we show symmetry-dependent magnetic, electric, and optical phenomena 

characteristic of unconventional ferroic orders such ferro-toroidal, ferro-axial, and ferro-

quadrupole orders. The phenomena include magnetoelectric effect [2], nonreciprocal directional 

dichroism [3], and electrogyration [4]. Furthermore, in general, ferroic materials bear “domain” 

structures, that is, spatial distributions of order parameters. However, observations of domain 

structures in unconventional ferroic materials are not straightforward. Here, we also show ways 

to spatially visualize domain structures in such unconventional ferroic materials.  

This work has been done in collaboration with K. Kimura, T. Katsuyoshi, T. Hayashida, Y. Sawada, 

S. Kimura, Y. Uemura, S. Matsuoka, T. Hasegawa, D. Morikawa, K. Tsuda, and S. Hirose, H. Morioka. 

[1] Cheong SW et al., npj Quantum Mater. 3, 19 (2018).  
[2] Kimura K et al. Phys. Rev. B 97, 134418 (2018); Kimura K et al., Phys. Rev. Mater. 2, 104415 (2018).  
[3] Kimura K et al., Commun. Mater. 1, 39 (2020); Katsuyoshi T et al., J. Phys. Soc. Jpn. 90, 123701 (2021). 
[4] Hayashida T. et al., Nat. Commun. 11, 4582 (2020); Hayashida T et al., Phys. Rev. Mater. 5, 124409 (2021). 

 
TK acknowledges support by KAKENHI (Grants Nos. JP19H05823 and JP21H04436). 

Fig. 1 Relationships among ferro-electric, ferro-

magnetic, ferro-toroidal, and ferro-axial orders in 

terms of symmetry breakings. 
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Phase-field modeling of complex polycrystalline structures 
 
László Gránásy 

Wigner Research Centre for Physics, Budapest, Hungary 

Results from orientation-field-based phase-field models will be reviewed [1, 2, 3]. First I briefly 

present a phase-field model developed during the past decade that incorporates homogeneous 

and heterogeneous nucleation of growth centers, and several mechanisms for the formation of 

new grains at the perimeter of growing crystals, a phenomenon termed as growth front 

nucleation. This approach enables the modeling of complex polycrystalline structures including 

disordered ("dizzy") dendrites, crystal sheaves, spherulites, and fractal-like aggregates (Fig. 1). 

Possible control of solidification patterns via external fields, confined geometry, particle 

additives, scratching/piercing thin films, etc. via phase-field modeling will also be addressed. 

Microscopic aspects of growth front nucleation, quantitative simulations, and possible future 

directions will also be discussed briefly. 

 

          
Fig. 1 Complex crystallization structures in experiments (upper row) and in simulations performed using 

the orientation-field-based phase-field model (bottom row). 

 

Literature: 
[1] Gránásy, L.; et al. Nat. Mater. 2004, 3, 645–650. 
[2] Gránásy, L.; et al. Metall. Mater. Trans. A 2014, 45, 1694–1719. 
[3] Gránásy, L.; et al. Prog. Mater. Sci. 2019, 106, 100569.  
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Kill or corrupt: the mode of action of nucleotide analogues against SARS-CoV2 
Bruno CANARD, PhD  

Réplicases virales: Structures, mécanismes, et drug-design, Laboratoire AFMB UMR7257, CNRS 
et Aix-Marseille Université, Marseille, France, bruno.canard@univ-amu.fr  

Understanding how the CoV replication/transcription complex (RTC) works is central to design 

antiviral drug therapies as well as to the understanding of the emergence of variants. The SARS-

CoV2 RTC is blatantly more 'active' than any other viral RdRp known. It possesses both 

unusually high nucleotide incorporation rates and high-error rates allowing facile insertion of 

mispaired nucleotides ('errors') but also nucleotide analogues used as antiviral drugs. 

However, the SARS-CoV2 is 'naturally' resistant to many NAs because the RTC coopts nsp14, a 

3'-to-5' exonuclease (ExoN) adjacent to the nsp12 polymerase, to excise chain-terminating NAs. 

Unlike for HCV and other (+)RNA viruses, 2'-ribose-modified NAs are surprisingly more 

discriminated relative to other viral polymerases. Likewise, 1'-cyano or 2'-F, 2'-methyl 

modifications only modestly decrease their removal by the CoV-specific RNA repair system 

nsp14-ExoN. 

With this in mind, we propose to sort NAs according to their mechanism-of-action on the RTC. 

NAs can be RNA synthesis 'killers' by chain-termination (either immediate or delayed), or RNA 

'corruptors'. In the latter case, chemical modifications can translate into either chemical or 

genetic corruption of the viral RNA message.   

Understanding the specifics of NAs (Remdesivir, Molnupiravir, Ribavirin, Bemnifosbuvir, 

Favipiravir,...) in these mechanisms is essential to prevent drug-resistance, emergence of variant, 

and access to powerful combination therapies. In the long run, this knowledge should efficiently 

guide the synthesis of much awaited orally available, wide spectrum drugs finding their use in 

prophylaxis and therapeutics against COVID-19 and other coronavirus diseases. 
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The structural basis of orotidine-5’-phosphate decarboxylase catalysis: 
Ground-state destabilisation by electrostatic repulsion is not a driving force 
 
Kai Tittmann 1,2 

1 Department of Molecular Enzymology, Göttingen Center of Molecular Biosciences, Georg-
August University Göttingen, Julia-Lermontowa-Weg 3, D-37077 Göttingen, Germany, 2 Max-
Planck-Institute for Multidisciplinary Sciences, Am Fassberg 11, D 37077 Göttingen, Germany 

Enzymes are nature’s catalysts as they speed up the rate of virtually every biochemical reaction 
in the cell by up to 20 orders of magnitude. These enormous rate enhancements have been 
attributed to both tighter binding of the transition state compared to the substrate ground-state 
as well as ground-state destabilisation of the substrate. For the latter paradigm, it is assumed 
that favourable binding of non-reacting parts of the substrate is used to steer the reactive 
substrate portion into an environment where it experiences “stress” through e.g. electrostatic 
repulsion. The enzyme orotidine-5’-monophosphate decarboxylase (OMPDCase) serves as the 
textbook example in this context by virtue of a negatively charged amino acid at the active site 
that is thought to facilitate catalysis by exerting “electrostatic stress” on the substrate 
carboxylate leaving group. Despite decades of research, structural snapshots of how the 
substrate binds to the active site and interacts with the negative charge have remained elusive. I 
will present crystallographic snapshots of human OMPDCase in complex with the genuine 
substrate, substrate analogs, transition state analogs and product - all at true atomic resolution - 
that defy the proposed ground-state destabilisation by revealing that the substrate carboxylate 
is protonated and forms a favourable low-barrier hydrogen bond with the negatively charged 
amino acid. The catalytic prowess of OMPDCase seems to almost entirely result from transition-
state stabilisation by favourable electrostatic interactions of the enzyme with charges spread 
over the substrate and “enforced catalysis” in a pre-association mechanism, in which the 
evolving carbanion becomes protonated in the transition-state of decarboxylation avoiding the 
internal return of CO2 of an otherwise reversible decarboxylation. These findings not only shed 
light on fundamental principles of enzyme catalysis but also necessitate a revised strategy for 
the design of enzymatic and synthetic carboxylase catalysts that act on green house gas carbon 
dioxide in the quest to transform it into non-gaseous states. Rather than excluding negatively 
charged moieties to avoid destabilisation of the formed carboxylate products, these are required 
for differential binding of reactant and transition state and should be vital elements of carbon 
dioxide fixating catalysts with OMPDCase serving as one of nature’s blueprints.  
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The crystal structure of phospholipase PlaB from Legionella pneumophila reveals 
the basis of tetramerization-dependent inactivation by a central metabolite 
 
Maurice G. Diwo1, Wiebke Michel2, Antje Flieger2, Wulf Blankenfeldt2 

1Helmholtz Centre for Infection Research, Braunschweig, Germany,    
wulf.blankenfeldt@helmholtz-hzi.de, 2Robert Koch Institute, Wernigerode, Germany 

The Gram-negative bacterium Legionella pneumophila is the causative agent of Pontiac fever and 

Legionnaires’ disease, a potentially fatal form of pneumonia. It is taken up by inhalation of 

contaminated freshwater and enters lung macrophages, where it establishes a protected niche 

known as the “Legionella-containing vacuole” via injecting a set of several hundred proteins into 

the host cell. A significant fraction of these proteins are phospholipases that damage host cell 

membranes, provide nutrients to the bacterium and modulate host cell signaling by impacting 

on the second messenger pool. Amongst these enzymes, PlaB is unusual in that it localizes to 

Legionella’s outer membrane and that it is only active at higher dilutions, which has been linked 

to a dimer/tetramer equilibrium that inactivates PlaB at higher concentration [1].  

After some difficulty, we obtained well-

diffracting crystals of PlaB and determined the 

crystal structure of the tetramer by 

experimental phasing, using seleno-L-

methionine-labelled protein (Fig. 1). The 

structure provides an explanation for the 

inactivity of the tetramer and reveals building 

blocks that can be linked to dimerization and 

insertion into the outer membrane of L. 

pneumophila. Surprisingly, we found additional 

electron density in the dimer/dimer interface. 

This electron density was interpreted as eight 

NAD(H) molecules and hints at a stabilizing role 

of this central metabolite in the formation of the 

tetrameric form. Indeed, the addition of NAD(H) 

derivatives improved crystallization 

significantly and was also found to inhibit the 

enzymatic activity of PlaB [2]. 

The finding of an NAD(H)-stabilized inactive tetramer suggests a mechanism for self-protection 

against the phospholipase activity: while the protein resides within L. pneumophila, it is 

inactivated by high intracellular levels of NAD(H). Once PlaB is exported to the extracellular 

milieu, the concentration of NAD(H), leading to dissociation of the inactive tetramer into active 

dimers that subsequently associate with the outer membrane. To our knowledge, PlaB is the first 

example of an enzyme that is inhibited by ligand-mediated oligomerization. 

[1] Kuhle K, Krausze J, Curth U, Rössle M, Heuner K, Lang C, Flieger A. Oligomerization inhibits Legionella 
pneumophila PlaB phospholipase A activity. J. Biol. Chem., 289, 18657-18666 (2014) 

[2] Diwo MG, Michel W, Aurass P, Kuhle-Keindorf K, Pippel J, Krausze J, Wamp S, Lang S, Blankenfeldt W, 
Flieger A. NAD(H)-mediated tetramerization controls the activity of Legionella pneumophila 
phospholipase PlaB. Proc. Natl. Acad. Sci. USA, 118, e2017046118 (2021) 

 

A.F. and W.B. acknowledge support by DFG under grant numbers FL359/4-2/3 and 
281361126/GRK2223.  
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Structures of a DYW domain shed first light on a unique plant RNA editing 
regulation principle 
 

Mizuki Takenaka1, Tatjana Barthel2, Sachi Takenaka1, Brody Frink1, Sascha Haag3, Daniil 
Verbitskiy3, Bastian Oldenkott4, Mareike Schallenberg-Rüdinger4, Christian Feiler2, Manfred S. 
Weiss2, Gottfried J. Palm5; Gert Weber2 

1Department of Botany, Graduate School of Science, Kyoto University, Kyoto, Japan; 2Helmholtz-
Zentrum-Berlin (HZB), Berlin, Germany; 3Molekulare Botanik, Universität Ulm, Germany; 4IZMB – 
Institut für Zelluläre und Molekulare Botanik, Abt. Molekulare Evolution, University of Bonn, 
Bonn, Germany 5University of Greifswald, Molecular Structural Biology, Greifswald, Germany 

As part of RNA editosomal protein complexes, pentatricopeptide repeat (PPR) proteins with a C-

terminal DYW domain have been characterized as site-specific factors for C to U RNA editing in 

plant mitochondria and plastids [1-2]. While substrate recognition is conferred by their repetitive 

PPR tract, the exact role of the DYW domain had not been clarified. The DYW domain shares a low 

sequence conservation with known cytidine deaminase structures (from 5 to 19% residue 

identities). Lastly, missing structural information had left the exact function and catalytic 

properties of DYW domains 

within the RNA editosome open 

[3]. We present functional data 

of an Arabidopsis thaliana DYW 

domain and structures in an 

inactive ground state and a 

catalytically activated 

conformation. DYW domains 

harbor a cytidine deaminase fold 

and a C-terminal DYW motif, 

with catalytic and structural Zn 

atoms, resp. The deaminase fold 

is interrupted by a conserved 

domain, which regulates the 

active site sterically via a large-scale conformational change and mechanistically via the Zn 

coordination geometry. Thus, we coined this novel domain 'gating domain' and the accompanying 

unusual metalloprotein regulation principle 'gated Zn-shutter'. An autoinhibited ground state and 

its activation by the presence of either ATP, GTP or the inhibitor tetrahydro uridine is consolidated 

by differential scanning fluorimetry as well as in vivo and in vitro RNA editing assays. In vivo, the 

framework of an active plant RNA editosome triggers the release of DYW autoinhibition to ensure 

a controlled and coordinated deamination likely playing a key role in mitochondrial and 

chloroplast homeostasis [4, 5]. 

[1] Hiesel  R, Wissinger B, Schuster W and Brennicke A. RNA editing in plant mitochondria. Science 246, 
1632–1634 (1989). 

[2] Covello PS and Gray, MW. RNA editing in plant mitochondria. Nature 341, 662–666 (1989). 
[3] Small ID, Schallenberg‐Rüdinger M, Takenaka M, Mireau H and Ostersetzer‐Biran O. Plant organellar 

RNA editing: what 30 years of research has revealed. Plant J. 101, 1040–1056 (2020). 
[4] Takenaka M, Takenaka S, Barthel T, Frink B, Haag S, Verbitskiy D, Oldenkott B, Schallenberg-Rüdinger 

M, Feiler C, Weiss MS, Palm GJ and Weber G. DYW domain structures imply an unusual regulation 
mechanism in plant organellar RNA editing catalysis. Nature Catalysis 4, 510–522 (2021). 

[5] Haag S, Schindler M, Berndt L, Brennicke A, Takenaka M and Weber G. Crystal structures of the 
Arabidopsis thaliana organellar RNA editing factors MORF1 and MORF9. NAR 45, 4915–4928 (2017). 

 

Fig. 1 An unusual regulation mechanism in plant RNA editing 
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The crystal structures of post-reactive states of 2’-5’-oligoadenylate synthetase 
provide new insights into the mechanism of the innate immune signaling 
 
Pavel Kats1, Xiaoyi Zhou1, Ole Zeymer1, Jan Lohöfener1, Nicola Steinke1, Petra Baruch1,2, Rune 
Hartmann3, Dietmar J. Manstein1,2 and Roman Fedorov1,2 

1 Institute for Biophysical Chemistry, 2 Research Division for Structural Biochemistry, Hannover 
Medical School, Carl-Neuberg-Str. 1, 30625 Hannover, Kats.Pavel@mh-hannover.de, Germany; 
3 Department of Molecular Biology and Genetics, Aarhus University, Aarhus, Denmark. 

The innate immune sensors activate interferon-driven antiviral responses upon recognition of 

PAMPs and serve as a rheostat for the metabolic activity of the microbiota and its exposure to 

diet, xenobiotics, and infections. The ability to modulate innate immune sensors opens new ways 

to novel antiviral and anti-inflammatory drugs and therapies against cancer and many aging-

associated metabolic, neoplastic, autoimmune, or autoinflammatory disorders. The innate 

immune sensor 2’-5’-oligoadenylate synthetase (OAS) is among the most promising targets for 

the development of new antivirals. In light of the recent discoveries of the crucial role of OAS in 

protection against the COVID-19 infection [1], the activation of OAS by small-molecule agents is 

of particular interest for anti covid therapies. OAS belongs to the large and diverse superfamily 

of nucleotide triphosphate transferases (NTPTs) which catalyze key cellular processes in all 

kingdoms of life. A similar mechanism of catalysis in NTPTs is ensured via a highly conserved 

structure of the active site. Targeting active sites of NTPTs may interfere with other important 

biological processes through unspecific inhibition (cross-reactivity). At the same time, allosteric 

mechanisms facilitating the regulation of activity and exchange of reaction components are often 

specific for each enzyme. Allosteric effects thus can be used to avoid cross-reactivity issues and 

develop specific activity modulators of the innate immune sensors. However, the identification 

of allosteric networks requires a comprehensive structural and mechanistic description of the 

enzymatic cycle.  

Towards this end, we established earlier the detailed mechanisms of nucleic acid-induced 

activation of OAS1, the individual roles of nucleic acid and substrates, and the sources of 2’-

specificity of product formation [2]. In our recent structural studies, we observed the series of 

metastable intermediate states associated with the exchange of reaction components of OAS1. 

These intermediate steps provide new insights into the product release mechanism, which 

determines the initial concentration of signaling molecules 2’-5’-oligoadenylates that activate 

the RNase-L immune pathway. Here we report the results of our kinetic crystallography 

investigations of these states together with the mutagenesis and computational chemistry 

studies, which together provide important insights for both the fundamental understanding of 

the rate-limiting steps of the innate immune signaling and the development of allosteric activity 

modulators targeting these mechanisms. 

[1] Zhou et al. A Neanderthal OAS1 isoform protects individuals of European ancestry against COVID-19 
susceptibility and severity.  Nat. Medicine. 27:659-667 (2021). 

[2] Lohöfener et al. The Activation Mechanism of 2'-5'-Oligoadenylate Synthetase Gives New Insights Into 
OAS/cGAS Triggers of Innate Immunity. CELL Structure. 23(5):851-862 (2015). 
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Structural	 characterization	 of	 reaction	 intermediates	 of	 the	 copper-dependent	
formylglycine-generating	enzyme		
	
Florian	Leisinger,1	Dzmitry	A.	Miarzlou,1	Matthias	Knop1	and	Florian	P.	Seebeck1	

1Departement	for	Chemistry,	University	of	Basel,	Basel,	Switzerland,	florian.seebeck@email	

	

	

	
	

Molecular	oxygen	(O2)	is	a	sustainable	oxidation	reagent.	O2	is	strongly	oxidizing	but	kinetically	
stable	and	its	final	reaction	product	is	water.	For	these	reasons	learning	how	to	activate	O2	and	
how	 to	 steer	 its	 reactivity	 along	 desired	 reaction	 pathways	 is	 a	 longstanding	 challenge	 in	
chemical	 research.	 Activation	 of	 ground-state	 diradical	 O2	 can	 occur	 either	 via	 conversion	 to	
singlet	oxygen	or	by	one-electron	reduction	to	superoxide.	Many	enzymes	facilitate	activation	of	
O2	by	direct	formation	of	a	metal-oxygen	coordination	complex	concomitant	with	inner	sphere	
electron	 transfer.	 The	 formylglycine	 generating	 enzyme	 (FGE)	 is	 an	 unusual	 mononuclear	
copper	enzyme	that	appears	to	follow	a	different	strategy.	In	this	presentation	I	will	summarize	
our	past	and	present	efforts	to	visualize	the	individual	states	of	the	enzyme	on	its	path	from	the	
resting	state	to	the	reactive	Michaelis	Menten	complex	and	beyond.1-4		

	
[1]	Knop,	M.,	 Engi,	 P.,	Lemnaru,	 R.,	 and	 Seebeck,	F.	 P.	 (2015)	 In	Vitro	Reconstitution	 of	Formylglycine-

Generating	Enzymes	Requires	Copper(I),	Chembiochem	16,	2147	-	2150.	
[2]	Meury,	M.,	Knop,	M.,	and	Seebeck,	F.	P.	(2017)	Structural	Basis	for	Copper-Oxygen	Mediated	C-H	Bond	

Activation	by	the	Formylglycine-Generating	Enzyme.,	Angew	Chem	Int	Ed	Engl.	56,	8115	-	8119.	
[3]	 Miarzlou,	 D.	 A.,	 Leisinger,	 F.,	 Joss,	 D.,	 Häussinger,	 D.,	 and	 Seebeck,	 F.	 P.	 (2019)	 Structure	 of	

formylglycine-generating	 enzyme	 in	 complex	 with	 copper	 and	 a	 substrate	 reveals	 an	 acidic	
pocket	for	binding	and	activation	of	molecular	oxygen.,	Chem.	Sci.	10,	7049	-	7058.	

[4]	Leisinger,	F.,	Miarzlou,	D.	A.,	and	Seebeck,	F.	P.	(2021)	Non-Coordinative	Binding	of	O2	at	the	Active	
Center	of	a	Copper-Dependent	Enzyme,	Angew.	Chem.	Int.	Ed.	Engl.	60,	6154	-	6159.	

	
This	research	has	been	funded	by	the	ERC	(ERC-2013-StG	336559)	and	the	NCCR	for	Molecular	Systems	
Engineering,	and	the	SNF	(182023)		
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Assessing the severity of ice contamination in processed data sets with a 
combination of statistical tools and machine learning in AUSPEX 
Yunyun Gao1, Kristopher Knolte1, Andrea Thorn1 

1Institut für Nanostruktur und Festkörperphysik, Universität Hamburg, Luruper Chaussee 149 
(Bldg. 610 - HARBOR), Germany 

Ice ring contamination is present in roughly 21% of crystallographic data sets in the world-wide 

protein data bank, posing a serious problem for the quality and determination of 

macromolecular structures [1].  The automatic identification of these Debye–Scherrer rings after 

data processing and merging is difficult, hence we explore two automatic approaches: statistical 

testing and machine learning.  

The statistical method is the Auspex:IceFinderScore [1], which analyses the behaviour of the 

standardized mean intensity in resolution bins, essentially measuring the departure from a 

uniform intensity distribution. It can be loosely interpreted as a Z-score, which is sensitive to 

resolution ranges that exhibit sudden sharp changes in the intensity distribution, and gives the 

severity of the deviation from the expected distribution. However, under the null hypothesis, the 

threshold set before performing a test is not absolutely objective and hence undermines both 

the accuracy and the specificity of the score.  

On the other hand, data-driven machine learning research based on convolutional neural 

networks enables Auspex:Helcaraxe [2]. Helcaraxe outperforms all previous methods in binary 

classification (ie, ice ring or no ice ring); in our tests, the accuracy of the ice crystal artefact 

detection has reached an unprecedented 96% compared to humans analysing intensity 

distribution plots visually.  While the binary classification guarantees that the output of the 

neural network is explicitly interpretable, the drawback is the Helcaraxe network prediction has 

no clear indication how severe the ice contamination is. 

Both methods will be soon implemented in AUSEPX, which is available in ISPyB from 2022, on 

www.auspex.de and as part of the CCP4 software suite [3]. 

In order to combine the strengths of both IceFinderScore and Helcaraxe, the Helcaraxe 

prediction array on the full dataset is used as a guide to dynamically adjust the significance level 

of the local IceFinderScores. The new assessment shows quantitatively, at the potential ice ring 

ranges, how severe the intensity observations are affected by the presence of ice rings (Fig. 1), 

guiding the automatic processing and enabling users to get the best out of their data. 

 

 

Fig 1. An example of the AUSPEX plot. The 

ice artefacts are flagged in red shades. The 

occupancy of the shades suggests the severity of 

the local ice ring contamination.  

 
 

[1] Thorn, A., Parkhurst, J., Emsley, P., Nicholls, R. A., Vollmar, M., Evans, G. & Murshudov, G. N. (2017). 
Acta.Cryst. D, 73, 729–737 

[2] Nolte K., Gao, Y., Emsley, Staeb, S., Kollmansberger P., & Thorn, A. (2022). Acta. Cryst. D. [in print] 
[3] M. D. Winn et al. (2011) Acta. Cryst. D, 67, 235-242  
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Teaching	 Edition	 of	 International	 Tables	 for	 Crystallography:	 Crystallographic	
Symmetry	
	
Mois	I.	Aroyo	

Department	of	Physics,	University	of	the	Basque	Country,	mois.aroyo@ehu.es,	Bilbao,	Spain		

The	 aim	 of	 this	 contribution	 is	 to	 present	 briefly	 the	 new	 sixth	
edition	 of	 the	 Teaching	 Edition	 of	 International	 Tables	 for	
Crystallography	 [1].	 The	 presentation	 will	 be	 illustrated	 with	
examples	 of	 the	 Symmetry	 Database	 (https://symmdb.iucr.org/)	
which	 forms	part	 of	 the	Online	 edition	of	 International	Tables	 for	
Crystallography	 and	 gives	 access	 to	 databases	 of	 crystallographic	
point	and	space	groups.	

The	Teaching	Edition	(hereafter	referred	to	as	TE)	is	a	successor	of	
the	 previously	 known	 Brief	 Teaching	 Edition	 of	 Volume	 A	 (last	
revised	 in	2005)	although	 the	new	material,	 substantial	 revisions	
and	 reorganization	 of	 the	 text,	 has	 resulted	 in	 a	 book,	 quite	
different	in	structure	and	contents	to	its	predecessor.	It	focuses	on	
the	particular	topic	of	symmetry	owing	to	its	fundamental	role	in	crystallography,	and	provides	
a	unified	and	coherent	introduction	to	the	symmetry	information	found	in	the	three	volumes	of	
International	 Tables	 for	 Crystallography:	 the	 basic	 crystallographic	 data	 of	 plane	 and	 space	
groups	in	Volume	A	(ITA),	the	symmetry	relations	between	space	groups	treated	in	Volume	A1	
(ITA1),	and	the	subperiodic	group	data	in	Volume	E	(ITE).			

Part	 I	 of	 the	 TE	 is	 based	 on	 the	material	 of	 the	 Introductory	 Part	 of	 the	 sixth	 edition	 of	 ITA	
completed	 with	 explanations	 and	 illustrative	 examples	 to	 provide	 the	 reader	 with	 practical	
experience	 in	 the	use	of	 the	 crystallographic	symmetry	data.	The	material	 of	 the	 introductory	
part	 is	 complemented	by	 a	brief	 presentation	of	magnetic	 crystallographic	 symmetry	 and	 the	
Symmetry	 Database.	 The	 second	 part	 of	 TE	 focuses	 on	 the	 presentation	 of	 the	 tabulated	
symmetry	data	of	ITA,	ITA1	and	ITE	and	includes	a	selected	set	of	tables	of	the	full	volumes	of	
varying	complexity	useful	for	teaching	of	crystallographic	symmetry.		

The	Teaching	Edition	is	designed	for	graduate	students	(and	post-graduate	students)	and	young	
researchers	who	have	some	awareness	of	the	basics	of	symmetry	and	diffraction,	and	who	need	
to	use	crystallographic	symmetry	methods	in	their	work.	The	clear	and	precise	text	is	supplied	
with	sufficient,	up	to	date	and	accessible	references	to	further	specialized	sources	for	those	who	
need	 to	go	deeper	 into	 the	subject,	and	 to	 textbooks	and	basic	crystallographic	 literature	 that	
could	 be	 helpful	 for	 those	who	 need	 a	 course	 in	 basic	 crystallography	 or	 introduction	 to	 the	
mathematics	that	is	required.	The	fruitful	combination	of	tables	for	practical	use	and	a	didactic	
introduction	to	symmetry	makes	this	TE	a	handy	tool	for	researchers	and	students	to	familiarize	
themselves	with	the	use	of	crystallographic	symmetry	and	its	practical	applications.		

	[1]	International	Tables	for	Crystallography	(2021),	Teaching	Edition:	Crystallographic	Symmetry.	Edited	
by		M.I.	Aroyo,	6th	edition.	Chichester:	John	Wiley	&	Sons,	Ltd.	

	

MS2: Theory

DGK 2022 Microsymposia

– 15 –



Multipole refinement and topological analysis of chemical bonding in β-boron 
 
Claudio Eisele1, Natalia Dubrovinskaia1, Sitaram Ramakrishnan1, 2, Jin-Ke Bao3, Surya Rohith 

Kotla1, Carsten Paulmann4, Leila Noohinejad5, Martin Tolkiehn5, Sander van Smaalen1 

1Laboratory of Crystallography, University of Bayreuth, claudio.eisele@uni-bayreuth.de, 
Germany, 2 Department of Quantum Matter, AdSM, Hiroshima University, 739-8530, Higashi-
Hiroshima, Japan, 3Department of Physics, Shanghai University, China, 4Mineralogisch-
Petrographisches Institut, University of Hamburg, Germany, 5 P24, PETRA III, Deutsches 
Elektronen-Synchrotron, 22607 Hamburg, Germany 

Although the crystal structure of β-rhombohedral 

boron has been established already in 1957 [1], open 

questions in its details are still remaining [2]. Like 

other elemental boron-phases, β-boron features a 

network of interconnected B12 icosahedral clusters; 

in case of β-boron, (B28)2B clusters connecting B12 

icosahedra and other (B28)2B clusters complete the 

framework which has in total 15 unique boron sites. 

Beyond that, interstitial boron (or impurity) atoms 

can be accommodated in the cavities of this 

outstanding framework. According to the hitherto 

most widely adopted model established by Slack et 

al. [4], there are five so-called partially occupied sites 

(POS) accommodating interstitials in 3.7 to 27.2 % of 

the unit cells; β-boron crystallizes in the 

rhombohedral space group 𝑅3̅𝑚 and contains 

approximately 320 boron atoms in the hexagonal 

unit cell of a volume of V ≈ 2465 Å3. 

We collected high-resolution X-ray diffraction data 

using synchrotron radiation and samples of high 

purity. All main features of Slack’s model were 

confirmed by a routine structure refinement against 

the experimental XRD data. In order to compute a 

more sophisticated electron density taking into account deviations from the spherical distribution 

of atomic electron densities, we performed a multipolar refinement [5]. 

We will present a characterization of the peculiar chemical bonds in β-boron based on the refined 

multipole model and the resulting electron density. 

[1] Sands D, Hoard J. Rhombohedral elemental boron. J. Am. Chem. Soc., 79, 5582-5583 (1957) 
[2] Ogitsu T, Schwegler E., Galli, G. β-Rhombohedral boron: at the crossroads of the chemistry of boron and 

the physics of frustration. Chem. Rev., 113, 3425-3449 (2013) 
[3] Albert B, Hillebrecht H. Boron: elementary challenge for experimenters and theoreticians. Angew. Chem. 

Int. Ed., 48, 8640-8668 (2009) 
[4] Slack G, Hejna C, Garbauskas M, Kasper J. The crystal structure and density of β-rhombohedral boron. J. 

Solid State Chem., 76, 52-63 (1988) 
[5] Coppens, P. X-ray charge densities and chemical bonding, Oxford University Press, New York (1997),  

ISBN 0-19-509823-4 
 

This research was supported by the DFG under grant number 244734497. 

Fig. 1 Hexagonal unit cell of β-boron. B12 icosa-
hedra and (B28)2B clusters are depicted as po-
lyhedra, POS are depicted as single atoms. For 
the sake of clarity, some of the clusters are only 
partially drawn or completely omitted. 
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DISEMM, a tool for the diffractive investigation of elasto-plastic behavior of 
polycrystalline alloys 
 
Alexander Heldmann1, Michael Hofmann1, Markus Hoelzel1 

1Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universität München, 
alexander.heldmann@frm2.tum.de, Germany 

DISEMM is a software tool for the investigation of engineering alloys by Neutron or Synchroton 
diffraction. The basic concept is to derive the single-crystal elastic constants even in textured 
multiphase alloys from experimental diffraction data in as few steps as possible. And then use them 
in elasto-plastic self-consistent modelling and other investigations in a single software package. 
The investigation of engineering alloys by diffraction methods has a long history. In particular, 
well established methods exist to analyze fractions of the constituent phases, textures, residual 
stresses, microstrains or particle sizes. In the last two decades the investigation of the single-crystal 

elastic constants by diffraction methods 
has gained more attention and a method 
originally proposed by Hauk & 
Kockelmann has established itself as a 
reliable method for Neutron or 
Synchroton diffraction [1]. The method is 
in general a reverse of the classical stress 
analysis and was further developed by 
Gnäupel-Herold et al. [2]. DISEMM takes 
the idea further and implements five 
different grain-to-grain interaction 
models, namely Reuss, Hill, Kroener, De 
Wit and Matthies. A novel approach to 

include the load-transfer between the present phases and texture are implemented in DISEMM as 
well. Therefore with DISEMM it is possible to extract single-crystal elastic constants from most of the 
engineering alloys in-situ not requiring any single crystals as other established methods for example 
ultra sound techniques [3].DISEMM can also be used to investigate the plastic deformation behavior 
with elasto-plastic self-consistent modeling as shown in Figure 1. It is the best possible expansion 
because it uses the single-crystal elastic constants as input values among different others and the 
obtained results can be compared to lattice strain measurements in the plastic regime by Neutron or 
Synchroton diffraction. These measurements provide information about the stress distribution of 
investigated materials during plastic deformation. DISEMM uses this information to derive the 
critical-resolved shear stresses and hardening of the materials. The EPSC model implemented in 
DISEMM was in detail described by Hutchinson and later extended by various authors. In contrast to 
finite-element methods the EPSC modelling framework relies on averaging of grain orientations to 
solve different equations from Eshelby’s inclusion model analytically [4]. 
The software is available for download from https://github.com/Gipfelgrab/DISEMM 
 
[1] Hauk V, Kockelmann H., Ermittlung der Einkristallkoeffizienten aus den mechanischen und 

röntgenographischen Elastizitätskonstanten des Vielkristalls. Zeitschrift für Metallkunde, 70, 500-
502 (1979) 

[2] Gnaeupel-Herold T., Brand P., Prask H., Calculation of Single-Crystal Elastic Constants for Cubic Crystal 
Symmetry from Powder Diffraction Data. Journal of Applied Crstallography, 31, 929-935 (1998) 

[3] Heldmann A., Hoelzel M., Hofmann M., Weimin G., Schmahl W., Griesshaber E., Hansen T., Schell N., 
Winfried P., Diffraction-based determination of single-crystal elastic constants of polycrystalline 
titanium alloys. Journal of Applied Crystallography, 52, 1144-1156 (2019) 

[4] Hutchinson J., Elastic-Plastic Behavior of Polycrystalline Metals and Composites. Proceedings oft he 
Royal Society A, 319, 247-272 (1970) 

Figure 1 Comparison of the macroscopic stress-strain curve of 

S 235 JR a ferritic steel to modeled data of DISEMM. 
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Insights into the nature of host-guest interactions in emergent framework 
materials 
 
Michelle Ernst1,2, Ganna Gryn’ova1,2 

1Heidelberg Institute for Theoretical Studies (HITS gGmbH), 69118 Heidelberg, Germany, 
michelle.ernst@h-its.org, 2Interdisciplinary Center for Scientific Computing, Heidelberg 
University, 69120 Heidelberg, Germany 

A key feature of metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) is 
their ability to capture, transport, and release guest molecules. The nature, quality, and quantity 
of the associated absorption depend on pore size and volume, surface area, chemical environment, 
and in particular on the host-guest intermolecular interactions. 

But how does the functionalization of a MOF influence the release of a given drug from its pores? 
And by which mechanism does a COF catalyze a reaction?  

To answer these and related 
questions, we use computational 
methods: molecular docking to 
identify adsorption sites, 
periodic and finite DFT 
simulations to compute 
interaction energies, and in-
depth analyses of the non-
covalent interactions between 
host frameworks and guests. 
Based on several different 
examples and application cases, 
we show how to identify, 
characterize, and quantify host-
guest interactions using for 
example the quantum theory of 
atoms in molecules, the non-
covalent interaction index, and 
various energy decomposition 
schemes. 

We intend to establish a set of design guidelines to tune the host-guest interactions for future 
targeted applications. 

 

 

The authors acknowledge support from the Klaus Tschira Foundation. M.E. acknowledges support 
from the Swiss National Science Foundation (project number: P2BEP2_195236). 
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On the effects of mineral surfaces on nucleation and transformation of ikaite  
(CaCO3 x 6H2O) 
 
Samuel B. Strohm, Sebastian E. Inckemann, Kun Gao, Wolfgang W. Schmahl, Guntram Jordan 

Department für Geo- und Umweltwissenschaften, Sektion Kristallographie, Ludwig-Maximilians-
Universität München, samuel.strohm@lrz.uni-muenchen.de, Germany 

Ikaite (CaCO3 x 6H2O) is a calcium carbonate mineral common to the cold regions of Earth. Apart 

of the various known occurrences, numerous pseudomorphoses of calcite after ikaite 

(Glendonites) indicate a past existence of metastable ikaite and point to its importance as a 

precursor of more stable calcium carbonate phases. The instability of ikaite is caused by its fragile 

crystal structure: CaCO30 ion pairs are encompassed by a hydration shell. The water molecules 

separate the ion pairs from each other and stabilize the structure by a hydrogen bonding network. 

According to DFT calculations of Chaka (2018), this structural unit corresponds to the hydrated 

ion pair complexes occurring in aqueous solutions. Despite these insights into the structural 

relations between ikaite and aqueous species, there is a lack of knowledge about the nucleation of 

ikaite and the conditions, which favor its formation over anhydrous carbonates. It only seems 

clear that cold temperatures, high pH values and high supersaturations with respect to ikaite 

facilitate its formation. Furthermore, dissolved Mg2+ and/or phosphate can promote the formation 

of ikaite by inhibiting a competing precipitation of calcite/vaterite (Purgstaller et al. 2017). It is 

remarkable that previous studies typically concern homogenous precipitation of ikaite, although 

mineral surfaces are ubiquitous in natural aqueous systems. Knowledge about the heterogeneous 

formation and transformation of ikaite could therefore enable a conclusion whether the viewpoint 

of classical nucleation theory applies to ikaite. For anhydrous calcium carbonates, it is known that 

mineral substrates can significantly affect nucleation by a decrease of interfacial energy according 

to classical nucleation theory (Li et al. 2014), whereas it remains unclear so far, if such an effect 

also applies to highly hydrated ikaite.  

Using cryo mixed batch reactor (CMBR) experiments and in-situ flow-through cryo atomic force 

microscopy (CAFM), we investigated the effect of mineral substrates on the nucleation of ikaite 

and its subsequent disintegration into more stable calcium carbonates. The CMBR experiments 

were used to gain insights into the kinetics of nucleation and decomposition in presence and 

absence of quartz surfaces by an in-situ monitoring of the pH-value and the Ca2+-concentration of 

the aqueous growth solutions as well as by XRD phase analysis of the precipitates. The CMBR 

experiments were complemented by experiments employing a newly developed CAFM that 

showed the evolution of the reactions on mineral substrates in-situ with high spatial resolution 

and, therefore, enable information about mechanisms and rates of ikaite nucleation and 

transformation. Our results reveal that quartz substrates significantly increase the 

supersaturation range in which ikaite forms and, therefore, promote its formation. 

 

Chaka, Anne M. (2018): Ab Initio Thermodynamics of Hydrated Calcium Carbonates and Calcium Analogues 

of Magnesium Carbonates: Implications for Carbonate Crystallization Pathways. In: ACS Earth Space Chem. 

2 (3), S. 210–224. 

Li, Qingyun; Fernandez-Martinez, Alejandro; Lee, Byeongdu; Waychunas, Glenn A.; Jun, Young-Shin (2014): 

Interfacial energies for heterogeneous nucleation of calcium carbonate on mica and quartz. In: 

Environmental science & technology 48 (10), S. 5745–5753. 

Purgstaller, B.; Dietzel, M.; Baldermann, A.; Mavromatis, V. (2017): Control of temperature and aqueous Mg 

2+ /Ca 2+ ratio on the (trans-)formation of ikaite. In: Geochimica et Cosmochimica Acta 217, S. 128–143. 
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On the crystal arrangement in small mammal dental enamel 
 
Jana Storsberg1, Marcus Schmitt2, Gero Hilken3, Philip Dammann 2,3, Sabine Begall2, Kateryna Loza1, Kai 

Caspar2, Matthias Epple1 

1 Inorganic Chemistry, Faculty of Chemistry, University Duisburg-Essen, Essen, Germany, 
jana.storsberg@uni-due.de, 2 Department of General Zoology, Faculty of Biology, University of 
Duisburg-Essen, Essen, Germany 3 Central Animal Laboratory, University Hospital Essen, Essen, 
Germany 

 
Dental enamel is the hardest tissue in the mammalian body. It is composed of highly arranged 

inorganic crystallites consisting of hydroxyapatite. This arrangement of enamel prisms is called 

schmelzmuster. Throughout the evolution many different patterns have been developed [1]. This 

work shows a comparison of dental enamel of 18 different species from the taxa of rodents 

(Rodentia), lagomorphs (Lagomorpha) and insectivores (Eulipotyphla): several Murinae 

(Apodemus sylvaticus, Mus musculus musculus, Mus musculus domesticus, lab mice strain C57BL/6 

and Balb/c), rat (Rattus norvegicus, lab rat strain LEW/Crl), woodchuck (Marmota monax), guinea 

pig (Cavia porcellus), agouti (Dasyprocta punctata), Ansell’s mole rat (Fukomys anselli), Mechow’s 

mole rat (Fukomys mechowii), coruro (Spalacopus cyanus), naked mole-rat (Heterocephalus 

glaber) and rabbit (Oryctolagus cuniculus), as well as for an outgroup comparison insectivores: 

European mole (Talpa europaea), common shrew (Sorex araneus), crowned shrew (Sorex 

coronatus), Eurasian pygmy shrew (Sorex minutus), and greater white-toothed shrew (Crocidura 

russula). These samples were analysed to find similarities and differences within and also 

between the different taxa.  

We prepared tooth sample of incisors 

and molars by embedding them in epoxy 

resin and grinding until the inner enamel 

was exposed. After that, the ground 

section was polished with a diamond 

suspension and cleaned from any 

remaining excess. To make the 

schmelzmuster visible, the samples were 

etched with nitric acid. For analyses by 

scanning electron microscopy (SEM), the 

samples were coated with gold and 

palladium. To analyse the chemical 

composition of the dental enamel, 

energy-dispersive X-ray spectroscopy 

(EDS) was used together with X-ray 

powder diffraction for a structural 

characterization of the tooth mineral.  

The taxa can be distinguished by their 

characteristic schmelzmuster. A 

differentiation of the subtaxa is difficult 

due to the high similarity. 

 
[1] Koenigswald, W.v., & Sander, P.M. (Eds.). (1997). Tooth Enamel Microstructure (1st ed.). CRC Press. 

https://doi.org/10.1201/9781003077930 

Figure 1 Two-layered schmelzmuster of a wood mouse 

incisor (Apodemus sylvaticus), showing a clear picture of 

enamel crystallites, magnification 8000x 
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Crystallographic architecture of sea urchin biocalcite 
 
Frank Förster1, Osama Alhseika1, Erika Grießhaber1, Aimo Winkelmann2, Félix Hidalgo Puertas2, 

Antonio Checa2, SoHyun Park1, Wolfgang W. Schmahl1,4  

1Department of Earth and Environmental Sciences, LMU Munich, Wolfgang.W.Schmahl@lrz.uni-
muenchen.de, Germany, 2AGH University of Science and Technology in Kraków, Poland, 
3Facultad de Ciencias, Universidad de Granada, Spain, 4Mineralogische Staatssammlung 
München, Germany  

Echinacea (regular sea urchins) form their skeletal hard parts from magnesian calcite, which 

occludes dilute organic matrix, making it resistant against cleavage fracture. The single-crystal-

like calcite organization of their teeth [1] and spines [2] have attracted much attention in the 

past. The renowned macroscopic five-fold symmetry of both the body and the feeding apparatus 

of the Echinacea is thus intriguing with respect to the crystallographic architecture of the calcite.   

To complement our earlier investigations [1, 2] we conducted single-crystal X-ray diffraction 

and detailed electron backscatter microdiffraction experiments on spines and cross sections of 

the body tests of the species Paracentrotus lividus and Cidaris cidaris.  

The spine of P. lividus (Fig. 1, 

right) shows a single-crystal like 

orientational pattern of the 

biocalcite although it consist of 

18 segments separated by gaps 

(which are bridged by calcite). 

There is a coherence of {10.0} 

plane normal and the radial axis 

of every third segment. In the 

center of the spine is a porous 

meshwork of biocalcite and 

hollow space. This material type 

is called stereom. The bulk of 

the spine of C. cidaris (Fig. 1, 

left) consists of stereom mate-

rial with single-crystal like 

lattice orientation. The outside of the single-crystalline C. cidaris is lined with 18 protruding 

buttresses of polycrystalline material. The material of the tests is stereom, where the 

characteristic wave-length of the sequence of calcite walls and hollow space varies from the 

inside to the outside of the test between 50 and 5 micrometers in layers of constant wave-length. 

The biocalcite of the stereom shows indeed single-crystal like coorientation over distances in the 

order of 1 mm, with sharp small-angle boundaries between such blocks. The misorientation at 

these boundaries occasionally reaches 20°. The lattice orientation follows the curvature of the 

tests. For P. lividus the calcite c-axes are radially oriented; for C. cidaris the c-axes are tangential 

to the surface of the tests. In contrast to the stereom in the bulk of the test plates, the tubercles 

(knobs on which the single-crystal-like spines are anchored) form partial spherulites.  

[1] Goetz A, Griesshaber E, Abel R, Fehr Th, Ruthensteiner B, Schmahl WW. Tailored order: The 
mesocrystalline nature of sea urchin teeth. Acta Biomaterialia, 10, 3885-3898 (2014) 

[2] Kelm K, Goetz A, Sehrbrock A, Irsen S, Hoffmann R, Schmahl WW, Griesshaber E. Mosaic Structure in 
the Spines of Holopneustes porossisimus. Zeitschrift für Kristallographie-Crystalline Materials, 227, 
758-765 (2012)  
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EPS of living bacteria influence the crystallization of EPS-hydrogel-calcite 
composite aggregates 
 
Xiaofei Yin1, Erika Griesshaber1, Concepcion Jiménez-López2, Lurdes Fernández-Díaz3,4, Andreas 

Ziegler5, William Orsi1, Wolfgang W. Schmahl1 

1Department für Geo- und Umweltwissenschaften, Ludwig-Maximilians-Universität München, 
Germany, Xiaofei.Yin@lrz.uni-muenchen.de, 2Departamento de Microbiología, Universidad de 
Granada, Spain, 3Departamento de Mineralogía y Petrología, Universidad Complutense de Madrid, 
Spain, 4Instituto de Geociencias (ICMM, CSIC), Universidad Complutense de Madrid, Spain, 
5Zentrale Einrichtung Elektronenmikroskopie, Universität Ulm, Germany 

Microorganisms are the most ubiquitous life forms on our planet. As minerals secreted by bacteria 

nucleate and grow in the extracellular environment, bacterial mineralization is the product of 

their metabolic activity and chemical reactions associated with the metabolic byproducts [1]. 

Bacterial extracellular polymeric substances (EPS) surround bacterial colonies and are biofilms 

that enable mineral formation [2]. 

Our previous studies [3,4] show that even low concentrations of bacterial EPS in the growth 

medium induce specific mineral microstructure in the EPS-calcite aggregates. To understand the 

influence of bacterial metabolic activity at calcite crystallization, we synthesized hydrogel-calcite 

composite aggregates with Bacillus subtilis EPS. The microstructure of the composite aggregates 

was characterized with scanning electron microscopy and electron backscatter diffraction 

(EBSD). The bacterial EPS-agarose hydrogel networks were visualized with selective chemical 

etching and local kernel misorientation derived from EBSD data.  

The presence of living bacteria has limited influence on the morphologies of the aggregates, 

however, it strongly changes mineral organization and polymer distribution within the 

aggregates. Calcite aggregates that grew with living bacterial communities are radial polycrystals, 

which show a typical spherulitic organization. Bacterial cells were embedded into the aggregates 

at crystal growth, as micro-voids (~1 m), often containing bacterial cells, were observed within 

the aggregates. Although the aggregates that grew with UV light treated PES have similar 

morphologies as those grew with living bacterial cells, their subunits are irregular in shape, size 

and distribution. A dense membrane-like polymeric layer is also present in the obtained 

composite aggregates. 

In a summary, our experiments show that living microorganisms are actively involved in the 

crystallization process of the aggregates and they strongly influence the microstructure and 

texture of the mineral. Hence, microorganisms have an important role in the mineralization 

(biomineralization) process. This characteristic makes it possible and indicates that bacterial EPS 

can be developed as a biomarker, as a further tool for the recognition and identification of 

bacterially mediated calcification in present environments as well as in the geological record. 

[1] Frankel R. B,  Bazylinski D. A, Biologically induced mineralization by bacteria. Biomineralization 54, 95-
114 (2003). 

[2] Bäuerlein E, Biomineralization of unicellular organisms: an unusual membrane biochemistry for the 
production of inorganic nano- and microstructures. Angew. Chem. 42, 614-641 (2003). 

[3] Yin X, Weitzel F, Griesshaber E, et al. Bacterial EPS in agarose hydrogels directs mineral organization in 
calcite precipitates: species-specific biosignatures of Bacillus subtilis, Mycobacterium phley, 
Mycobacterium smagmatis, and Pseudomonas putida EPS. Cryst. Growth Des. 20, 4402-4417 (2020). 

[4] Yin X, Weitzel F, Jiménez-López C, et al. Directing effect of bacterial extracellular polymeric substances 
(EPS) on calcite organization and EPS–carbonate composite aggregate formation. Cryst. Growth Des. 
20, 1467-1484 (2020). 
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Crystal organization and calcite/aragonite twin formation in biocarbonate structural 

materials 

Erika Griesshaber1, Jeraldine Lastam1,2, Xiaofei Yin1, I. Sánchez-Almazo3, M. Heß4, H. Gänsler4, A. 
Checa6, W. W. Schmahl1 
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Foraminifera are the most abundant organisms in marine environments and are one of the main 

carbon producers in the oceans1,2. Foraminifera are unicellular organisms that protect their soft 

tissue with a carbonate shell. The calcite of the shells of some benthic species shows {001} 

twinning3.  

We investigated the twinning characteristics of shell calcite and aragonite and patterns of 

biocarbonate crystal assemblies of benthic and planktonic species of rotaliid foraminifera with 

electron backscattered diffraction (EBSD) and sub-micrometer to nanometer scale imaging of 

the microstructure with FE-SEM and STEM of chemically etched and fixed shell surfaces (Fig. 1). 

We describe in this contribution (i) the very extensive {001} twinning of shell calcite/aragonite, 

(ii) demonstrate for the twinned crystals a new biocarbonate microstructure and (iii) address 

twin development from crystal nucleation within an organic template to outermost shell 

surfaces4. We demonstrate that (iv) all rotaliid foraminifera specimens, investigated with EBSD 

so far, are twinned, however, (v) to different degrees and (vi) show that shell morphology, in 

particular shell/chamber sphericity, is linked to the strength of calcite twinning. Species that 

developed perfect/near-perfect spherical shell/chamber morphologies have their shell calcite 

almost fully twinned, while the calcite of shells with elongated chamber morphologies is little or 

even not twinned5.  

 

Fig. 1. Pattern of crystal orientation measured with EBSD on a cross-section through the shell of the 

foraminifera species Pulleniatina obliquiloculata (A). The strongly twinned calcite that forms the crystal 

units/biocrystals of the shell (B), is given with 60° misorientation grain boundaries, the misorientation-

distance profile A to B and the huge peak at 60° in the misorientation angle distribution diagram. 

Neighboring crystal units are not connected through a twin relationship, misorientation profile C to D in 

(B), but are misoriented to each other by various degrees (B)3,4.  

[1] Erez J., 2003: Reviews in Mineralogy and Geochemistry 54, 115-149; [2] de Nooijer L.  J. et al., 

2014: Earth Science Reviews 135, 48-58; [3] Yin X. et al., 2021: Journal of Structural Biology 213, 

2, 107707; [4] Lastam J. et al., 2021: to be submitted to Journal of Structural Biology. 

MS3: Natural Materials and Environments

DGK 2022 Microsymposia

– 23 –



…to grind or not to grind? 
 Cu/Zn disorder in Cu2ZnSn(SxSe1-x)4 monograins 
 
G. Gurieva1, K. Ernits2, N. Siminel3, A. Manjon Sanz4, M. Kirkham4, D. Meissner2,5, S. Schorr1,6 

1Helmholtz-Zentrum Berlin für Materialien und Energie, Berlin, Germany, 

galina.gurieva@helmholtz-berlin.de, 2crystalsol OÜ, Tallin, Estonia, 3Institute of Applied Physics, 

Academy of Sciences of Moldova, Chisinau, Moldova, 4Neutron Scattering Division, Oak Ridge 

National Laboratory, Oak Ridge, USA, 5Tallinn University of Technology, Tallin, Estonia, 6Freie 

Universität Berlin, Institute of Geological Sciences, Berlin, Germany 

Kesterite-type based thin film solar cell technologies are mainly based on polycrystalline 
absorber layers, which makes it quite difficult to correlate the crystallographic structure and the 
structural disorder of the kesterite-type absorber (determined by neutron diffraction for which 
a large sample volume is needed) to the photovoltaic performance of the device. A promising 
low cost alternative PV technology uses kesterite-type Cu2ZnSn(S,Se)4 (CZTSSe) monograins 
(single crystals of 50-100 μm size) which are fixed in a polymer matrix to form a flexible solar 
cell [1]. In this way the monograins offer the unique possibility to correlate structural disorder 
in kesterite-type absorbers with device performance parameters. 
Structural disorder, like the Cu/Zn disorder, influences the optoelectronic properties of the 
kesterite-type semiconductor critically. The experimental determination of the order parameter 
Q, a quantitative measure of the degree of Cu/Zn disorder in CZTSSe[2], requires a 
differentiation between the isoelectronic cations Cu+ and Zn2+. An in-depth analysis of neutron 
diffraction data provides information on the cation distribution in the crystal structure allowing 
the determination of type and concentration of intrinsic point defects including a distinction 
between Cu and Zn [3].  
In our previous study [4] we confirmed a correlation between the order parameter Q 
determined by neutron diffraction and a thermal treatment of CZTSSe monograins (quenching 
or slow annealing procedures, so-called order-disorder procedure) as well as the influence of 
very small changes in their chemical composition. In this and all the previous studies the 
monograins were ground before the diffraction measurement. In this study we tackle the 
influence of grinding on the stoichiometry deviation, the Cu/Zn disorder as well as the intrinsic 
point defects and optoelectronical properties of CZTSSe monograins. In order to achieve this 
goal, one homogenious CZTSSe monograin sample (15 gram) was first divided in two parts. One 
of them was kept “as grown”, and the second half was ground. In the following each of the 7.5 
gram powder was divided in three parts and processed the same way as described in [3,4]. In 
this way 2 groups of as grown, quenched and slowly annealed monograin samples were formed. 
The grinding was not repeated at any stage of the experiment.  
We will present detailed structural investigations of the obtained CZTSSe monograins based on 
neutron powder diffraction experiments.  The obtained results show the influence of grinding on 
the Cu/Zn disorder and point defect scenario.  A further investigation of the effect of the 
disordering procedure (quenching) and ordering procedure (long time annealing at a 
temperature below the order-disorder transition) on the Cu/Zn disorder and optical properties 
of the CZTSSe monograins will be presented as well. 

[1] www.crystalsol.com 
[2] Toebbens et al. Phys. Stat. Sol. B 253 (2016) 1890 
[3] G. Gurieva et. al., J Appl Phys 2018; 123: 161519/1-12 
[4] G. Gurieva et. al., in preparation 

This research has been partially supported by the CUSTOM-ART Project, funded from the 
European Union’s Horizon 2020 Research and Innovation Programme under the grant 
agreement No 952982. A portion of this research used resources at the Spallation Neutron 
Source, a DOE Office of Science User Facility operated by the Oak Ridge National Laboratory. 
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The same and not the same: The photovoltaic model system Zn1+xGe1-x(OxN1-x)2 and 
its two independent modes of cation disorder revealed by Neutron diffraction. 
 
Joachim Breternitz1, Zhenyu Wang1,2, Stanislav Savvin3, Susan Schorr1,2 

1Structure and Dynamics of Energy Materials, Helmholtz-Zentrum Berlin für Materialien und 
Energie, Joachim.breternitz@helmholtz-berlin.de, Germany, 2Department Geosciences, Freie 
Universität Berlin, Germany, 3Insitut Laue-Langevin, Grenoble, France 

While the efficiencies of alternative solar cell materials like halide perovskites keep on reaching 

ever higher values, their use is flawed by the use of elements that are toxic (e.g. Pb in halide 

perovskites, Cd in CdTe) or scarce (e.g. In in (In,Ga)N and Cu(In,Ga)(S,Se)2). A consideration of this 

would, however, be indispensable to facilitate the wider use of solar cells based on such 

technologies. One of the potential alternatives taking such sustainability arguments into account 

are ternary nitride materials formally based on the wurtzite-type III-V nitrides, where the 

trivalent cation is replaced with equimolar amounts of divalent and tetravalent ions.[1] When 

those cations are ordered in the ground state, a subgroup of the wurtzite-type (s.g. P63mc) is 

adopted (figure 1).[2] 

Herein, we look at the model system Zn1+xGe1-

x(OxN1-x)2 in detail, which can be conveniently 

synthesized through an ammonolysis 

reaction.[3] While the bandgap of these 

materials is in the range of 2.7-3.4 eV, which 

makes it unsuitable as a solar absorber itself, 

they can be understood as a model system for 

the heavier homologue Zn1+xSn1-x(OxN1-x)2 with 

bandgap energies in the range of 1.5 eV. The 

advantage of Zn1+xGe1-x(OxN1-x)2 is not only a 

well understood reaction mechanism,[4] but 

also the possibility to access large amounts of 

materials – a prerequisite for Neutron diffraction, which allows the distinction between the 

isoelectronic ions Zn2+ and Ge4+ as well as N3- and O2-. 

While Zn1+xGe1-x(OxN1-x)2 with high oxygen content crystallizes in the wurtzite-type with only one 

distinct crystallographic site, a lower oxygen content appears to correlate with cation ordering in 

the -NaFeO2-type (s.g. Pna21) at first glance. In addition to this extrinsic cation disorder, 

theoretical calculations have suggested an intrinsic cation disorder through antisite defects, which 

affects the optical bandgap. Correlating Neutron diffraction data with optical bandgap 

measurements and chemical composition, we show that both disorder effects are independent of 

each other, but influence the optical bandgap of the resulting material in a similar way. 

[1] Greenaway AL, Melamed CL, Tellekamp MB, Woods-Robinson R, Toberer ES, Neilson JR, et al. Ternary 
Nitride Materials: Fundamentals and Emerging Device Applications. Ann. Rev. Mater. Res., 51, 591–
618 (2021) 

[2] Breternitz J, Schorr S. Symmetry relations in wurtzite nitrides and oxide nitrides and the curious case of 
Pmc21. Acta Cryst A., 77, 208–216 (2021). 

[3] Breternitz J, Wang Z, Glibo A, Franz A, Tovar M, Berendts S, et al. On the Nitridation of Zn2GeO4. Phys 
Status Solidi A. 216, 1800885, 2019. 

[4] Wang Z, Fritsch D, Berendts S, Lerch M, Breternitz J, Schorr S. Elucidation of the reaction mechanism for 
the synthesis of ZnGeN2 through Zn2GeO4 ammonolysis. Chem Sci. 12, 8493–8500, 2021. 

The authors acknowledge ILL for beamtime under proposal number 5-21-1126. 

Figure 1 Disordered wurtzite-type structure vs. ordered -
NaFeO2-type structure. 
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Beyond	 humidity:	 the	 underlying	 phase	 transitions	 in	 cesium-formamidinium	
lead	halide	perovskites		
Juanita	Hidalgo1,2,	Yu	An2,	Joachim	Breternitz1,		Juan-Pablo	Correa-Baena2,	Susan	Schorr1	
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für	Materialien	und	Energie	,	Germany,	juanita.hidalgo@helmholtz-berlin.de	,	2School	of	
Materials	Science	and	Engineering,	Georgia	Institute	of	Technology,	Atlanta,	U.S.A	

Lead	 halide	 perovskites	 have	 shown	 to	 be	 promising	 materials	 for	 solar	 cells,	 having	
achieved	 a	 maximum	 power	 conversion	 efficiency	 greater	 than	 25%.	 However,	 lead	 halide	
perovskites	are	highly	unstable	under	different	environmental	conditions	such	as	humidity.	The	
underlying	phase	transitions	upon	humidity	in	high-efficiency	mixed	cation	compositions,	such	
as	 cesium-formamidinium	 (Cs-FA)	 in	 (CsxFA1-x)PbI3,	 are	 still	 unexplored.	 Given	 that	
compositional	mixing	has	been	a	 strategy	 to	 stabilize	 the	 crystal	 structure,	 it	 is	 paramount	 to	
unravel	 the	 degradation	 pathway	 of	 these	materials	 to	 design	 robust	 and	 efficient	 materials.	
Herein,	we	did	an	 in-situ	humidity	X-ray	scattering	study	to	unravel	the	intermediate	and	final	
degradation	phases	of	Cs-FA	lead	halide	perovskites.		 	

Single	 cation	 FA	 and	 Cs	 lead	 iodide	 perovskites	 (CsPbI3,	 FAPbI3)	 suffer	 from	 phase	
instability	 at	 room	 temperature.	 The	mixture	 Cs-FA	 has	 led	 to	 improved	 stability	 [1],	 but	 not	
when	exposed	to	humidity.	In	this	work,	different	humidity	conditions	were	studied	such	as	the	
humidity	 carrier	 gas,	 the	 material’s	 stoichiometry,	 and	 the	 halide	 composition	 (Fig.1).	 The	
degradation	 kinetics	 were	 observed,	 demonstrating	 that	 humidity	 in	 air	 accelerated	 the	
formation	of	the	hexagonal	non-perovskite	d-FAPbI3	phase.	Degradation	was	also	faster	for	the	
off-stoichiometric	composition	with	a	5	percent	molar	excess	of	 the	Cs-FA	cation.	Moreover,	a	
different	route	was	observed	 in	 the	mixed	 iodide-bromide	halide	perovskites	compared	to	the	
pure	 iodide	one.	Bromide	hindered	degradation	and	 it	 transformed	 into	other	numerous	non-
perovskite	 hexagonal	 phases	 such	 as	 4H	 and	 6H	 [2].	 Further,	 a	 comprehensive	 structural	
powder	X-ray	diffraction	refinement	was	done	by	the	Le	Bail	method.		

The	humidity	degradation	pathways	of	the	high-efficiency	Cs-FA	lead	halide	perovskites	
were	observed.	The	origins	of	 the	phase	transitions	of	the	perovskite	go	beyond	humidity:	 the	
carrier	gas	and	the	elements	present	in	the	solid	solution	play	an	important	role	in	determining	
the	degradation	kinetics.	 For	 this	 reason,	 it	 is	needed	 to	understand	 the	 role	of	oxygen	 in	 the	
acceleration	of	degradation.	It	is	also	essential	to	understand	the	mechanism	of	why	the	mixed	
halides	prevent	the	degradation	of	lead	halide	perovskites.		

	
[1]	 J.	W.	Lee,	D.	H.	Kim,	H.	S.	Kim,	S.	W.	Seo,	S.	M.	Cho,	and	N.	G.	Park,	“Formamidinium	and	cesium	

hybridization	for	photo-	and	moisture-stable	perovskite	solar	cell,”	Adv.	Energy	Mater.,	vol.	5,	no.	
20,	2015,	doi:	10.1002/aenm.201501310.	

[2]	 P.	Gratia	et	al.,	“The	Many	Faces	of	Mixed	Ion	Perovskites:	Unraveling	and	Understanding	the	
Crystallization	Process,”	ACS	Energy	Lett.,	vol.	2,	no.	12,	pp.	2686–2693,	2017,	doi:	
10.1021/acsenergylett.7b00981.	

J.H	acknowledges	support	from	the	DAAD	and	GEM	fellowship.	
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Figure 1. In-situ X-ray scattering as a function of time for i) different humidity carrier gas (N2 or air), ii) stoichiometry (excess 
Pb or excess CsFA), and iii) halide composition (iodide or iodide-bromide) in a relative humidity of ~100%
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Structural	flexibility	of	photovoltaic	materials:	the	key	to	high	efficient	solar	cells	
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Photovoltaics (PV) based on crystalline silicon wafers has developed into a mature technology 
for the conversion of sunlight into electrical energy. Thin film PV is an emerging alternative 
technology because of short energy payback time and minimum use of high purity materials, 
addressing the urgent need for cost-competitive renewable energy technologies. 
Compound semiconductors with a high absorption coefficient are the most advanced and most 
efficient absorber materials in thin film PV technologies. Highly efficient devices are based on 
absorber layers out of ternary or quaternary chalcogenides or hybrid halide perovskites.  
Record efficiencies are reached with solar cells based on Cu(In,Ga)Se2 (CIGSe) Cu2ZnSn(S,Se)4 
(CZTSSe) and (Cs,MA,FA)Pb(I,Br)3 absorbers (power conversion efficiency of 23.3%, 13.0% and 
25.5% respectively [1]). CIGSe crystallizes in the 
chalcopyrite-type structure (space group ) whereas 
CZTSSe adopts the kesterite-type structure (space group 

). Both compounds (and silicon as well) belong to the 
adamantine family [2] which is characterized by a 3D 
network of corner sharing tetrahedra. (Cs,MA,FA)Pb(I,Br)3 

(MA-methyl-ammonium, FA-formamidinium) crystallizes 
in the perovskite-type structure, characterized by a 3D 
network of corner sharing octahedra. In this sense these 
materials are based on common building blocks: an 
A2B2X-tetrahedron in ternary AIBIIIX2 and an A2BCX-
tetrahedron in quaternary AI2BIICIVX4 chalcogenide semiconductors. The parent structure of the 
adamantines is the diamond-type (space group  ). In binary, ternary and quaternary 
adamantines the metals are ordered on defined cation sites which led to typical superstructures 
with lowered symmetry. The parent structure (aristotype) of ABX3 perovskites is the cubic 
perovskite-type structure (space group ) in which the B cations are octahedrally 
coordinated by the anions. Thus, the PbX6-octahedra are the building blocks of hybrid halide 
perovskites. Tilting and distortions of the octahedra led to structures with lowered symmetry 
(Bärnighausen tree [3]), but all these crystal structures are named perovskite structure which 
leads to confusion sometimes [4]. 
The success of CIGSe, CZTSSe and (Cs,MA,FA)Pb(I,Br)3 as PV material has to do with their overall 
structural flexibility. In the tetrahedrally coordinated chalcogenides this flexibility originates 
from the propensity of the crystal structure to stabilize intrinsic point defects as vacancies, anti-
sites, and interstitials. Deviations from the stoichiometric composition led to the formation of 
such intrinsic point defects without dramatic structural changes, but with significant influence 
on the electrical and optical properties of the material [5]. On the other hand, hybrid halide 
perovskites were shown to have a high defect tolerance. Here the flexibility of the crystal 
structure gives remarkable positional freedom of the molecular cation and ionic movement. 
The presentation will give an overview of the basic building block principle of these compound 
semiconductors, the flexibility of the crystal structure and the resulting effect on the 
optoelectronic materials properties. 

[1] NREL Efficiency Chart, www.nrel.gov/pv/cell-efficiency.html 
[2] B. Pamplin, Progr. Crystal Growth Charact. 3 (1981) 179 
[3] H. Bärnighausen, MATCH, Commun. Math. Chem. 9 (1980) 139 
[4] J. Breternitz, S. Schorr, Adv. Energy Mater 8 (2018) 1802366 
[5] S. Schorr, G. Gurieva (p.123); A.Lafond et al. (p.93) in: Crystallography in Materials Science, ed. by S. 

Schorr and C. Weidenthaler, De Gruyter, 2021, p. 123 

Fig.1 Chalcopyrite (left) and perovskite (right) 
structure showing the buidling block. 

MS4: Engineering: Photovoltaics and Radiation Sensors

DGK 2022 Microsymposia

– 27 –



Local-structure Analysis of Li Oxy-sulfide Glass-Ceramic Solid Electrolytes 
 
Ramon Zimmermanns1, Xianlin Luo1, Michael Knapp1, Anna-Lena Hansen1, Sylvio Indris1, Helmut 

Ehrenberg1 

1Institute for Applied Materials – Energy Storage Systems (IAM-ESS), Karlsruhe Institute of 
Technology (KIT), ramon.zimmermanns@kit.edu, Germany,  

In the global quest to tackle climate change and the promotion of sustainable energy sources, 

energy storage has become an important aspect and consequently has attracted great research 

attention. Solid state batteries promise increased energy density and safety in comparison to 

current commercial Li-ion batteries[1]. Fast ion conducting solid electrolyte materials are an 

essential part of solid-state batteries. Therefore, the study of suitable materials and the 

understanding of the conduction mechanisms is of high importance.  

Sulfide and thiophosphate glasses have 

been identified as promising candidates as 

fast ion conducting materials and great 

progress has been made since the first 

studies in 1980[2]. One drawback of these 

materials is their sensitivity against 

humidity and stability on exposure to air. 

Recently, it was demonstrated that the 

doping of thiophosphate glasses with 

oxygen positively affects the ion 

conductivity[2]. Furthermore, an 

improvement of the chemical and physical 

stability of these doped glasses could be 

achieved.  The combination of these two 

effects renders oxygen doping a promising strategy. However, very little is known so far about 

the local structure of the doped glasses and glass ceramics, yet this information is crucial to 

enable purposeful development and further improvement of these materials.  

Hence, we have studied the local structure of oxy-sulfide glasses as well as their structural 

evolution and crystallization behavior with increasing temperature. Additionally, the influence 

of the starting materials was evaluated by comparing materials from two different set of starting 

materials using the same synthesis route. Oxy-sulfide glasses of the composition Li3POxS4-x with 0 

≤ x ≤ 1.2 were synthesized by ball milling appropriate amounts of either Li2O, Li2S and P2S5, or 

Li3PS4 and Li3PO4. Temperature dependent powder x-ray diffraction and pair distribution 

function (PDF) analysis, supported by Raman spectroscopy and other characterization 

techniques, was then used to identify crystal phases and structural moieties. Subsequently, 

impedance measurements were carried out to be able to link microstructure to ionic 

conductivity. 

[1] Tan, D.H.S., Banerjee, A., Chen, Z. et al. From nanoscale interface characterization to sustainable energy 
storage using all-solid-state batteries. Nat. Nanotechnol. 15, 170–180 (2020). 
https://doi.org/10.1038/s41565-020-0657-x 

[2] Martin, S.W. Chapter 14: Glass and Glass-Ceramic Sulfide and Oxy-Sulfide Solid Electrolytes. Handbook 
of Solid State Batteries, pp. 433-501 (2015) https://doi.org/10.1142/9789814651905_0014 

 

R. Z. acknowledges financial support from BMBF within the FestBatt project (03XP0176A). 
 

Fig. 1: PDF analysis of Oxy-sulfide glass ceramic 
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Computational	 search	 for	 novel	 Zn-ion	 conductors—a	 crystallochemical,	 bond	
valence,	and	density	functional	study	
	
Tilmann	Leisegang1,2,	Manuel	Rothenberger1,	Yelizaveta	A.	Morkhova2,3,4,	Stefan	Adams5,	
Vladislav	A.	Blatov2,3,	Artem	A.	Kabanov2,4,6	
	

1Institute	 of	 Experimental	 Physics,	 Energy	 Materials,	 TU	 Bergakademie	 Freiberg,	
tilmann.leisegang@physik.tu-freiberg.de,	 Freiberg,	 Germany,	 2Samara	 Center	 for	 Theoretical	
Materials	Science	(SCTMS),	Samara	State	Technical	University,	Samara,	Russia,	3Samara	Center	
for	Theoretical	Materials	Science	(SCTMS),	Samara	University,	Samara,	Russia,	4Institute	of	Solid	
State	Chemistry	and	Mechanochemistry	SB	RAS,	Novosibirsk,	Russia,	5Department	of	Materials	
Science	 and	Engineering,	National	University	 of	 Singapore,	 Singapore,	 6P.	N.	 Lebedev	 Physical	
Institute	of	the	Russian	Academy	of	Sciences,	Samara,	Russia	

Zinc-based	 batteries	 have	 been	 a	 recurring	 theme	 throughout	
history,	 from	 Volta's	 pile,	 the	 Daniell	 and	 Leclanché	 elements	 to	
powering	modern	space	vehicles.	To	date,	no	rechargeable	all	solid-
state	 Zn-ion	 battery	 has	 been	 commercialized.	 Therefore,	 we	
intended	 to	 contribute	 to	 increasing	 the	number	of	 available	Zn2+-
ion	conductors	for	such	batteries.		

We	used	a	stepwise	algorithm	[1,	2]	to	identify	compounds	from	the	
ICSD	prone	 to	Zn2+-ion	conductivity;	 the	 figure	shows	the	example	
of	ZnRh2O4.	The	rapid	geometrical–topological	(GT)	screening	based	
on	Voronoi	partition	was	utilized	as	the	first	step.	334	of	782	Zn-/O-
containing	compounds	that	possess	Zn2+	migration	maps	have	been	
found.	 Among	 them,	 83	 compounds	 were	 previously	 unknown	 as	
possible	Zn2+	conductors.	Then	we	applied	bond	valence	site	energy	
(BVSE)	 calculations	 to	 evaluate	 migration	 energies	 for	 the	 Zn2+	
conduction.	Of	the	83	compounds,	27	fulfilled	the	condition	of	being	
solely	 Zn2+	 conductors.	 For	 the	 most	 promising	 compounds,	 we	
used	 the	 Nudged	 Elastic	 Band	 (NEB)	 method	 within	 the	 density	
functional	theory	(DFT)	approach	to	verify	Zn2+	conductivity.		

Most	interesting	compounds	are	ZnM2O4	(M	=	Fe,	Cr,	V)	and	ZnP2O6	
with	 migration	 energies	 of	 less	 than	 0.7	 eV/ion.	 Finally,	 we	
simulated	 ionic	 conductivities	 within	 the	 kinetic	 Monte	 Carlo	
approach	yielding	values	of	up	to	10–3	S/cm.	We	further	studied	the	complexity	of	the	promising	
structures.	The	data	was	uploaded	to	our	database	batterymaterials.info.	

[1]	T.	Nestler,	F.	Meutzner,	A.	Kabanov,	M.	Zschornak,	T.	Leisegang,	D.	C.	Meyer:	A	combined	 theoretical	
approach	for	identifying	battery	materials:	Al3+	mobility	in	oxides.	Chem.	Mater.	31,	737	(2019).		

	
[2]	Ye.	A.	Morkhova,	M.	Rothenberger,	T.	Leisegang,	S.	Adams,	V.	A.	Blatov,	A.	A.	Kabanov:	Computational	

search	 for	 novel	 Zn-ion	 conductors–a	 crystallochemical,	 bond	 valence,	 and	density	 functional	 study.	
J.	Phys.	Chem.	C	125,	17590–17599	(2021).		

	
T.L.	 acknowledges	 the	 German	 Federal	Ministry	 of	 Education	 and	Research	 (CryPhysConcept:	
03EK3029A,	R2RBattery:	03SF0542A).	Y.A.M.	and	A.A.K.	thank	the	Russian	Science	Foundation	
(RSF:	 19-73-10026).	 Y.A.M.	 thanks	 the	 Russian	 Foundation	 for	 Basic	 Research	 (RFBR:	 20-33-	
90018).	 S.A.	 thanks	 the	 Singapore	 Ministry	 of	 Education	 (grant:	 “Mesoporous	 hierarchically	
structured	materials	for	clean	energy	technologies”).	
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Diffraction-based studies of lithium distribution in 18650-type Li-ion cells at 
multiple length scales 
 
Anatoliy Senyshyn1, Vladislav Kochetov2, Dominik Petz1,3, Martin Mühlbauer4 

1Heinz Maier-Leibnitz Zentrum, Technische Universität München, 
anatoliy.senyshyn@frm2.tum.de, Germany, 2Institut für Physik, Universität Rostock, Germany, 
2Institut für Physik, Universität Rostock, Germany,  4Institute for Applied Materials, Karlsruhe 
Institute of Technology (KIT), Germany 

The problem of energy storage is a key challenge we are facing in 21th century. Our daily life has 
been changed by the development of electrochemical energy storage, ranging from Volta cells 
through lead-acid batteries to complex hybrid storage solutions explored nowadays. Lithium-ion 
batteries became an important part of this chain immediately after their commercialization in 
1991 and since then they underwent a rapid development. Their outstanding energy/power 
density compared to other electrochemical energy storage systems available at the market make 
Li-ion batteries dominating in the segment of energy storage for portable electronics and electric 
drivetrains. Despite its overall popularity and widespread, the Li-ion technology has a high 
improvement potential, especially in the aspects concerning power and energy density, power 
fading, safety etc. 
The safety of Li-ion cells depends on a variety of microscopic factors maintaining the integrity of 
the cell. Chemical, mechanical and morphological uniformity of the cell components is crucial for 
optimization, estimation and prediction of cell parameters and cell behavior during standard 
operation and misuse. “Real-life” cells are complex, closed systems exhibiting non-uniform 
distributions of lithium, electrolyte, salt or other components that highly depend on the state-of-
charge (SOC) of the cells and properties like capacity, current, temperature, pressure, etc. Cell 
aging leads to the development of a heterogeneous distribution of battery parameters, which are 
often hard to predict by modeling and require experimental input based on complex 
characterizations. 
Selected methodologies for probing the uniformity of cell components are briefly reviewed in Ref. 
[1]. A number of microscopy, spectroscopy or scattering-based techniques can be applied for ex-
situ or post mortem analysis of cell components, mainly active electrode materials. If non-
destructive methods have to be applied (due to closed system features), imaging and diffraction 
experiments using either neutrons or synchrotron radiation are the optimal choice to examine 
instrument-adopted test cells  or commercially available large format Li-batteries. In recent years 
a number of methods to combine imaging and diffraction have been developed, either in the form 
of Bragg-imaging, spatially-resolved diffraction or computed tomography using an X-ray 
diffraction signal (XRD-CT) instead of attenuation (X-ray CT). The XRD-CT method has created a 
kind of new non-destructive insight with unprecedented sensitivity and contrast and is currently 
under active development. 
In the current contribution a series of diffraction-based methods applied to probe inner structure 
of cylinder-type Li-ion batteries and lithium distribution will be reviewed in line with standard 
bulk high-resolution neutron powder diffraction. The methods will include applications using 
neutron scattering and high-energy photon beams, specifically spatially-resolved diffraction using 
radial oscillating collimators and conical slits along with XRD-CT and neutron diffraction –CT at 
multiple length scales. 
 
[1] Mühlbauer M.J., Schökel A., Etter M., Baran V., Senyshyn A. Probing chemical heterogeneity of Li-ion 

batteries by in operando high energy X-ray diffraction radiography. Journal of Power Sources, 403, 
49-55 (2018). 

[2] Petz D., Muhlbauer M.J., Baran V., Schokel A., Kochetov V., Hofmann M., Dyadkin V., Staron P., Vaughan 
G., Lienert U., Muller-Buschbaum P.,Senyshyn, A. Lithium distribution and transfer in high-power 
18650-type Li-ion cells at multiple length scales. Energy Storage Materials, 41, 546-553 (2021). 
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The impact of γ´ nanoprecipitates on the tensile deformation of superelastic 

Co49Ni21Ga30 

A. Reul1, C. Lauhoff2, P. Krooß2, C. Somsen3, D. Langenkämper3, M.J. Gutmann4, B. Pedersen5, 

M. Hofmann5, W.M. Gan6, I. Kireeva7, Y. I. Chumlyakov7, G. Eggeler3, T. Niendorf2, W.W. Schmahl1 

1Applied Crystallography, Department of Earth and Environmental Sciences, Ludwig Maximilian 

University of Munich, alexander.reul@lrz.uni-muenchen.de, Germany, 2Institute of Materials 

Engineering, University of Kassel, Germany, 3Institute for Materials, Ruhr-University Bochum, 

Germany, 4Rutherford Appleton Laboratory, ISIS Facility, UK, 5Heinz Maier-Leibnitz Zentrum 

(MLZ), Technical University of Munich, Germany, 6German Engineering Materials Science Center 

(GEM) at MLZ, Helmholtz-Zentrum Hereon, Germany, 7Tomsk State University, Siberian Physical 

Technical Institute, Russia 

This study reports the morphology and domain variant selection of stress-induced martensite in 
[001]-oriented superelastic Co49Ni21Ga30 shape memory alloy (SMA) single crystals under tensile 
load. In situ neutron diffraction, and in situ optical- and confocal laser scanning microscopy were 
conducted on three differently processed Co-Ni-Ga single crystals, i.e as-grown, solution-
annealed and aged. Aging treatments performed 
at 350°C introduce γ´ nanoprecipitates which 
increase the number of habit plane interfaces 
while reducing lamellar martensite plate 
thickness compared to the as-grown and 
solution-annealed (precipitate free) specimens 
(Fig 1). In contrast to previous findings, 
γ´ nanoprecipitates in the aged tensile specimen 
do not induce multi variant microstructures with 
multiple orientations of habit planes and multiple 
domain variants. Instead, the aged specimen 
revealed a dominant martensite plate and a shear 
band with lamellar martensite plates between 
one set of parallel habit planes (hp) interfaces. 
During tensile loading, all specimens show 
stress-induced formation of martensite, 
characterized by one single domain variant (V3) 
and one set of parallel habit planes in a shear 
band. The results show that γ´ nanoprecipitates 
do not necessarily promote multi-variant 
interaction during tensile loading. Thus, reduced 
recoverability in Co-Ni-Ga SMAs upon aging 
cannot be solely attributed to this kind of interaction as has been proposed before. Instead, 
γ´ nanoprecipitates in the aged specimen act as obstacles for austenite-martensite phase 
boundary movement which significantly increase the stress hysteresis compared to the as-
grown and precipitate-free condition (Fig. 1). 
 
Financial support by Deutsche Forschungsgemeinschaft (DFG) within the Research Unit 
program “Hochtemperatur-Formgedächtnislegierungen” (Contract nos. SCHM930/13-2, 
NI1327/3-2, EG101/22-2 and SO505/2-2) and the Ministry of Science and Education of Russian 
Federation (State Task no. 16.6554.2017/6.7) is gratefully acknowledged. 
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 Single-crystal elastic-constants and load partitioning in titanium alloys 
 
1M. Hoelzel, 1A. Heldmann, 1M. Hofmann, 2W.W. Schmahl, 2E. Griesshaber, 3W.M. Gan, 4Th. 
Hansen, 1W. Petry  
 
1Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universität München, Garching, Germany, 
markus.hoelzel@frm2.tum.de 
2 Department für Geo- und Umweltwissenschaften, Ludwig-Maximilians-Universität München, 
München, Germany, 
3GEMS at MLZ, Institute of Materials Physics, Helmholtz-Zentrum Hereon, Garching, Germany, 
4Institut Laue-Langevin, Grenoble, France. 
 

Single-crystal elastic constants (SEC) are fundamental parameters for the behavior of any material 
under mechanical load. Various methods such as the diffraction-based stress-analysis, elasto-
plastic modeling or finite-element modeling rely on SEC as input parameters. Conventional 
methods to derive elastic constants, for instance ultra-sonic techniques, require single crystals. 
However, the fabrication of single-crystalline specimens of most engineering-alloys is difficult or 
even impossible.  
Titanium alloys are extensively applied in aircrafts, medical products or consumer goods. Alloys of 
actual research interest include two-phase (h.c.p. -phase + b.c.c. -phase) or -alloys containing a 
significant amount of alloying elements. Here, the only experimental way to determine SEC is 
diffraction on polycrystalline samples under mechanical stress. 
Diffraction allows the measurement of lattice strains for each phase in poly-crystalline and multi-
phase materials. In a kind of reversal of the classical stress analysis in-situ diffraction studies on 
polycrystalline samples can be carried out under applied mechanical load. Based on model 
assumptions for grain-to grain interactions (for instance Voigt, Reuss, Hill approximations), the 
elastic tensor components (i.e. the SEC) can be calculated by minimization techniques. This 
method requires to measure changes in lattice plane distances for a series of hkl-reflections as a 
function of the applied mechanical load.  We have applied this method on titanium alloys Ti-6Al-
4V (Ti-64, near -alloy), Ti-3Al-8V-6Cr-4Zr-4Mo (Ti-38644, -alloy) and Ti-6Al-2Sn-4Zr-6Mo (Ti-
6246, +-alloy) using neutron and synchrotron diffraction together with specially designed 
tensile rig which allows to orient the load axis in a Eulerian cradle like manner [1]. 

In Ti-6246 the five elastic contants in the h.c.p- -phase and the three elastic constants in the 
b.c.c. -phase were determined. However, in two-phase titanium alloys a load partitioning between 
the stiffer -phase and the softer -phase is expected. Hence, the main focus of this study was to 
analyse the effect of load partitioning on the elastic properties of the constituent phases. Thus, an 
approach for the load transfer based on the stiffnesses of the phase was implemented in the 
analysis. By this means the directly measured “apparent” elastic constants of the phases can be 
compared with “corrected values” for the pure phases. Based on a phase ratio of α:β 78:22% 
obtained by Rietveld refinement, a load transfer corresponding to 3% increase in stress for the α-
phase and 11% decrease for the β-phase was obtained. It was found that the load transfer corrected 
elastic constants match very well to corresponding values of Ti-64 (α-phase) and Ti-38644 (β-
phase) [2].  

In the literature values for the elastic constants in -Ti phase can be found which differ quite 
significantly. However, our data show a remarkable coincidence for the β-phase in the alloys Ti-
38644 and Ti-6246Mo after applying the load transfer correction for the two-phase Ti-6246. Thus, 
our results indicate that the differences in the apparent elastic constants in the -phase found in 
different alloys could be related to a load relocation with the present -phase. 

[1] Hoelzel, M., Gan, W. M., Hofmann, M., Randau, C., Seidl, G., Jüttner, Ph., Schmahl, W. W. Nucl. Instr. 
Meth. A, 711, 101–105 (2013). 

[2] Heldmann A., Hoelzel M., Hofmann M., Gan, W.M., Schmahl W.W., Griesshaber E., Hansen Th, 
Schell N., Petry W., J. Appl. Cryst. 52, 1144 (2019). 
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How well do we understand macromolecular crystals? 
Andrea Thorn1 

1Institut für Nanostruktur und Festkörperphysik, Universität Hamburg, Luruper Chaussee 149 
(Bldg. 610 - HARBOR), Germany, andrea.thorn@uni-hamburg.de 

In X-ray structure determination, the R-value reports how well a model agrees with the experimental 
data. In small molecule crystallography, R-values of 3% are routinely reached. However, for biological 
macromolecules, R-values are normally around 20% and even when the data extend to atomic 
resolution, the average R-value is 14%.  
This is clear evidence that something is amiss; our current models of macromolecular crystal 
structures seem to be lacking. But what is this difference between our models and reality and how 
would we observe this difference, given that our prior knowledge about macromolecular structures 
is used to generate phases (and hence electron density) in the first place?  
In this talk, some answers to these questions will be presented. It will also be shown how model 
deficiencies hamper in particular the structure determination of problematic structures, such as 
membrane proteins and large macromolecular complexes. In these cases, only low resolution data 
might be available and the poor phase estimates currently obtainable result in noisy electron density 
maps. A better understanding of the shortcomings in our current models (and methods) could be an 
important factor to solving the most difficult structures and to improving the others. 
  

This work was supported by the German Federal Ministry of Education and Research [grant no. 
05K19WWA] and the Deutsche Forschungsgemeinschaft [grant no. TH2135/2-1]. 
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Benefits of High Energy Data Collection in Macromolecular Crystallography 
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Ashwin Chari3, Thomas R. Schneider1 

1European Molecular Biology Laboratory, Hamburg Outstation c/o DESY, Notkestraße 85, 22603 
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Already decades ago, it has been postulated that increasing the X-ray energy beyond the typical 

10-15 keV range would be advantageous in macromolecular crystallography (MX). The resulting 

benefits of using higher energies were predicted to be twofold. Firstly, the number of elastically 

scattered photons per unit absorbed dose, or diffraction efficiency (DE), would increase, 

implying an increase in the amount of information that can be obtained per unit absorbed dose 
[1-3].  Secondly, it was predicted that at higher energies photoelectrons can leave the protein 

crystal, depending on its volume, further reducing the absorbed dose [4]. Consequently, 

radiation damage could be reduced by going to higher energies and fewer microcrystals would 

be needed to get a complete data set.  

With advances in detector technology, it recently became possible to efficiently detect high 

energy diffraction (>20 keV). This technology allowed to experimentally verify both the 

increased diffraction efficiency and photoelectron escape at Diamond’s Microfocus Beamline I24 

[5, 6]. The comparison of thermolysin data collected at 25 keV instead of 12.4 keV showed that 

the diffraction efficiency is increased in average by a factor of 2.3.  

Furthermore, it could be demonstrated that data collected at higher energies typically extend to 

higher resolution. An additional gain of using high energies is the possibility to collect data from 

huge protein complexes up to unprecedented resolution by using a Eiger2 CdTe 16 M at EMBL’s 

beamline P14. These include 1) a primitive orthorhombic crystal system with an asymmetric 
unit of 560 0́00 Da, of which we were able to collect a 0.98 Å resolution dataset with almost 100 

million reflections and 2.75 million unique reflections; 2) a C-centered orthorhombic crystal 

system with an asymmetric unit of 280 0́00 Da, of which a 0.96 Å resolution dataset with over 

40 million reflections and 1.375 million unique reflections could be collected. All in all, these 

results point to a high energy future for synchrotron-based MX. 

 

[1] Arndt, U. W.  Optimum X-ray wavelength for protein crystallography. J. Appl. Cryst. 17, 118–119    
 (1984) 

[2] Fourme, R., Honkimäki, V., Girard, E., Medjoubi, K., Dhaussy, A.-C. & Kahn, R. Reduction of radiation 
  damage and other benefits of short wavelengths for macromolecular crystallography data    
  collection. J. Appl. Cryst. 45, 652–661 (2012) 

[3] Helliwell, J. R., Ealick, S., Doing, P., Irving, T. & Szebenyi, M. Towards the measurement of ideal data for 
macromolecular crystallography using synchrotron sources. Acta Cryst. D49, 120–128 (1993) 

[4] Nave, C. & Hill, M. A. Will reduced radiation damage occur with very small crystals? J. Synchrotron Rad.  
12, 299–303 (2005) 

[5] Storm, S. L. S., Crawshaw, A. D., Devenish, N. E., Bolton, R., Hall, D. R., Tews, I. & Evans, G.  Measuring  
energy-dependent photoelectron escape in microcrystals. IUCrJ  7, 129–135 (2020) 

[6] Storm, S. L. S., Axford, D., Owen R. Experimental evidence for the benefits of higher X-ray energies for  
macromolecular crystallography. IUCrJ 8, 896–904 (2021) 
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Identifying metal redox states through low dose measurements for spatially 
resolved anomalous dispersion refinement  
 
Frank Lennartz1, Jae-Hun Jeoung2, Stefan Rünger2, Holger Dobbek2, Manfred Weiss1 
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Strukturbiologie/Biochemie, Humboldt-Universität zu Berlin, Berlin, Germany 

Protein-mediated redox reactions play a critical role in a numerous biological processes and are 

often catalysed at centres that contain elemental co-factors, such as transition metals. To 

understand the exact mechanisms behind these reactions it is important to not only characterise 

the structure of these proteins, but also to identify the oxidation state of the co-factors involved. 

One approach for this is spatially resolved anomalous dispersion (SpReAD) refinement, which is 

based on collecting several x-ray diffraction datasets across the x-ray absorption edge of the 

metal in question [1]. While being easy and quick to conduct, data collection for SpReAD 

refinement can expose crystals to a relatively high total dose, which can result in radiation 

damage, including reduction of metals.  

Here, we have conducted experiments for SpReAD analysis on HZB-MX beamline 14.1, using S. 

tokodaii sulerythrin, a ruberythrin-like protein with a binuclear metal center as a model [2]. We 

show that data for SpReAD analysis can be collected in under 90 minutes and can reveal 

differences in oxidation states between individual metal atoms. We further analysed the effect of 

the total absorbed on the experiments by collecting data for SpReAD analysis at different flux 

rates. This shows that while data collection at high total doses leads a partial photoreduction of 

individual metal atoms, data collected at low total dose do not suffer from this effect and are 

indeed highly suitable to identify metal oxidation states by SpReAD analysis. 

 

Figure 1: (A) Structure of S. tokodaii sulerythrin reconstituted with iron, showing individual iron atoms as 
spheres. (B) SpReAD analysis of data collected on sulerythrin crystals at low total dose (0.26 MGy), with 
SpReAD profiles for the iron atoms, colored by oxidation state (blue = more reduced, red = more oxidised) 

 
[1] Einsle, O., Andrade, S. L. A., Dobbek, H., Meyer, J. & Rees, D. C. (2007). Assignment of Individual Metal 

Redox States in a Metalloprotein by Crystallographic Refinement at Multiple X-ray Wavelengths. J. Am. Chem. 

Soc. 129, 2210–2211. 

[2] Fushinobu, S., Shoun, H. & Wakagi, T. (2003). Crystal Structure of Sulerythrin, a Rubrerythrin-Like 

Protein from a Strictly Aerobic Archaeon, Sulfolobus tokodaii Strain 7, Shows Unexpected Domain Swapping. 

Biochemistry. 42, 11707–11715. 
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CFEL TapeDrive 2.0: Conveyor belt-based sample delivery system for multi-
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Serial crystallography at both X-ray Free-electron Lasers (XFELs) and synchrotrons offers the 

possibility to collect data at room temperature almost radiation damage free and enables time-

resolved crystallography of irreversible reactions. The necessary steady delivery of new micron-

sized crystals of biological macromolecules sets it apart from traditional single crystal 

macromolecular crystallography 

(MX). For this, many new means of 

sample delivery have been 

developed [1]. Described here is a 

novel conveyor belt-based sample 

delivery system, the completely re-

designed and re-engineered second 

generation of the CFEL TapeDrive. It 

is optimized for fast installation at 

beamlines, ease of use, low sample 

consumption and precise 

adjustment of several sample 

delivery parameters, like ligand 

concentration, pH and sample 

temperature. Through combination of these parameters with the additional possibility for time-

resolved experiments (delay times of 50 ms – 180 s), CFEL TapeDrive 2.0 enables 

multidimensional serial crystallography experiments. It can now be used as standard 

instrumentation at beamline P11 at PETRAIII (DESY, Germany) and is suitable for serial Laue 

crystallography with polychromatic X-rays. Additionally, it can be used at XFELs in air (e.g. at 

SwissFEL and LCLS) in the future, offering the possibility to combine the advantages of jet-based 

injection with those of fixed target-based systems. 

By introducing the CFEL TapeDrive 2.0, a platform for user-friendly multi-dimensional serial 

crystallography, we provide a novel approach for structural biology to further reveal details 

about how macromolecules keep our biological world turning. 

[1] Sierra R.G. et al. (2018) Sample Delivery Techniques for Serial Crystallography. In: Boutet S., 
Fromme P., Hunter M. (eds) X-ray Free Electron Lasers. Springer, Cham. 
https://doi.org/10.1007/978-3-030-00551-1_5 
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Abstract 
We present a new environmental enclosure for fixed-target, serial crystallography enabling full control 
of both the temperature and humidity. While maintaining the relative humidity to within a percent, this 
enclosure provides access to X-ray diffraction experiments in a wide temperature range from below 10 
°C to above 80 °C. Coupled with the LAMA method, time-resolved serial crystallography experiments 
can now be carried out at truly physiological temperatures, providing fundamentally new insight into 
protein function. Using the hyperthermophile enzyme xylose isomerase, we demonstrate changes in the 
electron density as a function of increasing temperature and time. This method provides the necessary 
tools to successfully carry out multi-dimensional serial crystallography. 
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Incommensurate modulations in sulfosalt-like compounds might have been overlooked in the 

past due to their small deviation from commensurate superstructures.[1] These materials 

represent a large group of chalcogenides with a broad variety of sometimes complex crystal 

structures. As they contain only abundant elements, they represent interesting candidates for 

thermoelectirics. Synthetic 4L-(Pb)4(Cu,Sb)8(Pb,Sb)8Se24 obtained by melt synthesis from the 

elements crystallizes in the structure type of lillianite, Pb3Bi2S6.[2] It can be described by tilted 

and distorted rocksalt-type slabs interconnected by cations in bicapped trigonal prims of Se 

atoms. The structure is classified as the 4L homologue as there are four edge-sharing octahedra 

across each NaCl-like slab.  

After close inspection of the diffraction pattern, the crystal structure has been refined in the 

superspace group Cmc21(α00)000 with the modulation vector q = 0.6882(3) a* with respect to 

the orthorhombic basic structure with a = 4.165 Å, b = 14.085 Å and c = 19.82 Å. The exemplary 

cutout of the structure in Fig. 1 shows the slab that contains Sb/Cu and Pb/Sb mixed sites in an 

unusual sequence. The one-dimensional incommensurate modulation becomes evident from the 

coordination and therefore the position of the Cu atoms. While the mixed Pb/Sb sites are 

coordinated octahedrally by the Se atoms, approximately every third Pb/Sb position is replaced 

by Cu atoms that prefer a tetrahedral coordination of Se atoms. This phenomenon is a 

combination of a positional and occupational modulation that also affects Se-atom positions.  

 

Fig. 1: Chemical nature of the modulation; almost every third Sb atom is replaced by a Cu atom 

While single crystal X-ray diffraction at 120 K shows no significant change of the crystal 

structure, high-temperature measurements at 523 K reveal the disappearance of satellite 

reflections. This phenomenon is reversible and may be explained by a random distribution of the 

Cu atoms at high temperatures, where they share positions of the Pb/Sb site, so that long range 

order is no longer present.  

[1] Bindi L, Petříček V, Biagioni C, Plášil J, Moëlo Y. Could incommensurability in sulfosalts be more 
common than thought? The case of meneghinite, CuPb13Sb7S24. Acta Crystallogr. Sect. B, 73, 369-376 
(2017) 

[2] Takagi J, Takéuchi Y. The crystal structure of lillianite. Acta Crystallogr. Sect. B, 28, 649-651 (1972), 
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The high temperature phase of LiBH4, described in space group P63mc [1] is reported to be
unstable according to DFT calculations [2].  The structure refinement in [1]  gives a plausible
analysis,  yet  with  extremely  high  APD’s.  Our  own  data  collected  at  the  APS  just  above  the
transition  temperature  to  the  low
temperature phase shows strong circular
diffuse  scattering  in  layers  normal  to  c,
predominantly  at  odd  l.  As  the  diffuse
scattering is stronger close to the origin
of  reciprocal  space  a  substitutional
disorder  model  with  columnar  order
qualitatively fits the observations. 

The  3D-Δ-PDF  reveals  intricate  details
with moderately long range along c, while
the maxima abruptly weaken in the a-b-
plane  beyond  roughly  two  unit  cells.
Within  the  a-b-plane  the  short  range
order  is  characterized  by  negative
correlations  for  the  first  two  nearest
neighboring columns at uww=[1,0,0] and
[2,0,0],  while the PDF maxima at uvw=[1/3,  2/3,  w] indicate a positive correlation between
immediate neighboring columns. The innermost maxima show that the simple structure model
[1] is incomplete as we observe the BH4 tetrahedron not only with its C3-axis parallel to c but
with the C2-axis as well, similar to the low temperature phase. 

[1] Filinchuk Y, Chernyshow D, Cerny R. Lightest Borohydride Probed by Synchrotron X-ray Diffraction. J.
Phys. Chem. C 112, 10579 (2008)

[2]  Lodziana Z, Vegge  T. Structural Stability of Complex Hydrides: LiBH4 Revisited. Phys.  Rev. Lett. 93,
145501 (2004).
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Recent developments in the field of quantum crystallography have led to the user friendly 

“NoSpherA2” implementation of Hirshfeld Atom Refinement (HAR) into the “Olex2” software.[1] 

However, individual non-spherical formfactors calculated at 

high level of theory often still reveal unmodelled electron 

density, especially in the vicinity of heavy atoms.[2] Radiation 

damage is a common explanation to this artifacts and originates 

from inelastic scattering, i. e. absorption.[3] From the point of 

view of X-ray spectroscopy, absorption is very individual for 

each compound and different electronic transitions as well as 

interactions with neighboring atoms can be assigned in the 

corresponding spectra.[4] Absorption is also closely related to 

the anomalous dispersion term, best known in crystallography 

in context with absolute structure determination.[5] Those 

values used in crystal structure determinations are usually 

taken from tables that are calculated for neutral spherical 

atoms and do not take into account many spectral features. 

Hence, structural models suffer from these shortcomings 

especially when an absorption edge of an involved element is 

close to the X-ray energy of the primary beam.  

The presentation reports on our results of the inclusion of anomalous dispersion refinement into 

crystal structure determinations. Synchrotron experiments were carried out at different 

energies around the K-edge of Molybdenum. A very good correlation between the absorption 

spectrum of a given element and the refined dispersion values was achieved. The structure 

model remains unchanged before, after and even at the absorption edge, whereas the 

employment of tables from literature leads to high residual density, bad displacement 

parameters and overall poor-quality factors, in any case. 

[1] Kleemiss F., Dolomanov O. V., Bodensteiner M., Peyerimhoff N., Midgley L., Bourhis L. J., Genoni A., 
Malaspina L. A., Jayatilaka D., Spencer J. L., White F., Grundkötter-Stock B., Steinhauer S., Lentz D., 
Puschmann H., Grabowsky S., Chem. Sci., 12, 1675-1692 (2021).  

[2] Malaspina L. A., Wieduwilt E. K., Bergmann J., Kleemiss F., Meyer B., Ruiz-López M. F., Pal R., Hupf E., 
Beckmann J., Piltz R. O., Edwards A. J., Grabowsky S., Genoni A., J. Phys. Chem. Lett., 10, 6973-6982 
(2019). 

[3] Christensen J., Horton P. N., Bury C. S., Dickerson J. L., Taberman H., Garman E. F. , Coles S. J., IUCrJ, 6, 
703-713 (2019). 

[4] Evans, J.  X-Ray Absorption Spectroscopy for the Chemical and Materials Sciences (2018). 
[5] Caticha-Ellis S., www.iucr.org/education/pamphlets/8/full-text. 
[6] Sasaki S., KEK Report, 88-14, 1-136 (1989). 
 

Figure 1: Residual density from 

data acquired at the Mo-K-edge 

energy and corrected for 

anomalous dispersion according 

to the Sasaki table.[6] 
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High brightness MetalJet x-ray source for MOFs/COFs structure determinations    
 
Shichao Hu, Julius Hållstedt, Emil Espes,  

Excillum AB, Jan Stenbecks torg 17, 164 40 Kista  
 
Organic Frameworks is the 3D porous materials that have been rapidly developed since 

21st century, among which metal organic frameworks (MOFs) is so far the most well-known 

category in the family of organic frameworks. In recent decades, covalent organic frameworks 

(COFs) have also shown the great potential in the applications of gas absorption, chemical 

separation, catalysis, and energy storage and conversion, etc. Such applications are closely 

related to the physical and chemical properties of MOFs and COFs, which are determined by 

their crystal structures. Therefore, understanding the structure-property relationships from the 

level of atomic arrangement becomes crucial for a desired application. However, due to 

the interplay of nucleation and crystal growth processes, numerous cases have shown that it is 

often not easy to obtain large enough and well-ordered MOFs/COFs crystals for conventional 

in-house single crystal x-ray diffraction (SC-XRD) experiment. On the other hand, many 

MOFs/COFs crystals are relatively instable which undergo quick structure transitions during 

the SC-XRD data collections.  

  

Therefore, high-end SC-XRD techniques for small size crystals such as MOFs/COFs are in 

high demand to overcome the above-mentioned challenges, which rely heavily on the x-ray 

source brightness for high-resolution data and short data collection time. Traditional solid or 

rotating anode x-ray tubes are typically limited in brightness by when the e-beam power 

density melts the anode. This limit is overcome by the liquid-metal-jet anode technology that 

has demonstrated brightness in the range of one order of magnitude above current state-of-the 

art solid anode sources. This is possible due to the regenerative nature of this anode and the 

fact that the anode is already molten, which allows for significantly higher e-beam power 

density compared to conventional solid anodes.   

  

Over the last years, the liquid-metal-jet technology has developed from prototypes into fully 

operational and stable X-ray tubes running in more than 100 labs over the world, among 

which many researchers are focusing on the structure determinations of 

MOFs/COFs using SC-XRD since this application benefits greatly from small spot-

sizes, high-brightness in combination with a need for stable output. To achieve a single-

crystal-diffraction platform addressing the needs of the most demanding crystallographers, 

multiple users and system manufacturers has since installed the MetalJet x-ray source into 

their SCD set-ups with successful results.    

   

This contribution reviews the evolvement of the MetalJet technology specifically in terms of 

flux and brightness and its applicability for pushing boundaries of what is possible in the 

home lab. Recent user examples will illustrate how the MetalJet has enabled faster turnaround 

time of research and also enabled easy and convenient 24/7 access to the highest quality of 

crystallography data.   
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The introduction of NoSpherA2 [1] allowed the first-time use of non-spherical scattering factors 

in routine open-source refinement software, in this case Olex2. Following the initial 

implementation of Hirshfeld Atom Refinement (HAR)[2] using routine QM software other 

techniques and software broaden the applicability and feasibility of non-spherical refinements. 

Fig. 1 IAM (left) and HAR (right) with model visualization (top) and refinement statistics (bottom) in Olex2. 

The new features include approximations and optimizations for HAR using embedding schemes, 

linear scaling partitioning or tabulated molecular orbital localization schemes for large 

molecules, [3] a new Hybrid mode to merge calculations of different levels of theory or methods 

and a new Independent Atom Model (IAM) using analytical Fourier transformation of the atomic 

Slater orbital wavefunction from Thakkar et al.[4] Additionally, interfaces to Multipole based 

databanks (TAAM)[5] are being introduced.  

Working with NoSpherA2 on a broader variety of structures showed that there are still open 

questions arising in the refinement of diffraction data, especially regarding the correction of 

anomalous dispersion and the treatment of heavy elements. Therefore, new methods are probed 

to establish a modern calculation of resonance during diffraction and its chemical interpretation 

based on c 

[1] F. Kleemiss, O. V. Dolomanoc, M. Bodensteiner, N. Peyerimhoff, L. Midgley, L. J. Bourhis, A. Genoni, L. A. Malaspina, 
D. Jayatilaka, J. L. Spencer, F. White, B. Grundkötter-Stock, S. Steinhauser, D. lentz, H. Puschmann, S. Grabowsky, 
Chem. Sci., 12, 1675-1692 (2021). 

[2] a) S. C. Capelli, H.-B. Bürgi, B. Dittrich, S. Grabowsky, D. Jayatilaka, IUCrJ, 1(5), 361–379 (2014). b) M. Woinska, S. 
Grabowsky, P. M. Dominiak, K. Wozniak, D. Jayatilaka, Sci. Adv., 2(5) (2016). 

[3] a) F. Neese, F. Wennmohs, U. Becker, C. Riplinger, J. Chem. Phys, 152, 224108 (2020). b) J. Bergmann, M. Davidson, 
E. Okasnen, U. Ryde, D. Jayatilaka, IUCrJ, 7(2), 158-165 (2020). c) M. Sironi, A. Genoni, M. Civera, S. Pieraccini, 
M. Ghitti, Theor. Chem. Acc., 117, 658-698 (2007). 

[4] a) T. Koga, K. Kanayama, S. Watanabe, A.J. Thakkar, Int. J. Quant. Chem., 71, 491-497 (1999). b) T. Koga, K. 
Kanayama, T. Watanabe, T. Imai and A.J. Thakkar, Theor. Chem. Acc., 104, 411-413 (2000). 

[5] M. L. Chodkiewicz, S. Migacz, W. Rudnicki, A. Makal, J. A. Kalinowski, N. W. Moriarty, R. W. Grosse-Kunstleve, P. V. 
Afonine, P. D. Adams, P. M. Dominiak, J. Appl. Cryst., 51, 193-199 (2018). 
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Ultra-fast multi-wavelength pyrometer for high temperature measurements
Roman Belikov1, Lkhamsuren Bayarjargal1, Dmitry Varentsov2 and Björn Winkler1
1Crystallography/Mineralogy group, Johann Wolfgang Goethe-Universität, Frankfurt am Main,r.belikov@gsi.de, Germany, 2GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt,Germany
The pyrometrical determination of surface temperatures by an analysis of thermally emitted lightis often the only available method for temperature measurements. Typical examples forapplications are temperature measurements in laser heated levitation experiments, during self-propagating synthesis experiments or in experiments with warm dense matter. Here, the designof a flexible and accurate pyrometer for these applications is presented.
The pyrometrical technique is based on measurements of wavelength-dependent thermalradiation or spectral radiance, and its “comparison” to that of blackbody (Planck) radiation or itsWien’s approximation (eq. 1):

𝐼 𝜆, 𝑇 = 𝜀(𝜆, 𝑇) 2𝜋ℎ𝑐2
𝜆5 𝑒𝑥𝑝(− ℎ𝑐

𝜆𝑘𝑇 ) (1)
where I(𝜆, 𝑇) is dependence of intensity of light on the wavelength (𝜆) and temperature (T), ε isemissivity. The main uncertainty in traditional pyrometry is the surface emissivity ε, which isgenerally unknown and hard to measure. A common approach to deal with this problem is tomeasure the thermal emission at multiple wavelengths – an approach called multi-wavelengthpyrometry [1]. The emissivity in that case is approximated by some function of the wavelength.
In practice, the grey body approximation ε(λ) = const is commonly used, but it is accurate only forcertain materials in a narrow temperature and wavelength range. As a more advanced techniquea polynomial dependence of ε(λ) on λ is often assumed. The temperature is then determined froma fit, in which the polynomial coefficients and the temperature are variables. The most popularmulti-wavelength pyrometry emissivity models are the linear model, the polynomial model, andthe exponential raised to a polynomial emissivity model [2, 3].
Our new pyrometer uses 8 wavelengths from 600 to 1500 nm and different types of detectors,such as photodiodes and Multi Pixel Photon Counters (MPPC) for low levels of light, which is anew technical development in pyrometry. This allows one to measure the temperature in a broadtemperature range up to a few thousand Kelvins with high temporal resolution up to nanoseconds.
Authors acknowledge support by BMBF under grant number 05P21RFFA2.
[1] Coates P.B. Multi-wavelength pyrometry. Metrology, 17, 103 (1981)[2] Svet D. Ya. Determination of the emissivity of a substance from the spectrum of its thermal radiationand optimal methods of optical pyrometry. High Temp.–High Press., 8, 493–498 (1976)[3] Khan M.A., Allemand Ch. and Eagar Th. Noncontact temperature measurement. II. Least squares basedtechniques. Rev. Sci. Instrum., 62, 403 (1991)

MS8: Advances in Methods and Techniques

DGK 2022 Microsymposia

– 43 –
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Carbon nitrides are green, sustainable organic-based materials, used in various applications 
including photocatalysis, CO2 adsorption, and energy storage. Synthesis of well-crystalline 
carbon nitrides is challenging; often carbon nitride samples possess a high concentration of 
defects/disorder or do not display long-range order on electron diffraction patterns at all.  Still, 
detailed knowledge about their structure (especially the 
local ordering) is key to control properties of existing 
carbon nitrides and designing new members of the CN-
family. Here we report the application of energy-filtered 
electron radial distribution function (eRDF) analysis, 
combined with transmission electron microscopy imaging 
and X-ray powder diffraction, for elucidating the crystal 
structure and describing local order in carbon nitride 
powders with different degrees of crystallinity: (1) sodium 
polyheptazine imide (Na-PHI) and (2) amorphous CN 
covalent network (a-CN).  

Na-PHI is a poorly crystalline material, diffraction patterns 
of which can be indexed in a hexagonal lattice with unit cell 
parameters: a = 12.3739(4) Å, c = 3.3668(1) Å, sp.gr. P31m 
(157). We solved its crystal structure using XRPD data. It 
can be described as a stacking of polyheptazine imide 
layers with Na atoms placed within and in-between the 
layers. Long channels are formed in the structure along the 
c-direction. The eRDF of Na-PHI has an average coherence 
length (ACL, marked with arrows) of 48 Å, which can be 
attributed to the average size of the crystalline domains, 
Figure 1 (a). Although Na-PHI has a large coherence length value, peak positions in the eRDF 
coincide with the model obtained from XRD Rietveld refinement only up to 4.2 Å (marked in 
light orange). As found by Reverse Monte Carlo refinement of the eRDF and HRTEM imaging, the 
layers are not stacked perfectly but have 2-8 degrees of rotational disorder and also partial 
disorder of the polyheptazine backbone within the layer, which leads to the abrupt decay of the 
eRDF at distances larger than 4.2 Å.  In spite of this disorder, the channel structure remains.  

The XRPD pattern of a-CN has only one broad halo in the 2θ ≈ 27° range. One can see the striking 
difference in the ACL of Na-PHI compared to a-CN, for which it is around 7 Å, indicating that only 
short-range order up to the 5th (number of the peaks up to ACL value) coordination sphere is 
present in the amorphous covalent framework. The main C-N, C-C peak positions are common 
for both Na-PHI and a-CN within 4.5 Å (Figure 1 b), but in the case of a-CN, the peaks are broader 
(FWHM of the first peak in the eRDF of a-CN is 0.4 Å compared to 0.25 Å of NaPHI). In both cases 
the limited size of the ordered regions and crystalline disorder influence the catalytical (for Na-
PHI) and adsorption (a-CN) properties. eRDF analysis is found to be a fast, easy accessible tool to 
quantitatively (using parameters such as ACL, peak broadening, decay of the signal intensity) 
describe and compare the degree of structural disorder in materials. 

Authors acknowledge support by the Max Planck Society. We are grateful to Dr. I. Teixeira and 
Ms. J. Kossmann for providing the samples for this study. 
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Ultrasmall metallic nanoparticles (diameter 1 to 2 nm) are of interest in research as they can be 

functionalized and used in biomedical applications. Due to their small size they are of special 

interest for interactions with proteins. The degree of functionalization as well as their biological 

properties critically depend on their structure and size [1,2]. Consequently, more information on 

the size of the particles and the synthetic parameters that influence their structure is essential.  

One of the most prominent methods for analyzing ultrasmall nanoparticles is high-resolution 

transmission electron microscopy (HRTEM). With this method the size, morphology and crystal 

structure of the particles can be imaged. However, analyzing HRTEM images is time-consuming 

as it generally has to be done manually. Therefore, usually only a few particles within a given 

image are analyzed in more detail. To effectively use HRTEM for a large-scale analysis of 

ultrasmall nanoparticles, an automated image processing is desirable. This has the potential of 

extracting statistically significant quantitative information about the particles in less time. As a 

first step, an algorithm is needed to extract the single particles from the HRTEM image. For this 

step, a neural network is trained to perform image segmentation and to differentiate between the 

particles and the image background. A neural network, which was pretrained on natural images, 

was used for this process and transfer learning with labelled HRTEM images of ultrasmall 

nanoparticles was applied. From the segmentation, a high degree of information about the single 

particles can be extracted e.g. circularity, equivalence diameter, or Feret diameter. Further 

algorithms can be implemented to extract more information about the particles, e.g. 

crystallographic properties. 

 

[1] B.H. Kim, M.J. Hackett, J. Park and T. Hyeon, Synthesis, Characterization, and Application of Ultrasmall 

Nanoparticles, Chemistry of Materials 26 (2014), 59–71. 

[2] M. Kopp, S. Kollenda and M. Epple, Nanoparticle-Protein Interactions: Therapeutic Approaches and 

Supramolecular Chemistry, Accounts of Chemical Research 50 (2017), 1383–1390. 
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Fig. 1 Metaxalone from nano-crystal 

On the Cutting Edge of Electron Diffraction Quality 

Eric Hovestreydt1, Danny Stam1 

1Eldico Scientific AG, Villigen, hovestreydt@eldico.ch, Switzerland  

 

Electron diffraction (3D ED) has recently emerged as a powerful tool for structure determina-

tion on crystallites in the nanometer range, as it allows to bypass the common bottleneck of 

growing single crystals, big enough for x-ray diffraction.  3D-ED, using both the continuous rota-

tion method and software as we know from X-ray crystallography, is gaining a lot of attention in 

all fields of research from organic and inorganic molecules, over polymorphism, geological 

sciences, natural products, biomolecules, material sciences to energy-storage materials and 

many others.  

Here we showcase results from our electron diffractometer, the first entirely dedicated device 

for 3D ED, on representative case studies dealing with challenging organic compounds to 

demonstrate the benefits over TEM-based MicroED experiments. Pioneers in the field of electron 

diffraction already agree that a dedicated device is of great advantage for all fields of nano-

crystallography.  

 

                    

 

 

 

 

 

 

 

As a benchmark and to show the capabilities of a dedicated electron diffractometer, we recently 

performed 3D ED experiments on Metaxalone, C12H15NO3. Sold as Skelaxin, it is a muscle relax-

ant, but its exact mechanism of action is still not known. Metaxalone exhibits various poly-

morphic forms with substantial effects on e.g. solubility and bioavailability, one of which could 

only be obtained[1] as nanometer-sized needles and thus required electron diffraction for 

accurate structure elucidation. 

The data quality obtained is clearly superior to previously reported[1], despite room-tempera-

ture data collection, indicating a higher performance of a dedicated diffractometer compared to 

equipment commonly used until today. 

 

[1] V. Hamilton et al., Cryst. Growth Des., 20, 7, 4731–4739 (2020)   
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Mullite-type materials: Introducing a new structure-type for the design of high-
entropy oxides 
 
Andrea Kirsch1, Niels Lefeld2, Jette Katja Mathiesen1, Susanne Linn Skjærvø1, Espen Drath 
Bøjesen3, Denis Sheptyakov4, Kirsten M.Ø. Jensen1 

1University of Copenhagen, Department of Chemistry, Nanostructure group, anki@chem.ku.dk, 
Copenhagen, Denmark, 2Universität Bremen, , Chemische Kristallographie fester Stoffe, Bremen, 
Germany, 3Aarhus University, Interdisciplinary Nanoscience Center, Aarhus, Denmark 4Lab. for 
Neutron Scattering and Imaging, Paul Scherrer Institut, Villigen, Switzerland 

High-entropy oxides (HEO) present a new class of materials containing 5 or more metal cations in 

close to equal amounts in a single-phase solid solution. The high-entropy concept was first 

introduced in 2004 in the form of alloys [1], whereas the first HEO was presented in 2015 [2]. 

Until now, it has been assumed that HEOs have a strong tendency to crystallize in simple crystal 

structures e.g. rock salt, fluorite, perovskite and pyrochlore [3]. However, our study challenges 

this assumption by the first 

successful synthesis of a 

HEO possessing a complex 

connectivity of polyhedral 

units in a mullite-type 

structure. The parent 

compounds Bi2M4O9 (M = 

Al3+, Ga3+ and Fe3+) and 

REMn4O10 (RE = rare earth 

elements, Y and Bi) (Figure 

1) show a variety of 

attractive properties such 

as multiferroicity and catalytic activity. The crystal structure is built up from edge-sharing MO6 

octahedral chains which are interconnected by double tetrahedral M2O7 units (Bi2M4O9) or Mn2O8 

double pyramids (REMn4O10).  

In this work, we introduce 5 new HEOs with mullite-type structure Bi2(AlGaFeMn)O9, 

(EuHE)2Mn4O10, (ErHE)2Mn4O10, (CeHE)2Mn4O10 (HE = Nd,Sm,Y,Bi) and (Nd,Sm,Y,Er,Eu)2Mn4O10. 

We show that the materials represent statistically mixed solid solutions using a combination of 

Neutron and X-ray powder diffraction with subsequent Rietveld analysis, X-ray total scattering 

and Pair distribution Function analysis, transmission electron microscopy, infrared and Raman 

spectroscopy. In addition, we follow their formation in situ by X-ray diffraction with a second scale 

time resolution. Surprisingly, all of them directly form out of an amorphous precursor without the 

formation of any other binary or ternary oxides. From a chemical point of view, the feasibility to 

crystallize structurally complex HEOs is fundamentally interesting and the targeted introduction 

of disorder into such a complex host lattice certainly bears great potential for the discovery of new 

physical phenomena. 

[1] Yeh, J.-W. Chen, S.-K., Lin, S.-J., Gan, J.-Y., Chin, T.-S., Shun, T.-T., Tsau, C.-H., Chang, S.-Y. Nanostructured 
High-Entropy Alloys with Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes. Adv. 
Eng. Mater., 6, 299-303(2004) 
[2] Rost, C. M., Sachet, E., Borman, T., Moballegh, A., Dickey, E. C., Hou, D., Jones, J. L., Curtarolo, S., Maria, J.-
P. Entropy-stabilized oxides. Nat. Commun., 6, 8485 (2015). 
[3] Witte, R., Sarkar, A., Kruk, R., Eggert, B., Brand, R. A., Wende, H., Hahn, H. High-entropy oxides: An 

emerging prospect for magnetic rare-earth transition metal perovskites. Phys. Rev. Mater. 3, 034406 

(2019) 
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SFCA-I-type solid solutions in the system CaO-Fe2O3-FeO-Al2O3 – structural 

investigations on an iron-ore sintering phase  
 

Volker Kahlenberg, Hannes Krüger, Martina Tribus  

 

Institute of Mineralogy and Petrography, Innsbruck University, volker.kahlenberg@uibk.ac.at, 

Austria 

The present investigation provides - for the first time - a detailed crystallographic analysis on 

the impact of chemical variations on a compound that is of relevance for the field of applied 

mineralogy related to the technologically important process of iron-ore sintering.  

 

Effects of Fe ↔ Al substitution on triclinic SFCA-I-type compounds with general formula A40O56 

(A: Ca, Al, Fe3+, Fe2+) have been studied using single-crystal X-ray diffraction. Crystals of 

sufficient quality and size were synthesized in the temperature range between 1200 and 

1300 °C. Six samples with Al/FeTot-ratios of 0.127, 0.173, 0.216, 0.310, 0.349 and 0.459, 

respectively, have been structurally characterized. SFCA-I can be described with a modular 

approach involving the stacking sequence <PSS> of “P” and “S” modules that can be imagined as 

being cut from the well-known pyroxene (P) and spinel (S) structure-types. Furthermore, SFCA-I 

is related to the sapphirine supergroup of minerals.  

 

Within the present solid-solution series the contents in calcium show only minor variations (≈ 

6.7 a.p.f.u.). The twenty crystallographically independent tetrahedrally (T) and octahedrally (M) 

coordinated cation sites exhibit considerable differences concerning the Al-uptake. Indeed, Al is 

preferentially incorporated into the tetrahedra belonging to the single-chains located in the 

pyroxene-modules. Ferrous iron, on the other hand, is restricted to one of the T-positions within 

the spinel-blocks. Most structural aspects, from unit-cell parameters and cell volumes to site 

occupancies, tetrahedral chain kinking as well as polyhedral distortions are defined by linear or 

nearly linear trends when plotted against the Al/FeTot-ratio. Analysis of the <T-O> and <M-O> 

distances showed a complex interplay between the different coordination polyhedra resulting in 

a contrasting behaviour of these values with positive or negative change rates as a function of 

composition.  

Evaluation of the average chemical strain tensor 

derived from the sets of lattice parameters for the two 

limiting compositions of the series indicated that the 

major contraction with increasing Al-content is 

perpendicular to the pyroxene- and spinel-modules. 

Furthermore, the pyroxene-module seems to be more 

effected when compared with the spinel-block. There is 

evidence that the SFCA-I type solid-solution series is 

limited on both the Al- and Fe-rich sides.  

 

Fig.1 Orientation of the principal axes of the 

compositional strain tensor for the SFCA-I solid-

solution series and their relations to the pyroxene (P) 

and spinel (S) blocks. The size of the axes is 

proportional to the principal strains ε1, ε2 and ε3. 
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Influence of water on the high-pressure behavior of silica glass 
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Sternemannn3, Robin Sakrowski3, Sylvain Petitgirard4, Christoph Sahle5 
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2University of Potsdam, Institute of Geosciences, Karl Liebknecht-Str. 24-25, 14476 Potsdam, Germany 
3Technische Universität Dortmund, Fakultät Physik / DELTA, Maria-Goeppert-Mayer-Str. 2, 44227 

Dortmund, Germany 
4ETH Zuerich, Institute of Geochemistry and Petrology, Sonneggstr. 5, 8092 Zuerich, Switzerland 
5European Synchrotron Radiation Facility, 71 Avenue des Martyrs, 38000 Grenoble, France 

 

Seismic anomalies atop and below the transition zone (410-660 km) have been attributed to the 

occurrence of hydrous silicate melts [1,2]. Hence, a knowledge of the structural and physical 

properties of silicate melts and glasses (a potential structural analogue) is mandatory for the 

understanding of the melt processes and dynamics.  

The SiO2-H2O mixture represents the simplest model system of a hydrous silicate melt. At ambient 

conditions, a phase separation into heterogeneously distributed SiO2-rich domains that contain 

exclusively Si-OH groups and water-rich districts formed by molecular water takes place [3]. 

Already small amounts of water (1-2 wt.%) have a tremendous influence on the mechanical 

properties (e.g. the elasticity) of SiO2 glass [4]. However, up to now, the influence of water on the 

structure of SiO2 melt or glass is unknown, above all at high-pressure, and therefore, the origin of 

the seismic anomalies is still under debate.  

In this study, we have investigated the influence of high-pressure on the structure of hydrous SiO2 

glass (10.4 wt.% water content) by a combination of lab-based high-pressure in-situ optical 

Raman spectroscopy up to 46 GPa and X-ray Raman scattering (XRS) measurements on the Si L2,3 

and O K edges up to 42 GPa perfomed at the beamline ID20 at the ESRF (Grenoble, France). 

Because the high-pressure behaviour of anhydrous SiO2 glass was studied intensively in the past 

(among others by Raman spectroscopy [5] and XRS [6]), we compared our data with the previous 

results and used them as reference for our analysis. 

The SiO2 network of hydrous and anhydrous SiO2 glass is affected by the pressure in a comparable 

way. At about 10 and 20 GPa (pressures as they occur in the transition zone), we observed 

significant changes in the vibrational properties of both samples in our optical Raman data. This 

is supported by our XRS data which, however, suggest that the Si-OH groups may hamper the 

transition and broaden the transition pressure by about 5 GPa compared to pure silica glass. We 

assume that at about 10 GPa the Si-O(H) bond lengths and angles begin to vary with increasing 

pressure. At around 20 GPa, our data indicate a structural phase transition from tetrahedrally 

coordinated Si into a mixture of 5/6-fold coordination. Moreover, at around 3 GPa, pronounced 

pressure-induced changes occur in the OH-modes of the molecular water. While at ambient 

conditions the shape of this feature is similar to that of liquid water, with increasing pressure it 

becomes more ice-like indicating a further structural phase transition in the water-rich districts. 

Based on a comparison of our data with ice spectra reported in the literature, we assume ice VII-

like domains.  Our results imply that the water in the structure of hydrous SiO2 may play a key role 

for the melting processes in the transition zone. 

[1] D. Freitas et al., Nature, Commun., 8, 2186 (2017) 

[2] W. R. Panero et al., Geochem. Geophys. Geosyst., 21, e2019GC008712 (2020) 

[3] E. Stopler, Contrib. Mineral. Petrol., 81, 1-17 (1982) 

[4] M. Murakami, Sci. Rep., 8, 11890 (2018) 

[5] R. J. Hemley et al., Phys. Rev. Lett., 57, 747-750 (1986) 

[6] S. Petitgirard et al., Geochem. Persp. Let., 9, 32-37 (2019) 
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Determination of the crystal structure of magnesium stearate hydrate using 
micrometre size single crystals 
 
T. Rekis1, M. Herzberg1, A. S. Larsen1, A. Gonzalez2, J. Rantanen1, A. Ø. Madsen1 

1Department of Pharmacy, University of Copenhagen, Universitetsparken 2, 2100 København Ø, 
Denmark, 2MAX IV Laboratory, Lund University, PO Box 118, SE-221 00 Lund, Sweden 

Due to its anti-adherent and lubricating properties, magnesium stearate is the most used 

additive in pharmaceutical products [1]. Most products contain a few percent of magnesium 

stearate. The compound exists in several hydrated states, and the state of hydration has 

important consequences for the lubricating functionality [2]. Yet, none of the crystalline phases  

has been structurally determined despite the extensive use of this compound in pharmaceutical 

and other industries for over several decades [3]. The reason for that might be that 

commercially available samples are usually not pure; they contain a significant amount of 

magnesium palmitate – a stearate homologue differing by two CH2 groups. Furthermore, it 

seems to be problematic to obtain large enough single crystals suitable for a conventional X-ray 

diffraction experiment due to extremely low solubility of this material. We were able to 

synthesize highly pure magnesium stearate and obtain micrometre size single crystals suitable 

for a microdiffraction experiment at an X-ray synchrotron facility. The structure of magnesium 

stearate trihydrate could be determined (see Fig. 1). This is the first structurally characterized 

magnesium stearate hydrate phase. Our work could facilitate structure determination of other 

magnesium stearate phases as well those of magnesium palmitate from PXRD data. The 

structural data would be immensely useful to understand lubricating and other structure-

determined properties of this extensively used material. 

 

Figure 1. Packing representation of magnesium stearate trihydrate.  

 

[1] Lakio, S., Vajna, B., Farkas, I., Salokangas, H., Marosi, G., Ylirussi, J. (2013). AAPS PharmSciTech. 14, 435-
444. 

[2] Ertel, K. D., Carstensen, J. T. (1988). J. Pharm. Sci. 77, 625-629.   
[3] Bracconi, P., Andrès, C., Ndiaye, A. (2003). Int. J. Pharm. 262, 109-124. 
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Structure of UO2 at low temperatures 
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2Forschungszentrum Jülich, Institut für Energie- und Klimaforschung, Jülich, Germany, 3Deutsches 
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We studied the crystalline structure of UO2 from ambient conditions down to 20 K. The structure 

of UO2 at ambient conditions is a fluorite type structure, although the local symmetry might be 

distorted [1]. At 30.8 K UO2 undergoes a magnetic phase transition from paramagnetic to 

antiferromagnetic, which is believed to involve a shift of the oxygen atoms in [111] leading to a 

lowering in symmetry from Fm͞3m to Pa͞3 [2]. This low temperature structure was inferred from 

the intensities of neutron diffraction experiments, but has not been refined against a high 

resolution X-ray dataset yet.  

Here, we present results of synchrotron diffraction experiments using 18 keV (ID28@ESRF) and 

100 keV (P21.1@PETRA III) photons, which allowed a structure refinement with a precise 

determination of the oxygen positions as a function of temperature.  

Samples were UO2 single crystals grown at FZJ 
or provided by Los Alamos National Laboratory. 
Crystals employed for the experiments have 
dimensions of about 25 x 25 x 25 µm3. Raman 
spectra show only one peak at 445 cm-1 
corresponding to the T2g mode of the fluorite 
type structure. The absence of additional broad 
peaks implies that our samples are nearly 
stoichiometric [3]. A preliminary data analysis 
(Fig. 1) shows no anomaly in the thermal 
expansion down to ~50 K. Further results will be 
presented at the meeting.  
 
 
[1] Desgranges, L. et al., What Is the Actual Local Crystalline Structure of Uranium Dioxide, UO2? A New 

Perspective for the Most Used Nuclear Fuel. Inorg. Chem. 2017, 56, 321−326   
[2] Faber, J Jr. and Lander, G.H., Neutron-Diffraction Study of UO2: Observation of an Internal Distortion. 

Physical Review Letters. 35, 1770-1774 (1975) 
[3] Elorietta, J.M. et al., A detailed Raman and X-ray study of UO2+x oxides and related structure transitions. 

Phys.Chem.Chem.Phys., 2016, 18, 28209 
 

We are grateful for funding by the DFG Project within Wi1232, and by the BMBF within the AcE-
Research project. 

Figure 1 Lattice parameter vs. temperature plot of UO2 
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Sensitivity	 of	 thermal	 diffuse	 scattering	 to	 correlated	 disorder:	 A	 study	 of	 the	
disordered	rocksalts	KBr1−xClx	

Ella	 Mara	 Schmidt1,2,	 So2ia	 Thomas1,	 Johnathan	 M.	 Bulled1,	 Arianna	 Minelli1	 and	 Andrew	 L.	
Goodwin1	

1Inorganic	 Chemistry	 Department,	 University	 of	 Oxford,	 United	 Kingdom,	 2Fachbereich	
Geowissenschaften,	Universität	Bremen,	Germany,	eschmidt@marum.de	

The	analysis	of	diffuse	scattering	in	compounds	with	substitutional	disorder	mainly	focuses	on	
the	static	description	of	local	chemical	environments,	while	the	changes	to	the	dynamics	of	the	
system	due	to	correlated	disorder	are	widely	ignored.	However,	it	is	clear	from	supercell	lattice	
dynamical	 calculations	 [1],	 that	 correlated	disorder	affects	 the	phonon	dispersion,	 as	different	
degrees	of	band	splitting	and/or	broadening	are	observed	depending	on	the	degree	and	nature	
of	local	order.	

We	analyse	the	experimentally	observed	diffuse	scattering	in	the	solid	solution	series	KBr1−xClx	
(0	 ≤	 x	 ≤	 1),	 Figure	 1a.	 The	width	 of	 the	 the	 projected	 diffuse	 scattering	 line	 cuts	 (Figure	 1b)	
serves	as	our	measure	for	the	sensitivity	of	the	diffuse	scattering	to	the	change	in	composition	
(Figure	1c).	

Using	our	model	system,	we	establish	the	sensitivity	of	thermal	diffuse	scattering	to	the	degree	
and	 nature	 of	 local	 order.	 We	 model	 different	 degrees	 of	 static	 correlated	 disorder	 and	 by	
utilising	 supercell	 lattice	dynamical	 calculations	we	demonstrate	 the	effect	of	 correlated	 short	
range	order	on	the	2irst	order	thermal	diffuse	scattering.	We	show	that	the	correlated	disorder	
signi2icantly	 affects	 the	 dynamics	 in	 a	 system	and	 cannot	 be	modelled	 by	 the	 commonly	 used	
virtual	crystal	approximation.	

Figure	1:	(a)	Symmetry	averaged	hk0-sections	of	experimentally	observed	single	crystal	diffuse	
scattering	for	KBr1−xClx	with	x	=	0.0,	0.2,	0.5,	0.8,	1.0.	(b)	Cuts	through	the	diffuse	scattering	of	
KBr0.2Cl0.8	 along	 ⟨ζ	 1/2	 0⟩.	 The	 intensity	 is	 projected	 into	 one	 Brillouin	 zone	 (0	 ≤	 ζ	 <	 2)	 and	
normalized	to	the	intensity	range	0	to	1.	The	intensity	is	repeated	for	2	≤	ζ	≤	4	to	show	the	peak	
shape	that	 is	 2itted	with	a	Lorentzian	for	the	range	1	≤	ζ	≤	3.	Fits	are	shown	as	solid	 lines.	For	
more	details	see	text.	(c)	Width	γ	of	the	observed	diffuse	scattering	in	relative	lattice	units	(r.	l.	
u.)	 as	 a	 function	 of	 composition.	 The	 dashed	 line	 indicates	 the	 expected	 trend	 from	 a	 virtual	
crystal	approximation	(VCA).	

[1]	Overy,	A.	R.,	Cairns,	A.	B.,	Cliffe,	M.	J.,	Simonov,	A.,	Tucker,	M.	G.	&	Goodwin,	A.	L.	(2016).	Nature	comm.	
7(1),	1–8.
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Recognition of ferroelastic domains in high-resolution X-ray diffraction patterns  
 
Semën Gorfman1, David Spirito1, Guanjee Zhang2, Nan Zhang2 

1 Department of Materials Science and Engineering, Tel Aviv University, Tel Aviv, Israel 
gorfman@tauex.tau.ac.il, 2Electronic Materials Research Laboratory, Key Laboratory of the Ministry of 
Education and International Center for Dielectric Research, School of Electronic and Information 
Engineering, China.  

Twinning is a common crystallographic phenomenon, which occurs in some crystals during a 

symmetry-lowering phase transition. Twin domains and domain walls play important role for 

physical properties, e.g. underpin giant piezoelectric effect, superelasticity and shape-memory 

effect. The formation of ferroelastics (=strain) twin domains is common in broad class of 

materials including perovskite oxides and martensitic alloys. Understanding the properties and 

the geometry of ferroelastic domain patterns is challenging but necessary. There is still a lack of 

experimental methods for imaging and characterization of twin domain patterns.  

Here, we propose a theoretical framework and an algorithm for the recognition of ferroelastic 

domains using high-resolution X-ray diffraction / reciprocal space mapping (Figure 1 shows an 

example of such reciprocal space around 102 reflection of BaTiO3). We adapt the existing 

geometrical theory of twinned ferroelastic crystals [1] for the analysis of X-ray diffraction 

patterns. We derive the necessary equations and outline an algorithm for the calculation of the 

separation between the Bragg peaks, diffracted from possible coherent twin domains, connected 

to one another via mismatch-free interface. We demonstrate that such separation arises along 

the direction, perpendicular to the planar interface between mechanically matched domains.  

 

Figure 1.  

High-resolution 

reciprocal space 

map collected 

from multi-

domain tetragonal 

BaTiO3 crystal. 

As examples, we present the analysis of the separation between the peaks diffracted from 

tetragonal and rhombohedral domains in the high-resolution reciprocal space maps of BaTiO3 

and PbZr1-xTixO3 crystals. Reciprocal space maps were collected at the custom-built four-circle X-

ray diffractometer, equipped with PILATUS1M pixel area detector [2]. The demonstrated 

method can be used to analyze the response of multi-domain patterns to external perturbations 

such as electric field, change of a temperature or pressure. 

 
[1] Fousek J., Janovec V. The Orientation of Domain Walls in Twinned Ferroelectric Crystals J. Appl. Phys. 

40, 135–142. (1969).  
[2] Gorfman, S., Spirito, D., Cohen, N., Siffalovic, P., Nadazdy, P. & Li, Y., Multipurpose diffractometer for in 

situ X-ray crystallography of functional materials. J. Appl. Cryst. 54, 914-923. (2021).   
 

S.G. and DS. acknowledge the support by Israel Science Foundation (ISF) under grant number 
1561/18. All the authors acknowledge the support by the ISF-NCSF joint funding scheme under 
grant number 3455 / 21.   
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Molecular signatures in the 3D-Δ-PDF

Reinhard B. Neder1, James Martin2

1Kristallographie  und  Strukturphysik,  Friedrich-Alexander-Universität  Erlangen-Nürnberg,
reinhard.neder@fau.de,  Germany,  2Dep.  of  Chemistry  Department,  North  Carolina  State
University, Raleigh, USA

The 3D-Δ-PDF [1] is obtained as the inverse Fourier transform of the single crystal  diffuse
scattering. As such its signal describes the deviation of the full Patterson function of the actual
crystal structure from the Patterson function of the average structure. The latter, the classical
Patterson  function,  is  obtained  by  the  inverse  Fourier  transform  of  the  integrated  Bragg
intensities only.  As detailed in the original work by Weber and Simonov, the maxima in the 3D-
Δ-PDF  have  characteristic  shapes  and  sign,  which  depend  on  the  local  defect  type.  Simple
positive  or  negative  maxima  indicate  substitutional  atomic  disorder,  while  maxima  that  are
accompanied by small subsidiary maxima of opposite sign typically correspond to displacement
order.

For highly disordered molecular compounds additional features are observed like very broad
regions  of  negative  density  in  the  3D-Δ-PDF.  A  further  feature  characteristic  signature  of
molecular  signals  in  the  3D-Δ-PDF is  possibility  that  some  of  the  intramolecular  Patterson
vectors may be absent in the 3D-Δ-PDF,  even though the molecule itself  is  disordered.  The
presentation will provide a systematic case study of molecular signatures in the 3D-Δ-PDF and
recent advances in the initial data processing. 

[1] Weber T, Simonov A. The three-dimensional pair distribution function analysis of disordered single
crystals: basic concepts. Z Kristallogr. 227, 238 (2012)
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Triazole-based coordination compounds have been extensively investigated since the early 1980s. 
Several isostructural MOFs of the type [M(ta)2], composed of octahedral MII centers bridged by μ3-
bridging 1,2,3-triazolate ligands were synthesized and structurally characterized. These materials 
crystallize in the cubic crystal system within space group 𝐹𝑑3̅𝑚  (no. 227). In particular, 
[Cd(ta)2]·3H2O,1 [Mn(ta)2], [Co(ta)2], [Zn(ta)2], [Mg(ta)2] and [Fe(ta)2] were investigated.2  
In contrast to isostructural compounds of the [M(ta)2]-type, [Cu(ta)2], which contains Jahn-Teller active 
Cu(II)-ions, crystallizes in the tetragonal crystal system. [Cu(ta)2] shows a reversible phase transition 
from the tetragonal to the cubic crystal system within the temperature range of 120-160 °C. 3  
Interestingly, [Fe(ta)2] strongly investigated due to its high conductivity, shows wide-hysteresis 
high temperature spin-crossover. This reversible phase transition occurs without change of the 
cubic crystal system and 𝐹𝑑3̅𝑚 (no. 227) space group, which is accompanied by a large increase 
of the unit cell volume of nearly 22%.4 

In many cases, single crystals of a suitable size are not accessible, or the bulk properties of a sample 
are of interest. In such cases, powder diffraction will provide interesting results rather than single-
crystal experiments. Single-crystal diffractometers can also be employed for powder diffraction 
work, plus they only require micrograms of sample. Thermally activated MOFs (e.g. CFA-15)5 often 
loose crystallinity at least partially. These materials represent difficult samples for single crystal 
and powder diffraction, since amorphous phases is mixed with microcrystalline material. 
Nonetheless, crystallites have a diffraction volume large enough for structure solution and 
refinement. 
This presentation will show the results of structural characterizations of MOFs using the X-ray 
single-crystal and powder diffraction methods. 

 
Figure 1. A view sample mounted on a MiTeGen loop, reconstruction of diffraction data in the reciprocal 

space as overview of sample quality and resulting crystal structure solution.  

 
[1] X.-H. Zhou et al., CrystEngComm 11 (2009), 1964 
[2] F. Gándara et al., Chem. Eur. J. 18 (2012), 10595 
[3] M. Grzywa et al., Dalton Trans. 41 (2012), 4239 
[4] M. Grzywa et al., Inorganic Chemistry 59, 15 (2020), 10501 
[5] J. Fritzsche et al., Dalton Trans., 48 (2019) 15236 
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Fragment	 screening	 by	 crystallography	 –	 efficient	 workflow	 for	 MX	 users	 at	
BESSY	II	
 

Jan Wollenhaupt,1, Tatjana Barthel1, Elmir Jagudin2, Dirk Wallacher1, Thomas Hauss1, Christian 
Feiler1, Frank Lennartz1, Uwe Müller1, Andreas Heine3, Tobias Krojer2, Manfred S. Weiss1 

1Macromolecular Crystallography Group, Helmholtz-Zentrum Berlin, Germany, 
jan.wollenhaupt@helmholtz-berlin.de, 2FragMAX group, MAX IV Laboratory, Sweden, 3Institute of 
Pharmaceutical Chemistry, Philipps-Universität Marburg, Germany 

 

In order to develop tool compounds for 
biochemical assays or lead structures in 
drug discovery, the screening for small 
organic molecules called fragments 
became a predominant technique in the 
last decade. When carried out as a 
crystallographic screening it reveals not 
only the identity of the bound fragments, 
but also their 3D-positioning inside the 
binding site of the protein under study. 
At the macromolecular crystallography 
(MX) beamlines at BESSY II, a dedicated 
workflow was established for the user 
community to foster efficient and 
convenient screening (Fig. 1).[1] It is 
based on several unique developments, one being the very diverse F2X fragment libraries that 
deliver high hit rates, mostly in the range of 20-25%.[2] Using the EasyAccess Frame, fast and 
comfortable crystal soaking and harvesting is ensured.[3] After data collection at the state-of-the-
art MX beamlines at BESSY II, data analysis is highly automated and conveniently interfaced via 
the FragMAXapp setup at HZB.[4] Beyond efficient screening and identification of fragment hits, 
HZB also offers methods of hit evolution to higher potency using a growing by catalog approach 
via Frag4Lead.[5]  

 

[1] Wollenhaupt, J. et	al. Workflow and Tools for Crystallographic Fragment Screening at the 
Helmholtz-Zentrum Berlin. J.	Vis.	Exp. 2021, 62208 (2021). 

[2] Wollenhaupt, J. et	al. F2X-Universal and F2X-Entry: Structurally Diverse Compound Libraries for 
Crystallographic Fragment Screening. Structure 28, 694-706.e5 (2020). 

[3] Barthel, T. et	al. Facilitated crystal handling using a simple device for evaporation reduction in 
microtiter plates. J.	Appl.	Crystallogr. 54, 376–382 (2021). 

[4] Lima, G. M. A. et	al. FragMAXapp: Crystallographic fragment-screening data-analysis and project-
management system. Acta	Crystallogr.	Sect.	D	Struct.	Biol. 77, 799–808 (2021). 

[5] Metz, A. et	al. Frag4Lead: growing crystallographic fragment hits by catalog using fragment-guided 
template docking. Acta	Crystallogr.	Sect.	D	Struct.	Biol. 77, 1168–1182 (2021). 

 
J.W. and M.S.W. acknowledge support by iNEXT-Discovery, project No. 871037, funded by the Horizon 2020 
program of the European Commission. 

Fig. 1 ‐ crystallographic fragment screening workflow at HZB [1]	
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Every crystal matters

Holger  von  Moeller1,  Christian  Becke1,  Martina  Schaefer2,  Tammo  Stevens2,  Gleb  Bourenkov3,
Saravanan  Panneerselvam3,  Marina  Nikolova3,  Ivars  Karpics3,  Moises  Bueno3,  Vamsee  Krishna
Palnati3, Sophie Zimmermann1, Stefan Fiedler3, Thomas R. Schneider3

1MOLOX  GmbH,  Berlin,  Germany,  holger.vonmoeller@molox.de,  2Nuvisan ICB  GmbH,  Berlin,
Germany, 3European Molecular Biology Laboratory, Hamburg Unit c/o DESY, Hamburg, Germany 

Here  we  report  on  a  large  fragment  screening  campaign  performed  for  a  global  player  from
pharmaceutical industry. This is a synergistic project involving partners from industry and academia:
Protein crystallization,  soaking and freezing of  1000 crystals  was carried out  by NUVISAN ICB
where a platform for high-throughput crystallography campaigns was successfully established in order
to provide structural biology services for integrated drug discovery programs to clients. MOLOX has a
proven track record in data collection and provided this service here. Data processing and structure
determination was performed by the client. 
To collect high quality diffraction data efficiently, we chose beamline P14 at EMBL Hamburg. While
this beamline offers adjustable beam conditions and instrumentation for collecting highest quality data
from macromolecular crystals, it has not been optimized for rapid ligand screening. We will describe
how in a collaborative effort,  hardware and software of P14 were optimized for high quality data
collection at high speed.

More than 89 % of all crystals yielded a dataset, for > 97 % of all datasets the resolution was < 2.8 Å, 
and > 97 % of all datasets had an overall Rmeas of < 50 %. More than 87 % of the crystals yielded a 
dataset of sufficient quality for downstream analyses. Overall median resolution over all datasets was 
1.84 Å, median Rmeas was 9 %.
Despite the fact that automation is key to accelerating science, we opted for a non-automated data
collection  approach  here.  In  many  relevant  cases  protein  production  and  purification  consume
significant  (financial)  resources,  therefore  "every crystal  matters" and – once a suitable  crystal  is
available – the best possible data should be collected from it. 
Here  we  demonstrate  how  the  combination  of  cutting-edge  beamline  technology  with  human
intervention has created a robust and efficient fragment screening pipeline.

Figure 1: (A) Workflow of the fragment screening campaign, (B) Rmeas and resolution distribution 
for all crystals.
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The crystal structure of AMP deaminase as starting point for the design of new 
herbicides 
 
Jörg Freigang1 

1Bayer AG, Crop Science Division, Monheim, joerg.freigang@bayer.com, Germany 

Adenosine monophosphate deaminase (AMPD; EC 3.5.4.6) is the molecular target of the 

herbicidally active natural product coformycin [1], which undergoes phosphorylation in planta 

to give the corresponding phosphate. A published low resolution crystal structure of AMPD from 

Arabidopsis thaliana in complex with coformycin phosphate [2] could not conclusively explain 

the efficient binding of the ligand to the active site. In an attempt to better understand the 

molecular mechanism of AMPD inhibition at atomic level, we were able to obtain the structure of 

the complex at significantly improved resolution. Surprisingly, a comparison of our data with the 

published structure revealed 

important differences in the protein 

conformation, leading to a 

substantially altered binding mode for 

the ligand. Our new structure allowed 

a detailed view into the enzyme’s 

catalytic mechanism and explains how 

coformycin phosphate can act as a 

transition state analogue. In addition, 

we solved the crystal structure of the 

unligated protein, which more closely 

resembles the conformation of the 

published structure and implies large 

conformational changes of the protein 

during ligand binding and catalysis. 

The detailed knowledge of the 

catalytic mechanism and the 

structural information allowed the 

design of novel mechanism-based inhibitors with improved herbicidal properties [3]. To further 

simplify their chemical structures, the crystal structure was used as a starting point for a virtual 

screening approach to identify new non-ribosyl AMPD inhibitors. After further optimization, the 

best compound exhibited herbicidal activity, but at lower levels than observed for nucleoside 

AMPD inhibitors. 

[1] Isaac BG, Ayer SW, Letendre LJ, Stonard RJJ. Herbicidal nucleosides from microbial sources.  J. Antibiot 
(Tokyo), 44, 729–732 (1991) 

[2] Han BW, Bingman CA, Mahnke DK, Bannen RM, Bednarek SY, Sabina RL, Phillips GN Jr. Membrane 
association, mechanism of action, and structure of Arabidopsis embryonic factor 1 (FAC1). J. Biol. 

Chem. 281, 14939-47 (2006) 
[3] Lindell SD, Maechling S, Klein R, Freigang J, Laber B, Blanazs L, Leonhardt M, Haupt S, Petry T, Sabina 

RL. Mechanism and structure based design of inhibitors of AMP and adenosine deaminase. Biorg. 
Med. Chem. 43, 116272-83 (2021)  
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Crystal structures of the selenoprotein glutathione peroxidase 4 in its apo form 
and in complex with the covalently bound inhibitor ML162 
 
Roman C. Hillig 

NUVISAN ICB GmbH, Lead Discovery/Structural Biology, Muellerstr. 178, 13353 Berlin, 
Germany. 

Wild-type human glutathione peroxidase 4 (GPX4) was co-expressed with SBP2 (selenocysteine 

insertion sequence-binding protein 2) in human HEK cells to achieve efficient production of this 

selenocysteine-containing enzyme on a preparative scale for structural biology. The protein was 

purified and crystallized, and the crystal structure of the wild-type form of GPX4 was determined at 

1.0 Å resolution. The overall fold and the active site are conserved compared with previously 

determined crystal structures of mutated forms of GPX4. A mass-spectrometry-based approach was 

developed to monitor the reaction of the active-site selenocysteine Sec46 with covalent inhibitors. 

This, together with the introduction of a surface mutant (Cys66Ser), enabled the crystal structure 

determination of GPX4 in complex with the covalent inhibitor ML162 [(S)- enantiomer] at 1.5 Å 

resolution. The mass-spectrometry-based approach described here [1] opens the path to further co-

complex crystal structures of this potential cancer drug target in complex with covalent inhibitors. 

 

[1] Dieter Moosmayer, André Hilpmann, Jutta Hoffmann, Lennart Schnirch, Katja Zimmermann, Volker 
Badock, Laura Furst, John K. Eaton, Vasanthi S. Viswanathan, Stuart L. Schreiber, Stefan Gradl, 
Roman C. Hillig. Crystal structures of the selenoprotein glutathione peroxidase 4 in its apo form and 
in complex with the covalently bound inhibitor ML162. Acta Crystallogr D Struct Biol. 2021 Feb 1; 
77(Pt 2): 237–248. doi: 10.1107/S2059798320016125 
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ALLOSTERIC REGULATION OF GTP CYCLOHYDROLASE I  

 
Herbert Nar 

Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach, Germany 

GTP Cyclohydrolase I (GCH1) is a homodecameric protein complex of approximately 250kDa 
molecular weight. GCH1 catalyses the conversion of guanosine triphosphate (GTP) to 
dihydroneopterin triphosphate (H2NTP). The proposed complex reaction involves the 
hydrolytic opening of the imidazole ring of GTP and the formation of a formamido-pyrimidine 
intermediate. Release of formate, Amadori rearrangement of the ribose, and closure of the 
dihydropyrazine ring affords the product. This reaction is the initiating step in the biosynthesis 
of tetrahydrobiopterin (BH4) [1]. 

BH4 functions as co-factor in neurotransmitter biosynthesis. The BH4 biosynthetic pathway and 
GCH1 have been identified as promising targets to treat pain disorders in patients [2]. 

The function of mammalian GCH1s is regulated by a metabolic sensing mechanism involving a 
regulator protein, GCH1 feedback regulatory protein (GFRP). GFRP is a pentamer of 9.5kDa 
subunits, which binds to GCH1 to form inhibited or activated complexes dependent on 
availability of co-factor ligands, BH4 and phenylalanine, respectively [3]. 

We determined high resolution structures of human GCH1-GFRP complexes by cryoEM and X-
ray crystallography. cryoEM revealed structural flexibility of specific and relevant surface lining 
loops, which were unresolved by X-ray crystallography due to crystal packing. The overall 
resolution of the cryoEM structures of 2.9 and 3.0Å allows for visualization of ligand binding to 
functional sites of the regulated complexes. Further, we studied allosteric regulation of isolated 
GCH1 by X-ray crystallography. Using the combined structural information we are able to obtain 
a comprehensive picture of the mechanism of allosteric regulation.  

Local rearrangements in the allosteric pocket upon BH4 binding result in drastic changes in the 
quaternary structure of the enzyme leading to a more compact, tense form of the inhibited 
protein and translocate to the active site, leading to an open, more flexible structure of its 
surroundings. Inhibition of the enzymatic activity is not a result of hindrance of substrate 
binding, but rather a consequence of accelerated substrate binding kinetics as shown by STD-
NMR and site-directed mutagenesis [4]. 

[1] Nar, H. (2004). GTP cyclohydrolase I, Handbbok of Metalloproteins,  John Wiley & Sons Ltd. 
[2] Tegeder, I., et al. (2006). GTP cyclohydrolase and tetrahydrobiopterin regulate pain sensitivity and 

persistence. Nat Med 12(11): 1269-1277. 
[3] Harada, T.,  et al. (1993). Feedback regulation mechanisms for the control of GTP cyclohydrolase I 

activity. Science 260:1507–1510 
[4] Ebenhoch R., et al. (2021). A hybrid approach reveals the allosteric regulation of GTP 

cyclohydrolase. PNAS 117, 50, 31838-31849 
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Ordered and disordered binary beryllium pnictides: between Zintl polyanions and 
Grimm-Sommerfeld compounds 

Alexander Feige1, Laetitia Bradaczek1, Marvin Michak1, Daniel Günther1, Christopher Benndorf1, 
Badal Mondal2, Maxim Grauer1, Lennart Staab1, Ralf Tonner-Zech2, Oliver Oeckler1 

1 Institute for Mineralogy, Crystallography and Materials Science, Leipzig University, Germany,  
research@alexanderfeige.com, 2 Wilhelm-Ostwald-Institute for Physical and Theoretical 
Chemistry, Leipzig University 

In solid-state chemistry, there is an intriguing number of binary 

systems lack characterization, especially in combination with the 

element beryllium. The limited knowledge promises a rich and 

unusual structural chemistry of this element.[1] The few results 

concerning Be pnictides include the disordered diamond-like 

structure of BeP2.[2] Preliminary work based on qualitative 

evaluation of powder X-ray diffraction data of BeAs2 and BeSb2 

indicates related structures for both compounds.[3] Precise 

structural data require very accurate diffraction data due to the large 

difference in scattering factors. Despite the simple stoichiometry, 

complete structural analysis proved difficult as the crystals obtained 

are much too small for laboratory data collection. 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 diamond structure 

(Fig. 1). This tetragonal superstructure contains twisted chains of Sb atoms interconnected by Be 

atoms. This indicates chemical bonding according to a Zintl phase with a “sulfur-like” 

Sb– polyanion. BeSb2 can also be viewed as a Grimm-Sommerfeld semiconductor with an average 

valence electron concentration of 4. The chemical considerations are corroborated by ab initio 

DFT calculations, which show that valence electron density is almost fully located on the Sb atom 

and thus emphasizes the Zintl ionic character. 

For BeP2 and BeAs2, our investigation confirmed the 

disordered diamond-like average structures from 

literature, which can be refined in space group 

I41/amd.[2,3] Diffraction patterns (Fig. 2) exhibit 

pronounced diffuse streaks that indicate stacking disorder. 

The evaluation of synchrotron as well as electron 

diffraction data reveal the local structure of ordered 

layers with 8-ring polyanions; idealized long range order yields a MDO 

polytype in the spacegroup C2/c (Fig. 3). Stacking probabilities were derived 

by HRTEM imaging and by simulation of diffraction patterns. The degree of 

ordering varies: diffuse streaks can be almost uniform but, especially in the 

case of BeAs2, they also show superstructure reflections. Assuming multiple 

twinning, the idealized structure can be approximately refined from “single”-

crystal X- ray data. 
 

[1] M. R. Buchner, R. Pöttgen, H. Schmidbaur, Z. Naturforsch. 2020, 75b, 403. 
[2] P. L’Haridon, J. David, J. Lang, E. Parthé, J. Solid State Chem. 1976, 19, 287. 
[3] R. Gerardin, J. Aubry, J. Solid State Chem. 1976, 17, 239. 

Fig. 1: Crystal structure of BeSb2. 

Fig. 2: SAED pattern of 

BeP2/BeAs2. 

Fig. 3: Ordered structure model of BeAs2. 
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POWTEX: Data Reduction, Event Correlation and Machine Learning 
 
Noah Nachtigalla,*, Andreas Houbena, Richard Dronskowskia 

aChair of Solid-State and Quantum Chemistry, Institute of Inorganic Chemistry, RWTH Aachen Uni-
versity, Germany, *E-mail: noah.nachtigall@ac.rwth-aachen.de 

While anticipating the commissioning of the high-intensity time-of-flight neutron powder-

diffractometer POWTEX [1, 2], great efforts were made to optimally exploit the instrument 

characteristics for future multidimensional Rietveld refinements. The first test data were acquired 

at the POWGEN instrument of the SNS (Oak Ridge National Laboratory) but using a small segment 

of the tailor-made POWTEX detector. The raw-data reduction was challenging, and the instrument 

description required careful attention, as it was a one-of-a-kind experimental set-up. 

This thesis focuses on three selected subtopics: the optimization of raw data reduction, thereby 

proving the transition to an asymmetric profile description to be necessary and successful, and 

two additional approaches, to be addressed below. 

POWTEX’s tailor-made volume-detector is actually a four-dimensional detector registering neu-

tron events with their position (x, y, z) and time. As an improvement to conventional surface- or 

grid-detectors, this allows for further data-treatment possibilities. One idea, namely event corre-

lation, is to identify neutron events belonging to the same neutron trajectory such that the trajec-

tories can be projected to the origin of the neutrons. By doing so, neutron events not belonging to 

the sample but originating from the sample environment, for example, can be nicely separated. In 

this preliminary work, we managed to visibly reduce the background noise of the data. We further 

aim to refine these findings and merge the idea with the conventional data-reduction procedure. 

Next to the data reduction, the field of an-

gular- and wavelength dispersive Rietveld 

refinement was also addressed. The data 

refinement obtained with the latest gener-

ation of neutron instrumentation is tech-

nically far more demanding and complex, 

so the user requires a solid knowledge of 

how to operate current diffraction-ana-

lytic software. This sparked an interest in 

automating the refinement process and 

combining the ever-growing field of ma-

chine learning with the well-established 

Rietveld procedure. With this objective in 

mind, a framework was created to use a 

machine-learning algorithm as an auto-

matic decision maker in controlling Rietveld refinement within GSAS-II [2]. In the context of this 

work, we adequately and automatically refined simple but low-quality real-world diffraction sam-

ples without any human input (Fig. 1). 

[1] Conrad H., Brückel T., Schäfer W., Voigt J. POWTEX - the high-intensity time-of-flight diffractometer at 
FRM II for structure analysis of polycrystalline materials. J. Appl. Cryst., 41, 836–845 (2008) 

[2] Houben A., Schweika W., Brückel T., Dronskowski R. New neutron-guide concepts and simulation results 
for the POWTEX instrument. Nucl. Instrum. Methods Phys. Res., 680, 124–133 (2012) 

[3] Toby B. H., Von Dreele R. B. GSAS-II: the genesis of a modern open-source all purpose crystallography 
software package. J. Appl. Cryst., 46, 544–549 (2013) 

Fig. 1: Calculated and observed intensity of a Rietveld 
refinement guided by a human (blue) and an AI (red). 
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Detection of ice-crystal artifacts in macromolecular diffraction data through 

machine learning. 

 
Kristopher Nolte1, Yunyun Gao1, Sabrina Stäb1, Philip Kollmansberger2, Andrea Thorn1 

1Institut für Nanostruktur und Festkörperphysik, Universität Hamburg, Luruper Chaussee 149,  
kristopher.nolte@haw-hamburg.de, Germany, 2CCTB, Julius-Maximilians-Universität Würzburg, Germany 

Contamination with diffraction from ice crystals (Fig. 1) can negatively affect, or even impede, 

macromolecular structure determination and therefore detecting the resulting artefacts in 

diffraction data is crucial [1]. However, once the data have been processed it can be very difficult 

to automatically recognize this problem [2]. To address this, a set of convolutional neural 

networks named Helcaraxe has been developed which can detect ice-diffraction artefacts in 

processed diffraction data from macromolecular crystals.  

Our work shows that the multi-dimensional pattern-recognition abilities of convolutional neural 

networks are a valuable addition to the toolbox of diffraction data analysis. Helcaraxe is 

currently already in use in the Coronavirus Structural Task Force [3] pipeline and has been 

integrated into the newest version of AUSPEX [2]. 

 

Figure 1: Diffraction patterns of dihydrofolate reductase from Mycobacterium ulcerans. The resolution is 

marked by dashed lines. (a) Shows a pattern without ice rings (PDB entry 7k6c) and (b) shows a pattern 

with ice-crystal artefacts (indicated by the red arrows; PDB entry 7km9). 

[1] Parkhurst, J. M., Thorn, A., Vollmar, M., Winter, G., Waterman, D. G., Fuentes-Montero, L., 
Gildea, R. J., Murshudov, G. N. & Evans, G. (2017). IUCrJ, 4, 626–638. 
 
[2] Thorn, A., Parkhurst, J., Emsley, P., Nicholls, R. A., Vollmar, M., Evans, G. & Murshudov, G. N. 
(2017). Acta Cryst. D73, 729–737.  
 
[3] Croll, T. I., Diederichs, K., Fischer, F., Fyfe, C. D., Gao, Y., Horrell, S., Joseph, A. P., Kandler, L., 
Kippes, O., Kirsten, F., Müller, K., Nolte, K., Payne, A. M., Reeves, M., Richardson, J. S., Santoni, G., 
Stäb, S., Tronrud, D. E., von Soosten, L. C., Williams, C. J. & Thorn, A. (2021). Nat. Struct. Mol. 
Biol. 28, 404–408. 
 
This work was supported by the German Federal Ministry of Education and Research (grant No. 
05K19WWA) and the Deutsche Forschungsgemeinschaft (grant No. TH2135/21). 
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Hydrogen shift in electrostatic potential maps from 3D ED experiments 
 
Paul B. Klar1, Yaşar Krysiak2, Gwladys Steciuk1, Lukáš Palatinus1 

1Institute of Physics of the Czech Academy of Sciences, Prague, Czechia, 2Institute of Inorganic 
Chemistry of the Leibniz University Hannover, Germany 

Electron- and X-ray diffraction-based crystal structure models most often ignore the polarisation 

effects of chemical bonds by applying the independent atom model. As a result, refined hydrogen 

positions are shifted relative to the actual position of the nucleus of the hydrogen. Therefore, 

interatomic distances involving hydrogen atoms deviate significantly from reference bond 

lengths determined, e.g., from neutron diffraction experiments. This is well-known and routinely 

corrected for in single crystal X-ray diffraction [1]. Structure determination with 3D electron 

diffraction (3D ED) is a steadily advancing method, which nowadays frequently reveals 

hydrogen atoms in electrostatic potential maps [2]. In this work we analyse C-H and O-H 

distances determined from 3D ED experiments. 

Five organic and two inorganic compounds were measured with continuous-rotation 3D ED. 

Structure models were refined taking multiple scattering of electrons into account. With this 

refinement approach, a very low background noise level was achieved and in total 107 out of 

131 hydrogen atoms were detected in the respective electrostatic potential maps. Using the 

independent atom model and constrained hydrogen positions, a series of refinements with 

varying distance constraints were performed for each measurement.  

The C-H and O-H distances that resulted in the lowest figures of merit (wRall) were compared 

with reference bond lengths. Distances derived from the 3D ED experiments were systematically 

longer than respective internuclear distances. The derived C-H bonds were typically 0.03 Å 

longer, and the O-H distances about 0.10 Å longer. Hence, the shift of the hydrogen atoms 

relative to the expected position of the proton is more pronounced for the more polar O-H bond. 

Furthermore, the shift is larger for room temperature measurements than for measurements 

performed at T = 100 K.  

Qualitatively, these results are expected within the independent atom model for electron 

crystallography. The electrostatic potential is dominated by the positively charged nuclei, and a 

shift of the negative potential of an electron causes a shift of the observed potential maximum 

away from that electron.  

Consequently, refinements that place hydrogen atoms using constraints require new reference 

distances specific for electron diffraction. The determination of these references is the subject of 

future work. Higher accuracy may be achieved by implementing the aspherical atom model in a 

refinement routine that takes multiple scattering into account.  

 
[1] Woinska M et al. Hydrogen atoms can be located accurately and precisely by x-ray crystallography. Sci. 

Advances, 2, e1600192 (2016) 
[2] Gemmi M et al.  3D Electron Diffraction: The Nanocrystallography Revolution. ACS Central Science, 5, 

1315-1329 (2019) 
  
 

Support by the Czech Science Foundation is acknowledged (19-08032S, 21-05926X). 
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Influence of the Co to Mo molar ratio on active phase formation of ammonia 
synthesis catalysts: in-situ XRPD analysis  
 
Paweł Adamski1, Aleksander Albrecht1, Dariusz Moszyński1 

1West Pomeranian University of Technology in Szczecin, Department of Inorganic Chemical 
Technology and Environment Engineering, Pułaskiego 10, 70-322 Szczecin, Poland, 
adamski_pawel@zut.edu.pl 

Transition-metal nitrides tend to form structures with variable compositions. The Co-Mo-N 

system, with known phases of Co2Mo3N, Co3Mo3N, and Co6Mo6N, shows many promising 

catalytic properties [1]. Cobalt molybdenum nitrides are active in processes such as ammonia 

synthesis and decomposition, hydrodesulfurization, and NO reduction [2]. They are especially 

active in ammonia synthesis and therefore are a plausible candidate for replacing industrial iron 

catalysts [3].  

The most commonly used method for the formation of cobalt molybdenum nitrides is a two-

stage process consisting of the preparation of the oxidic precursor and the subsequent 

ammonolysis of the mixed oxide [4]. The synthesis process is influenced by the parameters of 

the precipitation process and thus by the composition of the precursor. Therefore, it often 

results in the formation of mixed crystallographic phases with inconsistent properties. The 

change in stoichiometry can be beneficial or harmful to the applicability, and the lack of 

reproducibility is an important disadvantage and impedes the upscaling of the technology.  

The catalytic activity of cobalt molybdenum nitrides in ammonia synthesis is highly influenced 

by the composition of the catalyst and depends on the ratio of Co2Mo3N to Co3Mo3N, which is 

difficult to control [4]. To address this issue in the present study, a procedure based on the 

mechanochemical formation of the precursor was applied.  

Three mixtures of cobalt(II) nitrate and ammonium heptamolybdate with controlled molar ratio 

of Co:Mo (2:1, 1:1, 1:2) were prepared by simple mixing with mortar and pestle. The obtained 

mixtures were reduced under an ammonia atmosphere with simultaneous collection of powder 

X-ray diffraction patterns. The X’pert Pro MPD diffractometer equipped with the Anton Paar XRK 

900 reaction chamber was used to observe the transformation of cobalt molybdate present in 

precursors into mixed cobalt molybdenum nitrides. The influence of the Co:Mo molar ratio on 

the final composition was examined. 

[1] Hargreaves JSJ. Heterogeneous catalysis with metal nitrides. Coord. Chem. Rev., 257, 2015-2031 
(2013), 

[2] Gurram VRB, Enumula SS, Chada RR, Koppadi KS, Burri DR, Kamaraju SRR. Synthesis and Industrial 
Catalytic Applications of Binary and Ternary Molybdenum Nitrides: A Review. Catalysis Surveys 
from Asia, 22, 166-180 (2018), 

[3] Kojima R, Aika K. Cobalt molybdenum bimetallic nitride catalysts for ammonia synthesis. Part 1. 
Preparation and characterization. Appl. Catal. A, 215, 149-160 (2001), 

[4] Alconchel S, Sapina F, Beltran D, Beltran A. Chemistry of interstitial molybdenum ternary nitrides 
MnMo3N (M=Fe, Co, n=3; M=Ni, n=2). J. Mater. Chem., 8, 1901-1909 (1998), 

[5] Moszyński D, Adamski P, Nadziejko M, Komorowska A, Sarnecki A.  Cobalt molybdenum nitrides co-
promoted by chromium and potassium as catalysts for ammonia synthesis. Chem. Papers, 72, 425-
430 (2018). 
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Topochemical  conversion of  layered tungstates:  an in-situ Raman spectroscopy
and total scattering studyNiels Lefeld1, Andrea Kirsch2, Mathias Gogolin1, Soham Banerjee3, Thorsten M. Gesing1,4
1University of Bremen, Institute of Inorganic Chemistry and Crystallography, Bremen, Germany(nile@uni-bremen.de),  2University  of  Copenhagen,  Department  of  Chemistry,  Copenhagen,Denmark,  3Deutsches Elektronen-Synchrotron DESY, P21.1, Hamburg, Germany,  4University ofBremen, MAPEX Center for Materials and Processes, Bremen, GermanyTopochemical conversions of layered compounds via chemie douce routes hold great potential toeffectively design new materials,  especially in the vast chemical field of  perovskites  [1].  Thepossibility to target metastable structures which are inaccessible by conventional  solid-statereactions  is  a  particular  advantage.Such an example exists in the layeredtungstate family, which is well knownfor  their  photocatalytic  properties.Aurivillius-type  Bi2W2O9 converts  toRuddlesden-Popper-type  H2W2O7 viahydrochloric acid treatment  [2,3]. Thestructural  peculiarities  of  the  highlydisordered  product  are  not  fullyresolved,  yet.  H2W2O7   decomposes toWO3 above  400 K,  preventing  post-synthesis  calcination  to  increasecrystallinity. Only  very  recently  aconsistent  structural  model  wasproposed  [4].  Deeper  understanding  of  the  leaching  process  could  help  in  optimizing  thesynthesis conditions to yield products of higher crystallinity. Previous results suggest a selectiveleaching  of  the  Bi2O22+-layer  present  in  the  parent  compound  while  retaining  the  inertperovskitic  W2O72--layer.  Kudo et  al.  [3]  based the  selective  leaching mechanism on the lowamount  of  dissolved tungsten in the  reaction liquid and comparable  particle  morphology ofeduct and product. However, changes in the atomic structure over the course of the reactionhave not been investigated for these tungstates so far.Here we present an in-situ Raman spectroscopic study of the leaching process which is furthersupported by ex-situ total scattering experiments and pair-distribution function analysis. Signalsattributed to Bi2O22+-layers vanish fast while features of the W2O72--layer are constantly present,supporting  the  proposed  mechanism.  Furthermore,  the  evolution  of  the  product  signals  isdelayed with respect to the vanishing of educt features. This indicates a structural decoherenceas the Bi2O22+-layer is broken down significantly faster than the H2W2O7 stacks reform, resultingin a loss of long-range order. Our results confirm and extend previous reports and also pointfurther research towards investigating an alignment of break-down and build-up reaction rates.[1] Schaak, R. E. & Mallouk, T. E. Perovskites by Design: A Toolbox of Solid-State Reactions. Chemistry of Materials 14, 1455–1471 (2002).[2] Schaak, R. E. & Mallouk, T. E. Exfoliation of layered rutile and perovskite tungstates. Chemical Communications 706–707 (2002).[3] Kudo, M. et al. A Layered Tungstic Acid H2W2O7·nH2O with a Double-Octahedral Sheet Structure:  Conversion Process from an Aurivillius Phase Bi2W2O9 and Structural Characterization. Inorg. Chem. 42, 4479–4484 (2003).[4] Wang, R. et al. Fast Proton Insertion in Layered H2W2O7 via Selective Etching of an Aurivillius Phase. Advanced Energy Materials 11, 2003335 (2021).

MS12: Young Crystallographers Lightning Talks

DGK 2022 Microsymposia

– 66 –



XRPD and TEM as tools to determine crystallite size of nanocrystalline iron 
 
Aleksander Albrecht, Marcin Sadłowski 

1 West Pomeranian University of Technology in Szczecin, Faculty of Chemical Technology and 
Engineering, Department of Inorganic Chemical Technology and Environment Engineering, 
Pułaskiego 10, 70-322 Szczecin, Poland, 91 449-47-30, fax: 91 449-46-86, 
aleksander.albrecht@zut.edu.pl 

Nanocrystalline iron and its compounds became of high interest lately due to their numerous 
applications e.g. as magnetic devices in medicine or EMI shielding and filtering [1-3].  

A method commonly used to determine structural properties of these materials, such as 

crystallite size, is X-ray diffraction (XRD). However, analysis of the data with different 

approaches [4-7] might lead to ambiguous results. For this reason, the use of different analytical 

techniques is required to confirm the XRD analysis. Here, we have chosen electron microscopy 

(EM). It needs to be pointed out, that this method might be misleading as well. The EM images 

show particles that tend to be agglomerates of multiple crystallites when XRD focuses on 

separate crystallites with continuous lattice. 
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Fig. 1. Comparison of crystallite sizes determined with Scherrer method (Sch), Williamson-Hall method (W-H), 

Rietveld refinement (Rtv) and transmission electron microscopy (TEM) 

In the presented study a nanocrystalline iron was examined with different approaches utilising 

X-ray diffraction and transmission electron microscopy. The experiments were carried out with 

the use of Philips X’pert PRO MPD X-ray diffractometer and Tecnai F30 TEM. 

[1] U. Rajaji, et al., Sensors and Actuators B: Chemical, 2019, 291, 120-129. 
[2] K. Wu, et al., ACS Omega, 2020, 5, 11756-11767. 
[3] H. Gargama, et al., J. Alloys Compd., 2016, 654, 209-215. 
[4] P. Scherrer, Nachr. Ges. Wiss. Göttingen, 1918, 2, 96-100. 
[5] G.K. Williamson, W.H. Hall, Acta Metall., 1953, 1, 22-31. 
[6] W. Vogel, J. Catal., 1990, 121, 356-363. 
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Anion size dependence of band gaps of iodido antimonates 
 
Jakob Möbs1, Gina Stuhrmann1, Florian Weigend1 and Johanna Heine1 

1Department of Chemistry, Philipps-University Marburg, jakob.moebs@chmie.uni-marburg.de, 
Germany 

Halogenido complexes of heavy group 15 elements 

show promising semiconductor properties that 

make them interesting as substituents for their 

excellently performing but also toxic lead 

counterparts.[1] However, especially the family of 

iodido antimonates is quite scarcely investigated 

and the literature even states somewhat 

contradicting information with regard to the optical 

band gaps of these compounds. For example, the 

published band gaps for compounds featuring the 

one dimensional [SbI5]2−-anion reach from 1.79 eV 

[2] up to 2.41 eV [3], although data of closely related 

bismuth compounds suggests, that this range should 

be much smaller.[4]  

We recently were able to synthesize [Hpyz]4[Sb10I34] 

(pyz = pyrazine, N2C4H4), which features the largest 

discrete halogenido pentelate anion yet. Its 

structural motif can be understood as a cut out from 

the CdI2-structure. This motif is quite common for 

iodido antimonates and ions of this type with the 

general formula [Sb2nI3n+4]4− are known for n = 1 -

 5.[5-7] With this series of compounds at hand we 

decided to investigate the influence of the anion size 

on the optical band gap by experimental and 

theoretical means to shed some more light on the 

electronic structure of iodido antimonates close to the absorption edge. 

[1] Jena, A. K.; Kulkarni, A.; Miyasaka, T. Halide Perovskite Photovoltaics: Background, Status, and Future 
Prospects. Chem. Rev. 119 (5), 3036–3103 (2019). 

[2] Li, Y.; Yang, T.; Liu, X.; Han, S.; Wang, J.; Ma, Y.; Guo, W.; Luo, J.; Sun, Z. A chiral lead-free photoactive 
hybrid material with a narrow bandgap. Inorg. Chem. Front. 7 (15), 2770–2777 (2020). 

[3] Li, P.-F.; Tang, Y.-Y.; Liao, W.-Q.; Ye, H.-Y.; Zhang, Y.; Fu, D.-W.; You, Y.-M.; Xiong, R.-G. A semiconducting 
molecular ferroelectric with a bandgap much lower than that of BiFeO3. NPG Asia Mater. 9 (1), 
e342-e342, (2017). 

[4] Mitzi, D. B.; Brock, P. Structure and optical properties of several organic-inorganic hybrids containing 
corner-sharing chains of bismuth iodide octahedra. Inorg. Chem. 40 (9), 2096–2104 (2001). 

[5] Dehnhardt, N.; Axt, M.; Zimmermann, J.; Yang, M.; Mette, G.; Heine, J. Band Gap-Tunable, Chiral Hybrid 
Metal Halides Displaying Second-Harmonic Generation. Chem. Mater. 32 (11), 4801–4807 (2020). 

[6] Dennington, A. J.; Weller, M. T. Synthesis, structure and optoelectronic properties of hybrid 
iodobismuthate & iodoantimonate semiconducting materials. Dalton Trans, 47 (10), 3469–3484 
(2018). 

[7] Pohl, S.; Saak, W.; Haase, D. Darstellung und Kristallstrukturen von (Ph4P)4Sb8I28 und (Ph4P)Sb3I10 (Ph 
= C6H5). Z. Naturforsch., B: J. Chem. Sci, 42 (12), 1493–1499 (1987). 

 

The authors thank the German Research foundation DFG (HE 8018/1) for funding. 

Fig. 1: Strucural motifs of iodido antimonates 

derived from the CdI2 structure.[5-7] 
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Crystal structures of host-guest complexes of carboxylated pillar[5]arene 
with drugs 
 
Helena Butkiewicz1, Sandra Kosiorek1, Volodymyr Sashuk1, Oksana Danylyuk1 

1 Institute of Physical Chemistry Polish Academy of Sciences, Warsaw, Poland, 
hbutkiewicz@ichf.edu.pl 

Supramolecular chemistry concentrates on the complex structures and studies of intermolecular 

interactions such as hydrogen bonds, π-π and electrostatic interactions that are responsible for 

aggregation of molecules into larger systems. The supramolecular chemistry assumptions are 

based on the phenomena of molecular recognition and self-organization. A host molecule with a 

cavity or pockets on its surface recognizes and binds the guest molecule. As a result of such self-

organization a host-guest complex is formed. The most commonly used hosts in such 

supramolecular systems are macrocyclic compounds.  

Carboxylated pillar[5]arene (CPA5), first reported by Ogoshi in 2010 [1], is highly symmetrical 

pillar-shaped compound, composed of hydroquinone units linked by methylene bridges at the 

para-positions and substituted by ten carboxylic acid groups. Its rigid hydrophobic, electron-rich 

cavity makes it great candidate as host molecule for various electron-deficient guests or other 

neutral molecules. Under basic conditions it acts as receptor for cations in water.  

Here we want to present X-ray structures of the carboxylic acid substituted pillar[5]arene host–

guest complexes with amidine and guanidine drugs. Chosen guest molecules are biologically and 

pharmaceutically important compounds used as antidiabetics (phenformin), antiseptics 

(alexidine), pneumocystis carnini pneumonia drug (pentamidine) and reversible competitive 

inhibitor of trypsin (benzamidine). Under physiological conditions they are protonated to form 

stable cations. The formation of supramolecular complexes between CPA5 and amidine and 

guanidine drugs may prevent side effects and potentially enable the obtaining of new transport 

and drug release systems under different conditions.  

 
[1] Ogoshi T, Hashizume M, Yamagishi T, Nakamoto Y. Synthesis, conformational and host–guest 

properties of water-soluble pillar[5]arene. ChemComm, 21, 3708-3710 (2010) 
 

A.K.A. acknowledges: This work was supported by funding from Polish National Science Centre 
(PRELUDIUM 14, No. 2017/27/N/ST5/01931). 
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Elucidation of Barocaloric Effect in Spin Crossover Compounds 
 
Hend Shahed1, N. Sharma1, M. Angst1, J. Voigt1, J. Persson1, K.W. Törnroos2, D. Chernyshov3, U. 

Englert4, H. Gildenast4,  A. Grzechnik5 ,K. Friese1 

1Jülich Centre for Neutron Science and Peter Grünberg Institute, JARA-FIT, Forschungszentrum 
Jülich GmbH, 52425 Jülich, Germany, h.shahed@fz-juelich.de, 2Department of Chemistry, 
University of Bergen, Allégaten 41, Bergen N-5007, Norway, 3Swiss-Norwegian Beamlines at the 
European Synchrotron Radiation Facility, 38000 Grenoble, France, 4RWTH Aachen University, 
Institute of Inorganic Chemistry, Aachen 52074, Germany, 5RWTH Aachen University, Institute 
of Crystallography, Aachen 52074, Germany,   

The search for new efficient materials and refrigeration mechanisms is a key challenge to 

replace the conventional vapor compression technology. An attractive alternative technology 

uses the caloric refrigeration cycle, which is based on the adiabatic temperature and isothermal 

entropy change upon tuning an external parameter such as pressure, electric field or magnetic 

field. Recently, spin crossover (SCO) compounds have been recognized as promising candidates, 

which exhibit large barocaloric effects: Large isothermal entropy changes have been reported 

for some of these SCO compounds at fairly low hydrostatic pressures (< 1.2 GPa) [1]. In SCO 

complexes the central metal ion switches between a low spin (LS) state at low temperature / 

high pressure and a high spin (HS) state at high temperature / low pressure. The LS to HS 

transition involves an increase of the spin entropy, but a larger part of the entropy change 

originates from changes in the intramolecular vibrations [2]. 

In this work, we report on magnetization measurements and single crystal synchrotron 

radiation diffraction on SCO complexes consisting of Fe+2 as a central ion bound to six nitrogen 

atoms. Our focus is Fe(PM-Bia)2(NCS)2, PM-Bia = (N-(2′-pyridylmethylene)-4-amino-biphenyl), 

which crystallizes in two polymorphs depending on the 

synthesis route. Polymorph P1 crystallizes orthorhombic 

(Pccn) and undergoes an abrupt spin transition around 170 K. 

Polymorph P2 crystallizes monoclinic (P21/c) and undergoes a 

gradual spin transition around 200 K [3].     

From the structural data, we extracted the temperature 

dependence of the Fe-N distances (Figure 1), which can then 

be used to determine the high spin fraction. From the  fitting of 

the temperature dependence of the high spin fraction, we 

obtained the change in entropy (ΔS), the change in enthalpy 

(ΔH), and the cooperativity (Г). The values obtained for ΔS and 

ΔH on the basis of the structural data are substantially 

different from the values of the entropy as deduced from heat 

capacity measurements [4]. The width of the transition region, 

differs strongly between the two polymorphs. This indicates 

the importance of intermolecular interactions for the spin 

transitions in both polymorphs. 

[1] K. G. Sandeman, APL Mater., vol. 4, no. 11, pp. 4–9, 2016. 

[2] S. P. Vallone et al., Adv. Mater., vol. 31, no. 23, pp. 1–7, 2019 

[3] J. F. Létard et al., Monatshefte fur Chemie, vol. 134, no. 2, pp. 165–182, 2003. 

[4] J. F. Létard et al., Inorg. Chem., vol. 37, no. 17, pp. 4432–4441, 1998. 

Figure 1: Fe-N bond length as function of temperature for 

monoclinic polymorph (above) and orthorhombic polymorph 

(below): the closed symbol is for cooling down and the open 

symbol for warming up. The inset is a schematic representation 

of Fe(PM-BiA)2(NCS)2 = cis-bis(thiocyanato)bis(N-(2’-

pyridylmethylene)aminobiphenyl)iron(II). 
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Probing Possible Non-Covalent Interactions on a Hexacationic Ag(I)-Pillarplex-
Dodecyldiammonium Pseudo-Rotaxane as Terephthalate Salt 
 
Alexandra A. Heidecker1, Alexander Pöthig1 

1Supramolecular Organometallics – Chair of Inorganic and Metal-Organic Chemistry, Technical 
University of Munich, alexandra.heidecker@tum.de, Germany 

The tubular pillarplex is a supramolecular organometallic complex (SOC)[1] built up by eight 
metal-ions (M = Ag, Au) and two macrocyclic NHC ligands (LMe).[2] Besides tunable solubility via 
anion-exchange and intrinsic luminescence of Au-congeners, the shape-selective encapsulation 
of linear guests leads to the formation of so-called pseudo-rotaxanes. As the structural self-
assembly is predicted to be governed by non-covalent interactions between the pillarplex cation 
and its surrounding[3], a deep experimental understanding of these interactions and their 
influence is desirable. Besides charge-assisted interactions between cation and counter-anions, 
the encapsulation of a guest or the presence of solvent molecules introduce parameters 
potentially altering the self-assembly. To study this behavior, the pillarplex cation is 
conceptually divided into different regions: (I) cavity, (II) aromatic rings, (III) metal ions and 
(IV) rim, where non-covalent interactions can be expected (Fig. 1A). 

 

Figure 1: A: Partition of pillarplex into potential interaction sites; B: Full Interaction Maps (FIMs) Analysis of 

[Ag8LMe2]4+ towards acceptor carbonyl oxygen and donor uncharged NH; C: Hirshfeld surface Analysis of [Ag8LMe2]4+. 

Herein, we introduce a hexacationic pseudo-rotaxane containing [Ag8LMe2]4+ as ring compound, 

1,12-diaminododecane as linear guest and terephthalate anions, as an exemplary system to 

probe all of the aforementioned interactions. While predictions of possible interactions using full 

interaction maps (FIMs)[4] can only be made for the organic regions (II, III) (Fig. 1B), Hirshfeld 

surface analysis (Fig. 1C) was carried out with the program CrystalExplorer[5] and all possible 

non-covalent interactions are indeed observed experimentally in the solid state. The interactions 

are discussed in detail and are quantified towards their different contributions (e.g., hydrogen 

bonding vs. metal coordination etc.). 

[1] A. Pöthig, A. Casini Theranostics, 9, 3150-3169 (2019). 
[2] P. J. Altmann, A. Pöthig J. Am. Chem. Soc. 138, 13171-13174 (2016); P. J. Altmann, A. Pöthig Angew. 

Chem. Int. Ed. 56, 15733-15736 (2017). 
[3] M. Rojas-Poblete, P. L. Rodriguez-Kessler, R. G. Maturana, A. Munoz-Castro Phys. Chem. Chem. Phys. 23, 

15917-15924 (2021). 
[4] P. A. Wood, T. S. G. Olsson, J. C. Cole, S. J. Cottrell, N. Feeder, P. T. A. Galek, C. R. Groom, E. Pidcock 

CrystEngComm 15, 65-72 (2013). 
[5] P. R. Spackmann, M. J. Turner, J. J. McKinnon, S. K. Wolff, D. J. Grimwood, D. Jayatilaka, M. A. Spackmann 

J. Appl. Cryst. 54, 1006-1011 (2021). 
 
A.K.A. acknowledges support by DFG under grant number SPP1928. 
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Finite and Infinite Chains of Heavy-Atom Clusters 
 
Maria A. Herz1,2, Kati Finzel1, Michael Ruck1,2,3 

1Technische Universität Dresden, Faculty of Chemistry and Food Chemistry, Dresden, Germany, 
maria_annette.herz@tu-dresden.de, 2Technische Universität Dresden, Würzburg-Dresden 
Cluster of Excellence ct.qmat, Germany, 3Max Planck Institute for Chemical Physics of Solids, 
Dresden, Germany 

Discovered during the search for novel topological insulators[1], we discovered new pseudo one-
dimensional compounds. The reaction of Bi with Sn, Pt and BiI3 above 300 °C yielded shiny, 
black, air insensitive crystals of the subiodide Sn[PtBi6I12] as well as the partially substituted 
(Sn0.7Bi0.2⎕0.1)[PtBi6I12]. Through extensive investigations into the synthetic pathway with the 
help of differential scanning calorimetry, the two compounds could be isolated and synthesized 
independently. The rhombohedral crystal structures consist of alternating cuboctahedral 
[PtBi6I12]2– cluster anions and Sn2+ or Bi3+ cations in octahedral coordination between trigonal 
faces of two cuboctahedra. These concatenate them into linear chains, which makes Sn[PtBi6I12] 
an analogue to the compound Pb[PtBi6I12][2], while (Sn0.7Bi0.2⎕0.1)[PtBi6I12] with its vacant 
positions consists of finite strands. Additionally, the crystals' cube-like morphology originates 
from six weaker Bi···I inter-cluster bridges per cluster connecting the chains. Alternatively, the 
structure can be interpreted as an ordered defect variant of the NaCl structure type. The heavy 
elements show strong spin-orbit coupling. If this exceeds the width of the chemical band gap of 
the compound, a non-trivial topology can be expected. 
 

 
Figure 1 – Strands of (Sn0.7Bi0.2⎕0.1)[PtBi6I12] showcasing the different coordination environments. 

[1] a) M. Z. Hasan, C. L. Kane, Rev. Mod. Phy. 2010, 82, 3045; b) Y. Ando, J. Phys. Soc. Jpn. 2013, 82. 
[2] M. A. Herz, M. Knies, K. Finzel, M. Ruck, Z. Anorg. Allg. Chem. 2020, 647, 53.  

We acknowledge support by the German Research Foundation (DFG) under Germany ́s 
Excellence Strategy through the Würzburg‐Dresden Cluster of Excellence on Complexity and 
Topology in Quantum Matter ‐ ct.qmat (EXC 2147, project‐id 390858490). 
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A Periodic Density Source for a Periodic System: Using PAW-DFT for Hirshfeld Atom 
Refinement 
 
Paul Niklas Ruth1, Regine Herbst-Irmer1, Dietmar Stalke1 

1Institute of Inorganic Chemistry, University of Göttingen paul-niklas.ruth@chemie.uni-
goettingen.de. 

In 2008 Jayatilaka and Dittrich proposed the method of Hirshfeld Atom Refinement [1]. The 

method relies on calculating a density by theoretical methods and subsequently splitting it up by 

Hirshfeld stockholder partitioning [2]. The partitioned atomic densities are then used to calculate 

the atomic form factors for the refinement of positions and displacement parameters against X-

ray diffraction data. Previous implementations used non-periodic calculations to obtain the 

density, which is subsequently partitioned into the individual atomic contributions. 

We have implemented Hirshfeld Atom Refinement using partitioned periodic densities calculated 

in the projector augmented wave DFT method using the NUMPY/JAX/GPAW libraries in PYTHON. To 

our knowledge, this is the first implementation of an iterative approach for the Hirshfeld Atom 

Refinement scheme using periodic DFT calculations as the source of the atomic form factors. The 

scripted approach allowed us to evaluate twelve DFT functionals on five different structures for 

their performance in the reproduction of X-H distances and hydrogen displacement parameters 

from neutron data and identify the SCAN/revSCAN functionals to perform favourably for the 

evaluated X-ray datasets. Additionally, we could show that the more sophisticated source for the 

density did reveal anharmonic vibration patterns in a refinement of the urea molecule, which 

were fitted with Gram-Charlier parameters for oxygen and nitrogen (Figure 1). 

[1] D. Jayatilaka, B. Dittrich, X-ray structure refinement using aspherical atomic density functions obtained 

from quantum-mechanical calculations, Acta Cryst., A64, 383, (2008). 

doi: 10.1107/S0108767308005709. 

[2] F. Hirshfeld, Difference densities by least-squares refinement, Acta Cryst., B27, 769, (1971). 

doi: 10.1107/S0567740871002905. 

 

P.N.R. and D. St thank the GRK BENCh, which is funded by the Deutsche Forschungsgemeinschaft 

(DFG, German Research Foundation) - 389479699/GRK2455. 
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Fig. 1: Results of Hirshfeld Atom Refinement with different models for the crystal field. 

Cluster charge embedding / B3LYP (left), periodic PAW-DFT / SCAN (centre) and 

periodic PAW-DFT / SCAN with Gram-Charlier parameter refinement (right). 
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Synthesis of Polycrystalline Mixed System Rb3-xKxCu3AlO2(SO4)4 
 
Clemens Scheiblich1*, Niclas Reitberger1, Natalija vanWell1 

1Ludwig-Maximilian-Universität München, Department for Earth- and Environmental Sciences, 
Section for Crystallography, Theresienstraße 41, 80333 München, Germany 

* C.Scheiblich@campus.lmu.de  

The mineral alumoklyuchevskite (K3Cu3(Fe,Al)O2(SO4)4)was for the first time characterized in 

the year 1992. The crystal structure consists of oxocentered [O2Cu3Al]5+ tetrahedra that form 

elongated chains in b-directions [1]. Along these chains magnetic monomers and magnetic 

dimers form on the Cu atoms [2]. For magnetic investigations alumoklyuchevskite is interesting, 

because it is a possible candidate for a spin liquid, which makes it important for fundamental 

research in the field of 1-D magnetism and absence of magnetic ordering [2]. The aim of our 

research is to synthesize Rb substituted alumoklyuchevskite with different Rb:K ratios, and to 

investigate the resulting effects on crystal structure and magnetic properties.  

In our experiments the synthesis of polycrystalline alumoklyuchevskite was achieved by 

tempering of a mixture of starting chemicals: Rb2SO4, CuO, CuSO4 5H2O and AlK(SO4)2 12H2O. For 

example, it was discovered that for the 2Rb:K phase the optimum synthesis conditions are 

between 550°C and 600°C.  

 
Figure 1: a) Optical image from polycrystalline Rb substituted alumoklyuchevskite b) Back 

scattered electron microscope (BSE) -image of Rb-substituted alumoklyuchevskite with crystals 

that have a maximum size of 15 μm c) BSE image of fedotovite crystals growing on 

dolerophanite 

 

Deviations from the synthesis stability field of alumoklyuchevskite result in the growth of an 

additional “green” phase. First results suggest that the “green” phase is Rb-substituted 

fedotovite, which would be a new finding. First results suggest a two-stage formation of 

fedotovite from CuSO4 and from the intermediate phase dolerophanite. Figure 1a) presents an 

optical magnification of the Rb substituted alumoklyuchevskite phase, which displays single 

grains and some facets. The same phase investigated with electron microscopy is shown in 

Figure 1b). Figure 1c), shows an electron microscope image of Rb substituted fedotovite. First 

magnetic susceptibility measurements align with previous finding and show that Rb substitution 

changes the magnetic exchange interaction of the magnetic dimers and magnetic monomers in 

the alumoklyuchevskite. 
 
[1] M.G. Gorskaya, S.K. Filatov, I.V. Rozhdestvenskaya, L.P. Vergasaova, Miner. Mag. 56 (1992), 411-416 
 
[2] M. Fujihala,H. Koorikawa, S. Mitsuda, K. Morita, T.Tohyama, K. Tomiyasu A. Koda, H. Okabe, S. Itoh, 
T.Yokoo, S. Ibuka, M. Tadokoro, M. Itoh, H. Sagayama, R. Kumai, Y. Murakami, Scientific Reports 7 (2017) 
16785 
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Mechanically plastic molecular crystals for shapeable optic waveguide  
 

Torvid Feiler1,4, Biswajit Bhattacharya,1 Adam A. L. Michalchuk,1 Seon-Young Rhim,2 Vincent 

Schröder,2,3 Emil-List Kratochvil,2,3 Franziska Emmerling1,4 

 

1BAM Federal Institute for Materials Research and Testing, Berlin, Torvid.Feiler@bam.de, 

Germany, 2Department of Chemistry, Department of Physics, Humboldt-Universität zu Berlin, 

Berlin, Germany, 3Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Berlin, 

Germany, 4Department of Chemistry, Humboldt-Universität zu Berlin, Berlin, Germany 

 

Molecular crystalline materials are usually brittle and are prone to breaking when mechanically 

stressed. This fragility greatly limits they application in next the generation of adaptable, 

functional materials. The recent discovery of mechanical compliancy in molecular crystals has 

solved this problem.1 Based on the nature of the deformation, molecular crystals can be divided 

into being plastically (irreversibly) or elastically (reversibly) bendable. The plastic deformation 

is generally associated with anisotropic molecular arrangements and the existence of low energy 

slip planes which allow a permanent motion within the lattice. Here we report 4-bromo-6-[(6-

chloropyridin-2-ylimino)methyl]phenol (CPMBP) as a promising candidate for future waveguide 

technologies.2 CPMBP has been found to have two different polymorphs with distinct optical and 

mechanical properties. The brittle crystals of Form I exhibits very weak emission at 605 nm (λex 

= 425 nm; photoluminescence quantum yield Φ = 0.4 %). In contrast, Form II has a large plastic 

regime together with a bright emission at 585 nm (λex = 425 nm; Φ = 8.7 %). Taking advantage 

of the favorable mechanical flexibility and optical properties, Form II was used as a shapeable 

optical waveguide. By changing the wavelength of the light source, active or passive 

waveguiding can be realized. CPMBP could thus be used as a flexible wavelength filter.  

 

Fig. 1 CPMBP has two different polymorphs with distinct optical and mechanical properties. The 

mechanically plastic crystals of Form II were successfully used as optical waveguide. 

 

1. M. Annadhasan, A. R. Agrawal, S. Bhunia, V. V. Pradeep, S. S. Zade, C. M. Reddy and R. 
Chandrasekar, Mechanophotonics: Flexible Single-Crystal Organic Waveguides and Circuits, 
Angew Chem Int Ed Engl, 59, 13852, 2020. 

2. T. Feiler, B. Bhattacharya, A. A. L. Michalchuk, S.-Y. Rhim, V. Schröder, E. List-Kratochvil and F. 
Emmerling, Tuning the mechanical flexibility of organic molecular crystals by polymorphism 
for flexible optical waveguides, CrystEngComm, 23, 5815, 2021. 
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Structural characterization and mechanism for crystal desolvation induced by
polymer-assisted grinding

Maxwell W.  Terban1,  Leillah Madhau2,  Aurora J.  Cruz-Cabeza3,  Peter O.  Okeyo4,5,  Martin Etter6,

Armin  Schulz1,  Jukka  Rantanen4,  Robert  E.  Dinnebier1,  Simon  J.  L.  Billinge7,8,  Mariarosa

Moneghini9, Dritan Hasa9

1Max  Planck  Institute  for  Solid  State  Research,  Stuttgart,  Germany,  M.Terban@fkf.mpg.de,
2Leicester School of Pharmacy, De Montfort University, Leicester, UK, 3Chemical Engineering and
Analytical  Science,  University  of  Manchester,  Manchester,  UK,  4Pharmacy,  University  of
Copenhagen, Copenhagen, Denmark, 5IDUN, Health Technology, Technical University of Denmark,
Kongens  Lyngby,  Denmark,  6DESY,  Hamburg,  Germany,  7Applied  Physics  and  Applied
Mathematics,  Columbia University,  New York,  USA,  8Condensed Matter  Physics  and Materials
Science,  Brookhaven  National  Laboratory,  Upton,  NY,  USA,  9Chemical  and  Pharmaceutical
Sciences, University  Trieste, Trieste, Italy

Many compounds take up solvent molecules into their structures during synthesis or storage,
often resulting in new crystal structures with different physicochemical properties. The opposite
process,  desolvation, is important for preparing industrial products such as the processing of
food and pharmaceuticals,  organic synthesis,  and activation of porous compounds.  Heating is
generally  the primary lever  for  desolvation,  but  other methods include pressure control  and
mechanical stresses. In this study, we demonstrate the possibility to achieve tunable desolvation
using polymer assisted grinding.

The crystalline sesquisolvate of theophylline (THP) and 2-pyrrolidone (PYR)  (2:3 THP:PYR) [1]
was ground with a wide variety of different polymers.  Interestingly, this process leads to varying
degrees of  PYR desolvation.  Both  the type and amount  of  polymer were found  to  affect  the
amount of PYR removed, leading to three different cases: 1. no significant solvent removal, 2.
partial  removal  to  varying  extents,  or  3.  step-wise  removal,  with  the  ability  to  return  the
crystalline  monosolvate  (1:2  THP:PYR)  and  pure  crystalline  THP.  To  better  understand  the
mechanisms involved,  representative polymer-sesquisolvate systems were characterized by x-
ray  diffraction,  pair  distribution  function  (PDF)  analysis  [2],  and  Raman  spectroscopy  to
elucidate the nature of structural  and chemical changes in different  components.  Differential
PDF analysis showed changes in the local structural ordering, which correlated with the strength
of desolvation response and morphology of the polymer backbone. This was complimented by
simulations  to  estimate  the  relative  reaction  energies  for  the  different  solvation  processes.
Altogether,  the  results  indicate
that the behavior is driven by a
balance  between  the  energy
penalty  needed  to  desolvate
theophylline  and  the  energy
released  upon  solvation  of  the
polymer.

[1] D. Hasa, M. Pastore, M. Arhangelskis, B. Gabriele, A. J. Cruz-Cabeza, G. S. Rauber, A. D. Bond, W. Jones. On
the kinetics of solvate formation through mechanochemistry. CrystEngComm, 2019, 21, 2097-2104.

[2]  M. W. Terban, S. J.  L. Billinge.  Structural analysis of molecular materials using the pair distribution
function. Chem. Rev. 2021, DOI:10.1021/acs.chemrev.1c00237
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Evolution of Dislocations in GaAs Wafers Investigated by Means of X-ray 
Diffraction Imaging 
   
Merve P. Kabukcuoglu1,2, Daniel Hänschke2, Elias Hamann2, Simon Haaga1,2, Simon Bode2, Tilo 

Baumbach2,3, and Andreas Danilewsky1 

1Crystallography, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany, 2Institute for Photon 
Science and Synchrotron Radiation (IPS), Karlsruhe Institute of Technology (KIT), Karlsruhe, 
Germany; 3Laboratory for Applications of Synchrotron Radiation (LAS), Karlsruhe Institute of 
Technology (KIT), Karlsruhe, Germany; merve.kabukcuoglu@kit.edu  

Gallium arsenide (GaAs) is one of the most important materials for optoelectronics due to its 

suitable material properties like direct band gap and high electron mobility [1]. However, during 

industrial fabrication, the presence of crystal defects like dislocations can drastically influence 

the fabrication yield and the performance of the devices obtained [2]. In particular, thermal 

treatments as typical for wafer processing can trigger dislocation nucleation at mechanical 

surface damage sides, followed by slip band formation and propagation into distant regions, 

where local electronic and mechanical properties are influenced. Therefore, understanding the 

temporal evolution of such mobile crystalline defects is both a scientific and industrial concern.  

Here, 2D and 3D synchrotron X-ray diffraction imaging methods, namely conventional X-ray 

white beam topography (XWBT) and recently developed X-ray diffraction laminography (XDL) 

[3] were employed. The non-destructive nature of these techniques allowed time-resolved quasi 

in situ studies with µm resolution also for industrially relevant sample volumes (mm-sized) like 

typical wafers. To emulate typical industrial manufacturing processes, the investigated GaAs 

wafers were mechanically micro-indented in a controlled and well-defined way, and they were 

subsequently annealed at temperatures above the brittle-to-ductile transition. For this, a well-

characterized and calibrated double ellipsoidal mirror heater was used to emulate typical 

conditions expected during device fabrication. The topographic measurements were performed 

alternating with these thermal treatment steps, thus following the development of dislocations.  

The presented study aims on providing a deeper understanding of dislocation generation and 

development in GaAs wafers with mechanical surface damage exposed to thermally induced 

stress, see Fig. 1. Our results provide insight into the development of dislocation arrangements 

on different {111} <110> glide systems, by the systematic variation indentation and heating 

geometries enabling conclusions on the influence of thermal gradients as well as crystal polarity. 

Moreover, XDL studies allow us to investigate the expansion of individual dislocations into the 

crystal bulk, enabling us to propose a general model for the involved 3D movements. 

 

 

 

 

 

[1] J. Yoon et al., Nature, 465, 219-333 (2010) 
[2] P. Möck et al., Material Science and Engineering B80, 91-94 (2001) 
[3] D. Hänschke et al., Applied Physics Letters, 101, 244103 (2012) 
 

M.P.K. acknowledges support by BMBF under grant number 05KK14VFA 

(a) (b) 
Figure 1: (a) X-ray white beam 

topographs showing the evolution of 

dislocations around an indentation 

during gradual heating, (b) 3D 

visualization of individual dislocations 

in the crystal bulk, obtained by X-ray 

diffraction laminography. 
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Lab-based correlative X-ray imaging to study core formation and its impact on 
lattice uniformity in (Mg,Zr):SrGa12O19 single crystals 
C. Richter1, C. Guguschev1, M. Brützam1, K. Dadzis1, J. Schreuer2, C. Hirschle2, T.M. Gesing3,4, 
A. Kwasniewski1, D. G. Schlom5,6,1 

1Leibniz-Institut für Kristallzüchtung, Max-Born-Str. 2, 12489 Berlin, Germany 
2Institut für Geologie, Mineralogie und Geophysik, Ruhr-Universität Bochum, Universitätsstraße 
150, 44801 Bochum, Germany 

3University of Bremen, Solid State Chemical Crystallography, Institute of Inorganic Chemistry 
and Crystallography/FB02, Leobener Str. 7, Germany 

4MAPEX Center for Materials and Processes, Bibliothekstraße 1, D-28359 Bremen, Germany 
5Department of Materials Science and Engineering, Cornell University, Ithaca, NY 14853-1501, 
USA 

6Kavli Institute at Cornell for Nanoscale Science, Ithaca, NY 14853, USA 
E-mail: carsten.richter@ikz-berlin.de 

We demonstrate the growth of large (Mg,Zr):SrGa12O19 (SGMZ) single crystals and use a 

combination of X-ray imaging techniques to analyze them structurally and chemically. Single 

crystal cylinders were obtained by top-seeded solution growth with optimized melt 

compositions. In the central parts of the grown crystals, we have observed stress-induced 

birefringence. As a possible explanation, we considered the formation of a small (0001) facet at 

the central part of the growth interface that should have a detectable impact on both the 

chemical composition and the crystal lattice. To test this assumption, we developed a 

quantitative rocking curve imaging technique (Fig. 1) with high sensitivity to study subtle 

variations of the microstructure.  

This method enabled us to observe that the core region exhibits a reduced unit cell volume and 

is surrounded by a ring with increased lattice tilt and elastic strain. These effects were also 

analyzed using numerical simulations of the three-dimensional elastic stress and strain fields. 

Furthermore, variations of the cell volume in the outer parts of the crystal reveal a slight in-

plane anisotropy of dopant incorporation following the hexagonal crystallographic symmetry. 

The relationship between unit cell dimensions and composition was verified by micro X-ray 

fluorescence mappings. 

  

Fig 1: Determined maps of birefringence (left), unit cell volume (center) and Zr-fluorescence (right)  

of a 0001 cut SGMZ wafer. 
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Solid form screening of pharmaceutical compounds enhanced by Electron 
Diffraction experiments 
 
Danny Stam1, Mihaela Pop2 

1ELDICO Scientific AG, Villigen, stam@eldico.ch, Switzerland,  
2TeraCrystal, 400000 Cluj Napoca, Romania 

Polymorphism study of APIs is essential for selecting the most adequate solid form for 

development into a drug product. Therefore, it is always recommended to conduct a thorough 

search to establish the landscape of the crystalline solid forms and to assess the associated 

development risks.  

For each polymorph of an API, the arrangement of the molecules in the crystal determines its 

physical properties and therefore, knowledge of crystal structure is important in order to fully 

understand and optimize the pharmaceutical performance of the drug. Consequently, an 

effective approach for solid form screening combined with crystal structure determination is of 

considerable importance across the drug development process. However, as growth of suitable 

crystals for X-ray crystallography may be time consuming for complex molecules, using Electron 

diffraction (ED) on nano-sized crystals represents a significant advantage to the solid-state 

studies. 

This contribution aims to offer an occasion of describing the solid form screening approach 

including the X-ray and Electron diffraction tools for crystal structure determination. 

Particularly, the capability of the new ELDICO ED-1 to efficiently provide crystal structures will 

be explored in the case of pharmaceutical nanocrystals.  

 

 

    Fig. 1 Enhanced characterization workflow 
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Crystal structure variations and opto-electronic properties in alkali doped 
kesterite-type semiconductors  
 
Henrik M. Prell1,2, Galina Gurieva1, Susan Schorr1,3 

1Helmholtz-Zentrum Berlin (HZB), Berlin, Germany, 2Technische Universität Berlin (TUB), 
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Absorber layers based on kesterite-type semiconductors offer enormous potential for the 

fabrication of low-cost and environmentally friendly solar devices. These materials offer a direct 

tuneable bandgap, high absorption in the visible spectrum and rich possibilities for 

doping/alloying due to various anionic and cationic alloying series; p-type conductivity 

dominates. Cu2ZnSnSe4 (CZTSe) is investigated in this project. Advantages are the chemical 

composition of non-toxic elements abundant on Earth and the option of numerous synthesis 

routines. The main problem remains the low power efficiency of devices, mainly attributed to a 

high VOC deficit. In particular, the influence of point defects and cation disorder is suspected. The 

structural flexibility can be described by the off-stoichiometriy model, where different types (A-

L) can be distinguished according to the intrinsic point defects present [1], keeping the charge 

balance. This flexibility offers broad potential for defect engineering and the search for 

optimized compositions.  To date the most efficient (power conversion efficiency: 12.6 % [2], 

12.7 % [3]) devices are based on off-stoichiometric material (Cu-rich, Zn-poor, A-type) [2,3]; 

latest record (August 2021) was achieved with off-stoichiometric and Li-doped material [3]. The 

effects of (Li, Na, K) doping on off-stoichiometric CZTSe material are investigated in bulk powder 

samples. The overall objective of this work is to resolve the effects of alkali metal incorporation 

into off-stoichiometric bulk CZTSe and to characterise crystal structural variations as well as 

opto-electronic properties. Dopant incorporation is performed using two different approaches. 

For direct incorporation LiCl (NaCl, KCl respectively) is mixed with pure elements (5N) and 

annealed at 750°C for 200 hours in sealed evacuated silica tubes, yielding doped directly 

kesterite-type material. This procedure is compared to a post deposition treatment, in which 

dopants (LiCl, NaCl, KCl) are added to pre synthesised CZTSe powder and annealed at 700°C, 48 

hours under analogous conditions. X-ray diffraction with subsequent Rietveld refinements is 

performed to obtain lattice parameters and the anion position of the alkali doped CZTSe. Phase-

purity, homogeneity, and chemical composition is investigated by wavelength dispersive X-ray 

spectroscopy (WDX) using an electron microprobe system. The concentration as well as the 

distribution of dopants is determined by laser ablation inductively coupled plasma mass 

spectroscopy (La-ICP-MS). As a key semiconductor characteristic, bandgap energy is quantified 

using diffusive reflectance Fourier-transformed infrared spectroscopy. 

 

[1] Gurieva, Galina, et al. "Intrinsic point defects in off-stoichiometric Cu2ZnSnSe4: A neutron diffraction 
study." Journal of applied physics 123.16 (2018): 161519. 

[2] Wang, Wei, et al. "Device characteristics of CZTSSe thin‐film solar cells with 12.6% efficiency." 
Advanced energy materials 4.7 (2014): 1301465. 

[3] Zhou, Jiazheng, et al. "Regulating crystal growth via organic lithium salt additive for efficient Kesterite 
solar cells." Nano Energy 89 (2021): 106405. 
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Elasticity of dense metal-organic framework compounds 
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Alexei Bosak5, Björn Winkler1 
1Institute of Geosciences, Goethe University, Frankfurt am Main, Germany, buescher@kristall.uni-
frankfurt.de, 2Deutsches GeoForschungsZentrum GFZ, Potsdam, Germany, 3Deutsches Elektronen-
Synchrotron DESY, Hamburg, Germany, 4Dassault Systèmes BIOVIA, Cambridge, United Kingdom, 
5European Synchrotron Radiation Facility ESRF, Grenoble, France 

 

Metal-organic framework (MOF) compounds are a class of 

promising crystalline microporous materials containing metal ions 

coordinated by organic linkers. Among the various MOF structures, 

perovskite-like structured MOFs have attracted attention due to 

their chemical diversity and their potential for a number of 

applications, e.g. in photovoltaic energy generation [1].  

In the present study, the elastic behavior of metal-guanidinium 

formates (MGF), where M= Cu, Zn, Mn, Co, Ca and Cd has been 

investigated. This is of interest as these MOFs are known to 

undergo magnetic and/or structural phase transitions at low 

temperatures [3,4,5] and their elastic stiffness tensors may provide 

insight into the origin of their ferroic or multiferroic behavior. 

MGFs are perovskite-like MOFs. Their general formula is ABX3, 

where A represents C(NH2)3, B is a divalent metal ion (M = Cu, Zn, 

Mn, Co, Ca or Cd), and X is the polyatomic linker anion, formate = 

HCOO-. The elastic properties of ZnGF, MnGF, CoGF and CuGF have 

been investigated by plane wave / parallel plate ultrasound 

spectroscopy, resonant ultrasound spectroscopy (RUS), Brillouin 

spectroscopy (BS), density functional theory, and the analysis of 

thermal diffuse scattering. 

Fig. 1 shows a comparison of the experimental results to DFT-

results for ZnGF. There generally is a good agreement between the 

different techniques and the theoretical data, if dispersion-

corrected DFT calculations are employed. The MGFs crystallize in 

different structure types, where ZnGF, MnGF and CoGF are isostructural. The structure of CuGF 

only differs slightly from that of ZnGF [3], while CdGF and CaGF have distinct structures [4, 5]. Our 

results show a systematic variation of the bulk modulus as a function of the radius of the M-cation, 

which leads to the conclusion that at ambient conditions the elastic behavior is mainly due to the 

packing density and depends little on the bonding between the M-cation and the formate. 

 
[1] Kanemitsu Y, Handa T, Photophysics of metal halide perovskites: From materials to devices, Jpn. J. Appl. Phys. 57, 
090101 (2018) 
[3] Hu K-L, Kurmoo M, Wang Z, Gao S, Metal-organic perovskites: synthesis, structures, and magnetic properties of 
[C(NH2)3] [MII(HCOO)3] (M=Mn, Fe, Co, Ni, Cu, Zn), Chem. Eur. J. 15, 12050 (2009) 
[4] Gao H, Li C, Li L, Wei W, Tan Y, Tang Y, High pressure and elastic properties of a guanidinium-formate hybrid 
perovskite, Dalton Trans. 49, 7228 (2020) 
[5] Haussühl E, Bayarjargal L, Winkler B, Luchitskaia R, Büscher J, Negative thermal expansion, thermodynamic 
properties and T-dependent Raman scattering of a new metal-organic perovskite framework, submitted 
 

EH and JB are grateful for funding from the DFG (HA 5137-5) BW and LP thank the DFG for funding in Wi 
1232.  KB thanks the GSI (Darmstadt) for financial support.  BW is grateful for support through the BIOVIA 
Science Ambassador program. 

Fig.1 Top: cij for ZnGF obtained by DFT 
compared to those obtained by RUS 
and BS. Experimental values on the 
black line indicate perfect agreement 
with the results from DFT. Bottom: 
Bulk modulus of the MGF as a function 
of volume of their unit cells per cation. 
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Experimental study of mixed system Cs3Cu3Cl8-xBrxOH with weakly connected  
Cu-triangles 
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To study the relationship between the properties of low-dimensional spin systems with weakly 

coupled Cu-triangles and their crystal structure, the new mixed system was prepared. The 

investigation was carried out on two single crystals of the mixed system Cs3Cu3Cl8-xBrxOH: 

Cs3Cu3Cl8OH (1) and the new Cs3Cu3Cl7.6Br0.4OH (2), which were grown from aqua solution. 

These compounds are a model material for studying the magnetic structure of trimer 

units with weakly connected Cu-triangles [1]. Interest in such systems is not only confined to the 

geometrical frustration, but also to some fundamental phenomena in magnetism like spin-

canting, metamagnetic transition and spin-flop transition. 

Both compounds are isostructural and crystallize in a monoclinic structure with space 

group P21/c. The magnetic susceptibility of (1) shows a maximum at 2.23 K and of (2) at 2.70 K, 

which are attributed to antiferromagnetic phase transitions. Furthermore, the magnetization 

along the b-axis at 1.9 K for both compounds shows a spin-flop transition into a new 

antiferromagnetic phase. This transition occurs at 0.61 T for (1) and at 2.0 T for (2). The 

antiferromagnetic order can be suppressed by a magnetic field BC1= 1.1 T for (1) and BC2= 1.2 T 

for (2). First single crystal neutron diffraction measured on (1) at different temperatures reveals 

the magnetic signal on the top of the nuclear reflection at (-1 0 0). Its magnetic ordering 

temperature was found to be at TN1= 2.12(3) K [2]. 

 
Figure 1: Magnetization with a magnetic field parallel and perpendicular to the b-direction: (left) 

of (1) dM/dH vs. H at 1.9 K, (right) of (2) at 1.9 K and 2.0 K for dM/dH vs. H below the 

temperature of the AFM phase transition 

[1] W. Guo, Y. Tang, S. Zhang, H. Xiang, M. Yanga, Z. He, CrystEngComm, 17, 8471-8476 (2015) 
[2] N. van Well, M. Bolte, C. Eisele, L. Keller, J. Schefer, S. van Smaalen, Journal of Physics and Chemistry of 
Solids, 140, 109386 (2020) 
 

N. van Well acknowledges support by DFG under grant number WE-5803/1-1, WE-5803/2-1. 
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The Evolution of Perovskite Complexity 
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What is the complexity of a crystal structure? From a structural chemist’s perspective, the 

complexity of a crystal structure is linked to the amount of information that is required to describe 

a crystal structure, implicitly defining a rating scheme for complexity: the crystal structure’s 

information content. This idea is in the centre of a recent approach as developed by S. V. 

Krivovichev[1] where the crystallographic information file is seen as a message. By using 

established formulas from information theory, its information content is extracted, providing a 

framework to differentiate between the complexity of crystal structures.  

A recent research direction related to ABX3 perovskites is the use of molecules on the A and/or 

X-site, a development that has proved fruitful for photovoltaics, (improper) ferroelectrics and 

barocalorics. Replacing atoms by molecules increases the chemical space for the synthesis of 

materials with new properties, conceptually translating chemical, synthetic freedom to novel 

opportunities in material design. In my presentation I apply an information theory-based 

approach[1,2,3] and discuss the evolution of crystal structure complexity across several 

perovskite classes such as oxide perovskites, hybrid-organic inorganic perovskites, and molecular 

perovskites. I will show that increased chemical diversity is synonymous with increased 

structural complexity which scales with the size of the pseudocubic ReO3-type network and 

available distortions schemes. The complexity analysis applied here provides a new perspective 

on the crystal chemistry of perovskites and shows a large potential for rationalizing the role of 

configurational entropy in understanding temperature-driven phase transitions. I will close the 

presentation by overviewing recent theory developments that implicate the use of crystal 

structure complexity in research areas such as barocalorics and crystal growth processes amongst 

others.   

 

[1] S. V. Krivovichev, Angew. Chem. Int. Ed. 2014, 53, 654. 

[2] C. Kaußler, G. Kieslich J. Appl. Cryst. 2021, 54, 306. 

[3] http://www.github.com/GKieslich/crystIT/ 
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Impact of Swift Heavy Ion Irradiation on Bismuth Nanowires and its Phase 
Transitions 
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The irradiation of solids with heavy ions induces defects and structural changes and enables us 

to selectively influence characteristic material properties [1]. The combination of ion irradiation 

and high static pressures has shown that relative phase stabilities at high pressures may be 

modified and that new thermodynamic pathways may become accessible [2]. So far, these effects 

have only been observed in a few materials.  

In the present study, we plan to compress bismuth nanowires to high static pressures and 

subsequently expose them to heavy ions of GeV energies at the GSI heavy ion accelerator facility. 

The aim is to investigate the impact of structural changes induced by ion irradiation on 

pressure-induced phase transitions in nano-materials.  

As a model system, bismuth was selected due to its well characterized pressure-induced phase 

transitions, which occur at room temperature at 2.5, 2.8, and 7.7 GPa for the phase transitions 

Bi-I to Bi-II, Bi-II to Bi-III, and Bi-III to Bi-V, respectively. The same applies to temperature-

dependent phase transformations, which can occur from 460 K upwards [3]. In contrast to 

metals, bismuth is known to be sensitive under swift heavy ion irradiation [4]. In a first step of 

the project, the effects of pressure and ion irradiation are investigated separately.  

Here we present the fabrication of bismuth nanowires with tailored diameter and crystallinity 

by means of ion-track technology combined with template based electrodeposition. Ion-induced 

morphological and structural changes obtained by irradiation at ambient conditions and a 

comparative study of the equation of states of non-irradiated bismuth nanowires using diamond 

anvil cells (DACs) will be discussed.  

This project makes use of a newly installed setup at the ion synchrotron of GSI, which 

accelerates ion beams to sufficiently high kinetic energies (up to 50 GeV) in order to reach the 

nanowires pressurized inside the DAC. The setup is equipped with on-line Raman spectroscopy 

to characterize the compressed samples during irradiation.  

[1] Wesch, W. & Wendler, E., Ion beam modification of solids (Vol. 61). Springer Nature, (2016),  
ISBN: 978-3-319-33561-2  

[2] Lang, M. et al., Nanoscale manipulation of the properties of solids at high pressure with relativistic 
heavy ions. Nature materials, 8(10), 793-797, (2009). 

[3] Akahama, Y. et al., Equation of state of bismuth to 222 GPa and comparison of gold and platinum 
pressure scales to 145 GPa. Journal of Applied Physics, 92(10), 5892-5897, (2002). 

[4] Dufour, C. et al., A high-resistivity phase induced by swift heavy-ion irradiation of Bi: a probe for 
thermal spike damage?. Journal of Physics: Condensed Matter, 5(26), 4573, (1993). 

 

This work has been funded via the R&D program of GSI Helmholtz Center. High-pressure 

synchrotron X-ray diffraction data is collected at Beamline P02.2 of PETRA-III at DESY 

(Hamburg, Germany). 
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The order-disorder (OD) structures of Rb2Zn(TeO3)(CO3)∙H2O and Na2Zn2Te4O11 
 
Felix Eder1, Matthias Weil1, Berthold Stöger2 

1Institute for Chemical Technologies and Analytics, TU Wien, Austria, felix.eder@tuwien.ac.at, 
2X-ray centre, TU Wien, Austria 

The crystal chemistry of oxidotellurates(IV) is dominated by the stereochemically active 5s² 
electron lone pair at the TeIV atom. Its large space consumption often leads to the formation of 
modular structure units like clusters, chains, layers or channel structures.  

Two newly discovered compounds, Rb2Zn(TeO3)(CO3)∙H2O and Na2Zn2Te4O11, both were 
synthesized in a solid state reaction under the presence of water as a mineralizer. They both 
crystallize with order-disorder (OD) structures [1] comprising of layers and feature a high 
stacking fault probability. Both cases are unusual in that the OD character is due to different 
translation lattices of the adjacent layers. 

Rb2Zn(TeO3)(CO3)·H2O is built of an alternation of two kinds of crystal-chemical layers A1 and A2 
(both non-polar with respect to the stacking direction) extending parallel to (100). The A1 layers 
(Te1, Rb1, Zn1) possess higher (pseudo-)symmetry (A(1)2/m1) than the A2 layers (Rb2, CO3, 
H2O) (P(1)21/c1), which leads to an ambiguity in the arrangement of the layers, as the A-
centering of the A1 layers results in higher translational symmetry. Of the two possible MDO 
(maximum degree of order) polytypes [2], the preference for the MDO2 (…A1A2+A1A2−… ; Fig. 1a) 
stacking can be identified in the diffraction pattern (Fig. 1b) as well as diffuse streaks due to 
stacking disorder.  

 
Fig. 1: (a) The crystal structure of Rb2Zn(TeO3)(CO3)·H2O viewed down [010]. (b) (h2l)* plane of 

Rb2Zn(TeO3)(CO3)·H2O. The reciprocal basis vectors are given with respect to the MDO2 polytype. (c) The crystal 

structure of Na2Zn2Te4O11 viewed down [010]. 

Na2Zn2Te4O11 can be considered as a category I OD structure built of one kind of non-polar 
layers An. The layers are formed by [Te4O11]-groups, the Na and Zn atoms are located at the layer 
interfaces and assigned to both adjacent layers. The A2n (n ∈ ℤ) layers have the (idealized) 
P212(2) symmetry with a=2b, the A2n+1 layers P221(2) symmetry with b=2a (the lattices are 
rotated by 90°). The different basis vectors of adjacent layers result in two equivalent ways of 
placing the An+1 layer relative to the An layer. The diffraction pattern consists of sharp reflections 
of the family structure and diffuse characteristic reflections of the preferred MDO2 polytype 
(Fig. 1c). Another feature of the diffraction pattern are non-space group extinctions which can be 
explained by the diffraction patterns of the two substructures each formed by the A2n and A2n+1 
(n ∈ ℤ) layers, respectively. 

[1] Dornberger-Schiff, K., Grell-Niemann, H. On the Theory of Order-Disorder (OD) Structures. Acta 
Crystallogr. 14, 167–177 (1961). 

[2] Dornberger-Schiff, K., Grell, H. Geometrical Properties of MDO Polytypes and Procedures for Their 
Derivation. II. OD Families Containing OD Layers of M > 1 Kinds and Their MDO Polytypes. Acta 
Crystallogr. A38, 491–498 (1982). 
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Structural diversity of carbonates containing CO4 groups. 
Lkhamsuren Bayarjargal1, Dominik Spahr1, Jannes König1, and Björn Winkler1 

1Institute of Geosciences, Goethe University Frankfurt, Germany                              
bayarjargal@kristall.uni-frankfurt.de 

The building blocks of ‘conventional’ carbonates such as calcite or magnesite are trigonal planar 

[CO3]2--groups. These carbonates remain stable up to pressures of ~70 GPa. At higher pressures 

and high temperatures above ~2000 K the formation of [CO4]4--groups was observed and 

explained by the formation of carbon with sp3-hybridized orbitals [1-3]. The experimental 

difficulties to achieve such extreme conditions hindered an extensive investigation of [CO4]-

groups. In contrast to [CO4], other orthoanions [MO4] have been extensively investigated in the 

past. [SiO4]4--tetrahedra are main building blocks in silicates and play a major role in 

crystallography/mineralogy. In addition to the [SiO4]4--tetrahedra in silicates, further anions such 

as [PO4]3- (phosphates), [BO4]5- (borates), [NO4]3- (nitrates) or [SO4]2- (sulfates) are key-

components in basic chemistry and are well-known building blocks of various minerals [4].   

Recently, we demonstrated the synthesis of carbonates containing [CO4]-groups at moderately 

high pressures (20-30 GPa) by reacting carbonates with oxides or CO2 [1-3]. These carbonates 

have different chemical compositions than the well-known ‘conventional’ carbonates (MeCO3) 

and are enriched either with the metal oxide or with CO2 [1-3].  Some of them can even be 

recovered to ambient conditions [1,2]. This allowed us to investigate different structural aspects 

in great detail.   

An interesting feature of the sp3-carbonates is that the [CO4]-groups may polymerize by corner-

sharing. As a result, carbonates with isolated [CO4]-tetrahedra or carbonates with groups, rings, 

chains or pyramids can be formed (Fig. 1). 

 

  

 

The structural variety is reminiscent of the structural variability of silicates [5]. In the study 

presented here we will give an overview of carbonates containing [CO4]-groups and will present 

crystal-chemical aspects of [CO4]-groups in comparison to [SiO4] and other [MO4] complex anions

[1] Spahr et al. Inorg. Chem., 60, 14504 (2021) 
[2] Spahr et al. Inorg. Chem., 60, 5419 (2021) 
[3] König et al. Earth Space Chem., submitted (2021)  
[4] Okrusch, M., Matthes, S., (Eds.) B. Mineralogie: Springer-Verlag: Berlin (2014) 
[5] Liebau, F. Structural Chemistry of Silicates, Springer-Verlag: Berlin (1985) 

 
We acknowledge funding from the DFG (BA4020/2, WI1232, FOR2125, CarboPaT) and we 

acknowledge DESY for the provision of experimental facilities and beamtime. B.W. is grateful for 

support by the BIOVIA Science Ambassador program. 

Figure 1 Structural 

variety of carbonates 

containing [CO4]-

tetrahedra. Further 

detailed references can be 

found in [1]. 
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Novel Sr-carbonates synthesized at moderate pressures and temperatures 
 
Dominik Spahr1, Jannes König1, Lkhamsuren Bayarjargal1, Victor Milman2, Wolfgang 

Morgenroth3 and Björn Winkler1  

1Institute of Geosciences, Goethe University Frankfurt, Germany, 2Dassault Systèmes BIOVIA, 
Cambridge, United Kingdom, 3Institute of Geosciences, Potsdam University, Potsdam, Germany 
d.spahr@kristall.uni-frankfurt.de 

Carbonates play a fundamental role in the Earth’s biosphere, hydrosphere, in soils and in the 

Earth's crust as they are the major reservoir of carbon on Earth. sp2-carbonates with trigonal 

planar CO3-groups and C-sp2 hybrid orbitals between a central carbon atom and each of the 

three surrounding oxygen atoms were found to be stable up to high pressures (~ 70 GPa) and 

high temperatures. In general, the CO3-groups do not polymerize by sharing oxygen.  The family 

of carbonates was enlarged by so called “sp3-carbonates” were a central carbon atom forms C-sp3 

hybrid orbitals to four surrounding oxygen atoms and CO4-groups are formed (see summary in 

[1]). In contrast to CO3-groups, CO4-groups may polymerize by corner-sharing, i.e. forming 

groups, rings, chains or pyramids. Novel sp3-carbonates were obtained either at very high 

pressures and temperatures or synthesized by reactions of carbonates with alkaline earth oxides 

or CO2. 

In the study presented here we investigated the binary system CO2-SrO at pressures up to 30 

GPa and temperatures up to 3000 K. We found that the sp3-carbonates Sr2[CO4] and Sr3[CO4]O 

can be synthesized at moderately high pressures in a DAC by a reaction of Sr[CO3] with SrO [1,2]. 

We recovered both phases at ambient condition. Fig. 1 shows the antiperovskite structure of 

Sr3[CO4]O. 

 

Figure 1 Structure of Sr3[CO4]O (a) and Structure of Sr[C2O5] (b) at 30 GPa. 

We also synthesized Sr[C2O5] (Fig. 2) by a reaction of Sr[CO3] with CO2 [3]. Sr[C2O5] is the first 

inorganic pyrocarbonate which contains C2O5-groups.  

[1] Spahr et al. Inorg. Chem., 60, 14504 (2021) 
[2] Spahr et al. Inorg. Chem., 60, 5419 (2021) 
[3] Spahr et al. JACS., (submitted) 
 

We acknowledge funding from the DFG (BA4020/2, WI1232, FOR2125/CarboPaT) and the 

BMBF (05K19IP2).  We acknowledge DESY for the provision of experimental facilities and beam 

time. B.W. is grateful for support by the BIOVIA Science Ambassador program. 
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(Mixed) Alkali Metal Thallides A:Tl 1:2 (A=K-Cs) 
 
Stefanie Gärtner1,2, Vanessa F. Schwinghammer1 

1Institute of Inorganic Chemistry, University of Regensburg, stefanie.gaertner@ur.de, Germany 
2Central Analytics, Faculty of Chemistry and Pharmacy, Department X-Ray Structure Analysis, 
University of Regensburg, Germany 

For alkali metal thallides in the ratio A:Tl  1:2 two main type structures are known in literature. 

For a long time it seemed, that for larger alkali metals the A15Tl27 structure type is realized, while 

for the lighter homologue potassium only K49Tl108 was known [1]. Recently, we could 

demonstrate, that potassium can also be incorporated in the A15Tl27 type structure in the 

compound Cs2.27K12.73Tl27 [2]. The presence of large alkali metal in the two-dimensional pores of 

the thallium sublattice seems to be a pre-condition for the formation of the A15Tl27 type 

structure, while the remaining alkali metal sites can be substituted by smaller potassium. The 

second type structure within the A:Tl ratio 1:2 is K49Tl108 (redetermination at 123 K: a = 

17.1755(1) Å, V=5066.73(5) Å3, Pm-3). The smallest units of the three-dimensional thallium 

sublattice of this cubic structure are empty Tl12 icosahedra as well as thallium- filled, mono-

capped hexagonal antiprisms. Two of the antiprismatic arrangements are interlinked and one 

alkali metal (A6) connects these dimers by forming linear chains (Fig. 1). In our mixed alkali 

metal approach, we could demonstrate, that the larger alkali metal preferably resides on this 

position, yielding shorter Tl7-Tl7 distances. By slightly increasing the thallium content in the 

binary system Rb-Tl, we isolated the new binary Rb49Tl∼110 (at 123 K: a=17.5667(2) Å, 

V=5420.89(11) Å3, Pm-3), where thallium filled icosahedra are present. In contrast to A49Tl108 

(A=K,Cs), the Tl7-Tl7 distance here is enlarged, while Tl7-Tl8 only slightly differ. The existence 

of Cs2.27K12.73Tl27 and Rb49Tl∼110 clearly prove, that the type structures are not limited to a 

particular alkali metal. Apparently, the occupation of certain sites and slight changes in the 

thallium content account for the observation of the respective structure type.  

 
Fig. 1. Section of the linear arrangement in the crystal structure of A49Tl108/ ∼110  

[1] Dong ZC,  Corbett JD. A15Tl27 (A = Rb, Cs): A Structural Type Containing Both Isolated Clusters and 
Condensed Layers Based on the Tl11 Fragment. Syntheses, Structure, Properties, and Band 
Structure.  Inorg. Chem., 35,  1444-1450 (1996); Cordier G, Müller V. Preparation and crystal 
structure of K49Tl108. Z. Naturforsch. B, 48, 1035–1040 (1993). S. Gärtner  Spotlight on Alkali Metals: 
The Structural Chemistry of Alkali Metal Thallides. Crystals, 10(11), 1013 (2020). 

[2] Schwinghammer VF, Tiefenthaler SM, Gärtner S. The Role of Different Alkali Metals in the A15Tl27 Type 
Structure and the Synthesis and X-ray Structure Analysis of a New Substitutional Variant 
Cs14.53Tl28.4. Materials, 14(24), 7512 (2021). 
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Pendant-phosphino Amides: A novel ligand class displaying diverse bonding 
capabilities 
 
Philip M. Kiel,1 and Terrance J. Hadlington1 

1Department of Chemistry, Technical University Munich, Germany; terrance.hadlington@tum.de. 

 

Ligand design plays an undeniably central role in countless facets of chemistry, from templating 

materials to efficient catalytic regimens. Amongst the most prominent ligands utilized in 

organometallic chemistry are bulky amides,[1][2] the most notable of which perhaps being the 

[(Me3Si)2N]- fragment which is ubiquitous in low-valent metal systems. Such ligands are 

employed due to their inherent bulk, which kinetically stabilizes otherwise unattainable 

molecular species. Moving beyond the isolation of laboratory curiosities, the further reactivity of 

the stabilized species can be hampered by the excessive steric bulk of utilized ligands. To 

overcome this, we introduce a family of chelating phosphino-amide ligands,[3][4][5] which present 
considerable steric protection whilst also demonstrating a high degree of binding fluxionality. 

This can lead to the activation of otherwise inert element-element bonds, lead to diverse 

bonding motifs, and even directly partake in bonding. A selection of case-studies will be 

discussed, demonstrating these points, and looking towards the future of this easily accessible, 

readily diversified ligand class.  

 

 

 

 

 

 

 

Figure 1. Demonstrating the utility of pendant-phosphino amide ligands 

 

                                                           
[1]  Lappert H, Protchenko A, Power P, Seeber A. Metal Amide Chemistry. John Wiley and Sons, Inc., New 

Jersey, 2009. 
[2]  Kays DL. Extremely bulky amide ligands in main group chemistry. Chem. Soc. Rev. 2016, 45, 1004-

1018. 

[3]  Keil PM, Szilvasi T, Hadlington TJ. Reversible metathesis of ammonia in an acyclic germylene–Ni0 

complex. Chem. Sci., 2021,12, 5582-5590 

[4]  Keil PM, Hadlington TJ. Geometrically Constrained Cationic Low-Coordinate Tetrylenes: Highly 

Lewis Acidic σ-Donor Ligands in Catalytic Systems. Angew. Chemie. Int. Ed., 2021, DOI: 

10.1002/ange.202114143. 

[5]  Hadlington TJ, Szilvasi T. Accessing the Main-Group Metal Formyl Scaffold through CO-Activation in 

Beryllium Hydride Complexes. Nature Commun., 2021, accepted article. 
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Insight into TSC protein complex function in the regulation of cell growth from 
structural biology 
 
Katharina Fitzian1, Anne Brückner1,2, Reinhard Zech1, Patrick Hansmann1, Andrea Oeckinghaus2, 

Daniel Kümmel1 

1Institute of Biochemistry & 2Institute of Molecular Tumor Biology, University of Münster, 
Germany; daniel.kuemmel@wwu.de 

The small GTPase Rheb conveys activation of mTORC1 by growth factors. The only known 

regulator of Rheb is the tuberous sclerosis complex (TSC) protein complex, which acts as GTPase 

activating protein (GAP) to inactivate the GTPase. Mutations in the TSC complex subunits TSC1 

and TSC2 cause the disease tuberous sclerosis complex, which leads to the formation of begin 

tumors.  

We have determined the 

structures of the TSC1-interacting 

domain [1] and the catalytic GAP 

domain of TSC2 and elucidated 

the mechanism of catalysis and 

recognition of its substrate Rheb 

[2]. Analysis of pathogenic TSC 

variants mapping to these 

domains revealed that mutations 

causing a partial functional defect 

in vitro showed manifestations in 

patients that do not fulfill the 

clinical criteria for TSC. Thus, 

mutations in TSC genes could be a 

more widespread cause of diseases than anticipated.  

Recently, we investigated the structure and function of TSC1 [3]. We identified three structural 

domain in TSC1: a coiled-coil domain that binds TSC2, a central helical domain that mediates 

oligomerization of TSC1 and an N-terminal domain that binds to phosphatidylinositol-

phosphates (PIPs) via a basic interface. Upon TSC1 oligomerization the overall binding affinity 

for membranes is increased. These activities are required for proper TSC complex localization 

and function in human cells. Our findings thus reveal a novel role of TSC1 in TSC complex 

regulation by mediating recruitment to the lysosomal membrane through lipid interactions and 

suggest a function of TSC1 in formation of TSC supercomplexes. 

 [1] Zech R, Kiontke S, Mueller U, Oeckinghaus A, Kümmel D. Structure of the Tuberous Sclerosis Complex 
2 (TSC2) N-terminus Provides Insight into Complex Assembly and Tuberous Sclerosis Pathogenesis. 
J Biol Chem, 291, 20008-20020 (2016) 

[2] Hansmann P, Brückner A, Kiontke S, Berkenfeld B, Seebohm G, Brouillard P, Vikkula M, Jansen FE, 
Nellist M, Oeckinghaus A, Kümmel D. Structural analysis of the TSC2 GAP domain: mechanistic 
insight into catalysis and pathogenic mutations. Structure, 28, 933-942 (2020)  

[3] Fitzian K, Brückner A, Brohée L, Zech R, Antoni C, Kiontke S, Gasper R, Linard Matos AL, Beel S, 
Wilhelm S, Gerke V, Ungermann C, Nellist M, Raunser S, Demetriades C, Oeckinghaus A, Kümmel D. 
TSC1 binding to lysosomal PIPs is required for TSC complex translocation and mTORC1 regulation. 
Mol Cell, 81, 2705-2721 (2021) 
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Direct interaction of a chaperone-bound type three secretion substrate with the 
export gate 
 
Dominic Gilzer1, Madeleine Schreiner1, Hartmut H. Niemann1 

1Department of Chemistry, Bielefeld University, Bielefeld, Germany 

dominic.gilzer@uni-bielefeld.de 

Type III secretion systems (T3SS) are molecular assemblies employed by a variety of pathogenic 
gram-negative bacteria to inject effector proteins directly into host cells. The inner membrane-
bound export gate protein SctV is a crucial regulator of protein secretion and recognizes 
substrate:chaperone complexes prior to their secretion [1]. Structurally, SctV family proteins 
contain a large cytoplasmatic domain that has been shown to form cyclic nonamers in vivo. SctX 
is one T3S substrate with an elusive function and unknown structure. Together with its cognate 
chaperone SctY, it binds to the export gate, an interaction essential for the assembly of a 
secretion-competent T3SS. 

We co-crystallized the cytosolic domain of SctV together with SctX:SctY to obtain crystals that 
diffracted to roughly 4 Å. The complex crystallized with 18-fold symmetry by stacking two 
nonameric rings in the asymmetric unit. To enable structure solution, we followed a divide-and-
conquer approach to generate higher resolution models of the subcomplexes. Here, we present 
the structure of both the SctX:SctY complex alone, and bound to the cytosolic domain of the 

export gate SctV. SctX entwines its chaperone 
by binding it at two distinct sites. The C-
terminal helix of SctX is presented by this 
SctX:SctY complex and acts as major 
recognition interface for the export gate SctV. 
In the structure of the ternary complex, this 
helix directly interacts with SctV by inserting 
between neighboring subunits in the 
nonameric SctV ring. This structure represents 
the first instance of a direct interaction 
between a T3S substrate and the export gate, 
as previous structures of ternary flagellar 
export gate:substrate:chaperone complexes 
showed mediation by the chaperone [1]. 
Furthermore, the SctX binding sites on SctV 
have previously been reported as recognition 
sites for flagellar substrate:chaperone pairs or 
the ATPase stalk protein SctO [2] and are as 
such functionally compelling. 

[1] Xing Q, Shi K, Portaliou A, Rossi P, Economou A, 
Kalodimos C. Structures of chaperone-substrate complexes docked onto the export gate in a type III 
secretion system. Nat. Commun., 9, 1773 (2018) 

[2] Jensen J L, Yamini S, Rietsch A, Spiller B W. The structure of the Type III secretion system export gate 
with CdsO, an ATPase lever arm. PLoS Pathog., 16(10): e1008923 (2020) 

 

Fig.  1: Structure of the SctVXY complex viewed from 
the cytoplasmatic face. 
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Structural	biology	of	type	VII	secretion	machines	
	
Nikolaos	Famelis1,2,	Angel	Rivera-Calzada3,	Oscar	Llorca3,	Sebastian	Geibel1,2	
1,	 2	 Institute	 for	 Molecular	 Infection	 Biology	 &	 Rudolf	 Virchow	 Center	 for	 Integrative	 and	
Experimental	Bioimaging,	 Julius	Maximilians	University	Würzburg,	 Josef-Schneider-Str.	 2,	D15,	
97080	Würzburg,	Germany	
	3	 Structural	 Biology	 Programme,	 Spanish	 National	 Cancer	 Research	 Centre	 (CNIO),	 Melchor	
Fernández	Almagro	3,	28029	Madrid,	Spain	
	
Type	VII	 secretion	machines	play	key	 roles	 in	 the	 secretion	of	 effector	proteins	 in	pathogenic	
bacteria	 such	 as	Mycobacterium	 tuberculosis,	 the	 main	 causative	 agent	 of	 tuberculosis.	 This	
pathogen,	still	accounting	for	1.5million	
deaths	 worldwide	 annually,	 relies	 on	
five	 functionally	 distinct	 type	 VII	
secretion	systems	to	survive	in	the	host	
and	 efficiently	 evade	 its	 immune	
response	[1].		
The	 constituents	 of	 type	 VII	 secretion	
machines	 are	 known,	 but	 detailed	
information	about	their	arrangement	in	
the	membrane	has	been	scarce.	Recently,	
we	determined	the	cryo-EM	structure	of	
a	 stable	 core	 complex	 of	 one	 of	 these	
secretion	 nanomachines	 [2]	 revealing	
for	the	first	time	the	intricate	network	of	
interactions	of	different	 components	 in	
the	cytoplasmic	membrane	(Fig.	1).	This	structural	information-	added	to	recent	advances	in	the	
molecular	biology	of	type	VII	secretion	machines	and	its	secreted	effector	proteins-	provided	first	
clues	about	the	inner	working	of	type	VII	secretion	machineries.	In	this	seminar	I	will	present	our	
structural	 model	 of	 the	 mycobacterial	 type	 VII	 secretion	 system,	 highlight	 the	 mechanistic	
implications	of	our	study	and	discuss	two	derived	transport	models,	which	set	up	new	scenarios	
for	targeting	the	deathly	human	pathogen	M.	tuberculosis.	
	
[1]	Rivera-Calzada	A,	Famelis	N,	Llorca,	O	and	Geibel	S	(2021)	Type	VII	secretion	machines:	
structure,	functions	and	transport	models	Nat	Rev	Microbiol.	Sep;19(9):567-584.	doi:	
10.1038/s41579-021-00560-5.	
	
[2]	Famelis	N,	Rivera-Calzada	A,	Degliesposti	G,	Wingender	M,	Mietrach	N,	Skehel	M,	Fernandez-
Leiro	R,	Bötcher	B,	Schlosser	A,	Llorca	O,	Geibel	S	(2019)	Architecture	of	the	mycobacterial	Type	
VII	secretion	system	Nature,	576:321–325	

Fig.	1	Model	of	the	T7SS	core	complex	hexamer	in	the	
inner	mycobacterial	membrane	derived	from	our	
cryo-EM	structure	of	a	dimeric	building	block	[2].		
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Crystal	structure	and	function	of	the	CRISPR-Lon	protease	
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Advanced	 European	 Studies	 and	 Research	 (caesar),	 Ludwig-Erhard-Allee	 2,	 53175	 Bonn,	
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Type	III	CRISPR	defense	systems	can	orchestrate	a	complex	antiviral	response	that	 is	 initiated	
by	 the	 synthesis	 of	 cyclic	 oligoadenylates	 (cOAs)	 upon	 foreign	 RNA	 recognition	 [1].	 These	
second	messenger	molecules	bind	to	the	CARF	(CRISPR	associated	Rossmann-fold)	domains	of	
dedicated	effector	proteins	that	interfere	with	cellular	pathways	of	the	host,	inducing	cell	death	
or	a	dormant	state	of	the	cell	that	is	better	suited	to	avoid	propagation	of	the	viral	attack	[2,3].	
Here,	 we	 report	 the	 crystal	 structure	 of	 CRISPR-Lon,	 the	 first	 cOA	 activated	 protease.	 The	
protein	is	a	soluble	monomer	and	contains	a	SAVED	domain	that	accommodates	cA4.	Further,	we	
show	 that	 CRISPR-Lon	 forms	 a	 stable	 complex	 with	 the	 34	 kDa	 CRISPR-T	 protein.	 Upon	
activation	 by	 cA4,	 CRISPR-Lon	 specifically	 cleaves	 CRISRP-T,	 releasing	 CRISPR-T23,	 a	 23	 kDa	
fragment	 that	 is	 structurally	 very	 similar	 to	 MazF	 toxins	 and	 is	 likely	 a	 sequence	 specific	
nuclease.	Our	results	describe	 the	 first	cOA	activated	proteolytic	enzyme	and	provide	 the	 first	
example	 of	 a	 SAVED	 domain	 connected	 to	 a	 type	 III	 CRISPR	 defense	 system.	 The	 use	 of	 a	
protease	 as	 a	 means	 to	 unleash	 a	 fast	 response	 against	 a	 threat	 has	 intriguing	 parallels	 to	
eukaryotic	innate	immunity.	

	

[1]	 Kazlauskiene,	 M.,	 Kostiuk,	 G.,	 Venclovas,	 Č.,	 Tamulaitis,	 G.	 &	 Siksnys,	 V.	 A	 cyclic	 oligonucleotide	
signaling	pathway	in	type	III	CRISPR-Cas	systems.	Science	357,	605-609	(2017).	

[2]	Meeske,	A.	 J.,	Nakandakari-Higa,	S.	&	Marraffini,	L.	A.	Cas13-induced	cellular	dormancy	prevents	 the	
rise	of	CRISPR-resistant	bacteriophage.	Nature	570,	241-245	(2019).	

[3]	Rostøl,	J.	T.	et	al.	The	Card1	nuclease	provides	defence	during	type	III	CRISPR	immunity.	Nature	590,	
624-629	(2021).	
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The bacterial transcriptional regulator RutR is controlled by lysine acetylation. 
 
Magdalena Kremer, Sabrina Schulze,, Nadja Eisenbruch, Robert Vogt, Leona Berndt, Babett Dörre, 
Britta Girbardt, Felix Nagel, Mihaela Delcea and Michael Lammers 

Institute of Biochemistry, University of Greifswald, Germany, michael.lammers@uni-greifswald.de 

In eukaryotes histone acetylation is known to regulate gene expression. It is less well understood 

how lysine acetylation modulates and regulates gene expression in prokaryotes. Bacteria live in 

rapidly changing environments such as nutrient availability. This requires to precisely sense the 

metabolic state and translate this in altered protein functionalities. Bacteria use one-component 

systems of the TetR family to adjust gene expression programs to dynamic changes in the 

environment, such as nutrient availability . The TetR-family member RutR (pyrimidine utilization 

repressor) is a transcriptional repressor for the rutA-G operon involved in pyrimidine 

degradation. Additionally, RutR indirectly activates transcription of the carAB operon involved in 

pyrimidine biosynthesis [1-3]. Belonging to the TetR-family RutR is structurally composed of an 

N-terminal DNA-binding domain (DBD) encompassing a helix-turn-helix (HTH) motif (2-3) for 

binding to the major groove of the DNA and a C-terminal ligand-binding domain (LBD; 4-9) 

[4,5]. Binding of uracil to this LBD is suggested to stabilize a conformation that is incompatible 

with DNA binding [1]. Recently, RutR was shown to be lysine acetylated at five distinct sites in the 

DBD and LBD [6-9]. However, how lysine acetylation affects RutR function is not known. We 

discovered additional acetylation sites in the unfolded RutR N-terminal tail preceding the DBD. 

Applying genetic code expansion using a synthetically evolved acetyl-lysyl-tRNA-synthetase 

(AcKRS3)/tRNACUA (MbPylT)-pair from Methanosarcina barkeri, we produced site-specifically 

lysine-acetylated RutR proteins in yield and purity suitable for biophysical studies including X-ray 

crystallography [10-13]. We solved a crystal structure of K52-acetylated RutR showing that K52-

acetylation switches-off RutR DNA-binding exerting a steric and electrostatic mechanism. The 

interactions of acetylated RutR-variants with carAB and rutAB dsDNA operator sequences were 

analysed thermodynamically by isothermal titration calorimetry (ITC) and by electrophoretic 

mobility shift assays. For the first time, we applied the genetic code expansion concept in E. coli in 

vivo showing that RutR-acetylation modulates its transcriptional regulator activity. Finally, we 

show that RutR acetylation is catalysed enzymatically by E. coli lysine acetyltransferases and non-

enzymatically by acetyl-phosphate. The sirtuin deacetylase CobB can revert RutR acetylation at 

the functionally important sites. As a model, we conclude that prokaryotes apply lysine acetylation 

of transcriptional regulators as sensors of the cellular metabolic state directly adjusting gene 

expression programs allowing to rapidly adjust to changing environmental conditions. 

 

S.S. and M.L. acknowledge support by DFG under grant LA2984-5/1 (Project: 389564084) and 

LA2984-6/1 (Project: 449703098). 

 
[1.] Nguyen Le Minh, P., de Cima, S., Bervoets, I., Maes, D., Rubio, V., Charlier, D.: Ligand binding specificity 

of RutR, a member of the TetR family of transcription regulators in Escherichia coli. FEBS Open Bio 
5, 76-84 (2015). doi:10.1016/j.fob.2015.01.002 

[2.] Shimada, T., Hirao, K., Kori, A., Yamamoto, K., Ishihama, A.: RutR is the uracil/thymine-sensing master 
regulator of a set of genes for synthesis and degradation of pyrimidines. Mol Microbiol 66(3), 744-
757 (2007). doi:10.1111/j.1365-2958.2007.05954.x 

[3.] Nguyen Ple, M., Bervoets, I., Maes, D., Charlier, D.: The protein-DNA contacts in RutR*carAB operator 
complexes. Nucleic Acids Res 38(18), 6286-6300 (2010). doi:10.1093/nar/gkq385 
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EIGER2 CdTe - Hybrid Photon Counting for a wide range of X-ray energies 
 
Marcus Müller 

DECTRIS Ltd., Baden, Switzerland, marcus.mueller@dectris.com 

Hybrid Photon Counting (HPC) allows for direct detection of X-rays in single-photon counting 

mode. HPC provides a number of benefits such as a sharp point-spread function, the absence of 

detector background, and the potential for high framing rates and excellent quantum efficiency.  

EIGER2 embodies one of the most advanced application specific integrated circuits for HPC, 

providing cutting-edge and unique features. Dual-energy discrimination enables suppression of 

high-energy background from cosmic radiation or higher order harmonics. With a total of four 

digital counters per pixel, simultaneous read-write for high frames rate and optimal duty cycle 

can be used even in combination with dual-energy discrimination. DECTRIS Instant Retrigger 

achieves class-leading count-rate performance and provides best accuracy for measuring high 

intensities as well as superior dynamic range.  

High-Z sensor materials enable high quantum efficiencies for high X-ray energies and are 

essential for bringing the benefits of HPC to hard X-ray applications. With PILATUS3 CdTe, 

DECTRIS pioneered the wide-spread and successful use of HPC technology in hard X-ray 

applications. Now, EIGER2 CdTe gives the hard X-ray community access to the benefits of the 

latest HPC technology.  

This presentation outlines the features and advantages of EIGER2 CdTe and shows examples of 

the benefits of HPC with CdTe sensors.  

 

MS17: Cutting Edge Tools for Crystallography

DGK 2022 Microsymposia

– 95 –



Synergy-ED: Data and results from an electron diffractometer for 3DED 
Christian Schürmann1, Fraser White1, Akihito Yamano1, Sho Ito1, Takashi Matsumoto1, Hiroyasu 

Sato1, Joseph Ferrara2,  Mathias Meyer3,  Michał Jasnowski3, Eiji Okunishi4 and Yoshitaka 

Aoyama4  

1Rigaku Corporation, Haijima, Tokyo, Japan, christian.schuermann@rigaku.com, 2Rigaku 
Americas Corporation, The Woodlands, Texas, USA, 3Rigaku Polska, Wrocław, Poland, 4JEOL Ltd., 
Akishima, Tokyo, Japan 

The study of the structure of single crystals has typically been achieved with X-ray diffraction 

with many decades of progress and research leading to hardware improvements which have 

pushed the limits of the technique. The current generation of home lab instruments allow the 

study of crystals down to about 1 micron in size with sources such as the FR-X, which is a high-

power rotating anode [1].  

In the quest to study even smaller samples than this, single crystal electron diffraction has 

become increasingly popular in recent years [2,3]. As electrons interact more strongly with a 

crystalline sample than X-rays do, the study of samples smaller than 1 micron becomes possible 

and, in fact, necessary. We will present results from the Synergy-ED including those recently 

published. 

 

[1] Matsumoto, T., Yamano, A., Sato, T. et al. "What is This?" A Structure Analysis Tool for Rapid and 
Automated Solution of Small Molecule Structures. J Chem Crystallogr (2020) 

[2] Nannenga, B.L., MicroED methodology and development. Struct Dyn. (2020)  7(1) 
[3] Gruene, T. et al Rapid Structure Determination of Microcrystalline Molecular Compounds Using 

Electron Diffraction Angew. Chem. Int. Ed. (2018) 57(50): 16313–16317   
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The latest X-ray analysis solutions from Anton Paar 
 
Andrew O. F. Jones1, Heike Ehmann1, Andreas Keilbach1, Marius Kremer1, Timo Müller1, Barbara 

Puhr1, Benedikt Schrode1 

1Anton Paar GmbH, Graz, Austria (andrew.jones@anton-paar.com) 

With the recent launch of the XRDynamic 500 automated multipurpose powder X-ray 

diffractometer, Anton Paar has expanded its portfolio of high-performance X-ray analysis 

solutions which also includes SAXS instrumentation, non-ambient XRD attachments, X-ray 

sources, and X-ray optics.  

XRD and SAXS are vital tools to study the atomic and nanoscale structure of materials in both 

fundamental and applied research environments as well as in industrial research and quality 

control areas. The methods are also complementary and can reveal information about the 

crystal structure, phase purity, pore size, specific surface, particle/crystallite size, and more, 

which are fundamental in understanding the physical and chemical properties of a material. 

This contribution will showcase the latest developments from Anton Paar in the fields of XRD 

and SAXS, including application examples to showcase the benefits for laboratory X-ray 

measurements.    

. 
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Capabilities and advanced applications of STOE x-ray diffractometers 
 
Tom Faske1 

1STOE & Cie GmbH, Darmstadt, Germany 

 

STOE has a long-standing tradition in building state-of-the-art x-ray diffractometers that are 

well known for their mechanical stability and flexibility. This allows for routine analyses and 

advanced characterizations to be performed equally well on STOE diffractometers. 

This talk highlights recent advances in instrumentation for STOE’s single crystal and powder 

diffractometers and shows research examples that were limited to large-scale research facilities 

or relied on custom-made solutions in the past but can now be performed in the home-lab an a 

STOE diffractometer. 
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General practices for growing quality single crystals in small-scale parallel 
crystallizers 
 
Dr. Dan G. Dumitrescu1 

1Technobis Crystallization Systems, Alkmaar, Netherlands 

Single crystal X-ray diffraction has been one of the main driving forces for the advancement of 

chemical science in the past 40 years. To date, it is one of the few analytical method which can 

provide molecular structural information at atomic resolution using laboratory scale equipment. 

The method has benefited greatly from improvements in diffraction hardware, better detectors, 

and sensors, as well as from the huge advancements in data processing. This has allowed 

chemists and crystallographers alike to measure smaller crystals with progressively more 

complex asymmetric units.  

One aspect, most often overlooked in chemical crystallography, is the first, and sometimes most 

crucial step of any single crystal X-ray diffraction experiment: obtaining single crystals of 

sufficient quality. Most laboratories dealing with crystalline organics or organometallics rely 

heavily on empirical protocols for obtaining single crystals, such as thermal recrystallization, 

anti-solvent vapor diffusion, slow evaporation, liquid-liquid diffusion etc. 

These empirical single crystal growth protocols have several limitations, in both the number of 

experiments one can reasonably test, the possible experimental conditions attainable, together 

with an overall lack of reproducibility. The problem can be address through a rigorous control of 

the experimental conditions, automation and medium-throughput screening. 

We describe several common single crystal growth methods, together with the chemical rational 

behind them, and how to perform them either by hand or using our small-scale medium 

throughput crystallizers, Crystal16 and CrystalBreeder.[1-3] The methods described were used 

by both the author in an academic context, as well as by several TCS industrial users. The overall 

goal is to provide a versatile toolkit for anyone interested in obtaining organic, organometallic, 

or inorganic single crystals. 

[1] Spingler, B., Schnidrig, S., Todorova, T., Wild, F., Some thoughts about the single crystal growth of small 
molecules, CrystEngComm, 14(3), 751-757 (2012) 

[2] Nievergelt, P., Spingler, B. Growing single crystals of small molecules by thermal recrystallization, a 
viable option even for minute amounts of material?, CrystEngComm, 19(1), 142-147 (2017) 

[3]https://www.crystallizationsystems.com/media/files/applications/Application%20Note%20on%20G
rowing%20Single%20Crystals.pdf  
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The	High-Throughput	Macromolecular	Crystallography	Beamline	P11	

Clemente	 Borges1,	 Spyros	 Chatziefthymiou1,	 Eva	 Crosas2,	 Bernhard	 Kistner,1	 Jan	 Meyer3,	
Guillaume	Pompidor1,	Jialing	Song1,	Helena	Taberman1,	Johanna	Hakanpää1 

Deutsches	Elektronen-Synchrotron	DESY,	1Photon	Science,	2Innovation	and	Technology	Transfer	
(ITT),		3Center	for	Free-Electron	Laser	Science	(CFEL),	Notkestraße	85,	22607,	Hamburg,	

Germany 

Beamline	 P11	 at	 PETRA	 III	 in	 Hamburg	 is	 a	 versatile	 instrument	 for	macromolecular	
crystallography	 (1).	 During	 the	 passed	 two	 years	 the	 beamline	 has	 proven	 very	
adaptable	and	has	changed	its	mode	of	operation	from	fully	onsite	to	almost	exclusively	
remote	operations.	Many	 renovations	were	 required	 to	 achieve	 this	 and	 some	are	 still	
ongoing.	 These	 changes	 have	 allowed	 P11	 to	 operate	 at	 full	 pace	 throughout	 the	
pandemic	and	the	future	developments	aim	to	further	improve	the	user	experience	and	
prepare	the	beamline	towards	PETRA	IV.	

During	2020	we	enabled	user	operations	via	remote	connection	using	FastX	-access	via	a	
dedicated	remote	machine.	Users	were	supported	via	VC,	scienti`ic	accounts	were	taken	
in	use	for	manual	data	processing	and	a	user	wiki	was	established.	In	2021	we	employed	
the	Eiger2	X	16M	as	the	stationary	detector	and	migrated	our	autoprocessing	from	the	
beamline	 to	 the	 dedicated	 P11	 nodes	 at	 the	 central	 computing	 facility,	 Maxwell.	
Additionally	MXCuBE	installation	advanced	to	include	the	control	of	all	hardware	objects	
and	our	user	lab	received	an	OLT	Shifter	for	semi-automated	crystal	mounting.		

Serial	 Synchrotron	 Crystallography	 (SSX)	 with	 tapedrive	 has	 been	 developed	 at	 P11	
within	an	LTP	(2)	and	this	has	stabilised	into	a	setup	that	is	bookable	via	Door	to	all	of	
the	 P11	 user	 community.	 Experiments	with	 external	 users	 took	 place	 in	 2021	 `irst	 as	
mail-in	by	staff	and	`inally	in	December	2021	with	users	onsite.	Currently	another	LTP	is	
ongoing	to	develop	real-time	autoprocessing	for	serial	data	with	CrystFEL	(3).		

In	2022	we	aim	to	employ	MXCuBE	as	our	default	control	software	and	start	the	ISPyB	
integration.	ISPyB	will	track	shipments	and	communicate	the	sample	details	to	MXCuBE,	
as	 well	 as	 act	 as	 a	 data	 archive.	 We	 also	 aim	 to	 establish	 parallel	 autoprocessing	
pipelines	 in	 addition	 to	 the	 currently	 used,	 xdsapp-based	 (4)	 autoprocessing	 and	
implement	strategy	calculation	that	includes	dose	estimate.	Many	of	the	above	software	
developments	 are	 also	 harmonising	 the	 P11	 interfaces	 with	 the	 EMBL	 PETRA	 III	
beamlines,	paving	the	way	to	a	uniform	structural	biology	village	at	PETRA	IV.		

[1]	 Burkhardt	 A.,	 et	 al.	 Status	 of	 the	 crystallography	 beamlines	 at	 PETRA	 III	 Eur.	 Phys.	 J.	 Plus,	 131,	 56	
(2016)	(doi:	10.1140/epjp/i2016-16056-0)	

[2]	 	Beyerlein	KR,	et	al.,	Mix-and-diffuse	serial	synchrotron	crystallography.	IUCrJ	4,	769-777	(2017)	(doi:	
10.1107/S2052252517013124)	

[3]	 White	 TA,	 et	 al.,	 Recent	 developments	 in	 CrystFEL.	 J	 Appl	 Crystallogr	 49,	 680-689	 (2016)	 (doi:	
10.1107/S1600576716004751)	

[4]	 Sparta	 KM,	 Krug	 M,	 Heinemann	 U,	 Müller	 U,	 Weiss	 MS	 XDSAPP2.0	 J.	 Appl.	 Cryst.	 49	 1085-1092	
(doi:10.1107/S1600576716004416)	
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MicroMAX	–	A	flexible	macromolecular	crystallography	beamline	at	MAX	IV	with	
applications	in	serial	and	time-resolved	crystallography	
	
Oskar	 Aurelius1,	 Monika	 Bjelčić1,	 Aleksander	 Cehovin1,	 Manoop	 Chenchiliyan1,	 Ana	 Gonzalez1,	
Ishkhan	Gorgisyan1,	Mirko	Milas1,	Jie	Nan1,	Peter	Sondhauss1,	Meghdad	Yazdi1,	Thomas	Ursby1		

1MAX	IV	Laboratory,	Lund	University,	Lund,	Sweden,	thomas.ursby@maxiv.lu.se	

MicroMAX	 at	 the	 first	 4th	 generation	 storage	 ring	 [1]	 is	 a	 new	 beamline	 providing	 the	
macromolecular	crystallography	field	with	a	new	powerful	tool.	The	main	applications	are	serial	
crystallography,	time-resolved	science	and	micro-crystallography.		

MicroMAX	will	have	different	 sample	delivery	 systems	 for	 serial	 crystallography,	 in	particular	
fixed-target	and	 injector-based	systems	but	will	also	be	 flexible	 to	accommodate	other	setups.	
MicroMAX	will	also	have	a	highly	automated	mode	for	oscillation	data	collection	similar	to	the	
existing	BioMAX	beamline	 [2].	The	beamline	will	use	 the	 same	control	 system,	MXCuBE3,	and	
information	management	system,	ISPyB,	as	BioMAX.	The	setup	will	include	a	chopper	providing	
short	 X-ray	 pulses	 (down	 to	 microseconds)	 and	 instrumentation	 for	 different	 time-resolved	
experiments.	The	detector	stage	will	host	two	area	detectors	including	an	integrating	detector.	

The	 X-ray	 beam	 at	 the	 sample	with	 1013	 photons/second	 in	monochromatic	mode	 (5-25	 keV	
energy	range)	and	up	to	1015	photons/second	using	a	wider	energy	bandpass	mode	(10-13	keV	
energy	 range)	 is	 fed	 by	 a	 156-period	 in-vacuum	 undulator.	 The	 beam	 focusing	 will	 use	
compound	 refractive	 lenses	 with	 final	 focusing	 by	 either	 lenses	 or	mirrors	 to	 give	 a	 focused	
beam	down	to	1	micrometer.		

The	possibility	to	combine	all	these	different	modes	and	instrumentation	in	a	flexible	way	will	
allow	 to	 cater	 a	 wide	 range	 of	 experiments	 in	 structural	 biology	 including	 methods	 not	 yet	
developed.	

MicroMAX	 will	 have	 a	 laboratory	 for	 working	 with	 different	 sample	 environments	 and	 a	
laboratory	 for	 sample	 preparation.	 Additional	 infrastructures	 including	 a	 bio-laboratory	 and	
resources	for	data	handling	and	analysis	are	shared	with	other	beamlines.	The	beamline	has	a	
second	experiment	hutch	that	will	be	taken	in	operation	at	a	later	stage.	It	will	allow	preparation	
of	specialized	setups	while	experiments	are	done	in	the	first	hutch.	

X-ray	 commissioning	 of	MicroMAX	 is	 planned	 to	 start	 in	 2022	 and	 general	 user	 operation	 in	
2023.	

[1]	Tavares,	P.	F.,	Al-Dmour,	E.,	Andersson,	A.,	Cullinan,	F.,	Jensen,	B.	N.,	Olsson,	D.,	Olsson,	D.	K.,	Sjöström,	
M.,	Tarawneh,	H.,	Thorin,	S.	&	Vorozhtsov,	A.	Commissioning	and	 first-year	operational	 results	of	
the	 MAX	IV	 3	GeV	 ring.	 J.	 Synchrotron	 Rad.,	 25,	 1291–1316	 (2018)	
https://doi.org/10.1107/S1600577518008111	

[2]	 Ursby,	 T.,	 Åhnberg,	 K.,	 Appio,	 R.,	 Aurelius,	 O.,	 Barczyk,	 A.,	 Bartalesi,	 A.,	 Bjelčić,	 M.,	 Bolmsten,	 F.,	
Cerenius,	Y.,	Doak,	R.	B.,	Eguiraun,	M.,	Eriksson,	T.,	Friel,	R.	J.,	Gorgisyan,	I.,	Gross,	A.,	Haghighat,	V.,	
Hennies,	F.,	 Jagudin,	E.,	Norsk	Jensen,	B.,	 Jeppsson,	T.,	Kloos,	M.,	Lidon-Simon,	J.,	de	Lima,	G.	M.	A.,	
Lizatovic,	 R.,	 Lundin,	 M.,	 Milan-Otero,	 A.,	 Milas,	 M.,	 Nan,	 J.,	 Nardella,	 A.,	 Rosborg,	 A.,	 Shilova,	 A.,	
Shoeman,	R.	L.,	Siewert,	F.,	Sondhauss,	P.,	Talibov,	V.,	Tarawneh,	H.,	Thånell,	J.,	Thunnissen,	M.,	Unge,	
J.,	Ward,	C.,	Gonzalez,	A.	&	Mueller,	U.	BioMAX	–	the	first	macromolecular	crystallography	beamline	
at	 MAX	 IV	 Laboratory.	 J.	 Synchrotron	 Rad.,	 27,	 1415–1429	 (2020)	
https://doi.org/10.1107/s1600577520008723		

	
MicroMAX	is	funded	by	the	Novo	Nordisk	Foundation	
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The upgrade of ID29 in a Serial  Macromolecular Crystallography Beamlines for
Time-resolved experiments

Daniele de Sanctis

1ESRF – The European Synchrotron, 71 av des Martyrs, 38000 Grenoble, France

The new ESRF Extremely Brilliant Source is paving the way to high energy fourth generation
storage rings. As part of this major upgrade, the ESRF has promoted the construction of four
flagship beamlines that are designed to fully exploit the characteristics of the new source. The
upgrade  of  the  previous  MAD  beamline
ID29  into  a  serial  crystallography
beamlines  for  room  temperature
experiments.  The  optical  layout  is
designed  to  delivered  an  extremely  high
flux at a submicron sample size in order to
study  microcrystals  in  a  variable  sample
environment  that  could  be  adapted  for
different  experiments,  that  includes
injectors, tape drives, fixed target supports
and  microfluidic  devices.  A  double
chopper system produces a pulsed beam
with  exposure  times  in  tens  of
microseconds and it is syncronised with the ESRF storage ring, with the diffractometer, the new
JungFrau 4M adjusting gain integrating detector (Figure 1) and a wide range laser source for
pump-and-probe  experiments.  The  beamline  is  also  completed  by  a  sample  preparation
laboratory that is accessible to the user community. In this talk we will present the beamline
layout, the status of the project along with the initial commissioning results, the scientific scope
and possible applications. The user programme for ID29 will be resumed in Autumn 2022 and
the access mode for beamtimes for users with different familiarity with Serial crystallography
experiments will be presented.
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Facilities	for	Macromolecular	Crystallography	at	the	HZB	
	
Uwe	Mueller,	Tatjana	Barthel,	Christian	G.	Feiler,	Ronald	Förster,	Paula	Fröling,	Christine	Gless,	
Thomas	Hauss,	Michael	Hellmig,	Frank	Lennartz,	Michael	Steffien,	Gert	Weber,	Jan	Wollenhaupt	
&	Manfred	S.	Weiss	

uwe.mueller@helmholtz-berlin.de,	Macromolecular	Crystallography,	Helmholtz-Zentrum	Berlin	
für	Materialien	und	Energie,	Albert-Einstein-Str.	15,	D-12489	Berlin,	Germany	

	
The	Macromolecular	 Crystallography	 (MX)	 group	 at	 the	Helmholtz-Zentrum	Berlin	 (HZB)	 has	
been	in	operation	since	2003.	Since	then,	three	state-of-the-art	synchrotron	beam	lines	(BL14.1-
3)	for	MX	have	been	built	up	on	a	7T-wavelength	shifter	X-ray	source	[1-3].	Currently,	the	three	
beam	 lines	represent	 the	most	productive	MX-stations	 in	Germany,	with	more	 than	3800	PDB	
depositions	 (Status	11/2021).	BLs14.1	and	14.2	are	energy	 tunable	 in	 the	 range	5.5-15.5	keV,	
while	beam	line	14.3	is	a	fixed-energy	side	station	operated	at	13.8	keV.	All	three	beam	lines	are	
equipped	with	state-of-the-art	detectors:	BL14.1	with	a	PILATUS3S	6M	detector,	BL14.2	with	a	
PILATUS3S	2M	and	BL14.3	with	a	PILATUS	6M	detector.	BL14.1	and	BL14.2	are	in	regular	user	
operation	providing	close	to	200	beam	days	per	year	and	about	600	user	shifts	to	approximately	
100	research	groups	across	Europe.	Recently	remote	beamline	operation	has	been	established	
successfully	at	BL14.1	and	BL14.2.	BL14.3	is	equipped	with	a	MD2	micro-diffractometer,	a	HC1	
crystal	dehydration	device	and	a	REX	nozzle	changer	making	 it	suitable	 for	room	temperature	
experiments.	Additional	user	facilities	include	office	space	adjacent	to	the	beam	lines,	a	sample	
preparation	laboratory,	a	biology	laboratory	(safety	level	1)	and	high-end	computing	resources.	
Within	this	presentation/poster	a	summary	on	the	experimental	possibilities	of	the	beam	lines	
and	the	ancillary	equipment	provided	to	the	user	community	will	be	given.	
	
[1]	U.	Heinemann,	K.	Büssow,	U.	Mueller	&	P.	Umbach	(2003).	Acc.	Chem.	Res.	36,	157-163.	
[2]	U.	Mueller,	N.	Darowski,	M.	R.	Fuchs,	R.	Förster,	M.	Hellmig,	K.	S.	Paithankar,	S.	Pühringer,	M.	Steffien,	G.	

Zocher	&	M.	S.	Weiss	(2012).	J.	Synchr.	Rad.	19,	442-449.	
[3]	U.	Mueller,	R.	Förster,	M.	Hellmig,	F.	U.	Huschmann,	A.	Kastner,	P.	Malecki,	S.	Pühringer,	M.	Röwer,	K.	

Sparta,	M.	Steffien,	M.	Ühlein	&	M.	S.	Weiss	(2015).	Eur.	Phys.	J.	Plus	130,	141-150.	
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HiPhaX – A fully automated High-Throughput Pharmaceutical X-ray screening 
endstation at the PETRA-III synchrotron in Hamburg 
 
A. Meents1,2, L. Gumprecht1,2, P. Fischer1,2, J. Meyer1,2, S. Günther1,2, P. Reinke1,2, W. Ewert1,2, J. 

Lieske1,2, S. Falke1,2, T. Pakendorf1,2, V. Hennicke1,2, C. Ehrt3, S. Francoual2
,
 C. Betzel4, M.S. Weiss5, 

M. Rarey3, H.N. Chapman1,2 

1Center for Free-Electron Laser Science CFEL, Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 

22607 Hamburg, Germany; 2Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, 
Germany; 3Universität Hamburg, Zentrum für Bioinformatik, Bundesstraße 43, 20146 Hamburg, 

Germany; 4Universität Hamburg, Department of Chemistry, Institute of Biochemistry and Molecular 

Biology, Martin-Luther-King-Platz 6, 20146 Hamburg; 5Helmholtz-Zentrum Berlin für Materialien und 
Energie, Albert-Einstein-Str. 15, 12489 Berlin, Germany. 

Protein structures are of utmost importance for rational drug design and all major 

pharmaceutical companies have well developed in-house structure-based drug design 

capabilities. A highly successful and increasingly popular approach is X-ray screening of 

fragment libraries and recently also more complex compound libraries to identify compounds 
that can serve as starting points for drug discovery, as an alternative or complement to purely 

biochemical and biophysical high-throughput screening approaches [1]. A clear advantage of X-

ray screening over other techniques is that it provides 3D structural information about the 
interaction and binding modes on an atomic level, which allows direct use of the results for 

subsequent computational fragment extension and compound optimization procedures. There 

are three major limitations today hindering the full exploitation of X-ray screening in drug 
discovery; the manual intervention required in the handling of crystals and X-ray data collection 

procedures which severely limit the throughput, and the challenges associated with expanding 

initial hits into highly potent and selective lead compounds.  

To overcome these limitations DESY - 

together with collaboration partners - is 

building a new instrument for 
macromolecular crystallography exclu-

sively dedicated to high-throughput X-ray 

fragment and compound screening. The 

goal of the project is to develop a fully 

automated endstation with the capability 

of determining more than 1000 protein 
structures per 24 hours.  The beamline 

will operate at a fixed energy of 16 keV 

and will be equipped with an Eiger 2 4M 

CdTe detector. Special care will be taken 

to provide very low background scattering 

levels. For highest-throughput sample holders with multiple crystals will be supported. The 
storage Dewar will provide space for more than 500 sample holders. We aim at developing fully 

autonomous beamline operation, which does not require human intervention. To reach this goal 

we will implement fully automatic X-ray based crystal identification and centering as well as AI 
supported data collection and data analysis. The beamline will be open for both academic and 

industrial users and user operation is expected to commence in 2023.   

      
 [1] Günther, S. et al. X-ray screening identifies active site and allosteric inhibitors of SARS-CoV-2 main protease. Science 

eabf7945 (2021). 

 

Figure 1: Proposed design of the HiPhaX instrument at 

beamline P09 at the PETRA-III storage ring in Hamburg. 
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Rim-functionalized Pillarplexes: Shape-Adaptive Metallocavitands via 
Modification of Macrocyclic NHC Ligands 
 
Shengyang Guan1, Thomas Pickl1, Christian Jandl1, Leon Schuchmann1, Xiaoyu Zhou1, Philipp J. 
Altmann1 and Alexander Pöthig1 

1 Catalysis Research Center & Department of Chemistry, Chair of Inorganic and Metal-Organic 
Chemistry, Technische Universität München, Ernst-Otto-Fischer Str. 1, D-85748 Garching b. 
München, Germany, alexander.poethig@tum.de 

A new class of metallocavitands [1] is introduced: 

Triazolate-based pillarplexes [2], supramolecular 

organometallic complexes (SOCs) [3] featuring a 

shape-adaptive tubular pore. Following a 

macrocycle-templated synthesis strategy (Figure 

1), a hybrid imidazolium/triazole cyclophane of 

defined ring size was used as ligand precursor, 

serving also as a supramolecular element, as 

recently defined by Schmidt and Würthner [4], in 

the subsequent SOC self-assembly. The new 

pillarplexes in part behave similar to previously 

reported pyrazolate-based congeners [5], e.g., 

regarding luminescence or host–guest properties. In contrast, crystallographic analysis revealed 

the above-mentioned, unprecedented shape adaptive behaviour for the Au(I) complex in the 

solid-state. The latter is caused by the additional nitrogen atoms being present in the rim, 

lowering the steric demand in the rim of the cavitand. Additionally, complementary hydrogen 

bonding between the cationic complexes is observed in the crystal structure, proving that the 

rim modification not only modulates the flexibility of the cavitand but is also a tool to introduce 

further functionality into the SOC. 

 

 
[1] P. D. Frischmann and M. J. MacLachlan, Chem. Soc. Rev., 2013, 42, 871-890. 
[2] S. Guan, T. Pickl, A. Pöthig et al., Org. Chem. Front., 2021,8, 4061-4070. 
[3] A. Pöthig and A. Casini, Theranostics, 2019, 9, 3150-3169. 
[4] H. W. Schmidt and F. Würthner, Angew. Chem. Int. Ed., 2020, 59, 8766-8775. 
[5] P. J. Altmann and A. Pöthig, J. Am. Chem. Soc., 2016, 138, 13171-13174. 
 

A.P. acknowledges support by Fonds der Chem. Industrie and DFG (grant number SPP 1928).  

Fig 1 Macrocyclic templation strategy of pillarplexes.  

Fig 2 Schematic illustration of: Left – constituation of triazolate pillarplexes. Middle – shape adaptivity of the 

cavitand portal. Right – complementary hydrogen bonding leading to self-assembly in the solid-state. 
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Lattice modification and morphological control of halide substituted yqt-type 
zeolitic imidazolate frameworks Zn3mim5X, with X = Br, Cl, F or OH 
 
Sebastian Bette1, Stephan Glante2, Dorothea Wisser2, Martin Hartmann2, Markus Joos1, Robert E. 
Dinnebier2 

1Max Planck Institute for Solid State Research, Heisenbergstraße 1, 70569 Stuttgart, Germany, 
S.Bette@fkf.mpg.de 2Erlangen Center for Interface Research and Catalysis, Friedrich-Alexander-
Universität Erlangen-Nürnberg, Egerlandstraße 3, 91058 Erlangen, Germany,  

Zeolitic Imidazolate Frameworks (ZIFs) are a large subgroup of metal-organic frameworks, 

which has been studied for almost 90 years. In this study, we describe the synthesis of ZIF 

phases showing an yqt type framework by the reaction of methyimidazole (Hmim) with a zinc 

salt in aqueous solution. The use of different zinc salts like acetates, nitrates, chlorides, fluorides, 

bromides, iodides and sulfates does not only lead to different morphologies (Fig. 1, a, b) but also 

to different products:  Zn3mim5XH2O · n H2O with x = Br, Cl and α-Zn3mim5X with x = F, OH [1, 2]. 

By thermal dehydration of the hydrated ZIF phase, a series of isostructural compounds, α-

Zn3mim5X with x = Br, Cl, F or OH was obtained. The crystal structures were solved ab initio from 

X-ray powder diffraction (XRPD) data and the products studied by vibrational and solid state 

NMR spectroscopy. In all structures, zinc exhibits a tetrahedral coordination (Fig. 1, c, d) and 

forms an yqt net. Inorganic anions are incorporated into this net as Zn-X-Zn bridges (Fig. 1, e, red 

bonds) and show a major impact on the reversible de- and rehydration behavior, as well as on 

the thermal expansion. The latter property is mainly governed by the bending of the Zn-X-Zn 

bridge. Within the series of isostructural, anhydrous yqt-type ZIF compounds, only the chloride 

containing phase, which shows strongest anisotropic thermal expansion exhibits two 

polymorphs: α- and β-Zn3mim5Cl (Fig. 1, f), the α- form showing a bent and the β-form a linear 

Zn-X-Zn bridge. In conclusion, although the inorganic anion X is only a minor component in the 

sum formula of the investigated ZIF phases, it has a major impact on the properties, which opens 

up new perspectives for crystal engineering of these materials.     

 
Fig 1. SEM images of (a) Zn3mim5ClH2O · 0.74 H2O and (b) Zn3mim5(F0.33[OH]0.67), (c), (d) Coordination 
spheres of the zinc cations in the crystal structures of α-Zn3mim5X compounds, (e) underlying connected tfa-c 
nets forming an yqt1 net, (f) evolution of the lattice parameters during heating and cooling of Zn3mim5Cl 

 [1] Glante S, Bette S, Gallo G, Dinnebier RE, Hartmann M. Crystal structure and de- and rehydration 
behavior of two new chloride-containing Zeolitic Imidazolate Frameworks. Cryst. Growth & Design, 
19, 4844-4853 (2019) 

 [2] Glante S, Wisser D, Hartmann M, Joos M, Dinnebier RE, Bette S. Lattice modification and morphological 
control of halide substituted yqt-type zeolitic imidazolate frameworks Zn3mim5X, with X = F, Br, Cl 
or OH. in preparation (2022)   
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Microstructure of LaMO3 perovskites (M=Ni,Co,Fe) 
 
Simone Gallus1, Eko Budiyanto1, Claudia Weidenthaler1 

1Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany 
gallus@mpg-muelheim.mpg.de 

Perovskites have been a research topic of huge interest for a long time due to their variability in 
composition and crystal structures. Depending on these factors, they can display a wide range of 
material properties [1], which make them highly interesting for various applications. In order to 
enable a prediction of their material characteristics, it is essential to analyze the 
structure-property relationship by describing the crystal structures in detail. 

In our research we have synthesized LaMO3 perovskites with M=Ni,Co,Fe via incipient wetness 
impregnation of mesoporous carbon spheres and subsequent sintering [2]. The aim of this work 
is to describe the microstructure of our perovskites in detail and to set up a structural model 
deviating from the so far published ideal crystal structure if necessary. Analysis via transmission 
electron microscopy enabled the identification of Ruddlesden-Popper (RP) faults in the case of 
the LaNiO3 sample. These [LaO]-[LaO] shear faults have been reported in the past to be present 
in LaNiO3 thin films grown on various substrates [3, 4]. Based on that a Rietveld refinement of 
synchrotron powder diffraction data 
(beamline P02.1, PETRA III, DESY) was 
performed with a phase combination of the 
ideal crystal structure, space group R-3cH, 
and a stacking fault model based on its 
superstructure, space group Pm-3m (Fig. 1). 
This shows that large parts of our LaNiO3 
sample are still undistorted, while some 
areas show a significant amount of RP 
stacking faults. In addition, the local 
structure of the perovskites was 
investigated by neutron and synchrotron 
total scattering experiments and subsequent 
pair distribution function analysis, which 
supports the previously obtained results.  

[1] Mao Y, Zhou H, Wong S S. Synthesis, Properties, and Applications of Perovskite-Phase Metal Oxide 
Nanostructures. Mater. Matters, 5, 50-57 (2010). 

[2] Schwickardi M, Johann T, Schmidt W, Schüth F. High-surface-area oxides obtained by an activated 
carbon route. Chem. Mat., 14, 3913-3919 (2002). 

[3] Bak J, Bae H B, Kim J, Oh J, Chung S-Y. Formation of Two-Dimensional Homologous Faults and Oxygen 
Electrocatalytic Activities in a Perovskite Nickelate. Nano Lett., 17, 3126-3132 (2017). 

[4] Bak J, Bae H B, Oh C, Son J, Chung S-Y. Effect of Lattice Strain on the Formation of Ruddlesden-Popper 
Faults in Heteroepitaxial LaNiO3 for Oxygen Evolution Electrocatalysis. J. Phys. Chem. Lett., 11, 
7253-7260 (2020). 
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Influence of radiation damage on the crystal structure of monazite  
 
Julien Marquardt1, Lkhamsuren Bayarjargal1, Eiken Haussühl1, Christina Trautmann2, 

Lars Peters3, Björn Winkler1 

1Institute of Geoscience, Johann Wolfgang Goethe-University Frankfurt am Main, 
marquardt@kristall.uni-frankfurt.de, Germany, 2GSI Helmholtz Centre for Heavy Ion Research 
and Technische Universität Darmstadt, Germany, 3Institute of Crystallography, RWTH Aachen 
University, Germany 

The safe disposal of nuclear waste is an intergenerational issue which needs to be addressed. The 
incorporation of radionuclides into crystalline solid phases is a potentially efficient mechanism 
for immobilizing radionuclides in future radioactive waste repositories. In particular, the 
immobilization of specific waste streams containing the minor actinides (Np4+, Am3+, Cm3+) or 
plutonium (Pu3+,4+), by incorporation of the radioactive nuclei into crystalline solid phases may be 
advantageous compared to glass matrices, which may be less resistant to leaching and 
disintegration [1-3]. Monazite-type compounds are considered suitable due to their chemical and 
structural flexibility and radiation stability [4].  
 
In order to better understand structural 
changes due to radiation damage, monazite 
single crystals with different chemical 
compositions (Nd, Pm, Sm)PO4 were 
irradiated at the UNILAC beamline of GSI 
Helmholtzzentrum Darmstadt using 1.7GeV 
Au ions and a fluence of 1e13 ions per cm2. 
Subsequently, the single crystals were 
characterized by Raman spectroscopy, 
secondary electron microscopy and single 
crystal X-ray diffraction. The obtained results, 
e.g. the penetration depth of the ions, are 
compared with results of numerical SRIM 
(Stopping and Range of Ions in Matter) 
calculations [5].  
The irradiation of monazite with 1.7GeV Au ions results in an embrittlement of the crystals and 
the formation of a glassy X-ray amorphous surface layer of about ~55µm thickness (Figure 1), 
which correlates well with the projected range from the SRIM-2010 calculations [5]. The 
irradiation results in a significant broadening of the Raman modes, and further changes in the 
lattice dynamics. The analysis of diffraction data obtained from the irradiated samples is currently 
in progress. 
 
[1] Donald, I. W., Metcalfe, B. L., & Taylor, R. J. (1997). The immobilization of high level radioactive wastes 

using ceramics and glasses. Journal of materials science, 32(22), 5851-5887. 
[2] Ewing, R. C. (1999). Nuclear waste forms for actinides. Proceedings of the National Academy of Sciences, 

96(7), 3432-3439.  
[3] Lumpkin, G. R. (2006). Ceramic waste forms for actinides. Elements, 2(6), 365-372. 
[4] Schlenz, H., Heuser, J., Neumann, A., Schmitz, S., & Bosbach, D. (2013). Monazite as a suitable actinide 

waste form.  
[5] Ziegler, J. F., Ziegler, M. D., & Biersack, J. P. (2010). SRIM–The stopping and range of ions in matter (2010). 

Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials 
and Atoms, 268(11-12), 1818-1823. 

 
J.M. acknowledges support by the BMBF under project number 02NUK060E. L.P. acknowledges 
support by the BMBF under project number 02NUK060B. 

Figure 1 Cross section of irradiated NdPO4 

irradiated with 1.7 GeV Au ions showing the 

amorphization of a ~55µm surface layer  
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In-situ recrystallization of elastically bendable cocrystals of caffeine post partial 
desolvation 
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Tolkiehn3, Andrzej Grzechnik1, Lars Peters1 
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2Forschungszentrum Jülich GmbH, Jülich Centre for Neutron Science JCNS, Germany, 3Deutsches 
Elektronen-Synchrotron, Germany 

The system of 1:1:1 cocrystal solvate of caffeine, 4-chloro-3-nitrobenzoic acid and methanol is 

the first reported example of molecular crystal that exhibits reversible elastic flexibility [1]. The 

compound crystallizes in orthorhombic space group symmetry Fdd2 [T = 100 K: a = 32.784(9) Å, 

b = 55.541(15) Å, c = 3.9564(12) Å, V = 7191(4) Å3]. Elastic bending in these crystals has been 

determined to be governed by changing distances between molecules within stacks and 

molecular rotations [2]. The crystals have been demonstrated to lose flexibility at high 

temperatures which is attributed to partial loss of solvent from their structure (irreversible 

phase transformation at Tc = 388 K) [1]. While combination of weak dispersive interactions viz. 

C–H ···O hydrogen bonds, π-stacking and van der Waals forces between pseudo spherical 

functional groups aids flexibility, permanent plastic deformation in these crystals has been 

argued to be prevented by “interlocking”/ steric barriers in the supramolecular architecture 

[1,2]. 

High temperature in-situ powder X-ray diffraction studies confirm the phase transformation 

around Tc.   Upon cooling down to room temperature, long acicular crystals were observed after 

few days. These crystals demonstrate excellent elastic flexibility. Single crystal X-ray diffraction 

experiments employing synchrotron radiation revealed that the in-situ recrystallized crystals 

have identical space group symmetry but a unit cell volume significantly larger than as grown 

crystals [T = 100 K: Vin-situ =   7444.7(3) Å3]. Interestingly, the large a and b axes are found to be 

slightly shorter as compared to the as grown crystals while the significantly larger c-axis [= 

4.15160(10) Å] accounts for such increased unit cell volume of the regrown crystals. 

Here we present the atomic level studies of the regrown crystals in comparison to the as grown 

crystals. The reversibility post partial desolvation is governed by the re-inclusion of methanol 

albeit different electron counts at the site of the solvent that is suggested to be ~ 1.3-1.4 times 

larger than the as synthesized crystals from structure refinements. Increased content in the 

structure enhances the solvent channels that concomitantly result in larger distances between 

molecules within stacks thus stabilizing the lattice with a larger c-axis. The apparent 

reconstruction of the molecular stacks is accompanied by tilting of the molecules and 

reorientation between hydrogen bonded tapes different to as synthesized crystals. While in the 

present case, inherent disorder of the solvent possibly aids in such inclusion of molecular 

entities, such in-situ recrystallization could be employed to manipulate overall structure to tune 

in variable and/or revive mechanical response in molecular crystals. 

[1] Ghosh S, Reddy C. M. Elastic and bendable caffeine cocrystals: Implications for the design of flexible 
organic crystals. Angew. Chem. Int. Ed., 51, 10319-10323 (2012) 

[2] Thompson A. J., Price J. R., McMurtrie J. C., Clegg J. K. The mechanism of bending in co-crystals of 
caffeine and 4-chloro-3-nitrobenzoic acid. Nat. Commun., 12, 5983, (2021) 

 

S. D. acknowledges support by Alexander von Humboldt foundation. 

MS19: Solid State and Materials Chemistry II

DGK 2022 Microsymposia

– 109 –



 
 
 
Noble X-rays: choosing the correct X-ray wavelength for the best single-crystal structures 
 
M. Adam (Bruker) 
 
Continuous development in microfocus sources means that this technology remains the most versatile 
and widely used for single crystal X-ray diffraction. Small, high intensity beams of several wavelengths 
allow the crystallographer to match the experimental demands and ensure that the most accurate 
structures can be obtained from a variety of crystal types. We will briefly discuss how selection of the 
appropriate source wavelength influences the data quality and measurement times. 
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A new home for three versatile powder diffractometers - the optimized thermal 
beamport SR8 at the research neutron source Heinz Maier-Leibnitz (FRM II) 
 
Christoph Hauf1, Milan Grujovic1, Michael Heere1,2, Anatoliy Senyshyn1, Wiebke Lohstroh1 

1Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM II), Garching, Germany, 
christoph.hauf@frm2.tum, 2 Institute for Applied Materials—Energy Storage Systems (IAM-ESS), 
Karlsruhe Institute of Technology (KIT), Eggenstein, Germany 

The neutron powder diffractometer SPODI, currently located at the thermal beamport SR8a, is 

one of the most active instruments at the research neutron source Heinz Maier-Leibnitz[1]. 

However, the demands of the user community far exceed the available beam time. Therefore, the 

thermal beamport SR8 will be completely rebuilt in the coming year to allow the simultaneous 

operation of the three independent monochromatic powder diffractometers SPODI, FIREPOD 

and ERWIN. Due to the unique characteristics of each instrument, which will be presented in 

detail, the new beamport SR8 will be able to cater for a wide range of experimental demands.  

             SPODI (yellow in Fig. 1) is going to 

remain the high-resolution option in this suite of 

instruments. Monte-Carlo simulations with 

McStas 2.7 [2] reveal that due to state-of-the-art 

supermirror guides with optimized geometries 

in the new beamport, SPODI will feature a 20% 

increase of the neutron flux, while fully retaining 

its characteristic flat resolution curve with 

typical small FWHMs of below 0.35°. Careful 

Monte-Carlo simulations show that the neutrons 

transmitted through the SPODI Ge(551) 

monochromator can be efficiently re-utilized by 

the powder diffractometer FIREPOD (orange in 

Fig. 1) in simultaneous operation at the 

beamport SR8a.  

FIREPOD is currently transferred from the BER-II at the Helmholtz Zentrum Berlin.  With a 

planned neutron flux of 2*107 n/s cm2 – one order of magnitude more than SPODI – and its eight 

large area detectors (DENEX 300TN), FIREPOD will be a dedicated  high throughput instrument, 

ideally suited for a broad range of fast parametric studies. Finally, ERWIN (red in Fig. 1) will 

complement the current single crystal option RESI on the port SR8b. It is characterized by a 

large curved 2D multiwire proportional chamber detector with a virtually seamless 2θ coverage 

of ~135° and a choice of three different monochromators [3]. A HOPG monochromator allows a 

high flux option with 5*107 n/s cm2, while a Ge(511) monochromator can be  utilized for a high 

resolution setup. Lastly, the current single crystal option RESI with a short wavelength of 0.1 nm 

will be retained with full functionality, while taking advantage of the larger detector. 

[1] Hoelzel M, Senyshyn A, Juenke N, Boysen H, Schmahl W, Fuess H. High-resolution neutron powder 
diffractometer SPODI at research reactor FRM II. Nucl. Instrum. Methods, 667, 32-37 (2012) 

[2] Willendrup P, Farhi E,  Knudsen E, Filges U, Lefmann K, Journal of Neutron Research, 17, 35-43, (2014) 
[3] Heere M, Muehlbauer M, Schoekel A, Knapp M, Ehrenberg H, Senyshyn A, Energy research with 

neutrons (ErwiN) and installation of a fast neutron powder diffraction option at the MLZ. J. Appl. 
Cryst, 51, 591–595 (2018) 
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Linking Diffraction Techniques with XRF and XAS Spectroscopy at the German CRG 
Beamline ROBL / ESRF 
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1Helmholtz-Zentrum Dresden-Rossendorf, Institute of Resource Ecology, 01328 Dresden, 
Germany, 2Rossendorf Beamline (BM20) at ESRF, 38000 Grenoble, France, 3email:hennig@esrf.fr 

The recent upgrade of the Rossendorf Beamline [1] at ESRF allows simultaneous collection of 

diffraction and spectroscopy (XRF and XANES). A 6-circle Huber diffractometer (XRD1) with 

Eulerian cradle geometry is used for high-resolution powder diffraction and surface diffraction 

(Fig. 1, left). The powder diffraction module uses an Eiger CdTe 500k detector, the surface 

diffraction module is equipped with a Pilatus Si 100k detector. PXRD data suitable for Rietveld 

refinement can be collected between 10 and 31 keV in an 2θ angular range of 0-65°. The Bragg 

reflexes in PXRD are extracted by radial integration using a modified pyFAI code [2]. Diffraction 

measurements can be combined with XRF and XAS spectroscopy using a single-element Si drift 

detector (Vortex X90 CUBE, 1mm SDD, 25 mm Be window) with a FalconX1 processor.  

 

Fig. 1. The two diffractometers at ROBL: XRD1 (left) and XRD2 (right) 

The second diffractometer (XRD2, Fig. 1 right) consists of a heavy optical bench with an 

exchangeable goniometer and a Pilatus3 X 2M detector. It is used for single crystal diffraction 

and in situ or operando powder diffraction. Devices for non-ambient sample conditions are a hot-

air blower (RT-1100K), a heating chamber (RT-1470K), and a LN2 cryostream (90-400K). This 

diffractometer is controlled with the Pylatus software [3]. The single crystal data extraction is 

performed with CrysAlisPro [4]. The Si drift detector can be placed in different positions to 

combine diffraction with XRF and XAS measurements. We will present some recent results to 

demonstrate the experimental opportunities.  

 [1] Scheinost A C et al. ROBL-II at ESRF: a synchrotron toolbox for actinide research. J. Synchrotron Rad., 
28, 333-349 (2021) 

[2] Kieffer J, Valls V, Blanc N, Hennig C. J. New tools for calibrating diffraction setups. Synchrotron Rad., 27, 
558-566, (2020)  

[3] Dyadkin V, Pattison P, Dmitriev V, Chernyshov D. A new multipurpose diffractometer PILATUS @ 
SNBL. J. Synchrotron Rad. 23, 825-829, (2016) 

[4] CrysAlisPro Software System, Rigaku Diffraction (http://www.rigaku.com).  
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Operando diffraction studies of mechanocatalytic reactions: challenges, technical 
developments and scientific insights 
 
Hilke Petersen1, Tobias Rathmann1, Wolfgang Schmidt1, Martin Etter2, Claudia Weidenthaler1 

1Max-Planck-Institut für Kohlenforschung, 45470 Mülheim an der Ruhr, weidenthaler@mpi-
muelheim.mpg.de, Germany, 2Deutsches Elektronen Synchrotron (DESY) P02.1 PETRA III, 22607 
Hamburg, Germany 

During the last decades, mechanochemistry has become a very promising alternative to 
conventional syntheses, especially concerning sustainability and environmental friendliness. 
Further advantages are the option to obtain metastable products and/or enable the mechanical 
activations of solid catalysts. In previous studies, high catalytic activities were observed during 
ball milling under CO oxidation reaction conditions without any optimization of the catalysts [1]. 
Through collision between the catalysts and the milling media, reactive surfaces and defects are 
generated. In addition, crystallite sizes decrease and crystal morphologies of the catalysts may 
change. In situ X-ray powder diffraction is an appropriate tool to gain new insights into the 
processes taking place during mechanochemistry/mechanocatalysis. However, commercial 
milling vessels are solid and usually have thick walls made of stainless steel. This does not allow 
any diffraction experiments. As an alternative, vessels made of polymers can be used which 
allow the X-ray beam to penetrate. However, our studies show that polymer vessels are only 
suitable for the synthesis of soft matter such as MOFs or organic co-crystals but not for the 
synthesis of hard materials or catalytic reactions. In this contribution, we report on the technical 
challenges in developing milling equipment suitable for in situ diffraction experiments [2]. The 
setup was installed on the P02.1 beamline at PETRA III (DESY, Hamburg). The milling vessel has 
X-ray transparent windows and a gas supply system. The gas outlet of the vessel is connected to 
a mass spectrometer/gas chromatograph, which makes it possible to perform online gas 
analysis. 

Three examples for the successful development and implementation of the in situ 
mechanochemical setup for synchrotron sources will be discussed:  

(a) Phase transformation of boehmite (γ-AlOOH) into corundum (α-Al2O3) [2] 

(b) The frequency-dependent direct synthesis of ZnS from its elements [3] 

(c) The mechanochemical activation of Au@Fe2O3 for the oxidation of CO [4] 

[1] Immohr S, Felderhoff M, Weidenthaler C, Schüth F. An Orders-of-Magnitude Increase in the Rate of the 
Solid-Catalyzed CO Oxidation by In Situ Ball Milling. Angew. Chem. Int. Ed., 52, 12688-12691 (2013) 
[2] Rathmann T, Petersen H., Reichle S., Schmidt W, Amrute AP, Etter M, Weidenthaler C. In situ 
synchrotron x-ray diffraction studies monitoring mechanochemical reactions of hard materials: 
Challenges and limitations Rev. Sci. Instrum. 92, 114102 (2021) 
[3] Petersen H, Reichle S, Leiting S, Losch P, Kersten K, Rathmann T, Tseng JC, Etter M, Schmidt W, 
Weidenthaler C, In Situ Synchrotron X-ray Diffraction Studies of the Mechanochemical Synthesis of ZnS 
from its Elements, Chem. Eur. J., 27, 1–9 (2021) 
[4] Petersen H, De Bellis J, Leiting S, Schmidt W, Schüth F, Weidenthaler C: in preparation 
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Using the amide I band, infrared spectroscopy can give information on the fold of the protein and also 

allows to follow aggregation phenomena. Small angle neutron scattering also reports on the global 

structure of proteins in solution and can give information on the shape of growing aggregates or 

folded proteins in solution.  

In the framework of the BMBF-funded project "Neut-IR", we would like to explore the capabilities of 

quantum cascade lasers (QCLs) for the combination of small angle neutron scattering with infrared 

spectroscopy. Their advantages are superior Gaussian beam characteristics and a higher spectral 

density as compared to the glow bar infrared light sources of the Fourier-transform infrared 

spectrometer (FTIR). Their disadvantage is the more complicated pulsed mode of operation and the 

limited spectral width they can cover.  

As a first scientific sample, the effect of a pH drop on protein aggregation and amyloid like structure 

formation in insulin is investigated. Insulin is a peptide hormone, secreted in ß-cells of the pancreatic 

islets. Insulin was dissolved in a phosphate buffer, where the pH was adjusted to 2. At room 

temperature the sample was pumped through varying combinations of flow through cells of the FTIR 

spectrometer, the QCL, the UV-Visible spectrophotometer and the static light scattering device. 

Thereby we could follow the amyloid like structure formation on the very same sample using many 

different techniques in parallel. The initial result related to the amyloid like structure formation, 

obtained by FTIR measurements is shown in Figure 1. As seen, the amyloid formation peak can be 

observed at 1627 cm-1. Furthermore, a peak near 1650 cm-1 is due to the amide I vibration. 

 

 
Figure 1: FTIR measurement for human insulin at pH = 2 with a phosphate buffer of 200 mM. 
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Magnetic spin dynamics in Mn-hureaulite 
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A hureaulite-type synthetic compound, Mn2+5(PO4)2(PO3(OH))2(HOH)4 undergoes complex 
magnetic phase transitions. At 6.17 K, the paramagnetic (PM) phase (space group: C2/c) 
transforms to inherit a ferrimagnetic (FM) order (magnetic space group: C2’/c’), followed at 1.86 
K by an incommensurately modulated antiferromagnetic (AFM) order (magnetic superspace 
group: P21/c.1’(α0γ)00s with the propagation vector k(0.523(2), 0, 0.055(1)) [1]. In the FM 
state, AFM interactions are dominant for both intra and inter pentamers of Mn2+(O, HOH)6 
octahedra. Differently aligned spin-canting sublattices at three unique Mn sites in the FM phase 
explains a weak ferromagnetism in the title compound. More interestingly, magnetic spin-
canting reorientations continuously proceed below the Curie temperature (Tc = 6.17 K), e.g. at 6.1 
K, all three Mn sites exhibit large values for magnetic moments in a direction, but at 3.4 K in c 
direction (Fig. 1).  
This vivid spin dynamic system could be confirmed by alternating current magnetic 
susceptibility (χac) at Hac = 5 Oe within a frequency (f) window of 10-10000 Hz. In Fig. 2, the 
acquired χac spectra demonstrate high and complex dynamics in the whole temperatures (T) 
covering all PM/FM/AFM regions. The presence of the out-of-phase part χ’’ac  > 0 below Tc agrees 
with a strong (T, f)-dependent reorientations of magnetic spins. Around Tc, as frequency increases, 
χ’ac decreases, but χ’’ac increases and shifts to higher temperatures. A minimum of in the real part 
(χ’ac) at 5.28 K shifts to lower temperatures at elevated frequencies. Both χ’ac and χ’’ac below 2.6 K 
show two extremely different tendencies below and above 2500 Hz. More details of these vital 
magnetic spin dynamics are reported at the meeting DGK 2022.     

 [1] Park, S.-H. Hartl, A., Sheptyakov, D, Hoezel, M., Arauzo, A. Structural Investigation into Magnetic Spin 
Orders of a Manganese Phosphatic Oxyhydroxide, Mn5[(PO4)2(PO3(OH))2](HOH)4. Symmetry 2021, 13(9), 
1688 (pp18).  
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As potassium calcium silicates play an important role in several residual materials including 

ashes from biomass combustion, the oxide system K2O-CaO-SiO2 (KCS) has been in the focus of 

attention for a long time. A better understanding of the chemical and physical properties of these 

residual materials is demanded to reduce or – even better – prevent serious problems in the 

combustion chambers such as slagging, corrosion or fouling, which can in the worst-case lead to 

a complete shutdown of the biomass energy plant.  

In case of the K2O-CaO-SiO2 system, where 

experimental data are difficult to be obtained due 

to volatility of potassium, hygroscopicity or high 

viscosity of the silicate melts, performing 

accurate thermodynamic modeling using the 

semi-empirical CALPHAD technique is very 

helpful in predicting the behavior of potassium 

calcium silicates at high temperatures. Therefore, 

not only the knowledge of all existing binary and 

ternary phases of this system together with their 

chemical composition is required, but also 

information about their thermodynamic 

properties, such as heat capacity and melting 

points. For polymorphs, in particular, it is necessary to clarify their structural features and their 

stability ranges concerning temperature. In a previous series of experiments to decipher the 

number of existing ternary phases, we proved the presence of K4CaSi6O15 as a stable compound 

at ambient conditions and solved its crystal structure [1]. Recently, we further revealed that the 

compound undergoes two structural phase transitions with increasing temperature (Fig. 1). 

In the present study, monocrystalline K4CaSi6O15 was prepared from solid-state reactions 

between stoichiometric mixtures of the corresponding oxides/carbonates. The compound was 

characterized by single-crystal X-ray diffraction between ambient temperature and 1063 K. Heat 

capacity measurements indicated that two thermal effects occurred at about T1=462 K and 

T2=666 K. For the high-temperature phase, basic crystallographic data were determined at 773 

K: monoclinic symmetry, space group P 21/c, a = 6.6494(4) Å, b = 9.2340(5) Å, c = 12.2954(6) Å, 

β = 93.639(3)°, V = 753.42(7) Å3, Z  = 2. Diffraction data collected between T1 and T2 show 

satellite reflections, which suggest that the phase is 3+2-dimensionally modulated. The satellites 

can be indexed with two additional vectors: q1 = (0.057, 0.172, 0.379) and q2 = (-0.057, 0.172, -

0.379). 

 [1] Hang L., Hildebrandt E., Krammer H., Kahlenberg V., Krüger H., Schottenberger H. K4CaSi6O15—Solving 
a 90-year-old riddle. J. Am. Ceram. Soc., 104, 6678-6695 (2021) 
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In this communication, oleic acid-coated CoFe1.6Er0.1Gd0.2Sm0.1O4 nanoparticles were prepared by 

coprecipitataiton method in one step for the first time. The cationic distribution among tetrahedral 

and octahedral sites of Co2+ and Fe3+ was determined by the Rietveld method and the inversion 

degree represented by the concentration of Co2+ in tetrahedral site was found to be 0.4. The 

morphology of the materail has been estimated by TEM microscopy, and the average size of the 

particles was 15 nm. The interactoin between oleic acid used in the synthesis procedure and spinel 

parrticle surfas was studied by FT-IR spectroscopy and TGA measurment. Oleic acid was found to be 

convalently bonded to the surface by bridging bidentate interaction, the number of oleic acid 

molecules adsorbed on a particle was 5450 while the surface area occupied per oleic acid molecule 

was 0.5 nm2. Magnetic characterization has been performed at three different temperature 5, 80 and 

300 K which revealed that the synthesized material has a superparamagnetic behaviour.  
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Ba2CuGe2O7 is a quasi-2D insulator characterised by a tetragonal, noncentrosymmetric space 

group (P-421m) with Dzyaloshinskii–Moriya interactions (DMI). Because of the DMI, at ground 

state below  TN = 3.05 K, it exhibits an almost AF cycloidal spin structure with a pitch of 220 Å. 

The magnetic structures of Ba2CuGe2O7 for different temperature and magnetic field values have 

been the topic of numerous experiments [1] indicating a rich phase diagram with a multitude of 

incommensurate (IC) phases. Following a recent theoretical prediction, the existence of a vortex 

phase [2] with non-trivial topological properties in Ba2CuGe2O7 has been verified, by means of 

neutron scattering and bulk measurements of specific heat and AC susceptibility. Despite lacking 

evidence of any signature of a phase transition in the bulk magnetisation and specific heat 

measurements, hints towards the presence of a vortex phase were found in the neutron 

scattering data. There significant measured intensity is seen in the region of interest, noticeably 

higher than in the paramagnetic phase. This intensity is evenly distributed among four IC 

satellites on a square plane in reciprocal space, even in the presence of a small in-plane magnetic 

field component. However, it remains unclear whether the observed phase is due to static long 

range order or is a fluctuating dynamic texture that is on the verge of ordering. 

 

[1] Mühlbauer S, Gvasaliya S, Ressouche E, Pomjakushina E, Zheludev A. Phase diagram of the 
Dzyaloshinskii-Moriya helimagnet Ba2CuGe2O7 in canted magnetic fields. Physical Review B - 
Condensed Matter and Materials Physics, 86(2), 1–12. 
https://doi.org/10.1103/PhysRevB.86.024417 (2012) 

[2] Wolba B, Aspects of Complex Magnetism: Vortex Phases, Skyrmion Dynamics, and Chaotic Nano-
Oscillators. PhD thesis. Karlsruher Instituts für Technologie, unpublished (2021) 
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Current-induced self-organisation of mixed superconducting states

Xaver S. Brems1,  2, Sebastian Mühlbauer1, Wilmer Y. Córdoba-Camacho3 Arkady A. Shanenko4,  3,
Alexei Vagov5, 4, Jose Albino Aguiar3, and Robert Cubitt2

1Heinz  Maier-Leibnitz  Zentrum  (MLZ),  Technische  Universität  München,
xaver.brems@frm2.tum.de,  Germany,  2Institut  Laue-Langevin,  156X,  38042  Grenoble,  France
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The  elemental  superconductor  niobium  features  the
intermediate  mixed state (IMS),  the  coexistence of  flux-
free Meissner state and mixed state domains [1]. Besides
being  a  prominent  example  of  superconducting  vortex
matter,  the  IMS can also  act  as  a  highly  tunable  model
system  for  universal  domain  physics  [2].  We  use  a
combination  of  small-angle  neutron  scattering  and
transport measurements to study the vortex matter in the
IMS  with  and  without  applied  current  [3].  Applying  a
sufficiently high current induces the flux flow state, where
the  vortices  of  the  mixed  state  domains  are  de-pinned
from the pinning centers and start moving orthogonal to
the  applied  current.  In  contrast  to  the  canonical  mixed
state, non-trivial ordering phenomena are expected in the
vortex  movement regime  of  the  IMS  due  to  the  highly
heterogeneous  domain  structure.  We  report  the
conservation of the IMS in the  vortex movement regime.
Our  main  result  is  an  observation  of  a  transition  from
isotropic to anisotropic IMS scattering, indicating, that the
IMS rearranges itself into a stripe superstructure in the
vortex movement regime (c.f. figure 1). The stripe pattern
is aligned perpendicular to the current direction along the
motion  of  the  vortices.  Results  from  numerical
simulations obtained using a system of two coupled time-
dependent  Ginzburg-Landau  equations  support  our
experimental findings. They furthermore yield important
details of the evolution of the vortex matter under an applied current. This study highlights that
the IMS can not only act as a model system for universal domain physics but also demonstrates a
mechanism of  spontaneous pattern formation that is closely related to the universal physics
governing the intermediate mixed state in low-  superconductors.κ

[1] E. H. Brandt and M. Das, Superconductivity and Novel Magnetism, 24:57-67 (2011)
[2] A. Backs, M. Schulz, V. Pipich, M. Kleinhans, P. Böni, and S. Mühlbauer, Phys. Rev. B100,
14064503 (2019)
[3] X. S. Brems, arXiv preprint, 2104.07967 (2021)

Figure 1: 2D SANS detector images 
at T = 4K and B = 50 mT without 
(a) and an applied current of I = 40
A (b). In panel (b) the current-
induced anisotropy in vicinity of 
the blacked-out direct beam within
the white circles is clearly visible.
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The β-Al4.5FeSi phase accompanied by δ-Al3Si2Fe [1] occurs as plate-shaped intermetallic particles 

in secondary, i. e. Fe-containing hypoeutectic Al-Si alloys that have formed during solidification or 

during heat treatment. A clear identification of the β phase within the microstructures is required 

for a thorough and correct investigation of the actual samples and, thus, further interpretation of 

the microstructure with respect to the processing and properties. However, at the different scales 

unsolved issues of the atomic crystal and defect structure obstructs appropriate interpretation of 

certain structural features of the β phase. This has consequences for (1) the phase identification, 

interpretation of (2) the morphology of the particles, (3) line-like contrasts within the particles at 

the micro- and nano-scale and (4) additional reflections or streaking reflections as well as peak-

splitting observed by diffraction. 

The present study reconciles experimental results, own and from literature. New theoretical 

evidence from DFT calculations is provided in order to conclude on unsolved issues of the 

structure interpretation with consequences at all microstructural levels. The new DFT 

calculations on the ordering of Al and Si atoms following up the results from Fang et al. [2] reveal 

complex characteristics of the ordering of Al and Si atoms.  

It is concluded that the β-Al4.5FeSi phase locally occurs in a variety of ordered structures based on 

stacking of the constituting layers and the ordering of Al and Si atoms. Energetical preference is 

shown and experimental evidence is given for the AB polytype with two types of ordering of Al 

and Si atoms in space groups A2/a and P21/b as well as for the ABCD polytype. Additionally, locally 

disordered regions are observed. The consequences of the presence of these structures on the 

interpretation of characteristic from (1)-(4), observed phenomena is discussed.  

Figure 1: The two most 

energetically favored structures 

resulting from DFT calculations (a) 

in space group A2/a and (b) in 

space group P21/b. The arrows 

point out where the ordering of Al 

and Si atoms enforces the 

monoclinic distortion. Note that 

the stacking sequence is AB in (a) 

and (b). 

[1] Becker H, Bergh T, Vullum P. E, Li Y, Leineweber A. Journal of Alloys and Compounds, 780, 917-929, 

 (2019). 

[2] Fang C M, Que Z P, Fan Z. Crystal chemistry and electronic structure of the β-AlFeSi phase from first-

 principles, Journal of Solid State Chemistry, 299, 122-199, (2021)  

The authors acknowledge support by DFG within the Collaborative Research Centre 920 “Multi-
Functional Filters for Metal Melt Filtration—A Contribution towards Zero Defect Materials” 
(Project-ID 169148856) in sub-project A07. 
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The growth of mesocrystals is an example of a non-classical crystallization (NCC) pathway. 

During NCC a sequence of metastable phases of increasing density is formed. Such a sequential 

process is often preferable since it requires to overcome smaller activation energy barriers as 

compared to the classical crystallization route, happening in one step. Although NCC theory 

describes the formation of mesocrystals generally well, a detailed understanding of particular 

stages of growth (e.g. the mechanism of three-dimensional mutual alignment of the 

nanoparticles and the role of intermediates) is still missing. Here we use the process of -

radiation induced synthesis of CeO2 mesocrystals as a model reaction. This reaction is performed 

in aqueous solution, without additives, at elevated temperatures and under constant dose-rate, 

thus giving precise control over the reaction and excluding many of the parameters which would 

otherwise complicate the separation of different stages of growth (e.g. additives, heating). In 

addition, the radiation-induced process allows a direct comparison of ex-situ time-dependent 

TEM characterization with the in-situ growth process inside the TEM liquid-cell.  

Energy-filtered electron radial distribution functions and HRTEM data obtained at different 

reaction times together with  detailed  characterization of solution and analysis of radiolitic 

processes allowed us to identify several stages in CeO2 mesocrystal formation: (1) the formation 

of hydrated Ce(IV)-hydroxides, which appear as a “gel” on HRTEM images and serve as an 

intermediate in the liquid-to-solid phase transformation. The composition of the intermediate is 

variable since the de-hydration of the earlier-formed hydroxides and the hydrolysis of the later-

formed hydroxides occurs simultaneously; (2) CeO2 primary particles nucleate and grow inside 

the intermediate; (3) the alignment of the primary particles into “pre-mesocrystals” and 

subsequently to mesocrystals. In the particular case of the studied reaction, we found that 
mutual alignment of particles to mesocrystals is complex and is controlled by different 

mechanisms, including (i) particle alignment inside the constrained environment of the 

intermediate phase based on simple geometric arguments and (ii) the formation of so-called 

“mineral bridges”. 

In-situ liquid-phase investigation of the initial solutions in TEM was carried out in both 

transmission and scanning modes, which enables to vary not only the dose rates but also local 

electron current densities. The observed processes can be directly correlated to the stages of the 

mesocrystal formation found through ex-situ time-dependent TEM.  

It is worth mentioning that upon drying, further alignment of the obtained mesocrystals into 

supracrystals occurs, making it possible to form complex hierarchical architectures. 

We gratefully acknowledge financial support by the Max Planck Society. Y.Y. and I.L.S. 
acknowledge financial support from the Swedish Foundation for Strategic Research (SSF). Z.L. 
acknowledges the China Scholarship Council (CSC) for financial support. 
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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 [1]. We have been investigated the crystal structures [2,3] and 

magnetic properties of several compositions within the AIBIIXO4 series [4]. The research activity 

related to this series of materials is driven mainly due to their ferroelectric, ferroelastic 

properties and possible applications 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.  

 

Figure 1: a) Temperature phase diagram of NaSrPO4 and b) crystal structure of the  re-entrant polymorph 

Despite its simple chemistry, NaSrPO4 has never been reported so far. We present the synthesis, 

crystal structure and its polymorphism. Surprisingly, this material exhibits a complex structure 

(31 atoms in the asymmetric unit-cell, Z = 10) at room temperature (RT) 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 (see Fig. 1). NaSrPO4 exhibits 4 phase transitions 

between RT and 750°C. Additionally, NaSrPO4 exhibits a re-entrant phase transition slightly 

below 600°C before to reach a trigonal paraelastic phase at high temperature. We show that the 
sequence of phase transitions is strongly driven by the history of the sample and several phases 

can be quenched at RT. Finally, the co-existence of Na channels within the structure with weakly 

bounded Na atoms makes this material a likely candidate for ionic conductivity.  

[1] Isupov V A, Phase transitions in anhydrous phosphates, vanadates and arsenates of monovalent and 
bivalent elements. Ferroelectrics, 274, 203-283 (2002) 

[2] Nénert G, O’Meara P, Degen T, Crystal structure and polymorphism of NaSrVO4: the first AIBIIXVO4 
larnite-related structure from X-ray powder diffraction data. Physics and Chemistry of Minerals, 44, 
455-463 (2017) 

[3] Nénert G, Synthesis and crystal structure of the new vanadate AgCaVO4: comparison with the arcanite 
structure. 232, 669-674 (2017) 

[4] Nénert G, Bettis J, Kremer R, Ben Yahia H, Ritter C, Gaudin E, Isnard O, Whangbo M H 
Magnetic properties of the RbMnPO4 zeolite-ABW- type material: A frustrated zigzag spin 
chain. Inorganic Chemistry 52, 9627-9635 (2013) 

[5] Choi S, Yun Y J, Kim S J, Jung H-K, Thermally stable white-emitting single 
composition Na(Sr,Ba)PO4:Eu2+, Mn2+ phosphor for near-ultraviolet-pumped light-emitting 
diodes. Optics Letters 38, 1346-1348 (2013) 
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Asymmetric catalysis is an important and continuously growing field in chemical science. Reaction
products include small chiral molecules, which are often liquid at ambient conditions.

Obtaining suitable single crystals for X-ray diffraction is a limiting factor for structural
investigations of molecular compounds. In several cases, the conventional crystallization methods
e.g. solvent evaporation, sublimation, etc. are not able to deliver suitable crystals. If the compound
is liquid under ambient conditions, such techniques are not applicable. Resourceful developments
occurred over 70 years ago, as Fankuchen et al. first reported the crystallization of a liquid
compound in a capillary surrounded by a cold gas stream.[1] In the meantime, a manifold of
improvements have been made to apply this simple and powerful method to a variety of different
compounds including gases.[2-4]

It is worth noting, that to the best of our knowledge, the capillary crystallization has not been used
for absolute configuration assignment so far. Based on the observation that the absolute structure
parameter could be accurately assigned for an achiral molecule (2-Methylfuran, Ref.code:
ZOGQUK) in a non-centrosymmetric space group we asked ourselves, whether it is possible to
determine the absolute configuration of an enantiopure liquid.[5] Since then we have
demonstrated this for some selected examples including reaction products, natural products as
well as flavoring agents containing only light atoms (C, H, N, O).[6-7]

The main advantages of the method are that only a small sample amount (~5 mg) is required and
that there is no need to rely on reference substances to determine the absolute configuration.
Moreover, the capillary crystallization is a non-destructive method. During the experimental
studies, we observed two main limitations for the capillary crystallization, such as solid-solid
phase transitions at low temperatures and formation of amorphous glassy phases.

N. N. acknowledges M. Turberg for providing some samples and the Max-Planck-Institut für
Kohlenforschung for support.

[1] Kaufman H. S., Fankuchen I. A Low Temperature Single Crystal X-Ray Diffraction
Technique. Rev. Sci. Instrum. 1949, 20, 733-734.

[2] Brodalla D., Mootz D., Boese R., Osswald W. Programmed crystal growth on a
diffractometer with focused heat radiation. J. Appl. Crystallogr. 1985, 18, 316-319.

[3] Boese R. Special issue on In Situ Crystallization. Z. Kristallogr. 2014, 229, 595.
[4] Bodach A., Nöthling N., Felderhoff M. Activation of Molecular Hydrogen by Inter- and

Intramolecular Al-N Lewis Pairs Eur. J. Inorg. Chem. 2021, 2021, 1240 – 1243.
[5] Seidel R. W., Goddard R., Nöthling N., Lehmann C. W. In situ cryocrystallization and solid-

state structures of furfural and some derivatives. CrystEngComm. 2019, 21, 3295-3303.
[6] Buchsteiner M., Martinez-Rodriguez L., Jerabek P., Pozo I., Patzer M., Nöthling N., Lehmann

C. W., Fürstner A. Catalytic Asymmetric Fluorination of Copper Carbene Complexes:
Preparative Advances and a Mechanistic Rationale. Chem. Eur. J. 2020, 26, 2509-2515.

[7] Patzer M., Nöthling N., Goddard R., Lehmann C. W. Absolute Configuration of In Situ
Crystallized (+)-γ-Decalactone. Chemistry 2021, 3, 578-584.
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Pyrochlore: Radiation-damage and thermally induced structural reorganization 
 
Tobias Beirau1, Norbert Huber2,3, Claudia E. Reissner1, Herbert Pöllmann1, Ulrich Bismayer4 

1Institute of Geosciences and Geography, Mineralogy/Geochemistry, Martin Luther University 
Halle-Wittenberg, 06120 Halle, Germany, 2Institute of Materials Mechanics, Helmholtz-Zentrum 
Hereon, 21502 Geesthacht, Germany, 3Institute of Materials Physics and Technology, Hamburg 
University of Technology (TUHH), 21073 Hamburg, Germany, 4Department of Earth Sciences, 
University of Hamburg, Grindelallee 48, 20146 Hamburg, Germany 

 

Materials with pyrochlore structure (A2B2O7) have been considered as host phases for long-term 

nuclear waste disposal. Cubic pyrochlore (A2B2X6Y) with space group Fd-3m comprises eightfold 

coordinated A cations that build A2Y chains and corner-sharing BX6 octahedra. The mineral can 

incorporate a large variety of different cations on the A and B positions, including rare earth and 

radioactive elements (e.g., up to 9wt. % ThO2 and 30wt. % UO2). The decay of the incorporated 

actinides leads to damage in the initially ordered structure. The effect of step-wise thermally 

induced annealing on the mechanical properties (i.e., E Modulus and hardness), as well as on the 

short range order, determined by Raman and photoluminescence spectroscopy, will be 

presented [1]. While, the structural amorphization and subsequent reorganization process can 

be described by means of percolation theory [2], the latter shows avalanche behavior [3]. 

 
[1] Reissner CE, Roddatis V, Bismayer U, Schreiber A, Pöllmann H, Beirau T. Mechanical and structural 

response of radiation-damaged pyrochlore to thermal annealing. Materialia, 14, 100950 (2020). 
[2] Beirau T, Huber N. Percolation transitions in pyrochlore: Radiation-damage and thermally induced 

structural reorganization. Applied Physics Letters, 119, 131905 (2021). 
[3] Beirau T, Shelyug A, Navrotsky A, Pöllmann H, Salje EKH. Avalanches during recrystallization in 

radiation-damaged pyrochlore and allanite: Statistical similarity to phase transitions in functional 
materials. Applied Physics Letters, 115, 231904 (2019). 

 

This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research 
Foundation), No. BE 5456/2-1 (T.B.). 
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Synthesis	and	characterization	of	faceted	bimetallic	nanoparticles	
Aikaterini	Karatzia1,	Kateryna	Loza1,	Oleg	Prymak1	and	Matthias	Epple1	

1Inorganic	Chemistry	and	Center	for	Nanointegration	Duisburg	–	Essen	(CeNIDE),	University	of	
Duisburg	–	Essen,	Universitätsstr.	5-7,	45141	Essen,	Germany	

aikaterini.karatzia@uni-due.de	

	

Nanoparticles	 of	 noble	metals	 are	of	 great	 importance	 as	 they	present	diverse	 applications	 in	
several	 fields,	 such	 as	 in	 biomedicine,	 catalysis,	 optics	 and	 electronics.[1]	 However,	 bimetallic	
nanoparticles	 of	 noble	 metals	 are	 showing	 an	 advantage	 over	 monometallic	 ones,	 not	 only	
because	they	could	combine	the	properties	of	each	component,	but	also	due	to	synergetic	effects	
between	two	different	metals.[2]	Monometallic	and	bimetallic	nanoparticles	of	noble	metals	with	
defined	shape	and	size	attract	more	and	more	attention	the	last	decades	thanks	to	their	tunable	
properties	and	applications	especially	in	catalysis	and	electrocatalysis.[3][4]		

In	this	work,	core-shell	nanocubes	consisting	of	two	coin	metals,	e.g.	silver	(Ag)	and	gold	(Au),	
were	synthesized.	Ag	cubes	(Fig.	1)	were	prepared	according	to	a	modified	protocol,	originally	
developed	and	introduced	by	Xia	et	al.	Core-shell,	Ag@Au,	structures	were	then	generated	via	a	
seed-mediated	 growth	 approach.[5]	 Ag	
nanocubes	 were	 used	 as	 seeds	 and	 the	
precursor,	tetrachloroauric	(III)	acid	(HAuCl4),	
was	 titrated	 under	 controlled	 conditions.	 A	
mild	reducing	agent,	ascorbic	acid,	was	used	to	
reduce	 the	 Au	 precursor	while	 pH	 level	 was	
suitably	 adjusted,	 in	 order	 to	 suppress	 the	
galvanic	replacement	reaction.[6]	Both	Ag	and	
core-shell	 Ag@Au	 nanocubes	 were	 fully	
characterized	 by	 ultra	 violet	 and	 visible	
spectroscopy,	 dynamic	 light	 scattering,	
scanning	 electron	 microscopy,	 energy	
dispersive	 X-ray	 spectroscopy,	 atomic	
absorption	 spectroscopy	and	 	 	 	X-ray	powder	
diffraction.	

	

Literature	

[1]	 K.	Loza,	M.	Heggen,	M.	Epple,	Advanced	Functional	Materials	2020,	30,	1909260.	
[2]	 A.	 Zaleska-Medynska,	 M.	 Marchelek,	 M.	 Diak,	 E.	 Grabowska,	 Advances	 in	 Colloid	 and	 Interface	

Science	2016,	229,	80-107.	
[3]	 B.	Boote,	H.-S.	Byun,	J.-H.	Kim,	Journal	of	nanoscience	and	nanotechnology	2014,	14,	1563-1577.	
[4]	 Y.	Shi,	Z.	Lyu,	M.	Zhao,	R.	Chen,	Q.	N.	Nguyen,	Y.	Xia,	Chemical	Reviews	2021,	121,	649-735.	
[5]	 S.	H.	Im,	Y.	T.	Lee,	B.	Wiley,	Y.	Xia,	Angewandte	Chemie	International	Edition	2005,	44,	2154-2157.	
[6]	 Z.	Zhang,	K.	Bando,	A.	Taguchi,	K.	Mochizuki,	K.	Sato,	H.	Yasuda,	K.	Fujita,	S.	Kawata,	ACS	Applied	

Materials	&	Interfaces	2017,	9,	44027-44037.	

	

Fig.	1	Scanning	electron	microscopy	image	of	the	
synthesized	silver	nanocubes.	
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Synthesis, Structure, and Properties of Bimetallic Nanoparticles of Noble Metals 
 
Kateryna Loza,1 Alexander Rostek,1 Oleg Prymak,1 Marc Heggen,2 and Matthias Epple1 

1Inorganic Chemistry and Center for Nanointegration Duisburg-Essen (CeNIDE), University of 
Duisburg-Essen, kateryna.loza@uni-due.de, Germany 

2Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons, Forschungszentrum Jülich 
GmbH 

Metal nanostructures attract particular interest because of their unique properties compared to 

their bulk counterparts. Especially noble metals are important, e.g. silver, gold, and platinum. 

Bimetallic nanoparticles offer a new degree of freedom to vary the particle characteristics by 

blending two metals in one particle. This opens up new possibilities due to their tunable 

properties, e.g. in heterogeneous catalysis, electrocatalysis, or imaging. The internal structure of 

nanoparticles strongly depends on the synthesis route and also on their surface functionalization. 

Due to the heterogeneity of different properties of individual components (crystal symmetry, 

redox potential, or surface charge), the successful mixture of these materials is challenging. We 

have prepared series of monodisperse nanoalloys over the entire composition range and analyzed 

their structure using a wide range of methods. X-ray diffraction as well as electron microscopic 

and spectroscopic techniques were employed to understand the structure of nanoparticles, since 

the distribution of the metals inside the nanoparticles affects their chemical, physical and 

crystallographic properties.  
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Double-differential pair distribution function analysis to study hydration shells 
around iron oxide nanoparticles 
 
Sabrina L. J. Thomä and Mirijam Zobel  

Institute of Crystallography, RWTH Aachen, thomae@ifk.rwth-aachen.de, Germany 

Interfaces between iron oxide nanoparticles (IONP) and water are of great importance in 
various fields spanning biomedicine, waste water treatment and catalysis. Recently we showed 
[1], that facetted magnetic IONPs of 7 and 15 nm in size, freshly redispersed after purification, 
with particle concentrations of about 0.5 wt%, exhibit a strong interfacial signal in perfect 
agreement with restructured water ordering at planar bulk iron oxide surfaces [2]. Meanwhile 
the synthesis strategy was improved [3] and we can now obtain nanopowders, which can be 
readily redispersed in water with a concentration up to 10 wt% after freeze drying. For those 
dispersions, we acquired a total scattering signal for the interfacial water around the IONPs, 
which is significantly different from the previous one.  

Here we present a high energy X-ray total scattering study of aqueous IONP dispersions of 7 and 
15 nm in diameter. Pushing the boundaries of detection efficiencies for diminutive signals from 
weak scatterers (sub 1% of total scattered intensity), hydration shell signals are retrieved by 
careful double-difference pair distribution function (dd-PDF) analysis of the total scattering data 
from the dispersion minus bulk water minus the IONP powder. Thereby, sharp distance 
correlations within the water layer directly adsorbed to the IONP surfaces below 5 Å, as well as, 
broader features up to about 15 Å beyond, correlating to looser bound hydration layers, are 
resolved.  
We disentangle the effect of size, ligand decoration and, small remaining residuals of organic 
solvents from purification onto the hydration shell signal. We conjecture that, when about 
3 vol% of organic solvent from purification remain in the aqueous dispersions a solvent-rich 
layer stabilizing the particles is built at the interface. This way even particles with no capping 
agent, but only little residual amounts of diethylene glycol from synthesis on the surface, can be 
dispersed and are stable over months.  
Further, the X-ray dd-PDF study is correlated with results from a neutron (dd-)PDF study of wet 
IONP powders with varying amounts of water layers and IONP dispersions in heavy water 
highlighting the contribution of surface-OH (-OD) groups to the interfacial signal.   
 
[1] Thomä, S. L. J.; et al., Atomic Insight into Hydration Shells around Iron Oxide Nanoparticles, Nature 

Communications, 10 (2019)  
[2] Spagnoli, D. ; et al., Predicitions on the effect of size and morphology on the structure of water around 

hematite nanoparticles, Geochim Cosmochim Acta ,73 (2009)  
[3] Eckardt, M., et al., Long Term Stable Aqueous Dispersion of < 5 nm Spinel Ferrite Nanoparticles, 

Chemistry Open, 9 (2020) 
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Enhanced electrochemical dissolution of Ag nanoparticles in the presence of Pt 
nanoparticles   
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2Ernst Ruska-Centre and Peter Grünberg Institute, Forschungszentrum Jülich GmbH, Germany  

3BG University Hospital Bergmannsheil Bochum / Surgical Research, Ruhr University Bochum, 
Germany 

 

Metallic nanoparticles (NPs) represent a well-established part of nanoscience today. Noble 
metals like silver (Ag) and platinum (Pt) are of particular interest due to their unique 
antibacterial and catalytic properties, respectively. The antimicrobial activity of Ag NPs is 
related to the oxidative release of Ag ions, which increases with a decreasing particle size and 
presence of the oxidizing species, e.g. molecular oxygen [1]. The dissolution of Ag NPs can be 
further facilitated by the combination of Ag with the electrochemically more noble Pt by their 
physical mixture in solution, thereby creating a sacrificial anode system for Ag [2]. Here, 
spherical PVP-coated Ag (10 nm) and Pt (3 nm) NPs were wet-chemically synthesized and mixed 
as aqueous dispersion with different mass ratios of Ag:Pt (e.g. 1:1, 1:2, 1:3, 1:6). It was shown 
that the dissolution of Ag NPs was strongly enhanced by the presence of Pt NPs in chloride-
containing aqueous dispersion (3M KCl). This behavior was confirmed (Fig. 1) by X-ray powder 
diffraction (PXRD) and applying Rietveld refinement and transmission electron microscopy 
(TEM). At the same time, only a slow dissolution of Ag NPs in presence of Pt NPs was detected in 
water or ammonium acetate (3M NH4Ac) or phosphate-buffered saline (PBS) solutions.   

 

Figure 1: Schematic representation of the analyzed mixture of larger Ag (green) and smaller Pt 
(red) NPs dropped on a sample holder (left) and treated with a 3M KCl solution (right). 

 

References: 

[1] K. Loza et al., J. Mater. Chem. B 2 (2014) 1634  
[2] M. Breisch et al., Nanotechnology 31 (2020) 05570   
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Self-organization	 of	 nanoparticles	 into	 highly	 ordered	 lattices	 with	 protein	
nanocages	as	an	atomically	precise	ligand	shell	
	
Michael	Rütten1,	Hendrik	Böhler1,	Laurin	Lang1,2,	Tobias	Beck1,2			

1Universität	 Hamburg,	 Department	 of	 Chemistry,	 Institute	 of	 Physical	 Chemistry,	 Grindelallee	
117,	20146	Hamburg,	Germany,	tobias.beck@chemie.uni-hamburg.de			2The	Hamburg	Centre	for	
Ultrafast	Imaging,	Hamburg,	Germany		

In	 nature,	molecules	 can	 function	 as	 a	matrix	 to	 organize	 inorganic	 components	 into	 ordered	
hybrid	materials	such	as	bone	or	nacre.	These	materials	have	inspired	researchers	to	create	novel	
composite	materials	based	on	biomolecules	and	inorganic	building	blocks	such	as	nanoparticles.[1]	
However,	the	controlled	assembly	of	inorganic	components	and	nanoparticles	into	highly	ordered	
structures	still	represents	a	major	challenge.	

We	have	established	a	novel	method	for	the	self-organization	of	biomolecular	building	blocks	and	
nanoparticles.	Here,	protein	containers,	engineered	with	opposite	surface	charge,	are	used	as	an	
atomically	 precise	 ligand	 shell	 for	 the	 assembly	 of	 inorganic	 nanoparticles.[2]	 The	 assembly	 of		
protein-nanoparticle	 composites	 through	 supramolecular	 interactions	 yields	 highly	 ordered	
nanoparticle	superlattices	with	unprecedented	precision	(Fig.	1A).	The	structure	of	the	protein	
scaffold	can	be	tuned	with	external	stimuli	such	as	metal	ion	concentration.[3]	Importantly,	these	
composite	materials	show	catalytic	activity	inside	the	porous	material.[4]		

Towards	the	formation	of	defined	biohybrid	materials,	we	demonstrated	that	the	highly	specific	
cargo-loading	mechanism	 of	 the	 bacterial	 nanocompartment	 encapsulin	 can	 be	 employed	 for	
encapsulation	 of	 artificial	 cargo	 such	 as	 inorganic	 nanoparticles.[5]	 For	 this	 purpose,	 gold	
nanoparticles	 were	 decorated	 with	 cargo-loading	 peptides.	 By	 supramolecular	 interactions	
between	the	peptides	and	peptide-binding	pockets	on	the	inner	container	surface,	nanoparticles	
are	encapsulated	with	extremely	high	efficiency	(Fig.	1B).		

Recently,	the	interactions	of	gold	nanoparticles	and	fluorescent	molecules	inside	ordered	lattices	
were	studied	with	confocal	lifetime	imaging.	The	gold	nanoparticles	show	strong	plasmon-exciton	
interactions	and	induce	drastic	shortening	of	fluorescent	lifetimes.	[6]	

	
Figure	 1.	A)	 General	 strategy	 for	 the	 assembly	 of	 binary	 protein-nanoparticle	 crystals	 based	 on	 charged	 protein	
containers.	B)	Efficient	encapsulation	of	functionalized	gold	nanoparticles	into	the	encapsulin	protein	container.	Right	
panel:	TEM	class	averages	of	empty	containers,	gold	nanoparticles	and	encapsulated	gold	nanoparticles.		

[1]	M.	A.	Boles,	M.	Engel,	D.	V.	Talapin,	Chem.	Rev.	2016,	116,	11220-11289.	
[2]	M.	Künzle,	T.	Eckert,	T.	Beck,	J.	Am.	Chem.	Soc.	2016,	138,	12731-12734.	
[3]	M.	Künzle,	T.	Eckert,	T.	Beck,	Inorg.	Chem.	2018,	57,	13431-13436.	
[4]	M.	Lach,	M.	Künzle,	T.	Beck,	Chem.	Eur.	J.	2017,	23,	17482-17486.	
[5]	M.	Künzle,	J.	Mangler,	M.	Lach,	T.	Beck,	Nanoscale	2018,	10,	22917-22926.	
[6]	M.	Lach,	C.	Strelow,	A.	Meyer,	A.	Mews,	T.	Beck,	ACS	Appl.	Mater.	Interfaces	2022,	in	revision.	
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Using AlphaFold to understand multi-domain proteins from SARS-
CoV-2

Maximilian Edich1, Lea von Soosten1, Andrea Thorn1

1Institut für Nanostruktur und Festkörperphysik, Universität Hamburg, Luruper
Chaussee  149  (Bldg.  610  -  HARBOR),  Germany,  medich@physnet.uni-
hamburg.de

The protein structure prediction tool AlphaFold [1] amazed structural biologists
across the world in 2021 with its simple user interface and astonishingly high
accuracy,  which  opend up  never  before  seen  possibilities  in  the  analysis  of
otherwise difficult to solve multi-domain proteins. As part of our research in the
Coronavirus  Structural  Task  Force  [2],  we  utilized  AlpaFold  for  unknown
domains and regions of partly known drug targets in COVID-19 research. 

Here, we demonstrate the use of AlphaFold on proteins from SARS-CoV-2. While
the solved structures only cover a part of the viral genome – only 17 out of 28
viral proteins were partly solved by experimental methods – we have plenty of
annotated protein-coding genes,  the potential structure of which can now be
predicted using neural networks. We will discuss both the benefits as well as the
potential shortcomings of these predictions and show how they can be combined
with  information  from  other  bioinformatical  tools  and  experimentally
determined structures  to  get  new insights  into  the  structural  biology  of  the
virus.

[1]  Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature
596, 583–589 (2021).

[2]   Croll,  Tristan I.  et al. "Making the invisible enemy visible."  Nature Structural &
Molecular Biology 28.5 (2021): 404-408.

This  work  was supported by  the German Federal  Ministry  of  Education  and
Research  [grant  no.  05K19WWA]  and  the  Deutsche
Forschungsgemeinschaft [grant no. TH2135/2-1].
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Inhibitor screening and structural characterization of virulence 
factors from SARS-CoV-2 
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Coronavirus induced zoonotic diseases like COVID-19 can cause pandemics with 

unforeseeable consequences to human health and global economy. Ongoing research on 

SARS-CoV-2 focuses on the role of the virus surface spike protein, its cognate human 

receptor, the virus protease, the viral replication and transcription as well as its 
assembly and release.  

Our project aims to screen and develop effective therapeutics against SARS-CoV-2, 

targeting the replication and transcription complex of the virus. Employing an 

interdisciplinary research approach, compound libraries of approved drugs are used for 

the discovery of potent inhibitors for RTC enzymes, followed by the structural 

determination of the enzyme-inhibitor complexes, to reveal their binding mode. The in 

vivo efficacy of the most promising candidates can be evaluated in a future trial. Our 

workflow includes the production of proteins involved in the coronavirus replication-

transcription complex, the high-throughput inhibitor screening with fluorescence-based 

assays using drug repurposing libraries and the structure/function analysis of the 

enzyme-inhibitor complexes. The advantages of this approach is that it is cost efficient, 

high-throughput compatible, allows the direct identification of potent inhibitors and 

optimizes beamtime use since the identified inhibitors are usually in the range of few 

dozens. Such a platform can be successfully used in future viral outbreaks. 

In this presentation we will give an overview of this project and the results achieved to 

date. The main focus will be on one of the target proteins, namely the uridine-specific 

endoribonuclease nsp15, the results from its inhibitor screening and findings that 

allowed us to understand the role of important activity determinants of this protein.  
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The	SARS-CoV-2	main	protease	as	a	 target	 for	antivirals:	Crystal	 structures,	new	
inhibitors,	and	mutants	
	
Rolf	 Hilgenfeld1,2,	 Xinyuanyuan	 Sun1,	 Linlin	 Zhang1,	 Judith	 Röske1,	 Kaixuan	 Zhang1,	
Matthias	Göhl3,	Mark	Brönstrup3,	Katharina	Rox3,	Yuri	Kusov1,	Ravikumar	Akula1,	Haifa	
El	Kilani1	
1Institute	of	Molecular	Medicine,	University	of	Lübeck,	rolf.hilgenfeld@uni-luebeck.de	
2German	 Center	 for	 Infection	 Research	 (DZIF),	 Hamburg-Lübeck-Borstel-Riems	 Site,	
University	of	Lübeck	
3Biological	Chemistry,	Helmholtz	Center	for	Infection	Research,	Braunschweig	
	
SARS	 coronavirus	 2	 (SARS-CoV-2)	 is	 the	 causative	 agent	 of	 the	 present	 COVID-19	
pandemic,	which	started	in	early	2020.	The	SARS-CoV-2	main	protease	(Mpro)	is	one	of	
the	 most	 attractive	 targets	 for	 the	 development	 of	 antiviral	 inhibitors	 for	 COVID-19	
therapy.	In	February	2020,	we	determined	the	crystal	structure	of	the	SARS-CoV-2	Mpro	
and	 presented	 a	 powerful	 alpha-ketoamide	 inhibitor,	 compound	 13b	 [1].	 Using	 a	
structure-based	 approach,	 we	 have	 since	 optimized	 this	 compound	 further	 and	 now	
have	inhibitors	with	IC50	down	to	13	nM	in	the	biochemical	assay	and	EC50	<	400	nM	in	
virus-infected	 cell	 culture.	 ADME	 and	 pharmacokinetic	 data	 will	 be	 discussed	 for	 the	
frontrunner	compounds.	
In	 preparing	 for	 future	 drug	 resistance	mutations,	which	will	 likely	 emerge	when	 the	
presently	 available	 SARS-CoV-2	 Mpro	 inhibitor	 paxlovid	 [2]	 (and	 potential	 future	
candidate	 compounds	 such	 as	 13b-K	 [3])	 will	 be	 used	 in	 the	 clinic,	 we	 analyzed	 the	
natural	evolution	of	the	Mpro	since	the	beginning	of	the	pandemic.	When	cumulated,	the	
most	common	mutations	are	L89F	and	K90R	and	we	determined	crystal	structures	for	
both.	However,	the	frequency	of	L89F	is	declining	and	others	are	coming	up,	and	we	will	
also	present	structural	studies	on	the	most	interesting	ones.	Most	mutations	are	far	from	
the	 substrate-binding	 site	 and	 the	 dimerization	 interface	 of	 the	 enzyme	 and	 the	
inhibitory	 potency	 of	 compound	 13b-K	 is	 not	 affected.	 The	 Mpro	 mutation	 P132H	 is	
characteristic	 for	 the	 Omicron	 variant	 of	 concern	 of	 SARS-CoV-2	 and	we	will	 present	
data	on	this	protein	as	well.		
	
[1]	 Zhang	 L,	 Lin	 D,	 Sun	 X,	 Curth	 U,	 Drosten	 C,	 Sauerhering	 L,	 Becker	 S,	 Rox	 K,	 Hilgenfeld	 R.	 Crystal	

structure	of	SARS-CoV-2	main	protease	provides	a	basis	 for	design	of	 improved	alpha-ketoamide	
inhibitors.	Science,	368,	409-412	(2020).		

[2]	Owen	DR,	et	al.	(+43	authors).	An	oral	SARS-CoV-2	Mpro	inhibitor	clinical	candidate	for	the	treatment	
of	COVID-19.	 Science,	Nov.	02,	 eab14784	 (2021).	doi:	 10.11267science.ab14784	 (online	 ahead	of	
print).		

[3]	Cooper	MS,	Zhang	L,	Zhang	K,	Sun	X,	Röske	J,	Sauerhering	L,	Becker	S,	Vangeel	L,	Jochmans	D,	Neyts	J,	
Rox	K,	Marsh	GP,	Maple	HJ,	Hilgenfeld	R.	Diastereomeric	resolution	yields	highly	potent	inhibitor	of	
SARS-CoV-2	main	protease.	To	be	submitted.		

	
This	work	was	supported,	in	part,	by	the	BMBF	(directly	and	through	DZIF)	and	by	the	
European	Commission.		
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Characterization of protein family wide chemical probe and chemogenomics sets 
by structure based hit finding and development 
 
Stefan Knapp1 

1Institute of Pharmaceutical Chemistry and Structural Genomics Consortium (SGC), Goethe-
University Frankfurt, Max von Lauestrasse 9, Frankfurt am Main, Germany  

e-mail: knapp@pharmchem.uni-frankfurt.de 

During this decade, protein crystallography has immensely increased the speed of structure 

determination, allowing now using this high resolution technology for experimental fragment 

screening and hit optimization. At the same time, family wide structural genomics efforts 
elucidated molecular details of entire protein families including the main drug target families 

such as protein kinases, phosphatases, proteases and others. Our laboratory is interested in 

contributing and using this wealth of structural information by  

a) developing chemical probe sets covering entire protein families of established drug 

targets. Sharing these well validated compound sets with the community has established 

new treatment strategies for diseases and it has uncovered now role of the targeted 

proteins in normal physiology .  

b) Establishing new druggable protein families by high throughput crystallographic 

fragment screening and biophysical evaluation of the obtained hits. 

The main focus of our group is currently on developing highly selective inhibitors for protein 

kinases, epigenetic modulators as well as finding new chemical starting points for the 
development of E3 ubiquiting ligases for the development of selective protein degraders .  

References 

(1) Adhikari, B., Bozilovic, J., Diebold, M., Schwarz, J.D., Hofstetter, J., Schroder, M., Wanior, M., Narain, 
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Kinase Inhibitor Selectivity. J Med Chem 63, 10224-10234. 
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Cation order determination in kesterite‐type quaternary semiconductors by 
Multiple Edge Anomalous Diffraction (MEAD) 
 
Daniel M. Többens1, Susan Schorr1 

1Helmholtz-Zentrum Berlin für Materialien und Energie, Department Structure and Dynamics of 
Energy Materials, daniel.toebbens@helmholtz-berlin.de, Germany 

The quaternary chalcogenide semiconductors Cu2BIICIVX4 (BII = Zn, Fe; CIV = Sn, Ge, Si; X = S, Se) 

have drawn wide attention for their potential applications in many fields [1]. Depending on their 

band gaps these materials are interesting for thin film solar cells, high-temperature 

thermoelectric materials, and nonlinear optics. Solid solutions of both cations and anions allow 

fine tuning of physical properties. It is well established that the cation arrangement in the 

respective structure is crucial for the electronic properties. However, often the cations involved 

are isoelectronic or nearly so and cannot be distinguished by routine laboratory X-ray 

diffraction. Neutron and anomalous X-ray diffraction have been used to overcome this problem. 

A variant of the later, Multiple Edge Anomalous Diffraction (MEAD) [2] was found by us to work 

particularly well. This method calls for measuring the energy dependency of the intensity of 

individual Bragg peaks around the X-ray absorption edge of a chemical element (Figure 1).  

The compounds listed above crystallize in 

structure types derived by cation ordering 

from the cubic sphalerite type or the 

hexagonal wurtzite type crystal structure. 

The particular cation arrangement results 

either in kesterite or wurtz-kesterite 

structures, which are characterized by the 

presence of CuI-BII and CuI-CIV layers 

(perpendicular to the longest crystallo-

graphic axis). Alternatively, stannite or 

wurtz-stannite structures are formed, 

with cations arranged in BII-CIV and pure 

CuI layers. The actual type is often hard to 

establish and literature structures are 

sometimes just based on assumptions. 

MEAD was used to confirm the cation 

structure type of Cu2FeSnS4, Cu2GaGeS4, Cu2ZnSnSe4, Cu2ZnSiSe4 and Cu2ZnGeSe4. Materials 

crystallizing in the kesterite structure in particular are prone to cation disorder within the CuI-

BII layers. Depending on the compound, the degree of cation disorder can change heavily with 

off-stoichiometry or thermal treatment. In these cases, MEAD spectra supply a robust way of 

quantification. This works particularly well for compounds where all cations are isoelectric, like 

Cu2ZnGeSe4. Joint Rietveld refinement at multiple energies also profits from prior MEAD analysis 

limiting the range of potential options.      

[1] Schorr, S. and G. Gurieva, Energy band gap variations in chalcogenide compound semiconductors: 
influence of crystal structure, structural disorder, and compositional variations, in Crystallography 
in Materials Science: From Structure-Property Relationships to Engineering, S. Schorr and C. 
Weidenthaler, Editors. 2021, Walter de Gruyter GmbH & Co KG: Berlin, Bosten. p. 123 - 138. 

[2] Többens, D.M., et al., Cation distribution in Cu2ZnSnSe4, Cu2FeSnS4 and Cu2ZnSiSe4 by multiple-edge 
anomalous diffraction. Acta Crystallographica Section B-Structural Science Crystal Engineering and 
Materials, 2020. 76: p. 1027-1035. 
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Elastic properties of dolomite-ankerite solid solutions  
Lea Pennacchioni1,2, Naira S. Martirosyan2, Sergio Speziale2, Björn Winkler1 

1Institute of Geosciences, Goethe University, Frankfurt, Germany, pennacchioni@kristall.uni-
frankfurt.de, Germany, 2Deutsches GeoForschungsZentrum, GFZ, Potsdam, Germany 

 
Dolomite, CaMg(CO3)2, is one of the most abundant carbonates in the Earth’s crust. Ankerite, CaFe(CO3)2, 
is the Fe-rich double carbonate isostructural to dolomite. End member ankerite does not exist in nature, 
however dolomite-ankerite solid solutions have been observed up to 70 mol% in the ankerite component 
[1]. Single crystal studies on dolomite and dolomite-ankerite solid solutions have shown that the 
substitution of Mg with Fe leads to changes in the bond lengths and angles but do not lead to significant 
changes in compressibility [2]. The systematic study of the elastic properties of carbonates as a function of 
their structure and chemical composition at ambient conditions is fundamental to understand the 
compositional behavior of carbonates and to set a benchmark for ab initio studies. The elastic tensor 
coefficients of pure dolomite at ambient conditions have been reported in several studies [3,4]. However, 
no studies on the complete elastic tensor of dolomite-ankerite solid solutions have been reported so far. 
Here, we used Brillouin spectroscopy to determine the sound velocities and elasticity of dolomite-ankerite 
solid solutions along the CaFexMg1-x(CO3)2 join (x = 0.05, 0.63) at ambient conditions to evaluate the effect 
of Fe on the elastic properties. Our results show that the presence of Fe has an effect on the individual 
elastic tensor coefficients leading to a linear decrease of C11, C33 and C44 (-17% for C11 and C33 and -13% for 
C44 compared to dolomite) and a linear increase of the C12 and C15 (+9% and +20% respectively) 
coefficients. C13 and C14 do not appear to be sensitive to compositional changes. The linear dependence of 
the elastic tensor coefficients of dolomite-ankerite solid solutions on composition is consistent with what 
has been observed in Mg,Fe single carbonate minerals, Mg1-xFexCO3[5, 6]. The presence of 63 mol% of the 
CaFe(CO3)2 component in dolomite-ankerite solid solutions, leads to a lowering of the acoustic velocities  
(-8% for vp and -13% for vs), bulk modulus K (-10%), and shear modulus G (-13%), compared to pure 
dolomite.  
 
[1] Reeder R.J, Dollase W.A. Structural variation in the dolomite-ankerite solid-solution series; an X-ray, 

Mössbauer, and TEM study. American Mineralogist, 74(9-10):1159-1167, (1989). 
 
[2] Ross N.L., Reeder R.J. High pressure structural study of dolomite and ankerite. American Mineralogist, 

77(3-4):412-421, (1992). 
 
[3] Humbert P., Plicque F. Proprietés élastique de carbonates rhomboédriques monocristallins: calcite, 

magnésite, dolomie, Comptes Rendus de l’Académie des Sciences de Paris, 275,391-394, (1972) 
 
[4] Chen P., Ling-Yun C., Huang P, Yang Y., Liu L. Elasticity of magnesite and dolomite from a genetic 

algorithm for inverting Brillouin spectroscopy measurements. Physics of Earth and Planetary 
interiors, 155(1-2):73-86, (2006).   

 
[5] Stekiel M., Nguyen-Than T., Chariton S., McCammon C., Bosak A., Morgenroth W., Milman V., Refson K., 

Winkler B. High pressure elasticity of FeCO3-MgCO3 carbonates, Physics of Earth and Planetary 
interiors, 271:57-63, (2017). 

 
[6] Sanchez-Valle C., Ghosh S., Rosa A.D. Sound velocities of ferromagnesian carbonates and the seismic 

detection of carbonates in eclogites and the mantle, Geophysical Research Letters, 38, (2011) 
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Negative thermal expansion, thermodynamic properties and temperature 

dependent Raman scattering of a new metal-organic perovskite framework 

[C(NH2)3][Ca(HCOO)3] 

 
Eiken Haussühl1, Lkhamsuren Bayarjargal1, Alexandra Friedrich2, Rita Luchitskaia1, Julia 

Büscher1 

1Institut für Geowissenschaften, Goethe-Universität Frankfurt, haussuehl@kristall.uni-

frankfurt.de, Germany, 2Institut für Anorganische Chemie, Julius-Maximilians-Universität 

Würzburg, Germany 

 

Metal-organic frameworks consist of transition metals that are connected via organic ligands. 

Together they form frameworks which cavities can contain guest molecules. The incorporation 

of guest molecules allows to build MOFs with tailored and also multiple interesting properties by 

exchanging transition metals, organic ligands or guest molecules.  Metal-guanidinium formate 

(MGuFo), [C(NH2)3][M2+(HCOO)3], belongs to the perovskite-type MOFs with the general formula 

ABX3, where B = M2+ is a metal cation which is octahedrally coordinated by formate ions (X = 

HCOO−, abbreviated as Fo−) [1]. The metal and formate ions form M−Fo−M chains and build up a 

tridimensional framework with cuboid cavities, which are occupied by the small organic 

guanidinium cations (A = [C(NH2)3]+).  

We will present the synthesis, crystal structure, thermal expansion, Raman spectra and heat 

capacity of Ca-guanidinium formate ([C(NH2)3][Ca(HCOO)3]), a new member of the family of 

metal-organic perovskites which is isostructural to CdGuFo [2]. CaGuFo shows an extraordinary 

strong negative thermal expansion between 100 K and 400 K in the crystallographic a1 − a2 

plane which exceeds the corresponding coefficients of CdGuFo by a factor of about two. 

Perpendicular to this plane, along a3, the crystal structure of [C(NH2)3][Ca(HCOO)3] expands 

with increasing temperature very strongly and surmounts the corresponding value of CdGuFo as 

a reference by about 45 %. This behaviour is due to a reduction of the framework distortion on 

temperature. From temperature-dependent Raman spectroscopic measurements we observed 

three soft Raman modes. From heat capacity measurements we derived the Debye-temperature 

θCp = 217 K. 

 
[1] Hu K-L, Kurmoo M, Wang Z, Gao S. Metal-Organic Perovskites: Synthesis, Structures, and Magnetic 

Properties of [C(NH2)3] [MII(HCOO)3] (M=Mn, Fe, Co, Ni, Cu, Zn; C(NH2)3 = Guanidinium). Chem. Eur. 

J. 15, 12050 (2009) 

[2] Collings I E, Hill J A, Cairns A B, Cooper R I, Thompson A L, Parker J E, Tang C C, Goodwin A L. 

Compositional dependence of anomalous thermal expansion in perovskite-like ABX3 formates. 

Dalton Trans. 45, 4169 (2016) 
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High-pressure crystal structures of Wadsley-type vanadium oxides V2O5 and V6O13 
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1Jülich Centre for Neutron Science-2 and Peter Grünberg Institute-4 (JCNS-2/PGI-4), 
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Kapodistrian University of Athens, Athens, Greece; 4Deutsches Elektronen-Synchrotron (DESY), 
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 The so-called Wadsley phases with general formula VnO2n+1 form a homologous series of 

compounds [1,2]. They have arisen much interest due to the observed metal-insulator 

transitions and their potential application as battery materials. The crystal structures of the 

parent compound V2O5 and of V6O13 (n=3) at ambient conditions are closely related, being built 

up of edge and corner sharing building units, which can be described as  [VO5]-pyramids in V2O5 

(space group Pmmn) and as  [VO6]-octahedra in V6O13 (space group C2/m)  [3,4]. 

High pressure Raman and powder diffraction investigations on V2O5 suggest a pressure-

induced phase transition between 4 and 7 GPa [5,6]. A recent in-situ high-pressure powder 

diffraction study suggests an irreversible phase transition from α-V2O5 to an amorphous state 

around 12.6 GPa while according to other investigations V2O5 becomes only fully amorphous 

under 20.2 GPa [7]. Under high-temperature high-pressure conditions α-V2O5 converts into β-

V2O5 (P21/m) [8]. Ex-situ high-pressure high-temperature synthesis in a multi anvil press 

yielded δ-V2O5 (C2/c) which is isostructural to Sb2O5
9. Despite the high level of interest high 

pressure investigations using single crystal diffraction have not been performed, nor was the 

HP-HT phase diagram of V2O5 studied in situ up to know. In addition, despite the fact that the low 

temperature metal-insulator transition in V6O13 has been very well studied [10,11], high 

pressure investigations have not been performed so far on this compound.  

We have now studied single crystals of V2O5 and V6O13 as a function of pressure at Petra 

III, Desy. The studies on V2O5 show complete irreversible amorphization of the sample above 7.3 

GPa and, moreover, anomalies are observed between 3 and 4 GPa. To further investigate the HP-

HT behaviour of V2O5, we used the large volume press at ID06 at the ESRF and followed the 

evolution of the sample with in-situ synchrotron radiation. Heating of the amorphous phase lead 

to the formation of the δ-V2O5 polymorph with Sb2O5 structure, which can be recovered at 

ambient conditions. High pressure single crystal diffraction experiments on V6O13 show an 

anomalous behaviour between 2 and 3 GPa, yet the ambient pressure polymorph seems to be 

stable up to the highest pressures reached in the experiment.  

[1] Schwingenschlögl, U. et al. Ann. der Phys. 13, 475–510 (2004) 
[2] Eguchi, R. et al. Phys. Rev. B - Condens. Matter Mater. Phys. 65, 1–4 (2002) 
[3] Enjalbert, R. et al. Acta Crystallogr. Sect. C Cryst. Struct. Commun. 42, 1467–1469 (1986) 
[4] Wilhelmi, K.A. et. al., Acta Chemica Scandinavica 25, 2675-2687 (1971) 
[5] Grzechnik, A. Chem. Mater. 10, 2505–2509 (1998) 
[6] Loa, I. et al. J. Alloys Compd. 317–318, 103–108 (2001) 
[7] Zou, Y. et al. J. Alloys Compd. 790, 164–169 (2019) 
[8] Filonenko, V. P. et al. Acta Cryst.  B60, 375–381 (2004) 
[9] Zibrov, I. P. et al. High Press. Res. 33, 399–408 (2013) 
[10] Kimizuka, N. et. al., Acta Cryst. B34, 1037-1039 (1978). 
 [12] Höwing, j. et. al., Acta Cryst. B59, 747-752 (2003). 
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Crystal structure for new coordination polymer obtained via solvothermal synthesis in 

Berghof autoclave 
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a Department of Chemistry, Wrocław University, F. Joliot Curie 14, 50 383 Wrocław, Poland 
bFachbereich Chemie and Wissenschaftliches Zentrum für Materialwissenschaften, Philipps-
Universität Marburg, Hans-Meerwein-Straße, D-35043 Marburg, Germany 
E-mail:andrzej.kochel@chem.uni.wroc.pl (A. Kochel) 
holynska@chemie.uni-marburg.de (M. Hołyńska) 
 

Coordination polymer [Cu(2,3-pdc)H2O]n was obtained by solvothermal synthesis in a 

Berghof BF100 pressure reactor using QUIN (quinolinic Acid) and Cu(HSO3)2 as substrates. 

The resulting compound crystallizes in triclinic system, in a space group of 1P , with a = 

7.434(3) Å, b = 7.523(4) Å, c = 7.881(3) Å, α = 62.68(5)o, β = 79.02(5)o, γ = 78.90(5)o, V = 

381.5(3) Å3, Z = 2. 

The coordination sphere of the Cu2+ ion is filled by three symmetry-dependent 2,3-pdc 

ligands through 3 oxygen atoms derived from the ligand carboxyl groups (O1, O1ii and O3i), a 

nitrogen atom (N1i) derived from the ligand aromatic ring, and a water molecule. The 

resulting environment of the Cu2+ ion adopts the shape of a distorted tetragonal pyramid. 

This polymer forms one-dimensional chains extending along [100], and the occurrence of 

hydrogen bonds (Table 1) stabilizes the crystal structure. 

Table 1: Hydrogen bonding parameters for [Cu(2,3-pdc)H2O]n [Å], symmetry codes: (i) -x+1, -y, -z+1, 
z+1/2; (ii) x, y+1, z. 

D-H...A D-H, [Å] H...A, [Å] D...A, [Å] D-H...A, [°] 

O(1W)-H(1W)...O(4)i 0.84 1.84(5) 2.64(2) 158 

O(1W)-H(2W)...O(2)ii 0.84 1.90(4) 2.68(2) 154 

The figure below shows the copper(II) coordination polymer structure (II).  

 

Figure 1: Copper(II) coordination polymer structure (1D). 
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Polymorphism in Cu20Te11Cl3 
 
Anna Vogel1, Tom Nilges1 

1Synthesis and Characterization of Innovative Materials, Department of Chemistry, Technical 
University of Munich, Garching b. München, anna.vogel@tum.de, Germany 

Coinage metal polychalcogenide halides are an 

intriguing class of materials, and many 

representatives are solid ion conductors and 

thermoelectric materials. The compounds show 

high ion mobility, polymorphism, and various 

attractive interactions in the cation and anion 

substructures. Cu20Te11Cl3 is trimorphic, with order-

disorder phase transitions occurring at 288 and 450 

K. As shown in Figure 1, the α-β-phase transition 

occurs via symmetry reduction from the hexagonal 

to the orthorhombic crystal system that is attended 

by twinning and additional quintuplication of the a- 

and duplication of the c-axis. [1] 

Cu20Te11Cl3 is identified as a solid Cu-ion conductor 

that features dynamic disorder in the cation and 

statistical disorder in the anion substructure. The 

compound structurally fits well into the class of 

coinage metal polychalcogenide halides 

because it is built of topologic anion nets 

stacked in one direction that are 

interpenetrated by partially covalently 

bonded chalcogene strands just like the other 

representatives Cu9.1Te4Cl3 and Ag10Te4Br3. [2, 

3] A new structure feature also containing 

covalently bonded chalcogen is the disordered 

6.3.6.3 Te net. This net can be described by a 

disordered arrangement of [Te2]2− dumbbells. 

Structure features of  α- to β-Cu20Te11Cl3 are 

shown in Figure 2.  

[1] Vogel A, Nilges T. Ion Dynamics and Polymorphism in Cu20Te11Cl3. Inorg. Chem. 60(20), 
15233−15241 (2021). 

[2] Vogel A, Miller T, Hoch C, Jakob M, Oeckler O, Nilges T. Cu9.1Te4Cl3: A Thermoelectric Compound 
with Low Thermal and High Electrical Conductivity. Inorg. Chem. 58(9), 6222–6230 (2019). 

[3] Lange S, Bawohl M, Wilmer D, Meyer H-W, Wiemhöfer H-D, Nilges T. Polymorphism, Structural 
Frustration, and Electrical Properties of the Mixed Conductor Ag10Te4Br3. Chem. Mater. 19(6), 
1401–1410 (2007). 

 

A.V. acknowledges support by DFG under Germany’s Excellence Strategy (EXC 2089/1-
390776260). We thank Dr. Jens Meyer and Tom Faske of STOE & Cie GmbH, Darmstadt, 
Germany, for the conduction of high-temperature single-crystal measurements on one of their 
newly developed measuring systems. 

Figure 1. Projection of five planes (hk0-4) of 
the single crystal XRD pattern data of β-
Cu20Te11Cl3 and Bärnighausen tree for the 
symmetry reduction from α- to β-Cu20Te11Cl3.  

Figure 2. Structure features of α- and β-Cu20Te11Cl3. 
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Cu3SeyTe1-y: A new representative of transition metal dichalcogenides 
 
Alfred H. L. Rabenbauer1, Tom Nilges1 

1Synthesis and Characterization of Innovative Materials, Department of Chemistry, Technical 
University of Munich (TUM), alfred.rabenbauer@tum.de, Lichtenbergstr.4 85748 Garching bei 
München,  

Due to the enormous energy requirements of a further growing and 

technologized population, the research in material sciences is more 

and more focused on developments in “green” energy applications. 

Besides directly decreasing the demands of energy for any 

application, enhanced efficiencies can provide a further approach 

to minimize costs and temporary lacks. Therefore, thermoelectrics 

offer promising opportunities to directly convert waste heat into 

electrical energy. Mixed ionic or electronic conductive coinage-

metal chalcogenides and chalcogenide-halides are known as 

promising candidates for reaching high figures of merit ZT (that 

describe the general thermopower of a material), which result from 

low thermal conductivity combined with high electronical 

conductivity and thereby high Seebeck coefficients [1,2]. 

With Cu3SeyTe1-y (y = 0.1 – 0.6) a new solid 

solution with promising structural and 

physical properties was established. Single 

and polycrystalline samples could be grown 

by a copper chloride supported solid-state 

reaction in sealed silica ampoules. Powder- 

as well as single crystal X-ray diffraction 

measurements showed that the compound 

crystallized in the cubic space group Pm-3n 

(Nr. 223) with lattice parameters a = b = c = 

7.324(9) – 7.210(6) Å for y = 0.1 - 0.6. The 

lattice parameters as a function of the 

selenium content show good agreement 

with Vegard’s law (Fig. 2). The predicted 

structure (Fig. 1) shows partially occupied 

copper positions, which could provide 

potential ion mobilities within the structure. Therefore, further characterization of the 

electronical and thermoelectric properties is required. The Seebeck values as well as the 

electronical conductivity are being determined. Potentiostatic electrochemical impedance 

spectroscopy can show phase related electrical and ion conductivity and with laser flash analysis 

the total thermal conductivity could be determined to calculate the overall thermoelectric power 

ZT. 

[1] A. Vogel, T. Nilges. Ion Dynamics and Polymorphism in Cu20Te11Cl3. Inorg. Chem, 20, 15233–15241 
(2021) 

[2] T. Nilges et al. Reversible switching between p- and n-type conduction in the semiconductor   
Ag10Te4Br3. Nature Materials, 8(2), 101-108 (2009) 

Fig. 2 Lattice parameter a in the range of y = 0.1 - 0.6 in 

good agreement with Vegard behaviour. 

Fig. 1 Predicted structure of 

Cu3Se0.3Te0.7. 
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The Powder Diffraction and Total Scattering Beamline P02.1 at PETRA III, DESY 
 
Alba San José Méndez1, Volodymyr Baran1, Henrik Jeppesen1, Alexander Schökel1, Tim Schoof1, 

Mario Wendt1, Sergej Wenz1 and Martin Etter1 

1Deutsches Elektronen-Synchrotron (DESY), Notkestraße 85, 22607 Hamburg, 
alba.mendez@desy.de and martin.etter@desy.de, Germany 

Powder Diffraction is a well-established method that allows to investigate long-range order 

structural properties of crystalline materials. On the other hand, Total Scattering measurements 

in combination with the Pair Distribution Function method is an expanding and powerful 

technique that allows to investigate the short-range and/or long-range order at the same time, 

making it possible not only to investigate crystalline materials, but also amorphous solids or 

liquids. Therefore, the combination of both methods provides a detailed insight into the 

structure of a wide range of material systems, including organic materials such as 

pharmaceuticals, co-crystals, covalent-organic frameworks, polymers and fibers, metal-organics 

such as metal-organic frameworks and inorganic materials such as nanoparticles, ceramics, 

cements, battery materials, metals and steels, metallic glasses, minerals and mineral glasses, 

superconductors, strongly (electron-)correlated materials, corrosion products, melts, liquids 

and so forth. For this huge range of crystalline and non-crystalline materials, structural 

properties, phase transitions or phase mixtures can be investigated at synchrotron facilities in ex 

situ, in situ or operando experiments utilizing either beamline-offered or user-developed sample 

environments. 

The Powder Diffraction and Total Scattering Beamline P02.1 at the PETRA III synchrotron at the 

DESY facility in Hamburg, Germany, is a specialized station, where researchers from science and 

industry have the possibility to collect Powder Diffraction and Total Scattering data 

simultaneously with a fixed energy of 60 keV [1, 2]. With a custom-made tandem detector setup 

consisting of two large area detectors, users can, among others, perform in situ crystal growth 

experiments from the amorphous and nanocrystalline state up to the microcrystalline state, 

collecting simultaneously high-resolution Powder Diffraction data and Total Scattering / Pair 

Distribution Function data on the same sample. The P02.1 beamline offers a variety of sample 

environments for high-temperature (gas blowers, ceramic heater, Linkam furnace) and low-

temperature (cryostreamer, cryostat) studies, as well as for mechanical treatments (stress rig, 

ball mills, etc.). While the aforementioned sample environments are available at the beamline, 

others like gas-flow cells, battery setups, etc., are provided on a collaborative basis with DESY 

users. Besides regular on-site synchrotron experiments, users can also apply for mail-in / rapid 

access services for Powder Diffraction and/or Total Scattering / Pair Distribution Function 

measurements of samples packed in capillaries. These measurements can be then automatically 

performed using a robotic system either at room-temperature or at temperatures in the range 

between 100 K and 1200 K, achieved by the employment of a liquid nitrogen cryostreamer and a 

hot-air blower.  

In this presentation, we will inform the scientific community as well as industrial customers 

about the latest developments at beamline P02.1.  

 

[1] Dippel A.-C. et al., Z. Anorg. Allg. Chem. 2014, 640, 3094. 
[2] Dippel A.-C. et al., J. Synchrotron Radiat. 2015, 22, 675. 
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Developments in High Pressure Clamp Cells for Neutron Scattering at the MLZ 
 
Andreas Eich1,2, Karen Friese1, Martin Meven2,3, Micha Hölzle1, Yixi Su3, Thomas Müller3, Vladimir 

Hutanu4, Muni K.B. Poli2, Robert Georgii5, Lukas Beddrich5, Andrzej Grzechnik2 

1 Jülich Centre for Neutron Science–2/Peter Grünberg-Institute–4, Forschungszentrum Jülich 
GmbH, 52425 Jülich, Germany, 2 Institute of Crystallography, RWTH Aachen University, 52056 
Aachen, Germany, 3 Jülich Centre for Neutron Science at Heinz Maier-Leibnitz Zentrum, 
Forschungszentrum Jülich GmbH, 85747 Garching, Germany, 4 FRM II, Technische Universität 
München, 85748 Garching, Germany, 5 Heinz Maier-Leibnitz Zentrum, Technische Universität 
München, 85747 Garching, Germany; grzechnik@ifk.rwth-aachen.de 

The availability of pressure devices adapted to 

the experimental demands (intended pressure, 

probing method, instrumental environment, etc.) 

is the fundamental requirement for the study of 

high-pressure effects on any material property. 

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. 

In the most common type of device used for high-pressure neutron experiments, the clamp cell 

[1], the pressure is applied ex situ, allowing its independent and versatile use in various setups. 

Our clamp cell design 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 [2]. The 

compact monobloc cell is available in two variants, a CuBe alloy and a NiCrAl “Russian Alloy” 

one, working up to about 1.1 GPa and 1.5 GPa, respectively. Measurements aimed to elucidate 

magnetic properties are possible due to the low paramagnetic moment of both alloys. 

Tests with neutron radiation were performed to calibrate the load/pressure curve of the CuBe 

cell, to estimate its neutron absorption and background, and to measure magnetic reflections. In 

addition, the thermal response of the cells in the instrument cryostat was measured and the 

experimental findings were complemented by simulations. 

A second, modified version of the cell with the same mechanical properties (Fig. 1) was 

developed with an optical access path to the inner part of the cell, which additionally enables the 

use of ruby luminescence to determine the pressure independent from neutrons. The respective 

load/pressure calibration curves were measured for both cell variants. 

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. 

[1] Klotz S. Techniques in High Pressure Neutron Scattering. CRC Press (2013) 
[2] Eich A et al. Clamp Cells for High Pressure Neutron Scattering at Low Temperatures and High Magnetic 

Fields at Heinz Maier-Leibnitz Zentrum (MLZ), High Press. Res., 41[1], 88–96 (2021) 
 

This work was supported by the Bundesministerium für Bildung und Forschung (BMBF) [Grant 
number 05K19PA2] and by the Deutsche Forschungsgemeinschaft (DFG) [Grant number 
GE971/5-2]. 

Figure 1: Schematic drawing of the new clamp cell. 
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Squeezing the Most Data out of Your High-Pressure Experiment 

Jürgen Graf1, Tobias Stürzer2, Przemyslaw Dera3, Michael Ruf4 

1Incoatec GmbH, Geesthacht, Germany, 2Bruker AXS GmbH, Karlsruhe, Germany, 3University of 

Hawaii at Manoa, Honolulu HI, USA, 4Bruker AXS Inc., Madison WI, USA  

Within the last decade high-pressure studies have received significant increase of interest. Present 

typical applications range from the investigation of high-pressure polymorphism of solid-state 

organics as part of the pharmaceutical drug development to the study of rocks and minerals with an 

applied pressure of up to 50 GPa. 

A major challenge in the field of high-pressure crystallography is the acquisition of data of sufficient 

quality and completeness for a successful structure determination. This presentation will be 

reviewing recent advances in hardware development, such as X-ray sources with radiation harder 

than Mo-Kα, and highlight the latest improvements in software, which help in tackling the problems 

with data acquisitions in high-pressure experiments. 

Using a Bruker D8 VENTURE system, we will be demonstrating the advanced hardware capabilities 

and processing methods based on selected data. Further, we will be showing how to increase the 

completeness of high-pressure experiments by mounting multiple samples in a diamond anvil cell 

and measuring and processing data concurrently. 

The high flexibility of the D8 VENTURE can be further expanded by adding enhanced features 

typically only available at synchrotron facilities, e.g. for studying tiny mineral crystals enclosed in 

diamond anvil cells. These features include highly accurate, motorized sample positioning and the 

ability to monitor the intensity of the X-ray beam passing through the diamond anvil cell, as well as 

an extension for online pressure measurements based on ruby fluorescence. This makes the D8 

VENTURE system “a little synchrotron at home”. 
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Isolated [SiO4]4– Tetrahedra in the Chloride-Poor Oxosilicate Ce3Cl[SiO4]2 
 
Ralf J. C. Locke1, Ingo Hartenbach1 and Thomas Schleid1 

1University of Stuttgart, Institute for Inorganic Chemistry, Germany; schleid@iac.uni-stuttgart.de 

In an attempt to synthesize CeSb2O4Cl, colorless rod-shaped single crystals with the composition 

Ce3Cl[SiO4]2 were obtained as a by-product from silica ampoules. Ce3Cl[SiO4]2 crystallizes 

isotypically to the A-type Ln3Cl[SiO4]2 series with Ln = La, Pr and Nd[1–4] in the monoclinic space 

group C2/c with a = 1439.13(9) pm, b =  646.24(4) pm, c =  877.96(6) pm and β = 98.341(3)° for 

Z = 4  (CSD-2124078). 

The crystal structure of Ce3Cl[SiO4]2 contains isolated [SiO4]4– tetrahedra (Figure 1) as the 

defining building blocks, showing a slight distortion with angles O–Si–O in the range from 

105.9(2) to 118.4(2)°. The Si–O distances reside between 160.6(5) and 164.2(4) pm, which are 

quite typical values. Furthermore, two crystallographically distinct Ce3+ cations are present with 

(Ce1)3+ being surrounded by one Cl– anion plus another more distant Cl– one as well as eight 

oxygen atoms forming a 9+1-fold coordination sphere. The (Ce2)3+ cations show a tricapped 

trigonal prismatic coordinative environment, built up by one Cl– anion and eight oxygen atoms. 

The distances d(Ce–O) = 243.2(4) – 290.8(4) pm and d(Ce–Cl) = 287.6(1) – 295.4(2) pm plus 

350.8(1) pm range in common intervals, when compared with PbFCl-type CeOCl[5] (d(Ce–O) = 

237 pm (4×) and d(Ce–Cl) = 312 pm (1×) and 319 pm (4×)) for example. 



 

Figure 1. Projection of the monoclinic crystal structure of Ce3Cl[SiO4]2 onto (001) emphasizing 

the isolated [SiO4]4– tetrahedra. 

[1] P. Gravereau, B. Es-Sakhi, C. Fouassier, Acta Crystallogr. 1988, C 44, 1884. 
[2] G.-C. Guo, Y.-G. Wang, J.-N. Zhuang, J.-T. Chen, J.-S. Huang, Q.-E. Zhang, Acta Crystallogr. 1995, C 51,                                                                           
ccc 2471. 
[3] C. Sieke, I. Hartenbach, Th. Schleid, Z. Anorg. Allg. Chem. 2000, 626, 2236. 
[4] C. Sieke, Doctoral Thesis, Univ. Stuttgart, Germany, 1998. 
[5] M. Wolcryz, L. Kepinski, J. Solid State Chem. 1992, 99, 409. 

P11 ID 127

DGK 2022 Posters

– 144 –



Science communication as an important aspect of promoting research to the 
public 
 
Melanie Kaliwoda1,2, Malte Junge1,2, Felix Hentschel1,2, Wolfgang Schmahl1,2 

1Mineralogical State Collection Munich (SNSB), Theresienstrasse 41, 80333 Munich, Germany 

2Faculty of Geosciences, Department of Geosciences and Environmental Sciences, 
Crystallography Section 

 

Science communication is becoming an increasingly important aspect in today's sciences. It is 

evident that it is necessary for scientists not only to sit in their ivory towers and conduct 

research, but also to communicate this research interactively with other scientists and to involve 

the interested public in new scientific developments.  

Here it is not only important to bring research closer to adults and young people, but the 

involvement in current research should take place as early as possible, i.e. already in childhood. 

Especially in the field of natural sciences, there are more and more gaps, because this subject 

area is no longer covered in school alone. Therefore, it is important that e.g. universities and 

museums act as teaching-learning places for pupils and offer activities such as the children's 

university or open days, or approach the target group in small 

workshops and guided tours.  

The Museum Mineralogia Munich, respectively the 

Mineralogcal State Collection Munich (MSM) is also a teaching-

learning place, which is organized in the association of LeLa 

(Lernort Labor - Bundesverband der Schülerlabore) and Muc-
Labs (Verein der Münchner Schülerlabore).  

Our goal is to bring geosciences closer to adults, young people 

and children (Fig.1.). This is done through specific workshops. 

In these workshops the attendees learn something about 

minerals and crystals, about their structure, their chemical 

composition and their thermbarometric conditions under 

which they were formed. There are guided tours and 

workshops on the respective topics in the MSM, including  

specific special exhibitions.  

Student interns can also spend a whole week getting acquainted with the research work in our 

working group, including equipment such as the Raman spectroscope, the Keyence microscope 

and the scanning electron microscope. In this way, the young people can immerse themselves 

further and further into research and scientific work and learn things that are not offered in 

school at the moment. In addition, they can deepen this knowledge in specialized studies and 

thus take a liking to the natural sciences in order to possibly study the subject area themselves 

later on.  

In addition to the purely scientific work, we also have a network with art. For example, crystal 

structures or photographs of mineral and rock thin sections can interact as artistic objects. 

Furthermore, we involve our students in the public relations interactions, which helps them a lot 

to communicate science in an easy way.  

Fig.1. First look into the 

microscope, an amazing little world 
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Fine-tuning solid state luminescence properties of molecular crystals via solid 
solution formation 
 
Kristaps Saršūns1, Kaspars Leduskrasts2, Toms Rekis1, Agris Bērziņš1 

1Department of Physical Chemistry, Faculty of Chemistry, University of Latvia, 
kristaps.sarsuns@lu.lv, Latvia, 2Latvian Institute of Organic Synthesis, Riga, Latvia 

Approaches and tools of crystal engineering is developed to allow employing the knowledge of 
intermolecular interaction preferences to predict crystal structure formation and therefore 
crystal properties. For example, solid solutions, for which the component ratios can be varied in 
continuum [1]. Along with the composition, also properties of solid solutions are modulated. 
Therefore, they hold a potential for tuning molecular crystal material properties in a smooth 
fashion. The question, however, is whether the response of a wanted property is sensitive enough 
to the varying component ratio. The properties may include solid-state luminescence and 
phosphorescence properties [2].  

 
Fig 1. Molecular structures of thioxanthone halogenated derivatives 

In this study we explored the solid solution formation between thioxanthone halogenated 
derivatives (Fig 1., TX-T, R = I, Cl, Br, F). The compounds have been selected based on reported 
room-temperature solid-state luminescence phenomena [3] and chemically similar structures, in 
which the different atom (R) may not significantly affect the dominant intermolecular 
interactions. Solid solutions have been identified and characterized using powder X-ray 
diffraction and thermal methods of analysis. Their composition limits are summarized in 
respective two component phase diagrams. Photoluminescence spectra of all crystalline phases 
in powder form were recorded to see how they change with respect to those of the pure 
substances known from the literature [3]. As a result, this confirmed that fine-tuning solid state 
luminescence properties of molecular crystals can be modulated via solid solution formation. 
 
[1] Lusi M. Engineering Crystal Properties through Solid Solutions. Crystal Growth & Design, 18(6), 3704-

3712 (2018) 
[2] Saršūns K, Bērziņš A, Reķis T. Solid Solutions in Xanthone – Thioxanthone Binary System: How Well are 

Similar Molecules Discrimiinated in the Solid State? Crystal Growth & Design, 20(12), 7997-8004 
(2020) 

[3] Wen Y, Liu H, Zhang S, Gao Y, Yan Y, Yang B. One-dimensional π– π stacking induces highly efficient pure 
organic room-temperature phosphorescence and ternary-emission single-molecule white light. J. 
Mater. Chem. C, 7, 12502–12508 (2019). 

 

A.K.A. acknowledges support by European Social Fund, project “Strengthening of the capacity of 
doctoral studies at the University of Latvia within the framework of the new 
doctoral model”, identification No. 8.2.2.0/20/I/006 and University of Latvia foundation 
through “Mikrotīkls” doctoral scholarship in the field of natural and medical sciences. 
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The benefits of Cu K-beta radiation for the single crystal X-ray structure 
determination of crystalline sponges 
 
Florian Meurer1, Carolina von Essen2, Clemens Kühn2, Horst Puschmann3 and Michael 

Bodensteiner1 

1Fakultät für Chemie und Pharmazie, Universität Regensburg, Universitätsstr. 51, Germany, 
florian.meurer@ur.de 2Merck Innovation Center, Merck KGaA, Frankfurter Str. 250, Darmstadt, 
Germany, 3OlexSys Ltd, Durham University, DH1 3LE, UK 

The Crystalline Sponge method enables the structural elucidation of scarce, small organic 

analytes and hard-to-crystallize compounds. By diffusion of solvent and analyte molecules into 

the cavities of a metal-organic framework (the crystalline ‘sponge’) and molecular orientation by 

the MOF’s functional groups, an analyte becomes part of the crystal structure and thus 

observable through X-ray diffraction methods.[1]  

Unfortunately, many 

problems inherent to 

the structural 

elucidation of MOFs 

limit the possibilities of 

this method. These 

include weak host-guest 

interaction, incomplete 

diffusion, twinning, 

disorder of both analyte 

and solvent and sample 

decay. As much as the physical and chemical aspects of the method have recently been 

improved, the crystallographic aspects pose challenging problems onto the method. As we have 

recently adopted the use of the very rarely used Cu Kβ radiation in our X-ray department and 

found promising results in the analysis of our small molecule data, we also applied Cu Kβ 

radiation to the Crystal sponge method and compared it to the more commonly used wavelength 

Cu Kα in a total of six comparison experiments. Cu Kβ inherits a shorter wavelength than Cu Kα 

radiation (1.39222 Å compared to 1.54187 Å) and thus results in up to 38 % more unique 

reflections and up to 136 % total reflections. This is mainly due to the maximum resolution of 

0.72 Å is accessible for Cu Kβ radiation, compared to 0.80 Å for Cu Kα radiation. Less absorption 

by consistently 25 % in absorption coefficient for Cu Kβ leads to less background and absorption 

damage.[2]  

This results in better crystallographic models for the Cu Kβ data sets: Significantly lower quality 

parameters were obtained in every Cu Kβ experiment. Bond precision was mainly better and the 

compared residual electron density maps (Fig. 1) look much cleaner. Additionally, more solvent 

positions could be modelled in the Cu Kβ data sets. In total, way fewer restraints and no 

constraints had to be used in the models collected using Cu Kβ radiation. Our findings suggest a 

routine use of Cu Kβ radiation – not only for the crystalline sponge method. The same 

advantages are to be expected in general for the structural elucidations of metal-organic 

frameworks but also standard small molecule crystallography. 

[1] Hoshino, M., Khutia, A., Xing, H., Inokuma, Y. & Fujita, M. (2016). IUCrJ. 3, 139–151 
[2] Florian Meurer, Carolina von Essen, Clemens Kühn, Horst Puschmann, Michael Bodensteiner, 2022, in 

preparation 
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Real-time investigation of Lysozyme crystallization kinetics: a neutron diffraction 
study 
 
M. Longo1, R. J. Heigl1, and T. E. Schrader1  

1Forschungszentrum Jülich GmbH, Jülich Centre for Neutron Science (JCNS) at Heinz Maier-
Leibnitz Zentrum (MLZ), Lichtenbergstr. 1, 85748, Garching, Germany  

The isothermal crystallization kinetics of hen-egg-white Lysozyme has been investigated by 
means of a time-resolved neutron diffraction experiment for almost 3 days, starting from a 
supersaturated solution of Lysozyme (30 mg/ml, 3 wt % NaCl, pD 4.75 at 298 K) until the 
growth of crystals, in order to have complementary information about the crystallization 
kinetics1. The temporal evolution of the intensity of 
the Bragg peaks, observed in the neutron 
diffraction images when a single crystal appears, 
has been studied. Simultaneously, the analysis of 
the small angle neutron scattering curves from the 
Lysozyme solution, during the crystallization 
process, has been performed. A correlated 
behaviour between the decrease of the Lysozyme 
concentration and the increase of the 
crystallization fraction was observed. The 
crystallization kinetics was described by means of 
the Johnson-Mehl-Avrami-Kolmogorov model and 
parameters compatible with our previous 
Lysozyme crystallization study have been found2. 
The Lysozyme crystallization under constant neutron 

flux underlines the known strength of neutrons in 

studying biological samples without causing radiation 

damage.  
 

1. Longo, M., Heigl, R. J. & Schrader, T. E. Real-time investigation of Lysozyme crystallization 

kinetics: A neutron diffraction study. J. Cryst. Growth 576, 126362 (2021). 

2. Heigl, R. J. et al. Crossover from a Linear to a Branched Growth Regime in the Crystallization 

of Lysozyme. Cryst. Growth Des. 18, 1483–1494 (2018). 

 
 

This project received funding from the European Union’s Horizon 2020 research and 

innovation programme under Grant Agreement No. 654000. 
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Figure 1 Temporal evolution of the normalized intensity 
of a single integrated Bragg peak (green triangles) and 
the normalized number of the Lysozyme scatterers (blue 
circles). The solid orange line describes the fit to the 
data obtained with the JMAK model. 
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Perylene-based metal-organic frameworks for photochemical applications 
 
Simon N. Deger1, Sebastian Weishäupl1, Alexander Pöthig1, Roland A. Fischer1 

1Chair of Inorganic and Metal-organic chemistry, Catalysis Research Center and Department of 
Chemistry, Technical University of Munich, simon.deger@tum.de, Germany 

Worldwide energy demand growth enforces the development of effective and “green” strategies 
concerning energy production. In the context of global warming and the associated climate 
change, a concept independent of fossil fuels is required. One strategy is the use of sunlight as 
energy source,[1] therefore, materials with a high light capturing capability for an efficient use of 
this energy source have to be developed. Metal-organic frameworks (MOFs) are a promising 
material class in that regard, as they allow for the incorporation of well-defined organic 
chromophores into a ordered crystalline structure principally enabling to absorb light in a broad 
spectrum.[2]  

 

Figure 1: Possible energy transfer processes in MOFs.[2] 

The presented study focuses on the synthesis and characterization of perylene-based MOFs, for 
the investigation of photophysical energy transfer and its conversion to shed light on structure-
property relationships.[3] Three MOF structures incorporating the perylene-based linkers 
1,6,7,12-tetrachloroperylenediimide-N,N’-di-acetic acid and 1,6,7,12-tetrachloro-
perylenediimide-N,N’-di-benzoic acid were successfully synthesized, isolated and fully 
characterized. Photophysical characterization of the obtained materials showed characteristics 
of H-type aggregates being dominant. The solid-state structures as obtained by SC-XRD are 
presented and photophysical implications thereof as well as potential applications are discussed.   

 

Figure 2: Section of the MOF crystal structure showing the aggregation of the chromophore linkers in the 

MOF structure leading to H-type aggregates. 

[1] S. Chu, A. Majumdar, Nature 2012, 488, 294-303. 
[2] D. E. Williams, N. B. Shustova, Chemistry – A European Journal 2015, 21, 15474-15479. 
[3] D. C. Mayer, A. Manzi, R. Medishetty, B. Winkler, C. Schneider, G. Kieslich, A. Pöthig, J. Feldmann, R. A. 

Fischer, Journal of the American Chemical Society 2019, 141, 11594-11602. 
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Halogenide-sodalites: Thermal expansion, decomposition and the Lindemann 
criterion 
 
Marius Wolpmann1, Lars Robben1,2, Thorsten M. Gesing1,2,3 

1University of Bremen, Institute for Inorganic Chemistry and Crystallography, Leobener Str. 7, 
28359 Bremen, Germany, 2University of Bremen, MAPEX Center for Materials and Processes, 
Bibliothekstraße 1, 28359 Bremen, Germany, 3gesing@uni-bremen.de 

Regarding their topological information content and complexity, sodalites are the simplest porous 
zeolitic framework materials. The framework consists of alternating, corner sharing T1O4- and 
T2O4-tetrahedra forming the so-called β-cages which are containing alkali- or earth-alkali cations 
and anions as templates.  

The structural parameters during the compound’s thermal expansion are expected to show a link 
to the sodalites decomposition temperature via the Debye temperature [1]. To clarify the 
interactions in different sodalites, framework and template ions were systematically varied. 
Twelve sodalites of different chemical compositions |Na8X2|[T1M2O4]6 (T1 = Al, Ga; T2 = Si, Ge; X = 
Cl, Br, I) were synthesized and temperature-dependent X-ray experiments, as well as TGA-DSC 
measurements, were carried out. 

The decomposition temperatures were 
determined from the TGA-DSC 
measurements and the temperature-
dependent volumes obtained in Rietveld 
refinements were fitted with a Debye-
Einstein-Anharmonicity model, yielding 
Debye- and Einstein-temperatures for each 
compound. They were used in equation 1, 
modified from the one given by Shelimova 
and Plachkova [2]: 

𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝐾𝐿√
𝑇𝐷

�̅�⋅𝑉
2
3⁄
= 𝐾𝐿𝑌 (Eq. 1) 

where 𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the geometrical average 

of the obtained Debye- and Einstein-
temperatures, 𝑇𝐷 is the decomposition 
temperature, 𝐾𝐿 the Lindemann constant, �̅� 

the average atomic mass and 𝑉
2
3⁄  the 

average atomic distance. Plotting Y vs 
𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (figure 1) groups the compounds on three different lines of similar Lindemann constants 
instead of the expected one for isostructural compounds. No correlations between selected bond-
lengths, chemical composition or other parameters to the Lindemann constants could be found, 
meaning the underlying reason for this grouping of the compounds has to be searched beyond the 
average structure. Thus, further experiments (total scattering, low-temperature diffraction) and 
computational methods (DFT, MD) are currently carried out to elucidate this correlation. 

[1] K. Hoffmann, M.M. Murshed, R.X. Fischer, H. Schneider, T.M. Gesing, Synthesis and characterization of 
mullite-type (Al1-xGax)4B2O9, Z. Kristallogr. Cryst. Mater. 229(10) (2014) 699-708. DOI:10.1515/zkri-
2014-1785 

[2] L.E. Shelimova, S.K. Plachkova, Estimation of the Debye Temperature of IV-VI Semiconductor 
Compounds and Rhombohedral (GeTe)1−x((Ag2Te)1−y(Sb2Te3)y)x Solid Solutions (y = 0.6), Physica 
Status Solidi (a) 104(2) (1987) 679-685. Doi:10.1002/pssa.2211040219 

 

Figure 1: Plot of Y vs 𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒. The linear equations for the three 
groups are given by the lines. AlGeCl is included in group 1. 
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Review of symmetry and structure relationships of the stage-I graphite 
intercalation compounds (GICs) structure family 
 
Stefan Seidlmayer1, Christoph Scheurer2, Ralph Gilles3 

1Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universität München, Garching, 
stefan.seidlmayer@frm2.tum.de, Germany; 2Fritz-Haber-Institut, Max-Planck-Gesellschaft, Berlin, 
Germany 

Graphite and materials made of graphite 

have historically been of huge 

technological importance due to their 

manifold interesting properties. Many of 

the properties arise due to graphite 

being an anisotropic material with a 

layered structure, featuring very strong 

covalent bonds within the single layers 

of graphene, while the interlayers 

connect only through very weak van-

der-Waals forces. Due to that, graphite 

materials undergo intercalation 

reactions and form graphite 

intercalation compounds (GICs). In 

these GICs, metallic ions intercalate between separated layers of graphene, showing interesting 

properties [1]. For example, graphite itself is very conductive in the graphene layer, but 

conductivity perpendicular to these layers is many orders of magnitude lower. Another important 

feature is that the intercalation to GICs is highly reversible, which is utilized in high performance 

lithium-ion batteries (LIBs), where graphite-based anode materials are most commonly used. 

Through the intercalation of graphite with Li-ions up to the so-called stage-1 compound with 

maximum lithium content LiC6, energy is chemically stored in the structure and released upon the 

reversible reaction in a LIB when paired with an appropriate cathode material, which in turn must 

be capable to take up the released Li ions from the LiC6-GIC. The transformation to LiC6 however 

is complex and between the two terminal points, graphite and LiC6, many intermediate stages 

exist [2]. However, our understanding of the phase transition mechanism and reaction pathway, 

especially in the Li-graphite system, remains incomplete, due to the profound complexity and 

peculiarities of this “staging” reaction. Although a full understanding is imperative in order to 

control aging and cell performance characteristics of lithium ion batteries. We review published 

binary stage-1 GIC structures from the ICSD-database, fundamental structural aspects like 

bonding distances and packing arrangements and explore their symmetry relationships applying 

group-subgroup considerations. Our findings will improve the understanding of the intermediate 

stages occurring during the electrochemical intercalation of lithium ions in LIBs and enhance the 

analysis of measured diffraction data. 

[1] Dresselhaus M. S., Dresselhaus G. "Intercalation compounds of graphite." Adv. Phys. 51(1), 1-186 (2002) 
[2] Didier C., Pang W. K., Guo Z., Schmid S., Peterson V. K. "Phase Evolution and Intermittent Disorder in 
Electrochemically Lithiated Graphite Determined Using in Operando Neutron Diffraction." Chem. Mater. 
32(6), 2518-2531 (2020) 
 

The project thanks the BMBF (Federal Ministry of Education and Research, Germany) for funding 
within grant number 03XP0255. 

Fig. 1 The five binary M-GIC structure types shown in 
projection along the a-axis. Different stacking arrangements 
are visible. However, a full disambiguation of the arrangement 
requires projections along two perpendicular axes. Shown 
below are assigned structure type labels. Uppercase Latin 
letters depict symmetry equivalent carbon layers, lowercase 
Greek letters show equivalent metal ion layers. 
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Influence of Si on Hydrogen adsorption in SMoSe Janus host layer 

M. Vallinayagam1, J. Karthikeyan2, M. Zschronak1 and M. Posselt3 

 

1Institute of Experimental Physics, TUBAF, Freiberg, Germany, 2RGIPT, JAIS, India, 3Institute for Ion Beam 
physics and Materials Research, HZDR, Dresden, Germany 

 

H adsorption on SMoSe Janus layer (JL) is enhanced by doping with Si dopant. The formation energy 

calculation reveals the possibility of Si doping in the SMoSe JL. Different sites are considered for Si 

doping, namely a) Si on Mo site (Si@Mo), b) Si on S site (Si@S), c) Si on Se site (Si@S), and d) Si on 

interstitial site (Si@int). The Si occupation on Mo sites is exothermic within Si-bulk chemical condition. 

Doping on other sites, such as S or Se sites, are endothermic reactions with energy requirements of 

about 0.4 eV. Careful analysis of the differential charge of each atom in Si-doped JLs paves the way to 

select possible sites for H inclusion. In the pristine JL layer the differential charge of both S and Se 

atoms is zero due to the uniform distortion of S-Mo and Se-Mo bond length. In the Si@Mo case, the S 

and Se atoms in the first-nearest neighbor distance to Si acquire excess charge. On the other hand, the 

Si@S and Si@Se cases induce no differential charge on S- or Se- atomic planes. Altogether, this leads 

to different choices for H adsorption sites, two sites in each S- and Se- atomic planes and on top of the 

doped element. The difference in Gibbs Free energy G for H adsorption at different sites is calculated 

and compared with G of H and H2. In conclusion, Si@Mo JLs are the best candidate for H adsorption 

processes over pristine, Si@S and Si@Se JLs. 
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Quantum crystallographic evaluation of the YLID crystal structure; reconsidering 
data quality  
 
Yaser Balmohammadi1, Lorraine A. Malaspina1, Milosz Siczek2, Simon Grabowsky1 

1 Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern, 
Switzerland, 2 University of Wroclaw, Faculty of Chemistry 

 

Since 1969, YLID (2-dimethylsufuranylidene-l,3-indanedione) crystals have been routinely used as 

test crystals for X-ray diffractometers. YLID is stable at room temperature, crystals could easily be 

ground to spheres, its small unit cell (ca. 1000 Å3), and orthorhombic symmetry are advantageous 

properties for an off-the-shelf test system. Therefore, the crystal structure has been determined 

innumerable times.1 Despite that, no charge density evaluation has been performed for this test 

system. It is certainly more meaningful if we compare, e.g.,hydrogen anisotropic displacement 

parameters and the residual density distribution instead of average intensities or internal R-values to 

evaluate if our diffractometer and experimental setup provide high-quality data. 

 

 

 Quantum crystallographic analysis of YLID test crystal 

 

In this study, the crystal structure of the YLID test crystal for X-ray diffractometers is studied under 

different conditions. The data for the study were collected using three different wavelengths 

(Cu=1.54184 Å, Mo=0.71073Å, Ag=0.56087Å) and three different temperatures (272K, 150K, 100K). 

The YLID experimental electron density was obtained using multipole refinement2 and X-ray 

wavefunction refinement3.  

Our results demonstrate that for data quality evaluation of an X-ray diffractometer, quantum 

crystallographic procedures are most helpful. Also, we analyze the axial chirality of the YLID molecule 

and the chiral packing in the orthorhombic polymorph of this compound.  

[1] Guzei, Ilia A., et al. "Polymorphism and History of 2-Dimethylsufuranylidene-1, 3-indanedione (YLID)." 

Crystal Growth and Design 8.7 (2008): 2411-2418. 

[2]     Koritsanszky, Tibor S., and Philip Coppens. "Chemical applications of X-ray charge-density analysis." 

Chemical Reviews 101.6 (2001): 1583-1628. 

[3] Woińska, Magdalena, et al. "Validation of X‐ray Wavefunction Refinement." ChemPhysChem 18.23 (2017): 

3334-3351. 
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Structure prediction and behavior of (un)known materials in extreme conditions 
 
Dejan Zagorac1,2, Jelena Zagorac,1,2, Tamara Škundrić1,2, Milan Pejić1,2, Dušica Jovanović1,2,   Klaus 

Doll3, Christian J. Schön4, Branko Matović1,2 

1Institute of Nuclear Sciences “Vinča”, Materials Science Laboratory, University of Belgrade, 
Belgrade, dzagorac@vinca.rs Serbia, 2Center of excellence “CextremeLab”, Center for synthesis, 
processing, and characterization of materials for application in the extreme conditions, Belgrade, 
Serbia, 3Institute for Theoretical Chemistry, University of Stuttgart, Germany, 4Max Planck 
Institute for Solid State Research, Nanoscale Science Department, Stuttgart, Germany. 

 

Over the years scientists have begun research to invent materials sustainable under 

extreme conditions. Furthermore, such innovative materials explored at high pressures, under 

high magnetic and electric fields, over a wide range of temperatures, radiation conditions, 

corrosive environments, under extreme mechanical loads, and non-equilibrium thermodynamic 

conditions are applicable not only in e.g. deep ocean explorations or space travel but become 

increasingly relevant in our daily life, such as in applications to energy production and 

conversion, maintenance of the water supply, or the stability of the computer infrastructure 

under coronal mass ejections. In that respect, we show the results of well-known barium sulfide 

(BaS) compound, where novel predicted and previously synthesized BaS phases have been 

calculated and subjected to extreme pressures up to 100GPa. The structure-property 

relationship and in particular metalization of BaS has been investigated in detail [1,2]. Boron 

suboxide, B6O is the third hardest material after diamond and c-BN and the hardest known 

oxide. Here, we present structure prediction, high-pressure effect, and properties investigation 

of superhard B6O [3,4]. Finally, we present one unknown Cr2SiN4 compound calculated using a 

combination of Density-functional theory (DFT), data mining (DM), global optimization (GO), as 

well as the newly developed Primitive Cell approach for Atom Exchange (PCAE) method [5]. 

Moreover, the behavior of the predicted Cr2SiN4 compound under high pressure up to 10 GPa 

has been investigated. 

 
[1] D. Zagorac, K. Doll, J. Zagorac, D. Jordanov, B. Matović, Barium Sulfide under Pressure: Discovery of 

Metastable Polymorphs and Investigation of Electronic Properties on ab Initio Level, Inorganic 
Chemistry, 56(17) 10644-10654 (2017) 

[2] D. Zagorac, J. Zagorac, K. Doll, M. Čebela, B. Matović, Extreme pressure conditions of BaS based 
materials: Detailed study of structural changes, band gap engineering, elastic constants and 
mechanical properties, Processing and Application of Ceramics 13(4), 401-410 (2019) 

[3] J. Zagorac, D. Jovanović, T. Volkov-Husović, B. Matović, D. Zagorac, Structure prediction, high pressure 
effect and properties investigation of superhard B6O, Model. Simul. Mater. Sci. Eng., 28, 035004 
(2020) 

[4] D. Zagorac, J. Zagorac, “Advanced Semiconductors under Extreme Pressure Conditions” in Advances in 
Material Research and Technology, Series Ed.: Ikhmayies, Shadia Jamil, Springer Publisher, ISSN: 
2662-4761. Accepted (2021) 

[5]  T. Škundrić, D. Zagorac, J.C. Schön, M. Pejić, B. Matović, Crystal structure prediction of the novel 
Cr2SiN4 compound via global optimization, data mining, and the PCAE method, Crystals, 11(8), 891 
(2021) 
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Structure prediction using global optimization and data mining in new Ce-O-N 
compounds 
 
Jelena B. Zagorac1,2, Christian J. Schön3, Branko Matović1,2, Dejan B. Zagorac1,2 

Institute of Nuclear Sciences Vinča, Materials Science Laboratory, Belgrade University, Belgrade, 
Serbia, jelena@vinca.rs, 2Center for synthesis, processing, and characterization of materials for 
application in the extreme conditions-CextremeLab, Belgrade, Serbia, 3Max Planck Institute for 
Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany 

 

Stable and metastable modifications inside of an ionic Ce-O-N compound with the 

compositions Ce2ON2 and Ce3O3N have been identified. The Ce2ON2 has been found as a best 

candidate with Ce4+ charge, even in the extreme conditions, [1,2]  while Ce3O3N system is 

predicted for Ce3+ ions. Structure candidates for both compositions have been obtained after 

exploring the energy landscape for different pressure values and using empirical potentials. 

Global searches were performed on the enthalpy landscapes for three numbers of formula units 

per simulation cell (Z = 1, 2, 3), and for six different pressures (0, 0.016, 0.16, 1,6, 16, and 160 

GPa) yielding a total of 14400 structure candidates for each composition. Additionally, potential 

structure candidates have been found using data mining of the ICSD database. We have extracted 

candidates that occur in the ICSD database with general formula A2BC2 and A3B3C, respectively. 

Energetically most favorable structure candidates obtained using the global search and the data 

mining were locally optimized on ab initio level in the sequence of the research. Local 

optimizations are performed. Finally, ab initio calculations of the total energy and local 

optimizations of the structure candidates were performed on the density functional theory level 

using the local density approximation (LDA) and the CRYSTAL17 code. 

 
[1] J. Zagorac, J.C. Schön, B. Matović, T. Škundrić, D. Zagorac. Predicting Feasible Modifications of Ce2ON2 

Using a Combination of Global Optimization and Data Mining. J. Phase Equilib. Diffus. 41, 538–549 
(2020) 

[2] J. Zagorac, D. Zagorac, D. Jovanović, M. Pejić, T. Škundrić, B. Matović, Ab Initio Investigations and 
Behaviour of the α-Ce2ON2 Phase in the Extreme Pressure Conditions. Journal of Innovative 
Materials in Extreme Conditions, 2, 36-43 (2021). 
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Evaluation of surrogate-models for the incorporation of tetravalent actinides in 
monazite phases 
 
Theresa C. Lender1, Lars Peters1 

1Institute of Crystallography, RWTH Aachen, lender@ifk.rwth-aachen.de, Germany 

Monazite has long been considered as one of the most promising crystalline host materials for 

long-term storage of radioactive waste, especially actinides. The main reasons for that are its 

chemical flexibility, its excellent chemical durability and its low recrystallization temperature 

which allows for rapid repair of radiation induced damage [1,2].  

It has been shown that monazites can 

accommodate large amounts of 

trivalent actinides as well as various 

trivalent lanthanides (acting as 

surrogates for actinides) within its 

crystal structure [2]. However, the 

experimental incorporation of 

tetravalent dopants via a coupled 

substitution has proven difficult [3-

4], though natural monazite is known 

to contain up to 15 wt% UO2 and up 

to 32 wt% ThO2, respectively [5]. 

Recently, the substitution of trivalent 

La3+ for Ca2+ and Ce4+, the latter acting 

as a surrogate for Pu4+ and U4+, has 

been attempted via solid state 

reaction and co-precipitation.  

 

The evolution of the lattice 

parameters deviates from that of an 

ideal mixture (fig. 1) indicating either 

excess properties or changes in the 

oxidation state. This will be addressed via various analytical methods. Using XANES and EPR the 

oxidation state of cerium incorporated into the structure will be determined. The overall 

chemical composition of the obtained monazite-type phases will be ascertained using EPMA. 

 

[1] Schlenz H et al. Monazite as a suitable actinide waste form. Z. Kristallogr., 228, 113-123 (2013) 

[2] Dacheux N, Clavier N, Podor R. Monazite as a promising long-term radioactive waste matrix: Benefits 
of high-structural flexibility and chemical durability. American Mineralogist, 98, 833-847 (2013) 

[3] Popa K et al. The chemistry of the phosphates of barium and tetravalent cations in the 1:1 
stoichiometry. J. Solid State Chem. 180, 2346-2355 (2007) 

[4] Bregiroux D et al. Solid-State Synthesis of Monazite-type Compounds Containing Tetravalent Elements 
Inorg. Chem. 46, 10372-10382 (2007) 

[5] Ewing RC, Weber WJ. Actinide waste forms and radiation effects. Chapter 35. In: Morss LR, 
Edelstein NM, Fuger J, editors. The chemistry of the actinide and transactinide elements. 4th ed. 
Springer, Dordrecht; 2010:3813–87. 

The authors acknowledge support by BMBF under project number 02NUK060B. 

Fig. 1 Evolution of the lattice parameters of the LaPO4 – 

Ca0.5Ce0.5PO4 solid solution 

a b 

c β 
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A49Ga2Tl108 (A = K, Rb), Beispiele für gemischte Trielide des K49Tl108-Typs 
 
Bernard Lehmann1, Annika Erkert1, Caroline Röhr1 
 
1Institut für Anorganische und Analytische Chemie, Albert-Ludwigs-Universität Freiburg, 
Deutschland, bernard.lehmann@ac.uni-freiburg.de 
 
Die Titelverbindungen wurden im Zuge unserer Untersuchungen zur Strukturchemie ternärer 

Trielide mit gemischten Trielpositionen (Ga/In) [1] und (Ga/Tl) [2] erhalten. Es handelt sich nach 

A8GaTl10 (A = K, Rb, Cs) [2] mit isolierten [Ga@Tl10]8--Clustern um ein weiteres Beispiel 

Ga-zentrierter Tl-Polyeder. Die Synthese erfolgte aus den Elementen, die stöchiometrisch im 

Verhältnis K47Ga5Tl105 bzw. Rb49Ga10Tl100 eingewogen 

wurden. K49Ga2Tl108 wurde dabei phasenrein erhalten, 

während Rb49Ga2Tl108 als Nebenprodukt neben Rb15Tl27 

kristallisierte. Beide Verbindungen kristallisieren 

isotyp zu K49Tl108 [3] und Rb49Tl109.7 [4] in der kubischen 

Raumgruppe 𝑃𝑚3̅ (K49Ga2Tl108, 𝑎 = 1722.8 pm; 

Rb49Ga2Tl108, 𝑎 = 1752.7 pm). Die Ga-Atome besetzen 

die Wyckoff-Lagen 1𝑎 und 1𝑏, die in K49Tl108 unbesetzt 

und in Rb49Tl109.7 statistisch mit Tl besetzt sind. In der 

Struktur treten einfach überkappte, Tl-zentrierte 

hexagonale Antiprismen neben Ga-zentrierten 

Ikosaedern auf, deren Zentren topologisch dem 

Cr3Si-Typ folgen. Die Ikosaeder besetzen dabei die Si-

Positionen, während sich die hexagonalen Antiprismen 

(Abb. 1 b.) auf den Cr-Positionen befinden. Letztere 

bilden somit Ketten, die ohne sich zu kreuzen parallel zu 

den drei Zellachsen verlaufen. Darüber hinaus ist 

jeweils eine hexagonale Fläche der Antiprismen durch 

ein weiteres Tl-Atom überkappt. Die Überkappung der 

Antiprismen und die damit verbundene Verschiebung 

des zentralen Tl-Atoms bewirkt eine Symmetriereduktion von 𝑃𝑚3̅𝑛 in die Untergruppe 𝑃𝑚3̅, die 

anhand eines Stammbaums nach Bärnighausen erläutert wird. Der Einbau von Ga führt zu einer 

Volumenvergrößerung der Ikosaeder von 71∙ 106 pm3 auf 74.2 bzw. 75.4∙ 106 pm3. Die 

Ga-Tl-Abstände betragen 309 pm und sind damit deutlich größer als jene in A8GaTl10, die sich im 

Bereich von 290 pm bewegen. Sie liegen hingegen sehr nahe an den 313 pm, die sich aus den 

Metallradien von Ga und Tl ergeben, was für einen hohen metallischen Bindungsanteil spricht. Die 

Bindungssituation, sowohl in der binären als auch in den beiden ternären Varianten, wurde auf 

der Basis von Bandstrukturrechnungen umfassend untersucht.   

 
[1] M. Falk, C. Röhr, Stacking polytypes of mixed alkali gallides/indides A1-2(Ga/In)3 (A = K, Rb, Cs), 
synthesis, crystal chemistry and chemical bonding. Z. Kristallogr. 234, 623-646 (2019) 
[2] B. Lehmann, C. Röhr, Endohedral ten-vertex clusters [Ga@Tl10]8- in the mixed trielides A8GaTl10 (A = K, 
Rb, Cs). Z. Anorg. Allg. Chem. (Eingereicht) 
[3] V. Müller, G. Cordier, Darstellung und Kristallstruktur von K49Tl108. Z. Naturforsch.48b, 1035-1040 
(1993)  
[4] V. Schwinghammer, S. Gärtner, Effects upon Substitution in Alkali Metal Thallides: How far can X-Ray 
Structure Determination of Strongly Absorbing Compounds go? Acta Cryst. A76 Suppl. (2021) (im Druck) 
 

Abbildung 1: a. Elementarzelle von A49Ga2Tl108 
b. Überkapptes zentriertes hexagonales 
Antiprisma c. Zentriertes Ikosaeder. 
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High-Pressure Synthesis of Intermetallic Framework Compounds RESi3 
 
Teuta Neziraj1, Steffen Wirth1, Ulrich Schwarz1, Yuri Grin1 

1Max-Planck Institut für Chemische Physik fester Stoffe, Nöthnitzer Str. 40, 01187 Dresden, 
teuta.neziraj@cpfs.mpg.de 

Covalent framework compounds are a very interesting class of materials regarding their 
structural diversity and their physical properties. Earlier investigations of the reactions between 
silicon or germanium with rare-earth metals (RE) 
have led to the discovery of a rich variety of binary 
phases and new structural patterns by applying 
high-pressure synthesis [1,2]. According to the 
phase diagrams of rare-earth elements with 
silicon, synthesis at ambient pressure yields 
RESi2-x as the silicon-richest phase. In an effort to 
realize an increased number of Si-Si contacts at 
ambient conditions, silicon-rich phases need to be 
synthesized at high-pressure and then quenched. 
The high-pressure phases usually exhibit 
multicenter interactions and enhanced 
coordination numbers [3].  Following this 
principle, a series of five RESi3 (RE= Gd, Tb, Dy, Er, 
Tm) compounds was synthesized and 
characterized, thus expanding the map of binary silicides.  

The metastable binary rare-earth trisilicides RESi3 were obtained by high-pressure high-
temperature synthesis (9.5 GPa, 823-923 K). At ambient pressure, the compounds decompose 
exothermally upon heating into Si and RESi2-x. 
Powder diffraction data refinements (Fig. 1) 
reveal that the crystal structure of the compounds 
is isotypic to that of CaGe3 [4]. The values of cell 
parameters, respectively the cell volume, decrease 
from Gd to Tm as it is expected due to the 
lanthanide contraction.  
Magnetic measurements on compounds RESi3 
reveal for DySi3 (Fig. 2) Curie-Weiss paramagnetic 
behaviour with a calculated effective moment 
µeff = 10.63 µB which is consistent with the 6H15/2 
ground state of the 4f 9 configuration of 
dysprosium (Dy3+, µeff = 10.65 µB). The value of 
Θ = -4,2 K determined from the linear fit, indicates 
antiferromagnetic ordering of DySi3.  

[1] Schwarz, U.; Wosylus, A.; Rosner, H.; Schnelle, W.; Ormeci, A.; Meier, K.; Baranov, A.; Nicklas, M.; Leipe, 
S.; Müller, C. J.; Grin, Yu. Dumbbells of five-connected silicon atoms and superconductivity in the binary 
silicides MSi3 (M = Ca, Y, Lu). J. Am. Chem. Soc. 2012, 134, 13558−13561. 
[2] Nishikawa, T.; Fukuoka, H.; Inumaru, K. High pressure synthesis and electronic structure of a new 
superconducting strontium germanide (SrGe3) containing Ge2 dumbbells. Inorg. Chem. 2015, 54, 
7433−7437. 
[3] Wosylus, A; Meier, K.; Prots, Y.; Schnelle, W.; Rosner, H.; Schwarz, U.; Grin, Yu. Unusual Silicon 
Connectivities in the Binary Compounds GdSi5, CeSi5, and Ce2Si7. Angew. Chem. Int. Ed. 2010, 49, 9002-9006. 
[4] Schnelle, W.; Ormeci A.; Wosylus A.; Meier K.; Grin J.; Schwarz U. Dumbbells of Five-Connected Ge Atoms 
and Superconductivity in CaGe3. Inorg. Chem. 2012, 51, 10, 5509–5511. 

Fig. 1  Synchrotron powder XRD pattern of DySi3 
and results of Rietveld refinement. 

Fig. 2  Inverse corrected magnetic susceptibility 
1/χ of DySi3 against temperature T. 
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A rare phenomenon inversion in mullite-type RAlGeO5 for R = Y, Sm – Lu 
 
Kowsik Ghosh1, M. Mangir Murshed1,2, Michael Fischer2,3, Thorsten M. Gesing1,2 

1University of Bremen, Institute of Inorganic Chemistry and Crystallography, Leobener Straße 7, 
D-28359 Bremen, Germany, ghosh@uni-bremen.de, 2MAPEX Center for Materials and Processes, 
Bibliothekstraße 1, Universität Bremen, D-28359 Bremen, Germany, 3University of Bremen, 
Crystallography, Faculty of Geosciences, Klagenfurter Straße 2-4, D-28359 Bremen, Germany 

Mullite-type RMn2O5 (R = Y, rare-earth element) ceramics are of ongoing research attentions 
because of their interesting crystal-chemical, physical, and thermal properties. The crystal 
structure of RMn2O5, can be described in the orthorhombic space group Pbam [1], where the edge-
sharing MnO6 octahedra form infinite chains running parallel to the crystallographic c-axis, which 
are interconnected by double-pyramidal [Mn2O2O6/2] building units formed by two edge-sharing 
MnO5 tetragonal pyramids. Substitution of transition cations in octahedral and pyramidal sites by 
non-transition cations can offer a plenty number of phases of this O10-mullite-type family. Though 
the ionic radii [2] and Al/Ge-O bond distances are quite similar, a complete series of this mullite-
type compounds with R-cations and Al3+/Ge4+ are still missing. We report a detailed structural, 
spectroscopic and thermal analysis of the series of mullite-type RAlGeO5 (R = Y, Sm-Lu) phases [3]. 
Polycrystalline samples are prepared by solid-state synthesis methods. Each sample is 
characterized by X-ray powder diffraction followed by Rietveld refinements, showing that they 
are isotypic and crystallize in the space group Pbam. The change of the metric parameters is 
explained in term of the lanthanide contraction effect. A rare inversion of Al/Ge between 
octahedral and pyramidal sites have been observed for these mullite-type so called O10 
compounds, and the inversion parameter found to be between 0.22(1) and 0.30(1) for different 
R-cations. The <Al/Ge-O> bond distances and their bond valence sums (BVSs) support the 
respective inversions. Density functional theory (DFT) calculated phonon density of states (PDOS) 
and electronic band structures are compared for the vibrational and electronic band gap features, 
respectively. Analysis of UV/Vis absorption spectra using both derivation of absorption spectra 
fitting (DASF) and Tauc’s methods demonstrates that each of the RAlGeO5 O10 compounds is high 
bandgap semiconductor, possessing direct transition between 4.1(1) and 5.4(1) eV. Both Raman 
and Fourier transform infrared spectra show clear red shift (quasi-harmonic) of the vibrational 
wavenumbers with respect to the ionic radii of the R-cations. Selective Raman bands at higher 
wavenumber region further complement the inversion of Al/Ge between two coordination sites. 
The higher decomposition temperature of the RAlGeO5 compounds, compared to those of RMn2O5 
phases, is explained in terms of higher bond strength of Al/Ge-O than those of Mn-O. Irrespective 
to the inversion between Al- and Ge-sites, the decomposition temperature also depends on the 
type of R-cation in RAlGeO5.  

 
[1] A. Muñoz, J.A. Alonso, M.T. Casais, M.J. Martínez-Lope, J.L. Martínez, M.T. Fernández-Díaz, Magnetic 

structure and properties of BiMn2O5 oxide: A neutron diffraction study, Phys. Rev. B 65(14) (2002) 
144423. DOI:10.1103/PhysRevB.65.144423 

[2] R.D. Shannon, Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides 
and Chalcogenides, Acta Crystallogr. A 32 (1976) 751-767.  

[3] K. Ghosh, M.M. Murshed, M. Fischer, T.M. Gesing, Aluminum to germanium inversion in mullite‐type 
RAlGeO5: Characterization of a rare phenomenon for R = Y, Sm–Lu, J. Am. Ceram. Soc. 105(1) (2021) 
728-741. DOI:10.1111/jace.18085 

 

K.G. acknowledges the financial support by University of Bremen. 
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Synthesis and characterization of indium-containing sillenite 
 
Md. Imran Hossain1, M. Mangir Murshed1,2, Thorsten M. Gesing1,2 

1University of Bremen, Institute of Inorganic Chemistry and Crystallography, Leobener Straße 7, 
D-28359 Bremen, Germany, mdimran@uni-bremen.de, 2MAPEX Center for Materials and 
Processes, Bibliothekstraße 1, Universität Bremen, D-28359 Bremen, Germany 

Bi24MO40 (M = Zn2+, Fe3+, Ti4+ and P5+ etc.) compounds belong to sillenite family with non-
centrosymmetric space group (I23) – the prerequisite for piezoelectric and non-linear optical 
properties [1]. The stereochemical activity of the 6s2 lone electron pairs (LEP; E) of Bi3+ cation can 
additionally serve for interesting crystal-physico-chemical properties. Indium containing 
sillenite-type Bi25InO40 has been synthesized using solid state method. X-ray powder data Rietveld 
refinement suggests bismuth to be found both at 24f and 2a Wyckoff positions, forming BiO5 and 
BiO4 polyhedral geometry, respectively for a cut-off distance of 260 pm. Whereas the BiO4 
tetrahedron is almost regular (Bi-O = 200.50(2) pm and 200.56(2) pm), the BiO5 pyramid is highly 
distorted (Figure 1) with a maximum deviation of about 45.3 pm (max. 257.8(1) pm and min. 
212.5(1) pm) mainly due to LEP 
activity of the Bi3+ cation [2]. 
Therefore, one might claim this 
coordination as nido-BiO5E octahedra, 
with the LEP pointing to the nido-
position. The occupancy of the 2a 
position was converged to be shared 
by both indium and bismuth. The 
calculated bond valence sum of 4.03 
v.u. leads to conclude that 2a site is 
equally shared by In3+ and Bi5+ cations. 
While Raman spectral bands between 
400 cm-1 and 600 cm-1 are 
characteristic of the Bi24O40 cluster, the 
asymmetric sharp feature between 
810 cm-1 and 840 cm-1 can be assigned 
to the M-O stretching bands of the MO4 
tetrahedra. Assuming the Raman scattering cross sections of the Bi-O and In-O bonds in the 
tetrahedral site to be similar, the fitted two spectral components at about 825 cm-1 and 829 cm-1 
comprise of 57 % and 43 % occupancy of Bi5+ and In3+, which is different than that of calculated 
from the X-ray data. However, in this regard an estimated uncertainly of amount 10 % of the 
Raman spectral analysis should be considered. Analysis of the UV/Vis diffuse reflectance spectrum 
using the Reflectance-Absorbance-Tauc-DASF (RATD) methods, the indium containing sillenite 
possesses a direct bandgap of 2.08(2) eV. The bandgap value in this range may hint to a possible 
visible light photocatalytic activity of this indium containing sillenite. 

 
[1] P.S. Halasyamani, K.R. Poeppelmeier, Noncentrosymmetric oxides, Chemistry of Materials 10(10) (1998) 

2753-2769. Doi:10.1021/cm980140w 
[2] R.J. Betsch, W.B. White, Vibrational spectra of bismuth oxide and the sillenite-structure bismuth oxide 

derivatives, Spectrochimica Acta Part A: Molecular Spectroscopy 34(5) (1978) 505-514. 
Doi:10.1016/0584-8539(78)80047-6 

 

Figure 1. Coordination of BiO5 pyramid 
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Neue intermetallische Phasen der Systeme Ba–Mg–Zn und Ba–Mg–Cd

Katharina Köhler1, Markus Otteny1, Julia Rohde1, Caroline Röhr1,∗

1: Institut für Anorganische und Analytische Chemie, Albert-Ludwigs-Universität Freiburg;
∗ caroline@ruby.chemie.uni-freiburg.de

Im Rahmen von Untersuchungen zur Rolle des Magnesiums in ternären Zinkiden und Cadmiden

der schwereren Erdalkalimetalle (A = Ca, Sr, Ba) konnten wir im System Ca–Mg–Zn im engen

Zusammensetzungsbereich von M :A (M = Mg, Zn) zwischen 3.83 und 5.33 eine umfangreiche Rei-

he verwandter neuer Phasen erhalten ([1], Abb.: blau schraffiert). Diese weisen als M -Polyanionen

zentrierte Würfel ([MM8/2], cC, blau), kanten-überkappte Tetraeder- ([M4M4M6/2], µTS, grün) und

-Doppeltetraeder-Sterne ([M5M6M6/2], µ-DTS, rot) auf, die über Ecken zu hexagonalen Schichten

variabler Stapelfolgen verknüpft sind. Randverbindungen der Serie sind der kubische Th6Mn23-

(cC+µTS, A) und der hexagonale Eu3Mg16-Typ (cC+µDTS, C). Dagegen waren für A=Sr bzw.

Ba mit Ba6Mg23 [2], Sr3Mg13 [2] und SrMg5.2 [3] bereits die zu dieser Strukturfamilie gehörenden

binären Magneside bekannt. Daher wurden zunächst die Ba-Mg-Phasen mit Zn (weitere Verbindun-

gen s. [4]) und Cd systematisch präparativ, röntgenographisch und bindungstheoretisch untersucht.
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Ausgehend von Ba6Mg23
(A) ist für Zn eine

lückenlose Mg→Zn-Sub-

stitution bis Ba6Mg24Zn9
(39 % Zn), für Cd ei-

ne noch weitergehende

bis Ba6Mg12Cd11 (48 %

Cd) möglich. Zn und

Cd besetzen dabei be-

vorzugt die zentrale TS-

Position. Die übrigen Ko-

lorierungstrends (Mg/Zn-

Verteilung) entsprechen

denen der voll geordneten

Ca-Phase Ca6Mg8Zn15 [5]

und lassen sich mit geo-

metrischen Kriterien und

quantenchemischer Rech-

nungen erklären. Die neue

Verbindung Ba3Mg9Zn4 (B) ist die erste Ba-haltige Stapelvariante des hexagonalen Sr3Mg13-Typs.

Im Unterschied zu den – durch eine Ca→Zn2-Substitution – stark fehlgeordneten Ca/Mg/Zn-

Phasen des Eu3Mg16-Typs (C) [1] sind die Ba-Phasen stöchiometrische 3:16-Verbindungen. Dieser

Strukturtyp, der auch hier für binäre Metallide der betrachteten Systeme unbekannt ist, tritt für

Zn zwischen 35 und 50.6 % Zn, für Cd dagegen nur im engen Bereich um 66 % Cd auf. Bei wei-

ter erhöhten Cd-Gehalten der Proben bildete sich in einem engen Bereich zwischen 70.0 und 75.4

% Cd der binär ebenfalls nicht auftretende einfache CaCu5-Typ (D) mit deutlich weniger stark

kondensierten M4-Tetraedern. Vom CaCu5-Typ läßt sich durch Ersatz von 1
3 der A-Ionen durch

Mg2-Hanteln der rhomboedrischen Th2Zn17-Typ (E) ableiten, dessen Phasenbreite und Mg/Cd-

bzw. Mg/Zn-Elementverteilung – ausgehend von der neu verfeinerten Randphase Ba2Mg17 – ebenso

untersucht wurde wie die des tetragonalen BaCd11-Typs (F).

[1] K. Köhler, C. Röhr, Acta Cryst. A75, e424 (2019).

[2] F.-E. Wang, F. A. Kanda, C. R. Miskell, A. J. King, Acta Cryst. 18, 24-31 (1965).

[3] J. Erassme, T. Brauers, H. Lueken, J. Less-Common Met. 137, 155-161 (1988).

[4] K. Köhler, C. Röhr, Z. Kristallogr. Suppl. 39, 75 (2021).

[5] K. Köhler, C. Röhr, Z. Anorg. Allg. Chem. (in Vorbereitung)
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Spectroscopic and structural characterization of molecular organic frameworks 
for heterogeneous catalysis  
 
Isabella Kappel1, Maurice Vennewald2, Andree Iemhoff2, Nina Sackers2, Regina Palkovits2, 

Claudia Weidenthaler1 

1Department of Heterogeneous Catalysis, Max-Planck-Institut für Kohlenforschung, 
kappel@kofo.mpg.de, Germany, 2Institute of Technical and Macromolecular Chemistry (ITMC), 
RWTH Aachen University, Aachen, Germany 

Aiming at more sustainable chemical processes, the development of efficient catalysts plays a 

major role. In that context, the development of single-atom catalysts has a huge potential since 

they can bridge the gap between homogeneous and heterogeneous catalysis due to very good 

performance, better catalyst separation and handling as well as maximum metal utilization [1].  

Single-atom catalysts based on carbon-nitrogen polymers with low metal loadings have shown 

applicability for several catalytic systems. 

For example, Ir-complexes bound to 

Covalent Triazine Frameworks show great 

activity and selectivity in the catalytic 

decomposition of formic acid [2], which is 

considered a potential hydrogen storage 

material. Interestingly, and contrary  

to common expectations a reductive 

treatment at elevated temperatures led to 

an increased catalytic performance. 

A transfer of this procedure to other 

supports and metals shall be analyzed. 

Graphitic carbon nitrides (g-NC) where 

1wt. % Pd was immobilized is at the center 

of this research. A detailed local structure 

analysis shall give rise to structure-

property relationships in such systems. However, the characterization comes with some 

challenges due to the amorphous nature of the catalysts. The evaluation of possibilities and 

limits of different characterization methods to characterize the polymeric support material and 

the as-synthesized catalyst is aimed. Fig. 1 shows the comparison of the experimental g- CN pair 

distribution function (PDF) analysis with different calculated PDFs based on periodic density 

functional theory (DFT) calculations of different g-CN models with varying interplanar distances 

and stacking sequences. It was found that the model which was calculated to be the most stable 

matched the experimental data best. Furthermore, ex and in situ synchrotron X-ray total 

scattering and photoelectron spectroscopy measurements have been conducted.  
 
[1] Soorholtz, Mario, et al. "Local platinum environments in a solid analogue of the molecular Periana 

catalyst." ACS Catalysis 6.4 (2016): 2332-2340.  
[2] Bavykina, A. V., et al. "Efficient production of hydrogen from formic acid using a Covalent Triazine 

Framework supported molecular catalyst." ChemSusChem 8.5 (2015): 809-812 

Project funding by the cluster of excellence Fuel Science Center (FSC) and the cooperation with 

the working group of Prof. Regina Palkovits at the ITMC, RWTH Aachen University are gratefully 

acknowledged. 

Fig. 1 Comparison of experimental X-Ray PDF of g-CN with 

calculated PDFs based on DFT calculations. 
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Rb4CuSb2Br12: A new vacancy-ordered quadruple perovskite 
 
Michael Daub12, Markus Otteny1, Harald Hillebrecht123 

1Institute for Inorganic and Analytical Chemistry, Albert-Ludwigs-University Freiburg, 
michael.daub@ac.uni-freiburg.de, Germany, 2Cluster of Excellence livMatS Albert-Ludwigs-
University, Freiburg Center for Interactive Materials and Bioinspired Technologies (FIT), 
Germanny, 3Freiburg Materials Research Center (FMF), Germany.  

The introduction of MAPbI3 as a new absorber material for solar cells [1] resulted in an 
enormous boost in research on metal halide perovskites and related compounds. Such 
compounds include divalent halides ABX3, double perovskites A2BB’X6 with mono and trivalent 
cations, or similar representatives with only trivalent (A3M2X9) or even tetravalent (A2MX6) 
cations. A relatively new contender, in this context, is the class of so-called vacancy-ordered 
quadruple perovskites, with the general formula A4B◻B'2X12 [2], containing one divalent cation, 
two trivalent cations and one vacancy. The crystal structure can be seen as an alternating order 
of the B/B' cations and the vacancies, forming layers that are perpendicular to the direction 
(111), with respect to the cubic (double) perovskite structure. Besides Cs4BB'2Cl12 (B=Cd, Mn; 
B'=Sb, Bi) [3] and K4Fe3F12 [4], which can be described in the rhombohedral space group R-3m, 
also Cs4CuSb2Cl12, [5] which takes on a lower symmetry (C2/m), was found some time ago.  
During our systematic investigations, we were able to isolate Rb4CuSb2Br12 (P21/c, a=13.656(3), 
b=7.4280(16), c=13.633(3) Å and β=114.604(3)°) as black polyhedral crystals from Sb2O3, CuO 
and RbBr in concentrated aqueous 
hydrobromic acid. The lower symmetry, 
compared to the other representatives of 
this class, results from the fact that Cu2+, as 
a d9 system, typically prefers a 4+2 (Jahn–
Teller effect) coordination. The smaller Rb+ 
cations of Rb4CuSb2Br12, in contrast to 
Cs4CuSb2Cl12, favor, in combination with 
the larger CuSb2X12-Framework, an 
additional rotation of the octahedra along 
one direction, which further decreases 
symmetry. The relationship between the 
different representatives of these kinds of 
“cation-deficient Perovskites”, as well as to 
the cubic (double) perovskites, will be 
shown via group-subgroup relations using 
the Bärnighausen formalism. 
 

[1] A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka Organometal Halide Perovskites as Visible-Light 
Sensitizers for Photovoltaic Cells. J. Am. Chem. Soc. 2009, 131, 6050. 

[2] M. B. Gray, J. D. Majher, N. P. Holzapfel, P. M. Woodward Exploring the Stability of Mixed-Halide 
Vacancy-Ordered Quadruple Perovskites. Chem. Mater. 2021, 33, 6, 2165–2172.  

[3] B. Vargas, R. Torres-Cadena, D. T. Reyes-Castillo, J. Rodríguez-Hernández, M. Gembicky, E. Menéndez-
Proupin, D. Solis-Ibarra Chemical Diversity in Lead-Free, Layered Double Perovskites: A Combined 
Experimental and Computational Approach. Chem. Mater. 2020, 32, 1, 424–429.  

[4] S. W. Kim, R. Zhang, P. S. Halasyamani, M. A. Hayward K4Fe3F12: An Fe2+/Fe3+ Charge-Ordered, 
Ferrimagnetic Fluoride with a Cation-Deficient, Layered Perovskite Structure. Inorg. Chem. 2015, 
54, 13, 6647–6652.  

[5] B. Vargas, E. Ramos, E. Pérez-Gutiérrez, J. C. Alonso, D. Solis-Ibarra A Direct Bandgap Copper–Antimony 
Halide Perovskite. J. Am. Chem. Soc. 2017, 139, 27, 9116–9119. 

  

a

c

Figure 1 Crystal structure of Rb4CuSb2Br12. Color code: 
Rb = violet, Cu = turquoise, Sb = grey, Br = green.   
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Expansion of the hydride chemistry – new materials based on mixed anionic hydrides 

Alexander Mutschke1, Dr. Thomas Wylezich2, Dr. Nathalie Kunkel1 

1Chair of Inorganic Chemistry with Focus on Novel Materials, Technical University of Munich, 
Alex.Mutschke@tum.de, Lichtenbergstrasse 4, 85748 Garching (Germany); 2Georg-August-
Universität Göttingen, Tammannstr. 4, 37077 Göttingen 

Within the last decade, mixed anionic hydrides have gained multiple attraction as a materials class 

due to some of their unique properties[1]. For instance, fast hydride ion conduction[2], tunable optical 

properties[3], but also superconductivity[4] were found. Overall, most of these materials are oxy 

hydrides with isolated oxide ions. Hydridic materials with complex oxoanions are however scarce 

and the reductive nature of hydrogenation reactions often require carefully designed synthetic routes 

to accomplish such compounds. To date, only a handful of mixed anionic hydrides with complex 

(oxo-)anions are reported, with several hydride-to-anion combinations yet unknown. With the 

ambition to expand the family of mixed anionic hydrides, we established three hitherto unknown 

hydride-to-anion combinations. Here, we present Sr5(PO4)3H[5] as the first phosphate hydride, 

Sr5(BO3)3H[6] the first borate hydride and lastly we introduce 

Na3SO4H[7] as the first sulfate hydride. The materials are 

either accessible via mechanochemical synthesis routes or 

via solid-state reactions under controlled conditions. 

Structure determination of the unprecedented materials are 

carried out by the means of laboratory powder X-ray 

diffraction and complementary neutron powder diffraction 

of the deuterated analogues. Further prove of the abundance 

of hydride ions next to different complex anions is provided 

by 1H MAS NMR spectroscopy and vibrational analysis in 

combination with DFT-calculations. 

In summary we opened up the door to new hydridic 

materials containing complex (oxo-)anions next to hydrides. 

While the phosphate hydrides and borate hydrides might be 

suited as host materials for lanthanide activated luminescence, sulfate hydrides might be utilized as 

approach to introduce polarizable anions in solid-state ionic conductors. Applying the described 

sophisticated synthesis methods, more mixed anionic hydrides within these materials classes with 

potentially desirable properties are expected to be discovered and explored.  

[1] H. Kageyama, K. Hayashi, K. Maeda, J. P. Attfield, Z. Hiroi, J. M. Rondinelli, K. R. Poeppelmeier, Nat. Commun. 2018, 9, 772. 

[2] G. Kobayashi, Y. Hinuma, S. Matsuoka, A. Watanabe, M. Iqbal, M. Hirayama, M. Yonemura, T. Kamiyama, I. Tanaka, R. Kanno, Science 

2016, 351, 1314. 

[3] A. Mutschke, T. Wylezich, A. D. Sontakke, A. Meijerink, M. Hoelzel, N. Kunkel, Adv. Opt. Mater. 2021, 9, 2002052. 

[4] K. Kobayashi, J.-i. Yamaura, S. Iimura, S. Maki, H. Sagayama, R. Kumai, Y. Murakami, H. Takahashi, S. Matsuishi, H. Hosono, Sci. Rep. 2016, 

6, 39646. 

[5] A. Mutschke, T. Wylezich, C. Ritter, A. J. Karttunen, N. Kunkel, Eur. J. Inorg. Chem. 2019, 2019, 5073. 

[6] T. Wylezich, R. Valois, M. Suta, A. Mutschke, C. Ritter, A. Meijerink, A. J. Karttunen, N. Kunkel, Chem. Eur. J. 2020, 26, 11742. 

[7] A. Mutschke, G. M. Bernard, M. Bertmer, A. J. Karttunen, C. Ritter, V. K. Michaelis, N. Kunkel, Angew. Chem. Int. Ed. 2021, 60, 5683. 

A.M. greatly acknowledges funding from the DFG (project number 245845833). 

Fig 1 Rietveld refinement plot of Na3SO4D. Bragg 
markers from top to bottom: Na3SO4D (92.2(9) 
wt.%), Na2SO4 (Cmcm) (6.3(7) wt.%), NaD 
(1.5(2) wt.%) 
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From binary to ternary amalgams: expanding the structural variety of the Gd14Ag51 
structure family 
 
Timotheus Hohl1, Lukas F. J. S. Nusser1, Jessica Wulfes2, Constantin Hoch1 

1Department Chemistry and Biochemistry, Chair of Inorganic Solid State Chemistry, LMU Munich, 
Germany                                                                      
2Institute of Physical Chemistry, Christian-Albrechts-University, Kiel, Germany 

Mercury-rich amalgams serve as ideal candidates for the investigation of structure-property-

relationships in polar intermetallic phases. These intermetallic compounds, which consist of very 

precise stochiometric constitutions, unite both ionic as well as metallic bonding shares, resulting 

in rather unusual properties, such as the so-called “bad-metal-behaviour”. 

        

Within this compound class, the Gd14Ag51 structure represents the aristotype of many binary 

mercury-rich amalgams [1]. Apart from Yb11Hg54, each binary amalgam of this type exhibits 

individual disorder phenomena – from mixed occupation, over mutually exclusive sets of atoms as 

well as enlarged translation vectors while still exhibiting common structural features and 

compositions. With each compound containing more than 100 atoms per unit cell, these structures 

possess a rather high level of structural complexity which can be compared with the aid of 

complexity measures [2]. 

Through the use of single-crystal and synchrotron X-ray diffraction, we have identified and 

characterised three new ternary amalgams and thereby increased the variety of the known 

compounds in this structure type. Surprisingly, these compounds still show the structural features 

of the Gd14Ag51 aristotype, but exhibit new disorder phenomena (cf. Fig. 1 - 3 ). 

[1]  Tambornino F., Sappl J., Hoch C.; The Gd14Ag51 structure type and its relation to some complex 
amalgam structures. J. Alloys Compd., 618, 326–335 (2015) 

[2]  Dshemuchadse J., Steurer W.; Some statistics on intermetallic compounds. Inorg. Chem.,54, 1120–
1128 (2015) 

 

We acknowledge support by DFG under project number 429690805. 

 

Fig 1: Unit cell of Yb10.5Sr0.5Hg54. 

Hg (gray), Polyhedra: Yb (pink), 

Yb0.86Ca0.14 (green). 

 

Fig 2: Unit cell of Ca6.5Na4.5Hg54. Hg 
(gray), Polyhedra: Na0.84Ca0.16 (green), 

Na0.64Ca0.36 (blue), Na0.2Ca0.8 (yellow) 

Ca (pink). 

 

Fig. 3:  Unit cell of Ca4.5Eu6.5Hg54. Hg (gray), 
Polyhedra: Eu0.9Ca0.1 (green), Eu0.78Ca0.22 

(blue), Eu0.45Ca0.55 (orange), Eu0.33Ca0.67 

(yellow), Hg underoccupation along 0, 0, z 

(red). 
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Pseudosymmetry in Cs3TaO4 

Irina Zaytseva1, Constantin Hoch1

1 University of Munich (LMU), Department of Chemistry, Butenandtstraße 5-13, 81377 Munich,
E-mail: constantin.hoch@uni-muenchen.de

Several  compounds  crystallise  in  the  K3NO4 [1]  structure
type,  typically pnicogenates  of  heavy  alkali  metals  like
Cs3AsO4 [2]. An  important  characteristic  of  this  structure
type  is  the  closest  packing  topology  of  the [PnO4]3-

tetrahedra, in which the alkali metal ions fill the octahedral
and tetrahedral  voids.  The  orthorhombic  unit  cell  can be
transformed into the pseudo-cubic metric by the matrix (½ 0
1 | 0 1 0 | ½ 0 -1). 

We  have  extended  this  compound  family  by  the  group  5
oxometalates Cs3NbO4 and Cs3TaO4.  The  compounds  were
the result of reacting Ta or Nb metal with Cs2O at T = 300 °C
according to the reaction equation Ta + 4 Cs2O --> Cs3TaO4 +

5  Cs.  Cs3TaO4 crystallises with the  K3NO4 type  in  space  group  Pnma with  a = 12.963(4) Å,
b = 9.122(2) Å  and  c = 6.774(1) Å  (Fig.  1);  Cs3NbO4 with  a = 12.928(2) Å,  b = 9.177(3) Å,
c = 6.739(4) Å. Alongside the tabular light blue crystals, octahedral crystals (Fig. 2) were present
in Cs3TaO4 samples.

For the structure family of  A3MO4 metalates a cubic structure
with  an  fcc  packing  of  disordered  MO4 tetrahedra  has  been
established, derived from K3NbO4. [3]   The octahedral  Cs3TaO4

crystals  give a  cubic  cell  with  a = 9.296(2) Å,  as described in
[3], however,  a  structure refinement  leads to  problems with
allocating the oxygen atoms. When the transformation matrix to
the orthorhombic unit cell is applied, refinement in Pnma with a
suitable twin law leads to satisfying results. Thus,  it could be
shown that many of the reported cubic crystal structures may
have to be assigned to the K3NO4 structure type. The reason for
the wrong structure assignment is the contrast of atomic form
factors.  We  give  an overview over  reported  and new  crystal

structures and give some insight into the danger of erroneous structure assignment based on
relevant  structural  and  chemical  parameters.  Furthermore,  we  discuss  whether  there  are
examples for structural phase transition toward a cubic high-temperature phase.

[1] Jansen,  M.,  Bremm, T.  Einkristallzüchtung und Strukturanalyse von Trikaliumorthonitrat.  Z.  Anorg.
Allg. Chem., 608, 56-59 (1992)

[2]  Emmerling  F.,  Idilbi  M.,  Röhr  C.,  Neue  Oxopnictate  A I
3MVO4:  Darstellung  und  Kristallstruktur  von

A3AsO4 (A = K, Rb, Cs) und K3BiO4, Z. Naturforsch., 57b, 599-604 (2002)
[3]  Meyer  G.,  Hoppe  R.,  Zur  Kenntnis  der  Strukturfamilie  A3MO4 (A  =  K,  Rb,  Cs):  Darstellung,

Kristallographische und magnetisch Eigenschaften. Rev. Chim. Miner, 12, 454-465 (1975) 

IZ acknowledges support by DFG under grant number 444769550.

Fig 1: Unit cell of  Cs3TaO4  and the 
distorted fcc arrangement of the [TaO4] 
tetrahedra, indicated by the Ta atoms. 
Cs: green, Ta: blue, O: red

Fig 2: Octahedral crystal of  caesium 
orthotantalate(V) in Cs metal
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Hundreds of starting points to develop protein-protein interaction modulators 
Tatjana Barthel1, Jan Wollenhaupt1, Gustavo M. A. Lima², Markus C. Wahl³, Manfred S. Weiss1 

1Helmholtz-Zentrum Berlin, Macromolecular Crystallography, Albert-Einstein-Str. 15, 12489 
Berlin, Germany 2MAX IV Laboratory, BioMAX, Fotongatan 2, 224 84 Lund, Sweden, 3Freie 
Universität Berlin, Institute of Chemistry and Biochemistry, Laboratory of Structural 
Biochemistry, Takustraße 6, 14195 Berlin, Germany 

Protein-protein interactions (PPIs) are vital for cellular processes and have been found to be 
involved in several diseases [1] und thus are promising targets in drug discovery and tool 
compound development. Targeting PPIs also broadens the available target space by including 
e.g. scaffold or hub proteins. The discovery of starting points for PPI modulators is possible by 
crystallographic fragment screening (CFS). It has evolved into an attractive application due to 
enormous efforts of the community, by increasing the throughput and reducing manual labor. 
Fragments are small organic compounds (< 300 Da) that can efficiently probe a protein surface. 
The application of CFS has the advantage of readily available 3D information of the fragment’s 
binding position and mode, which can be utilized for structure-guided hit optimization. 

Here, we targeted a yeast spliceosomal PPI that is necessary for the formation of an active 
spliceosome, Prp8RNaseH and Aar2 (AR) [2]. Prp8 is one of the key scaffold proteins in the 
spliceosome, engaging in various PPIs throughout the process. Aar2 is a shuttling protein, 
transporting Prp8 into the nucleus. Thus, several target sites are investigated for possible 
development of PPI modulators.  

AR was screened against the novel F2X-Universal Library developed at HZB [3]. The library 
contains 1103 compounds representing the chemical space of all available fragments. In total 
over 1000 crystals were soaked at HZB [4], utilizing an evaporation reduction device termed the 
EasyAccess Frame [5]. Data were collected at the BioMAX beamline at MAX IV [6] and analyzed 
via FragMAXapp [7] with additional clustering by cluster4x [8]. Overall, 269 fragment hits (377 
binding events) could be observed that are scattered across both protein surfaces as well as at 
the AR interface. The found hit sites include additional known PPI interfaces of 
Prp8RNaseH - Prp18, Prp8RNaseH - Slu7/Prp3 and Aar2 – Prp8Endonuclease. In summary, the 
experiment yielded several different starting points for further optimization into potential 
spliceosomal PPI modulators. 

[1] Mabonga, L. and Kappo, A. (2019) Protein-protein interaction modulators: advances, successes and 
remaining challenges. Biophys. Rev. 11. 559-581 

[2] Weber, G. et al. (2013) Structural basis for dual roles of Aar2p in U5 snRNP assembly, Genes Dev. 
27. 525–540. 

[3] Wollenhaupt, J. and Metz, A. et al. (2020) F2X-Universal and F2X-Entry: Structurally Diverse 
Compound Libraries for Crystallographic Fragment Screening. Structure 28. 694-706. 

[4] Wollenhaupt, J. et al. (2021) Workflow and tools for crystallographic fragment screening at the 
helmholtz-zentrum berlin. J. Vis. Exp. 2021. 1–19.  

[5] Barthel, T. et al. (2021) Facilitated crystal handling using a simple device for evaporation reduction 
in microtiter plates. J. Appl. Crystallogr. 54. 376–382. 

[6] Ursby, T. et al. (2020) BioMAX – the first macromolecular crystallography beamline at MAX IV 
Laboratory. J. Synchrotron Rad. 27. 1415–1429. 

[7] Lima, G. M. A. et al. (2021) FragMAXapp : crystallographic fragment-screening data-analysis and 
project-management system. Acta Crystallogr. Sect. D Struct. Biol. 77. 799–808. 

[8] Ginn, H. M. (2020) Pre-clustering data sets using cluster 4 x improves the signal-to-noise ratio of 
high-throughput crystallography drug-screening analysis. Acta Crystallogr. Sect. D Struct. Biol. 76. 
1134–1144. 
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Ultrasmall covalently functionalized gold nanoparticles for protein targeting 
 
Kai Klein1, Kateryna Loza1, Marc Heggen2, and Matthias Epple1 

1 Inorganic Chemistry, University of Duisburg-Essen, kai.klein@uni-due.de, Germany  

2 Ernst-Ruska Centre, Forschungszentrum Jülich, Germany 

Ultrasmall gold nanoparticles have been the subject of intense research during the past two 

decades. Gold particles in this size range (< 2 nm) show excellent properties in cell-membrane 

penetration [1] and are biologically inert. Therefore, they offer an attractive opportunity to 

address proteins in a living organism without causing too much harm. They consist of a crystalline 

gold core and an organic shell. 

After covalent functionalization with a dye, the particles can easily be localized in the cell. This is 

important to draw conclusions about their behavior and possible functions inside a cell. The 

nanoparticles can also be functionalized with supramolecular binders like molecular tweezers [2] 

to address positively charged amino acids like lysine or arginine in a protein.  

Here we present a synthetic approach where batches of up to 50 mg of gold-glutathione (GSH) 

nanoparticles are prepared, followed by an azidation of the amino group of the GSH ligand to allow 

further covalent functionalization of the azide by a copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) [3].  

 

[1] V. Sokolova, G. Nzou, S. B. van der Meer, T. Ruks, M. Heggen, K. Loza, N. Hagemann, F. Murke, B. Giebel, 
D. M. Hermann, A. J. Atala, M. Epple, “Ultrasmall gold nanoparticles (2 nm) can penetrate and enter 
cell nuclei in an in vitro 3D brain spheroid model”, Acta Biomaterialia, 2020, 111, 349-362. 

[2] M. Fokkens, T. Schrader, F.-G. Klärner, “A Molecular Tweezer for Lysine and Arginine”, J. Am. Chem. Soc., 
2005, 127, 41, 14415–14421. 

[4] K. Klein, K. Loza, M. Heggen, M. Epple, “An Efficient Method for Covalent Surface Functionalization of 
Ultrasmall Metallic Nanoparticles by Surface Azidation Followed by Copper-Catalyzed Azide-Alkyne 
Cycloaddition (Click Chemistry)”, ChemNanoMat, 2021, 7 (in press), DOI: 10.1002/cnma.202100430 
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Uncovering novel drug targets of polyprotein precursors of SARS-CoV2 

G.L.F. von Scholley1, L. Khettabi1, M.S. Lopez1, R. Hillig2, C. Mueller-Dieckmann1,  

E. Kandiah1  
gian-luca.freiherr-von-scholley@esrf.fr; lyna.khettabi@esrf.fr; montserrat.soler-lopez@esrf.fr; 

roman.hillig@nuvisan.com; christoph.mueller_dieckmann@esrf.fr; eaazhisai.kandiah@esrf.fr  
1ESRF, Grenoble, FRANCE; 2Nuvisan GMBL, Berlin, GERMANY 

 
The current COVID-19 pandemic is caused by a novel coronavirus SARS-CoV2 (Severe 
Acute Respiratory syndrome-coronavirus 2). In spite of earlier outbreaks of similar 
coronaviruses such as, SARS-CoV and MERS-CoV, an effective therapeutic solution is not 
yet available for SARS - CoV2. Efforts to develop therapeutic agents to combat the spread 
of COVID-19 and to tackle any future pandemic outbreaks are thus urgent. This requires 
a greater understanding of the viral life cycle and exploration of several of the viral 
proteins as potential therapeutic targets.  
The SARS-CoV-2 genome encodes two open reading frames (ORF) that, by ribosomal 
frame shifting, produce two polyproteins, pp1a and pp1ab, which are cleaved by two viral 
proteases to produce all the functional proteins necessary for viral replication. A papain-
like protease (PLpro) cleaves the N-terminal of pp1a/pp1ab to produce the non-
structural proteins Nsp1-3 while a 3C-like protease (3CLpro, also known as the main 
protease) cleaves pp1ab at 11 sites to produce Nsp4-16. PLpro is part of Nsp3, which also 
play a role in suppression of the innate immune system by its deubiquitinating and 
deISGlating properties. Nsp3 in combination with Nsp4 is responsible for the formation 
of double membrane vesicles (DMVs) with the ER-membrane, providing the environment 
for viral RNA replication. Nsp3 and especially PLpro is therefore an important drug target. 
On the immediate upstream and downstream of PLpro, a ubiquitin-binding domain, Ubl2 
and a nucleic-acid binding domain, NAB, are respectively located, followed by a beta-CoV 
specific marker region (βSM).  
Unlike the classical approach of studying these potential drug targets as individual 
domain, this project aims at structural and functional studies of PLpro in the polyprotein 
context, targeting Nsp3 Ubl2 - PLpro - NAB, and Ubl2-PLpro-NAB-βSM in order to explore 
novel small molecule binding sites that might provide new leads for antiviral therapeutics. 
The project adopts a multi - level approach, in which molecular biology, X - ray and 
neutron structural methods will be combined with cryo-EM, thus integrating 
complementary techniques in modern 
structural biology.  
Purification protocols for different 
constructs of the target domains have 
been developed and diffracting 
crystals of the Ubl2-PLpro domains 
have been obtained.  This will then be 
followed by intensive fragment 
screening for identification of lead 
compounds.  
 
 
REFERENCES: 
Lei, J., Kusov, Y. & Hilgenfeld, R. Antiviral Res 149, 58–74 (2018). 
Serrano, P. et al., J. Virol. 83, 12998–13008 (2009). 
Báez-Santos, Y. M., St John, S. E. & Mesecar, A. D. Antiviral Res. 115, 21–38 (2015).  

Figure 1: Improvement of crystallization condition from intergrown crystals 

(A) to single crystals (B). 
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Engineered crystals as a Racemate-to-Homochiral approach: chirality 
manipulation towards chiral resolution and the design of novel solid forms. 
Paulo S. Carvalho Jr1 and Christian W. Lehmann2 

1 Chemische Kristallographie und Elektronenmikroskopie, Max-Planck-Institut für 
Kohlenforschung, paulo.sousa@ufms.br, desousa@kofo.mpg.de, Mülheim an der Ruhr, Germany.  

Crystal engineering (CE) has been a remarkable tool for obtaining and improving the 

physicochemical properties of a compound [1]. However, for racemic systems, the selectivity 

and specificity of the enantiomers challenge the design of molecular crystals. In particular the 

variability of solid forms that chirality implies, i. e. racemates, conglomerates, or solid solutions 

[2] are frequently unpredictable,  as is the outcome of any crystallization. In the pharmaceutical 

context, in particular, several pharmaceutical compounds are still being delivered as racemates. 

There is a scientific and pharmaceutical demand for efficient and lower-cost resolution methods 

[3, 4]. To overcome this, we propose a crystal engineering approach (salt formation, 

cocrystallization, etc.) for the development of enantiomeric resolution protocols for selected 

pharmaceutical compounds. Although racemates are a recurrent response [2], the formation of 

conglomerates can be CE designed by selecting a suitable agent, which forms H-bonds selectively 

with one enantiomer forming homochiral arrangements. Thus, the study of selection, 

preparation and analysis of multi-component crystals (MCC) has been the first part of this 

investigation. The compounds Carvedilol, Atenolol and Propranolol are important β-blocker 

drugs delivered at racemic mixtures of R and S enantiomers. Their structures feature polar 

groups that are adjacent and directly attached to the asymmetric carbon. The antidepressants 

Bupropion, Fluoxetine and Citalopram show enantiomers with molecular structures in which the 

chiral center does not have polar groups. The antimalarial Mefloquine is a racemic compound in 

which the enantiomers comprise two asymmetric carbons and it is marketed as a mixture of 

(R,S) and (S,R) enantiomers. Considering these structural features and the pharmaceutical 

relevance, these racemic active pharmaceutical ingredients have been chosen as model 

compounds for this study. MCC of these compounds have been screened using the CE 

techniques, crystallization from the melt and mechanochemistry, and can point towards a 

resolution process via crystallization. Finally, this opens a perspective for the formation of 

materials with different properties and applications, as well as for the correlation between 

supramolecular recognition and resolution protocols.  

 
[1] G. R. Desiraju. Crystal engineering: A brief overview. J. Chem. Sci., 122, 667-675 (2010). 
[2] J. Jacques, A. Collet, S. H. Wilen. Enantiomers, racemates, and resolutions, Krieger Pub. Co., (1994). 
[3] Blaser, H.-U., Chirality and its implications for the pharmaceutical industry. Rendiconti Lincei, 24, 3, 
213-216 (2013). 
[4] Calcaterra, A.; D'Acquarica, I., The market of chiral drugs: Chiral switches versus de novo 
enantiomerically pure compounds. J. Pharm. Biomed. Anal., 147, 323-340 (2018). 
 
 

P.S.C.J acknowledges support by CAPES-Humboldt under grant number 88881.512894/2020-01. 
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The In-Situ GIXS Heuristic Tool for Efficient Reduction of 2D Grazing-Incidence 
Data 
 
Lennart K. Reb1, Manuel A. Reus1, Matthias Schwartzkopf2, Christoph Rosemann2, Stephan V. 
Roth2, Peter Müller-Buschbaum1,3 

1Lehrstuhl für Funktionelle Materialien, Physik-Department, Technische Universität München, 
James-Franck-Straße 1, 85748 Garching, Germany, 2MiNaXS, PETRA III, Deutsches Elektronen-
Synchrotron (DESY), Notkestr. 85, 22607 Hamburg, Germany, 3Heinz Maier-Leibnitz-Zentrum 
(MLZ), Technische Universität München, Lichtenbergstr. 1, 85748 Garching, Germany 

Large-scale facilities have gained importance for extended characterization methods in the field 
of material sciences. In particular, structure analysis of thin-films in grazing-incidence geometry 
using highly brilliant synchrotron X-rays allows investigating drying, crystallization, or 
degradation processes in-situ. Developments in detector resolution and increasing the frame 
rates increase the amount of data that must be processed, ideally in real-time. This has raised 
the necessity to advance data-processing software tools to help scientists extract the essential 
conclusions from big data sets quickly and efficiently. 

 

Fig. 1 Interactive data processing of 2D GIXS data. 

In this work, we present a self-contained, python-based tool for the analysis of in-situ grazing-

incidence X-ray scattering (GIXS). The focus lies on the performant and loss-free processing of 
GIWAXS datasets with high system compatibility for the users. In our software, the IN SItu 

Giwaxs Heuristic Tool (INSIGHT), we included the full geometrical transformation from real 

space coordinates into reciprocal space including common intensity corrections while 

maintaining full access to the raw data. This allows for post-processing the original data in q-

space without any quality loss.  

 
 
 

P44 ID 72

DGK 2022 Posters

– 172 –



The latest X-ray analysis solutions from Anton Paar 
 
Andrew O. F. Jones1, Heike Ehmann1, Andreas Keilbach1, Marius Kremer1, Timo Müller1, Barbara 

Puhr1, Benedikt Schrode1 

1Anton Paar GmbH, Graz, Austria (andrew.jones@anton-paar.com) 

With the recent launch of the XRDynamic 500 automated multipurpose powder X-ray 

diffractometer, Anton Paar has expanded its portfolio of high-performance X-ray analysis 

solutions which also includes SAXS instrumentation, non-ambient XRD attachments, X-ray 

sources, and X-ray optics.  

XRD and SAXS are vital tools to study the atomic and nanoscale structure of materials in both 

fundamental and applied research environments as well as in industrial research and quality 

control areas. The methods are also complementary and can reveal information about the 

crystal structure, phase purity, pore size, specific surface, particle/crystallite size, and more, 

which are fundamental in understanding the physical and chemical properties of a material. 

This contribution will showcase the latest developments from Anton Paar in the fields of XRD 

and SAXS, including application examples to showcase the benefits for laboratory X-ray 

measurements.    

. 
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Advances in the Parameter Space Concept for Crystal Structure Determination –  

a maximum resolution study 
 
Matthias Zschornak1, Christian Wagner2, Muthu Vallinayagam1, Melanie Nentwich3, 
Dirk C. Meyer1, Karl Fischer4 

1TU Bergakademie Freiberg, IEP, Germany (matthias.zschornak@tu-freiberg.de), 2Fraunhofer 
ENAS, Germany, 3DESY Photon Science, Germany, 4Universität des Saarlandes, IEP, Germany  

Within the last 15 years, the Parameter Space Concept (PSC) was theoretically developed by 
Fischer, Kirfel and Zimmermann as an alternative approach to solve crystal structures from dif-
fraction intensities without use of Fourier transforms [1-6]. Each experimentally determined 
reflection restricts the 3N-dim. parameter space of atomic coordinates for a crystal structure 
solution (N atoms) by a manifold of 3N-1 dimensions, equivalent to a unique isosurface, whereas 
the true solution vector will be the intersection of all isosurfaces. The method has already been 
tested on numerous, partly challenging problems of X-ray diffraction.  
We present a study of the maximum resolution of the PSC. As an example, a split position of La 
and Sr with (0, 0, z = 0.3584) has been investigated in the potential high-temperature super-
conductor (La0.5Sr1.5)MnO4, I4/mmm. A positional shift of the cations in the order of Δz ≈ 0.0015 
(≈ 0.02 Å) has been suggested in literature [7]. Enhancing the scattering difference of La and Sr 
by f ’Sr, this split was later verified using the PSC within a rather conservative model test [8]. As a 
result a shift Δz = 0.013 had been determined. We now add to the discussion an evaluation based 
on two additional model data sets, each with (00l) reflections (l = 2, 4… 20) and varied relative 
errors of up to 20%. A graphical representation of the parameter space revealed an improve-
ment of resolution with a shift of Δz = 0.012…0.016 (≈ 0.15…0.20 Å). Due to the difference in 
scattering power of La and Sr, a pseudosymmetric structure solution (z*La, z*Sr) exists for approx-
imately interchanged z-positions, which we discuss in conjunction with the accurate solution 
(zLa, zSr). The two solutions were defined by the intersection of isolines representing (00l) reflec-
tion intensities [9]. There is a non-vanishing variance of the pseudosymmetric structure solu-
tion, whereas the accurate solution does not vary. Depending on the relative error of the diffrac-
tion intensities, we present respective resolution limits for the split position.  

 
Figure 1. Left: PSC model study of the real (zLa, zSr) = (0.362, 0.349) and pseudosymmetric structure solu-
tion (z*La, z*Sr) as a function of La/Sr scattering strength. Inset: Respective variance ΔzLa,Sr. The real solution 
shows no variance. Right: Monte-Carlo-Study of the structure solution including the single (2.3-times) 
trust region for random <20% intensity errors and equal scatterers. 

[1,2] Fischer, Kirfel, Zimmermann. Z Krist 220, 643 (2005); Croat Chem Acta 81, 381 (2008) 
[3,4] Kirfel, Fischer, Zimmermann. Z Krist 221, 673 (2006); Zimmermann, Fischer. Acta Cryst A65 443(2009) 

[5,6]  Kirfel, Fischer. Z Krist 224, 325 (2009); Z Krist 225, 261 (2010) 
[7,8] Lippmann et al. HASYLAB Jahresberichte 583 (2003); Kirfel, Fischer. Z Krist Suppl 21, 101 (2004) 
[9]    Zschornak, Nentwich, Meyer, Kirfel, Fischer. DGK Annual Meeting, Wrocław, Poland (2020) 

M.Z., C.W., D.M., and K.F. acknowledge funding by the DFG within the project DFG 442646446, ZS 120/5-1. 
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The	Macromolecular	Neutron	Single	Crystal	Diffractometer	BIODIFF	 for	Proteins	
at	the	Heinz	Maier-Leibnitz	Zentrum	
	
Andreas	Ostermann1,	Tobias	E.	Schrader2	

1Heinz	 Maier-Leibnitz	 Zentrum,	 Technische	 Universität	 München,	 Garching,	 Germany,	
andreas.ostermann@frm2.tum.de,	 2Forschungszentrum	 Jülich	GmbH,	 Jülich	Centre	 for	Neutron	
Science	(JCNS)	at	Heinz	Maier-Leibnitz	Zentrum	(MLZ),	Garching,	Germany		

Neutron	 single	 crystal	 diffraction	 provides	 an	 experimental	method	 for	 the	 direct	 location	 of	
hydrogen	 and	 deuterium	 atoms	 in	 biological	 macromolecules,	 thus	 providing	 important	
complementary	 information	 to	 that	 gained	 by	 X-ray	 crystallography.	 At	 the	 FRM	 II	 neutron	
source	 in	 Garching	 near	 Munich	 the	 neutron	 single	 crystal	 diffractometer	 BIODIFF,	 a	 joint	
project	 of	 the	 Forschungszentrum	 Jülich	 and	 the	 FRM	 II,	 is	 dedicated	 to	 the	 structure	
determination	of	proteins.	Typical	scientific	questions	address	the	determination	of	protonation	
states	 of	 amino	 acid	 side	 chains,	 the	 orientation	 of	 individual	 water	 molecules	 and	 the	
characterization	 of	 the	 hydrogen	 bonding	 network	 between	 the	 protein	 active	 center	 and	 an	
inhibitor	 or	 substrate.	 This	 knowledge	 is	 often	 crucial	 towards	 understanding	 the	 specific	
function	 and	behavior	 of	 an	 enzyme.	BIODIFF	 is	 designed	 as	 a	monochromatic	 diffractometer	
and	is	able	to	operate	in	the	wavelength	range	of	2.4	Å	to	about	5.6	Å.	This	allows	to	adapt	the	
wavelength	 to	 the	 size	 of	 the	 unit	 cell	 of	 the	 sample	 crystal.	 Data	 collection	 at	 cryogenic	
temperatures	 is	 possible,	 allowing	 studies	 of	 cryo-trapped	 enzymatic	 intermediates.	 Some	
recent	 examples	 will	 be	 presented	 to	 illustrate	 the	 potential	 of	 neutron	 macromolecular	
crystallography.	
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Solid solution of lamellar metal-metal hydroxi salts with varying interlayer anions 
borate, chloride and sulfate containing different water contents 
 
Herbert Pöllmann1, Stefan Stoeber1 

University of Halle/Saale, mineralogy, herbert.poellmann@geo.uni-halle.de 

LDH-phases are forming lamellar layered crystal structures with positively charged main layers 
and negatively charged interlayers. These phases can generally be given as [Me(1-x)2+ Me(x)3+ 
(OH)2]x+ [A(x/y)y- · mH2O]x-. Additionally, Lithium (1+) can be incorporated in the structure instead 
of the metals (2+). The interlayer consists of different anions and varying amounts of water, 
depending on the anion and temperature. Additionally, the interlayer can contain uncharged 
amounts of alkali salts like sodium sulfate. Some of these phases form natural analogues and are 
summarized in the so called hydrotalcite group with magnesium as main element. Boron 
containing phases are of high interest because of the retarding admixture effect in cement 
hydration. Also Boron is important concerning the immobilization of radioactive waste using 
cementitious materials. In table 1 the components of the different anion containing systems are 
described. 

Tab.1.: Lattice parameters of relevant components of LDH-phases 

Composition of phases Lattice 
parameter 

ao in pm 

Lattice 
parameter 

bo in pm 

Lattice 
parameter 

co in pm 

Lattice parameter 
ß in o  (monoclinic) 
α,ß,γ in o  (triclinic) 

3CaO.Al2O3.CaHBO3.11.5H2O 1000.5 576.5 1684.0 101.30 

α-3CaO.Al2O3.CaCl2.10H2O 997.2 573.6 1627.4 104.35 

ß-3CaO.Al2O3.CaCl2.10H2O 573.8 ------ 4688.4 -------- 

3CaO·Al2O3.CaSO4·14H2O 575.5 ------- 2867.8 -------- 

3CaO·Al2O3.CaSO4·12H2O 576.4 -------- 2685.2 ------ 

3CaO. Al2O3.CaCO3.11H2O 578.3 573.8 785.5 92.64/101.96/120.1 

α-3CaO.Al2O3.Ca(OH)2.11H2O 575.5 ------ 9527.2 ------ 

α-3CaO.Al2O3.Ca(OH)2.18H2O 575.5 --------- 6402.0 --------- 
 

The crystal structure of the relevant boron containing phase was determined by [1], whereas the 
boron containing LDH phases at various temperatures were investigated by [2]. In presence of 
other anions like carbonate, chloride or sulfate different solid solutions can be formed and some 
limited compositions exist : 

3CaO·Al2O3·(1-x)CaHBO3·(x)CaSO4·12H2O with 0.83 < x < 1 

3CaO·Al2O3·0.34CaHBO3·0.66 CaCO3·13.6 H2O with 0 < x < 0.66 

3CaO·Al2O3·(1-x)CaHBO3·(x)CaCl2·(11.5-1.5)H2O with 0.17 < x < 1 
 
Also ternary solid solutions could be established: [Ca4(Al(OH)6)2] [(1-x)HBO3·(x-y)CO3 
(2y)OH·(m)H2O]   with  0 < x < 0.66  and y > 0 

[1] Champenois, J.-B., Abdel Mesbah, Céline Cau Dit Coumes, Renaudin, G., Leroux, F., Mercier,C., Revel, B., 
Damidot,D.: Crystal structures of Boro-AFm and Boro-AFt phases, CCR 42, (2012), 1362-1370 
 [2] Pöllmann, H. & Wenda, R.: Fixation of Borate-anions in lamellar AFm-phases in the system CaO - Al2O3 

- B2O3 -  H2O at 20 o C, 40 o C and 50 o C, Journal of solid state chemistry,286, (2020) 
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Synthesis	and	phase	analysis	of	the	polycrystalline	K3Cu3AlO2(SO4)4		
	
Niclas	Reitberger1*,	Clemens	Scheiblich1,	Natalija	van	Well1		

1Ludwig-Maximilian-Universität	München,	Department	 for	Earth-	 and	Environmental	 Sciences,	
Section	for	Crystallography,	Theresienstraße	41,	80333	München,	Germany	

*niclas.reitberger@campus.lmu.de	

The	 composition	 K3Cu3AlO2(SO4)4	 is	 interesting	 for	 its	 magnetic	 properties	 as	 a	 1D	
antiferromagnetic	 spin	 1/2	 diamond	 chain,	 which	 shows	 spin	 liquid	 properties	 at	 low	
temperatures.	 A	 very	 similar	 composition	 (alumoklyuchevskite)	 exists	 in	 nature	 and	 has	 the	
chemical	composition	K3Cu3(Fe,	Al)O2(SO4)4.	It	has	a	dark	green	intrinsic	color	and	forms	acicular	
crystals	 up	 to	1mm	 long	 and	0.1	mm	wide.	This	mineral	 is	 isostructural	 to	 klyuchevskite	 and	
crystallizes	in	the	monoclinic	(I2,	C2)	[1]	or	triclinic	(P-1)	[2]	space	group.	The	mineral	originates	
from	the	volcanic	exhalation	of	the	second	cinder	cone	of	the	Great	Tolbachik	Fissure	Eruption	
between	1975	and	1976	in	Kamchatka,	Russia	and	was	first	investigated	by	Gorskaya	et	al.	in	1992	
[1].	
The	 composition	 K3Cu3AlO2(SO4)4	 has	 been	 successfully	
synthesized	 from	a	powder	mixture	of	K2SO4,	 CuO,	CuSO4	 ·	
5H2O	und	AlK(SO4)2	·	12H2O	in	a	molar	ratio	of	1	:	2	:	1	:	1.	
The	powder	mixture	was	heated	in	a	furnace	at	600°C	for	3	
days.	Figure	1a)	shows	the	optical	image	of	the	synthesized	
phase.	
The	 synthesized	 material	 was	 subjected	 to	 both	 phase	
analyses	 by	powder	 x-ray	diffraction	 (PXRD)	 and	 chemical	
analyses	 by	 energy	 dispersive	 x-ray	 (EDX)	 analysis.	 The	
results	 show	 that	 the	 synthesized	material	 corresponds	 to	
the	phase	alumoklyuchevskite	(“blue	phase”).	

	Figure	 1b)	 and	 1c)	 demonstrate	 the	 EDX	 spectrum	 and	
quantitative	 results	 of	 these	 analyses	 (Zeiss	 Leo	 1530;	
20kV).	The	results	of	PXRD	seem	to	be	 in	agreement	with	
the	published	ones	[1,	2]		

In	 order	 to	 understand	 the	 phase	 formation	 during	 the	
synthesis	of	this	composition,	a	series	of	DTA	investigations	
were	 carried	 out.	 In	 addition,	 the	 first	 results	 of	 single	
crystal	growth	of	this	material	with	the	chemical	transport	
reaction	will	be	shown	on	the	poster.		

[1]	S.	V.	Krivovichev,	S.	K.	Filatov	and	P.	N.	Cherepansky,	Mineralogical	Crystallography,	Geology	of	Ore	
Deposits	Vol.	51	No.	7,	2009	
[2]	O.	I.	Siidra,	E.	V.	Nazarchuk,	A.	N.	Zaitsev,	E.	A.	Lukina,	E.	Y.	Avdontseva,	L.	P.	Vergasova,	N.	S.	Valsenko,	
S.	K.	Filatov,	R.	Turner	and	G.	A.	Karpov,	Eur.	J.	Mineral.,	29,	499-510,	2017	

Figure 1a)	

Figure 1c) 

Figure 1b) 
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Element replacement in Mo2Ga2C via molten salt synthesis 

 
Catherine Schweinle1, Dr. Martin Ade1, Prof. Dr. Harald Hillebrecht1 

1 Institute of Inorganic and Analytical Chemistry, Faculty of Chemistry and Pharmacy, Albert-Ludwigs-
Universität Freiburg, Albert Str. 21, 79104 Freiburg im Breisgau, catherine.schweinle@ac.uni-
freiburg.de, Germany 

The molten salt synthesis of MAX-phases has been known for over ten years [1]. Using Lewis-

acids like ZnCl2 or CuCl2 offers a way to synthesize MXenes without HF. The procedure is known 

for more than just titanium-based MAX-phases like Ti3AlC2. Using ZnCl2, the synthesis is limited 

to Al-containing MAX-phases [2]. By using Lewis-acids with a higher redox-potential, the method 

can be extended for other A elements like gallium or silicon [3]. Other metals like tantalus or 

niobium could also be delaminated. By molten salt synthesis, the A metal could also be replaced 

by the metal of the Lewis acid. Herein, we report the partial replacement of gallium by copper 

using Mo2Ga2C, CuCl and CuCl2. 

The reaction between Mo2Ga2C and CuCl/CuCl2 ends in the formation of Mo2C according to 1.1 

Mo2Ga2C + 3 CuCl2 → Mo2C + 3 Cu + 2 GaCl3     1.1 

Adding RbCl allows for a lower reaction temperature, due to the formation of an eutectic system. 

During variation of the reaction temperature, the formation of a new MAX-phase could be 

observed via XRD. EDX measurement identified this phase as Mo2Ga1-xCuxC, where x is 2/3. 

Excess copper could be easily removed by treating the sample with concentrated HCl under 

reflux. 

 

 
Fig. 1 EDX mapping of Mo2Ga1-xCuxC 

 
[1] W.-B. Tian, P.-L. Wang, Y.-M. Kan et al., “Cr2AlC powders prepared by molten salt method,” J. 

Alloys Compd., vol. 461, 1-2, L5-L10, 2008. 

[2] M. Li, J. Lu, K. Luo et al., “Element Replacement Approach by Reaction with Lewis Acidic Molten 

Salts to Synthesize Nanolaminated MAX Phases and MXenes,” JACS, vol. 141, no. 11, pp. 4730–

4737, 2019. 

[3] Y. Li, H. Shao, Z. Lin et al., “A general Lewis acidic etching route for preparing MXenes with 

enhanced electrochemical performance in non-aqueous electrolyte,” Nat. Mater., vol. 19, no. 8, 

pp. 894–899, 2020. 
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Synthesis of Polycrystalline Mixed System Rb3-xKxCu3AlO2(SO4)4 
 
Clemens Scheiblich1*, Niclas Reitberger1, Natalija vanWell1 

1Ludwig-Maximilian-Universität München, Department for Earth- and Environmental Sciences, 
Section for Crystallography, Theresienstraße 41, 80333 München, Germany 

* C.Scheiblich@campus.lmu.de  

The mineral alumoklyuchevskite (K3Cu3(Fe,Al)O2(SO4)4)was for the first time characterized in 

the year 1992. The crystal structure consists of oxocentered [O2Cu3Al]5+ tetrahedra that form 

elongated chains in b-directions [1]. Along these chains magnetic monomers and magnetic 

dimers form on the Cu atoms [2]. For magnetic investigations alumoklyuchevskite is interesting, 

because it is a possible candidate for a spin liquid, which makes it important for fundamental 

research in the field of 1-D magnetism and absence of magnetic ordering [2]. The aim of our 

research is to synthesize Rb substituted alumoklyuchevskite with different Rb:K ratios, and to 

investigate the resulting effects on crystal structure and magnetic properties.  

In our experiments the synthesis of polycrystalline alumoklyuchevskite was achieved by 

tempering of a mixture of starting chemicals: Rb2SO4, CuO, CuSO4 5H2O and AlK(SO4)2 12H2O. For 

example, it was discovered that for the 2Rb:K phase the optimum synthesis conditions are 

between 550°C and 600°C.  

 
Figure 1: a) Optical image from polycrystalline Rb substituted alumoklyuchevskite b) Back 

scattered electron microscope (BSE) -image of Rb-substituted alumoklyuchevskite with crystals 

that have a maximum size of 15 μm c) BSE image of fedotovite crystals growing on 

dolerophanite 

 

Deviations from the synthesis stability field of alumoklyuchevskite result in the growth of an 

additional “green” phase. First results suggest that the “green” phase is Rb-substituted 

fedotovite, which would be a new finding. First results suggest a two-stage formation of 

fedotovite from CuSO4 and from the intermediate phase dolerophanite. Figure 1a) presents an 

optical magnification of the Rb substituted alumoklyuchevskite phase, which displays single 

grains and some facets. The same phase investigated with electron microscopy is shown in 

Figure 1b). Figure 1c), shows an electron microscope image of Rb substituted fedotovite. First 

magnetic susceptibility measurements align with previous finding and show that Rb substitution 

changes the magnetic exchange interaction of the magnetic dimers and magnetic monomers in 

the alumoklyuchevskite. 
 
[1] M.G. Gorskaya, S.K. Filatov, I.V. Rozhdestvenskaya, L.P. Vergasaova, Miner. Mag. 56 (1992), 411-416 
 
[2] M. Fujihala,H. Koorikawa, S. Mitsuda, K. Morita, T.Tohyama, K. Tomiyasu A. Koda, H. Okabe, S. Itoh, 
T.Yokoo, S. Ibuka, M. Tadokoro, M. Itoh, H. Sagayama, R. Kumai, Y. Murakami, Scientific Reports 7 (2017) 
16785 
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In situ GIWAXS analysis of MAPbI3 formation using the software tool INSIGHT 
 
Manuel A. Reus1, Lennart K. Reb1, Alexander F. Weinzierl1, Christian L. Weindl1, Matthias 
Schwartzkopf2, Andrei Chumakov2, Stephan V. Roth2, Peter Müller-Buschbaum1,3 

1Lehrstuhl für Funktionelle Materialien, Physik-Department, Technische Universität München, 
James-Franck-Straße 1, 85748 Garching, Germany, 2MiNaXS, PETRA III, Deutsches Elektronen-
Synchrotron (DESY), Notkestr. 85, 22607 Hamburg, Germany, 3Heinz Maier-Leibnitz-Zentrum 
(MLZ), Technische Universität München, Lichtenbergstr. 1, 85748 Garching, Germany 

In situ observation of thin-film formation by e.g. x-ray scattering is more frequently used as 
detectors improve and become more affordable and high brilliant (synchrotron) sources become 
more broadly available. This gives rise to powerful in situ observation possibilities, e.g. in the 
field of thin-film solar cell research. Especially the morphology evolution of the thin-film during 
e.g. formation or degradation is of interest when aiming for high-quality films for industrial scale 
production.  

Here we report on the formation of hybrid perovskite methylammonium iodide (MAPbI3) from 
lead iodide and methylammonium iodide by thermal annealing as observed in situ. We applied 
in situ grazing-incidence wide-angle x-ray scattering (GIWAXS) to analyze phase and texture 
information in real time.  

 

Fig. 1 In situ GIWAXS analysis of the formation of perovskite MAPbI3 from a MAI/PbI2/solvent 

complex upon annealing using the software tool INSIGHT. 

Using our python based software tool INSIGHT, we conducted the loss-free batch processing of 

data, including transformation to reciprocal space and data reduction (e.g. cutting). This leads to 

detailed time resolved information about the respective signal ratio of respective phases present 

in the thin film. In addition, information about the phase-respective texture present in the thin-

film can be extracted. Lorentz corrected azimuthal tube cuts make it possible to quantify the 

texture present in the respective material at each point in time. 
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Lithium and electrolyte distribution in fresh and aged 18650-type lithium-ion 
batteries 
 
Dominik Petz1,2, Peter Müller-Buschbaum1,2, Anatoliy Senyshyn1 

1 Heinz Maier-Leibnitz-Zentrum (MLZ), Technische Universität München, Lichtenbergstr. 1, 
85748 Garching, Germany, Dominik.Petz@frm2.tum.de, 2 Lehrstuhl für Funktionelle Materialien, 
Physik-Department, Technische Universität München, James-Franck-Straße 1, 85748 Garching, 
Germany 

Various side reactions in lithium-ion batteries like the formation of the solid-electrolyte-
interface (SEI), loss of active lithium, drying out of the cell [1] etc. lead to a partial loss of 
capacity during extensive electrochemical cycling. The typical profiles of these side reactions 
along with the temperature and current density are non-uniform in general, which in the end 
leads to a stabilization of heterogeneous state. The loss of active lithium can be correlated with 
the formation of SEI during cycling. On the other hand, the quantitative behavior of the 
electrolyte in cell operation and fatigue remains not fully understood yet. 

Quantification of the liquid electrolyte in an electrically and environmentally isolated system 
such as lithium-ion batteries is not a simple task. Opening the cell would affect its state, e.g. 
evaporation of electrolyte. Typical X-ray and neutron-based methods used for non-destructive 
cell characterization are not capable to quantify the amount of liquid electrolyte with high 
precision. Recently it was shown, that a liquid DMC-based electrolyte exhibits a long-range order 
in the frozen state at temperatures T < 260 K [2]. Neutron diffraction displays sensitivity to this 
long-range order and therefore enables the quantification of the frozen electrolyte. One step 
further, spatially-resolved neutron powder diffraction can be used for the simultaneous 
quantification of the intercalated lithium in the graphite and the relative concentration of the 
frozen electrolyte (Figure 1). 

 
Figure 1 Lithium concentration in graphite (left) and corresponding electrolyte (right) distribution in central 
plane (red area, middle bottom) of an 18650-type lithium-ion battery measured with in-situ neutron powder 
diffraction and reconstruction slice of X-ray computed tomography (middle top). 

The results of the current study show the non-destructive quantification of lithium and 
electrolyte, their spatial distribution and concentration changes induced by cell fatigue. 
Combined experimental studies including electrochemistry, X-ray computed tomography and 
neutron diffraction independently reveal a direct correlation between losses of active lithium 
intercalated in the graphite anode and those of liquid electrolyte averaged over the volume. The 
three-dimensional lithium distribution is determined with spatially-resolved neutron powder 
diffraction, displaying the non-trivial character of active lithium/electrolyte losses and complex 
profile of the cell capacity fading. 

[1] Petz D., et al., Lithium heterogeneities in cylinder-type Li-ion batteries- fatigue induced by 
cycling. J. Power Sources, 448, 227466 (2020) 

[2] Senyshyn A., et al., Low-temperature performance of Li-ion batteries: The behavior of 

lithiated graphite, J. Power Sources, 282, 235-240 (2015) 
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Effects of soft mechanochemical synthesis in MAPbCl3 powders 
 
Götz Schuck1, Daniel M. Többens 1, Susan Schorr 1,2 

1Helmholtz-Zentrum Berlin für Materialien und Energie, Hahn-Meitner-Platz 1, 14109 Berlin, 
Germany, goetz.schuck@helmholtz-berlin.de, 2Institut für Geologische Wissenschaften, Freie 
Universität Berlin, Malteserstr. 74, 12249 Berlin, Germany 

Research interest has increasingly focused on hybrid perovskites MAPbX3 like [CH3NH3]+ 
(MA), X = I or Cl as future photovoltaic material. It was observed that various entropy 
contributions (stochastic structural fluctuations, anharmonicity, and softness of the lattice) 
directly affect the optoelectronic properties of halide perovskite materials. [1][2] At the same 
time, recent studies show that a synthesis of hybrid perovskites by a purely mechanochemical 
route is possible and that materials with even better optoelectronic properties can be produced 
this way. [3][4] In our recent investigation on MAPbCl3, we found that phase separation 
occurs in the orthorhombic low-temperature phase, depending on the graining intensity. [2] 
For lightly ground batches, besides the orthorhombic phase “o1” (space group Pnma, a ≈ 11.2 
Å, b ≈ 11.3 Å, c ≈ 11.3 Å) another orthorhombic phase “o2”, which has the same space group 
Pnma as “o1”, but a smaller crystal lattice (a ≈ 8.0 Å, b ≈ 11.3 Å, c ≈ 7.9 Å) was observed by 
us. Interestingly, the crystal structure of “o2” corresponds to that of the low-temperature 
orthorhombic structure of MAPbI3. We observed that, when the MAPbCl3 powder is ground 
even finer, as it is necessary for EXAFS investigations (for EXAFS a grain size of 1 µm is 
desired), the proportion of “o2” increases and finally mainly “o2” is present. [2] However, we 
observed from our Rietveld analysis that different MAPbCl3 batches with different grinding 
degrees show the same cubic crystal structure at 180 K as at room temperature. Notably, this 
seems to be only half the truth for the cubic structure of MAPbCl3, since in pair distribution 
function (PDF) studies on MAPbCl3 powders, it could be shown that local structural 
distortion is also present in the room temperature phase. [5] We therefore assume that the 
local order in the room temperature phase of MAPbCl3 also differs as a function of grinding. 

[1] Katan, C. et al, Nature Materials, 2018, 17, 377 
[2] G. Schuck, et. al., https://arxiv.org/abs/2112.00502 
[3] Leupold, N et. al., Appl. Mater. Interfaces, 2019, 11, 30259 
[4] Gil-González E. et al., J. Phys. Chem. Lett. 2021, 12, 5540 
[5] Bernasconi, A. et al, J. Phys. Chem. C, 2018, 122, 28265 
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Crystal structure for new coordination polymer obtained via solvothermal synthesis in 

Berghof autoclave 

Andrzej Kochela*, Kamil Twaróga, Małgorzata Hołyńskab* 

a Department of Chemistry, Wrocław University, F. Joliot Curie 14, 50 383 Wrocław, Poland 
bFachbereich Chemie and Wissenschaftliches Zentrum für Materialwissenschaften, Philipps-
Universität Marburg, Hans-Meerwein-Straße, D-35043 Marburg, Germany 
E-mail:andrzej.kochel@chem.uni.wroc.pl (A. Kochel) 
holynska@chemie.uni-marburg.de (M. Hołyńska) 
 

Coordination polymer [Cu(2,3-pdc)H2O]n was obtained by solvothermal synthesis in a 

Berghof BF100 pressure reactor using QUIN (quinolinic Acid) and Cu(HSO3)2 as substrates. 

The resulting compound crystallizes in triclinic system, in a space group of 1P , with a = 

7.434(3) Å, b = 7.523(4) Å, c = 7.881(3) Å, α = 62.68(5)o, β = 79.02(5)o, γ = 78.90(5)o, V = 

381.5(3) Å3, Z = 2. 

The coordination sphere of the Cu2+ ion is filled by three symmetry-dependent 2,3-pdc 

ligands through 3 oxygen atoms derived from the ligand carboxyl groups (O1, O1ii and O3i), a 

nitrogen atom (N1i) derived from the ligand aromatic ring, and a water molecule. The 

resulting environment of the Cu2+ ion adopts the shape of a distorted tetragonal pyramid. 

This polymer forms one-dimensional chains extending along [100], and the occurrence of 

hydrogen bonds (Table 1) stabilizes the crystal structure. 

Table 1: Hydrogen bonding parameters for [Cu(2,3-pdc)H2O]n [Å], symmetry codes: (i) -x+1, -y, -z+1, 
z+1/2; (ii) x, y+1, z. 

D-H
...
A D-H, [Å] H

...
A, [Å] D

...
A, [Å] D-H

...
A, [°] 

O(1W)-H(1W)...O(4)i 0.84 1.84(5) 2.64(2) 158 

O(1W)-H(2W)...O(2)ii 0.84 1.90(4) 2.68(2) 154 

The figure below shows the copper(II) coordination polymer structure (II).  

 

Figure 1: Copper(II) coordination polymer structure (1D). 
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Anisotropic magnetoresistance and Magnetic properties of epilayers-perovskite 
LBMTO 

 
Marwene Oumezzine1, Aurelian Catalin Galca2, Victor Kuncser3 

1Laboratoire de Physico-chimie des Matériaux, Université de Monastir, Monastir, Tunisia. 
2Laboratory of Multifunctional Materials and Structures, National Institute of Materials Physics, 
Magurele, Romania 
3Laboratory of Magnetism and Superconductivity, National Institute of Materials Physics, 
Magurele, Romania 
 
An epitaxial thin film of (LBMTO) was synthesized using pulsed laser deposition technique 

(PLD) with a desirable thickness of 95 nm. The film grown on SrTiO3 (0 0 1) substrates 

exhibited a paramagnetic-to-ferromagnetic second order phase transition at 291 K. The as-

grown film displays a giant magnetoresisitance (GMR) up to 150% at room temperature under 

5T applied magnetic field. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A.K.A. acknowledges support by DFG under grant number Alph999/99-0. 
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Structural behavior of delithiated LixNi0,8Co0,15Al0,05O2 (0<x<1)  battery cathodes 
 
T. Hölderle1,2, P. Müller-Buschbaum1,2, A. Senyshyn2  

 
1Lehrstuhl für funktionelle Materialien, Physik Department, Technische Universität München, 
James-Franck Straße 1, 85748 Garching, tobias.hoelderle@frm2.tum.de, Germany  
2Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universität München, Lichtenbergstraße 1, 
85748 Garching, Germany 
 
After the commercialization of the lithium ion battery by Sony in 1991, the related development 

of portable electronic devices, from laptops and headphones up to today’s modern smartphones 

and electric vehicles led to an increased demand for lithium ion batteries with higher capacities,  

energy\power densities and cycling life [1]. Based on these requirements, different kinds of 

transition-metal oxide cathode materials were developed for lithium ion batteries. Among several 

representative families, one of the most encouraging and state of the art commercial cathode 

materials are mixed lithium - Ni, Co, Al metal oxides crystallizing in NaCrS2-structure type such as 

high nickel content LiNi0,8Co0,15Al0,05O2 (NCA) 

possessing simultaneously high energy and 

power densities at lower costs and increased 

safety, due to minimized amounts of reactive, 

costly and rare cobalt [2]. Despite the overall 

popularity, NCA cathode materials suffer from 

poor thermal stability, capacity and power 

density fading. As well, there is an ongoing 

discussion about the presence of antisite 

disorder in NCA materials, where nickel ions 

occupy partially the lithium ion sites and block 

the lithium diffusion [3]. In the current 

contribution, a systematic ex-situ neutron 

powder diffraction study on differently 

electrochemical delithiated NCA cathode 

materials is presented. A set of structural 

parameters was obtained using full-profile 

Rietveld refinement. The lithium occupations have been found linearly, reflecting the increasing 

state-of-charge (Fig. 1) at which the cathode material was extracted from an 18650-type Li-ion 

cell. Lithium concentrations were referenced using an ICP-OES method, where the lithium 

contents that were obtained by Rietveld refinement have been found in good agreement with 

chemical analysis. In contrast, the refined occupations of transition metals do not change on the 

state-of-charge, indicating the absence of antisite defects in the NCA material during the 

electrochemical cycle and providing an important and unambiguous statement to the discussion 

on antisite defects in high nickel content NCA cathodes.  

[1] Y. Nishi, The development of lithium ion secondary batteries, Chem. Rec., 1, 406-413 (2001). 
[2] A. Purwanto, C. S. Yudha, U. Ubaidillah, H. Widiyandari, T. Ogi and H. Haerudin, NCA cathode material: 
synthesis methods and performance enhancement efforts, Materials Research Express, 5, 122001(2018). 
[3] C. Xu, P. J. Reeves, Q. Jacquet and C. P. Grey, Phase behavior during electrochemical cycling of Ni-rich 
cathode materials for Li-ion batteries, Advanced Energy Materials, 11, 2003404 (2021).  

Fig. 1: Occupation number of lithium ions and 

transition metal ions with two ICP-OES reference 

measurements 
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Stimulated Raman Scattering in potassium nitrate, -KNO3 
 
Oliver Lux1,2, Hans-Joachim Eichler1, Alexander A. Kaminskii3, Ladislav Bohatý4, Petra Becker4 

1Institute of Optics and Atomic Physics, Technical University of Berlin, Berlin, Germany, 2German 
Aerospace Center (DLR), Institute of Atmospheric Physics, Oberpfaffenhofen, Germany, 
3Institute of Crystallography, Federal Scientific Center "Crystallography and Photonics", Russian 
Academy of Sciences, Moscow, Russia, 4Institute of Geology and Mineralogy, Sect. 
Crystallography, University of Cologne, Cologne, Germany, ladislav.bohaty@uni-koeln.de, 
petra.becker@uni-koeln.de 

Stimulated Raman scattering (SRS), a (3)-based nonlinear optical process, was discovered in 
bulk media in 1963 [1] shortly after the invention of the laser. In the following, the applicability 
of SRS for laser frequency shifting was demonstrated and triggered an intensive search for 
suitable crystalline media. Among others, nitrates were investigated and in particular cubic 
Ba(NO3)2 turned out to be an efficient material for the construction of crystalline Raman lasers 
[2]. For all nitrate crystals investigated so far, the singular SRS-promoting vibration mode is the 
fully symmetric vibration of the [NO3] group with energies of about 1050 cm-1 [3], resulting in 
relatively large Raman frequency shifts of tens to hundreds of nanometers depending on the 
fundamental (or pump) laser wavelength. While for the alkali nitrates NaNO3 and CsNO3 SRS 
data are available [3], surprisingly for KNO3 no information about SRS is known so far in 
literature. 

In this work, SRS and Raman-induced four wave mixing (RFWM) processes were studied for 
orthorhombic -KNO3. Large single crystals of optical quality of -KNO3 were grown at 310 K 
from aqueous solution by controlled slow evaporation of the solvent. The size of the crystals 
allowed the preparation of samples with faces perpendicular to all orthorhombic main axes and 
typical dimensions of 10 – 20 mm, which enabled single-pass SRS experiments with sufficient 
nonlinear-lasing efficiency. 

SRS experiments were performed with single-wavelength picosecond laser excitation in the near 
IR (f1 = 1.06415 m, 80 ps) and in the visible spectral range (f2 = 0.53207 m, 60 ps) for the 
three orthorhombic main directions of -KNO3. In potassium nitrate, as similarly in other nitrate 
crystals investigated so far, SRS arises from the vibration mode with SRS 1050 cm-1, that is 
related to the fully symmetric Ag(1) vibration of the [NO3] structural units. Interaction of the 
incident infrared and green laser radiation with this mode via SRS and RFWM gives rise to the 
generation of more than ten new emission lines ranging from the ultra-violet to the near-
infrared spectral range. Unlike other studied nitrates, two lattice modes in the energy region of 
50 – 100 cm-1 were found to be SRS-active in -KNO3 as well. Here, an analogy can be drawn to 
the isomorphic carbonate compound aragonite (CaCO3), where the detected SRS-promoting 
modes also correspond to three vibration modes: the totally symmetric A1g breathing mode of 
the [CO3] units and two lattice modes in the energy range 150-200 cm-1 [4]. 

[1] Eckhardt G, Bortfeld DP, Geller M. Stimulated emission of Stokes and anti-Stokes lines from diamond, 
calcite and -sulfur single crystals. Appl. Phys. Lett., 3, 137-138 (1963) 

[2] Piper JA, Pask HM. Crystalline Raman Lasers. IEEE J. Select. Topics Quantum Electron., 13, 692-704 
(2007) 

[3] Kaminskii AA. Laser crystals and ceramics: recent advances. Laser & Photon. Rev., 1, 93-177 (2007) 
[4] Kaminskii AA, Rhee H, Lux O, Eichler HJ, Koltashev VV, Kleinschrodt R, Bohatý L, Becker P. Stimulated 

Raman scattering spectroscopy and (3)-nonlinear lasing effects in single crystals of aragonite 
(orthorhombic CaCO3). Laser Phys. Lett., 9, 259-284 (2012) 
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Magnetic phase diagram in rare-earth orthoferrite HoFeO3 from single crystal 
neutron diffraction in external magnetic field. 
 
A. Ovsianikov1,2, I. A. Zobkalo2, V. Hutanu2,3, S.N. Barilo4, K.A.Shaykhutdinov5,6, T. Chatterji7, M. 

Meven2,3, P. J. Brown8, G. Roth2, L. Peters2 

1Petersburg Nuclear Physics Institute by B.P. Konstantinov of NRC «Kurchatov Institute», 

Aleksandr.Ovsianikov@frm2.tum.de, Russia, 2Institute of Crystallography, RWTH Aachen 

University, Germany, 3Jülich Centre for Neutron Science at Heinz Maier- Leibnitz Zentrum, 

Germany, 4Scientific-Practical Materials Research Centre NAS of Belarus, Belarus, 5Kirensky 

Institute of Physics, Russia, 6Siberian Federal University, Russia, 7Institut Laue-Langevin, 71 

Avenue des Martyrs, CS 20156 - 38042 Grenoble Cedex 9, France, 812 Little St. Marys Lane, 

Cambridge, CB2 1RR, UK. 

HoFeO3 is one of the most interesting representatives of the RFeO3 family with orthorhombic 

structure. At low temperatures, strong magneto-caloric effect makes the compound to a 

promising candidate for the magnetic cooling in the cryogenic gases liquefying technology. The 

temperature dependent magnetic structure in HoFeO3 from single crystal neutron diffraction at 

zero field has been reported recently [1]. Starting from this model, here we concentrated on the 

evolution of the magnetic order on Fe and Ho in external magnetic field applied along 

crystallographic c direction. A number of representative Bragg reflections for each type of 

magnetic ordering: A (h + l even, k odd), C (k odd, h+l even), F (h + l even, k even) and G (h + l 

odd, k odd), correspondingly, have been measured between 2 and 70 K with 2 K step at seven 

discrete magnetic field values up to 8 T. The measurements were performed on two-axes single 

crystal diffractometer POLI at MLZ [2]. Figure 1a shows the temperature dependences of G type 

reflection (011) for all measured fields as example. Using the deflection and extrema points from 

different peaks (fig. 1b) the phase boundaries could be traced, resulting in a reach magnetic 

phase diagram with multiple phases. The obtained diagram is in a good agreement to the 

physical picture of competing magnetic interactions [3] between the different magnetic 

sublattices, wich will be discussed. 

  

Fig. 1 a) Temperature dependence of the integrated intensities of reflection 011 type G in 

different magnetic fields. b) Magnetic phase diagram of HoFeO3. Dotted line – phase boundaries. 

Color area – region that are describe by different magnetic representation of the Fe subsystems: 
red – , green – , blue – . The numbers indicate phases. 

[1] T. Chatterji et al., AIP Adv. 7 (2017) 045106. 
[2] V. Hutanu, Journal of large-scale research facilities, vol. 1, p. A16, 2015.  

[3] A.K.Ovsianikov et al., JMMM, Volume 507, 166855, 2020 

b) a) 
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Structure	relations	in	the	family	of	the	solid	solution	HfxZr1–xO2

Melanie Nentwich1

1Melanie  Nentwich,  Melanie.Nentwich@desy.de,  Deutsches  Elektronen-Synchrotron  DESY,

Notkestraße 85, 22607 Hamburg, Germany

Hafnium Zirconium Oxide HfxZr1–xO2 is a potentially ferroelectric material with great perspectives

in  semiconductor applications,  due to  its  compatibility  with silicon technologies  and its  low

toxicity. Despite its chemical simplicity, the solid solution HfxZr1–xO2 comprises a large variety of

different  phases.  We  compiled  a  complete  list  of

experimentally  and  theoretically  reported  HfxZr1–xO2

structures.  All  of  them are symmetrically related to

the common aristotype with Fluorite type structure.

The  summetry  relationships  between  those

structures have been determined and are presented

in a Bärnighausen-like tree [1]. Interestingly,  not all

symmetry reductions follow the conventional group-

subgroup relations and involve severe atomic shifts.

Further, the structures were compared to each other

in detail regarding the dimensionality of atomic shifts

and the accompanied lattice distortions. In total, nine

of the 23 structure types  have a polar space group

allowing for ferroelectricity; six of them still lack for

experimental  evidence.  Finally,  the  information

provided by the Bärnighausen-like tree was used to

transform the indices of a re;lection before and after a phase transition. This conversion allows

the study of (dis)appearing re;lections during phase transitions.�

[1] H Bärnighausen Group-subgroup relations between space groups: a useful  tool in crystal chemistry”

MATCH, 9, 139 (1980)

M.  N.  acknowledges  ;inancial  support  through  CREMLINplus,  which  received  funding  by

European Union’s HORIZON 2020 research and innovation programme under grant agreement

No., 871072.

Fig. 1: Structure types of the solid solu�on 

HfxZr1–xO2 with only slightly distorted la�ces 

compared to the aristotype.
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Towards a mechanistic  understanding  of  the 2-2 photo-addition of  cinnamic
acid compounds

Felix J. Stammler1, Tobias E. Schrader1, Batchuluun Khongorzul2, Jav Davaasambuu3

1Forschungszentrum  Jülich  GmbH,  Jülich  Centre  for  Neutron  Science  (JCNS)  at  Heinz  Maier-
Leibnitz Zentrum (MLZ), Lichtenbergstr.  1, 85748, Garching, Germany,  2Institute of Chemistry
and Chemical Technology, Mongolian Academy of Sciences, Ulaanbaatar 13330, Mongolia, 3Laser
Research  Center,  School  of  Art  and  Sciences,  National  University  of  Mongolia,  Ulaanbaatar
14201, Mongolia 

Despite being referred to as "chemical graveyard" [1] crystals may play an important role in
synthesis routes which require a stereo-specificity which is only present in a crystal lattice due
to the fixed arrangement of the reacting molecules. The reaction yields of chemical reactions
initiated  by  light  absorption  may  also  be  higher  than  that  in  solution  since  the  reacting
molecules  are  very  close  to  each  other  in  the  crystal  lattice.  But  this  density  of  absorbing
molecules also poses challenges to a uniform absorption of photons in the respective crystal. To
cure this, one can either use the high wavelength absorption edge of the optical transition of the
molecules or one can make use of two or more photon absorption processes employing short
laser pulses.  The latter technique of course makes the chemical  reaction more costly.  But it
allows  to  study  the  chemical  reaction  with  femtosecond  laser  pump  probe  techniques.

Figure 1 The arrangement of one of the disordered trans-4-trifluoromethyl cinnamic acid compounds in the

crystal lattice. The distance between the C-C double bonds of the trans-4-trifluoromethyl compound involved

in bond formation upon UV-irradiation is marked with a grey dashed line. Image made with the software

Olex2. 

Scattering methods such as visible pump single crystal x-ray probe techniques allow in principle
to monitor electron density distribution versus time while performing the chemical reaction. 

As  a  model  system  we  considered  two  cinnamic  acid  derivatives  trans-3-trifluoromethyl
cinnamic acid and trans-4-trifluoromethyl cinnamic acid. Cinnamic acid compounds are known
to form a four membered carbon atom ring out of two neighboring molecules exhibiting two
carbon-carbon  double  bonds.  In  the  trans-4-trifluoromethyl  compound  we  confirmed  the
distance of the bonds between the involved carbon atoms to be 3.8 Å (see Figure 1).  This is
below the threshold for this type of reaction to occur [2]. 

[1] Klebe G. Wirkstoffdesign Entwurf und Wirkung von Arzneistoffen (2nd ed.). Springer. 
(2009).
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Electronic structure of the homologous series of Ruddlesden-Popper phases
SrO(SrTiO3)𝑛, ( = 0 - 3, ∞)𝑛

Christian Ludt1, Matthias Zschornak1

1Institut für experimentelle Physik, TU Bergakademie Freiberg, Germany

Christian.Ludt@physik.tu-freiberg.de

The  system  SrO(SrTiO3)𝑛, shown  in  Figure  1,  contains  promising  compounds  for  several
applications,  including  tunable  microwave  components  for  communication  and  radar
applications  as  well  as  alternative  gate  oxides  for  tunable  dielectric  devices  and  as
photocatalysts,  whose  functionalities  all  depend  in  particular  on  the  band  structure  of  the
respective crystal.  While the electronic structure of SrO and SrTiO3 is sufficiently clarified in
literature, there is a lack of information concerning the Ruddlesden-Popper (RP) phases. In this
work density functional theory is used to compute the electronic structure for the homologous
series with  = 0 - 3, ∞. The according band structures are presented and effective masses are𝑛
given  for  the  complete  system.  In  addition,  the  calculations  are  consulted  to  discuss  the
thermodynamical stability of the RP phases, confirming the gain of formation energy up to  = 3𝑛
as  reported  in  recent  literature.  A  promising  possibility  for  applications  has  been  found,
analyzing theses band structures: As the optical gaps at distinct high-symmetry points of the
Brillouin zone show different dependencies on the lattice parameters, as it is reported for SrO in
literature, a similar behavior could be expected in particular for the RP phase with  = 1.𝑛

Fig 1: Homologous series of Rudlesden-Popper phases SrO(SrTiO3)𝑛 from  = 0 to  = 3,∞.𝑛 𝑛

The authors acknowledge funding by the DFG within the project DFG 409743569, ZS 120/1-1.
Further funding was provided within DFG 442646446, ZS 120/5-1.
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Role of lithium diffusion on thermal expansion of Li0.4WO3 bronze studied by neutron 
elastic and quasi-elastic scatterings 

 
M. Mangir Murshed1,2, Md. Shahidur Rahman1,3, M. Marek Koza4, Thorsten M. Gesing1,2 

1University of Bremen, Institute of Inorganic Chemistry and Crystallography, Leobener Straße 7, D-
28359 Bremen, Germany, murshed@uni-bremen.de, 2University of Bremen, MAPEX Center for 
Materials and Processes, Bibliothekstraße 1, D-28359 Bremen, Germany, 3University of Dhaka, 
Department of Chemistry, Dhaka 1000, Bangladesh, 4Institut Laue Langevin, 38042 Grenoble Cedex 
9, France. 

Diffusion of interstitial cations in ionic conductors plays roles on the thermal expansion [1,2], which 
is of prime importance for the functionality of materials at a given temperature. We report the 
anomalous lattice thermal expansion of Li0.4WO3 bronze. The polycrystalline sample was produced 
by solid state synthesis at low pressure and 973 K. The sample was characterized by time-of-flight 
neutron powder diffraction (NPD) and quasi-elastic neutron scattering (QENS). The as-synthesized 
Li0.4WO3 crystallized in the 𝐼𝑚3̅ space group [3], where the 6b Wyckoff position is found to be 
partially occupied by lithium and the 2a site to be vacant. At the 6b position four planar oxygen atoms 
construct a small aperture of 26.7 pm, and the 2a site a lager cavity of 39.5 pm for possible lithium 
diffusion. Temperature-dependent NPD data Rietveld refinements showed that the Li+ cations 
preferentially diffuse between 300 K and 500 K from the 6b into the 2a site, which supports the ionic 
conductivity of some LixWO3 bronzes at high temperatures [4] as well as diffusion-based phase 
transition at ambient condition [3]. Thus, at this temperature regime a statistical equilibrium 
(dynamic disorder) exists between two sites. With increasing temperature, the occupancy of lithium 
at the 2a site increases and that of the 6b site decreases. QENS data analysis followed by modelling 
provides more insights on the lithium diffusion. A sharp minimum of thermal expansion coefficient 
is observed at 425 K, which does not show high-temperature saturation. The low-temperature metric 
expansion can be modelled using a single Debye term. The take-off departure of the model line from 
the observed data is explained in terms of Li-dynamics and high-temperature anharmonicity. Indeed, 
using an additional Debye spectrum with a low-perturbed quantum anharmonicity term the 
evolution of the metric parameter can better be modelled [5]. While understanding Li-diffusion 
mechanism is essential for its full potential as solid electrolyte, the dynamics of lithium in tungsten 
bronzes and the associated thermal expansion anomaly would shed more lights on relevant studies.  

 
[1] A.W. Sleight (1998), Curr. Opin. Solid State Mater. Sci. 3, 128. 
[2] H. Schulz (1974), J. Am. Ceram. Soc. 57, 313. 
[3] M.S. Rahman, M.M. Murshed, T.M. Gesing (2014), Z. Kristallogr. 229, 797. 
[4] M.E. Straumanis, S.S. Hsu (1995), J. Am. Chem. Soc. 72, 4027. 
[5] M.M. Murshed, C.B. Mendive, M. Curti, G. Nénert, P.E. Kalita, K. Lipinska, A.L. Cornelius, A. Huq, Th.M. Gesing 

(2014), Mater. Res. Bull. 59, 170. 
 

Institute Laue-Langevin, Grenoble, France, is gratefully acknowledged for providing beamtime within 
the proposal 7-03-182. 
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On the architecture of multicore iron oxide nanoparticles 
 
Stefan Neumann*, David Rafaja 

Institute of Materials Science, TU Bergakademie Freiberg, Germany 

*St.Neumann@iww.tu-freiberg.de 

Iron oxide nanoparticles are the first choice for the applications in biomedicine because of their 
excellent biocompatibility, biodegradability, easy synthesis and interesting magnetic properties 
[1]. It has been demonstrated that multicore iron oxide nanoparticles show superior properties, 
for instance a much higher efficiency for magnetic hyperthermia [2], in comparison to their 
monocore counterparts. The aim of this work is to reveal the architecture of multicore maghemite 
nanoparticles, in particular the intergrowth of individual cores within the particles, which plays a 
tremendous role for their performance.  
 
High-resolution (scanning) transmission electron microscopy in combination with local fast 
Fourier transforms as well as selected area electron diffraction confirmed the maghemite 
structure (space group 𝑃4332) of the nanoparticles. In addition, high-resolution micrographs 
revealed that the particles consist to some extend of one core and partly of several cores. The 
individual crystallites of the multicore particles were always intergrown along certain 
crystallographic directions, although a mutual twist of a few degrees of the crystallites was often 
observed. The size distributions of the nanoparticles and the cores as well as the amount of multi- 
and monocore particles were determined statistically using a multi-step semi-automatic 
segmentation routine that is based on a marker-based watershed transformation. This routine 
was applied to several low-magnification high-angle annular dark field scanning transmission 
electron microscopy images [3]. The sizes of the nanoparticles and the individual cores were 
correlated with the crystallite size determined by X-ray diffraction. The effect of the 
crystallographic coherence on the crystallite size is discussed. 
 

 
(a) High-resolution high-angle annular dark-field scanning transmission electron microscopy image showing a 
multicore iron oxide nanoparticle composed of two cores that are slightly misoriented with respect to each other. (b) 
Filtered fast Fourier transforms of the individual cores illustrating their mutual misorientation. 

[1] Sangaiya, P, Jayaprakash R. A Review on Iron Oxide Nanoparticles and Their Biomedical Applications. J. 
Supercond. Nov. Magn., 31, 3397-3413 (2018). 

[2] Hemery G, Genevois C, Couillaud F, Lacomme S, Gontier E, Ibarboure E, Lecommandoux S, Garanger E, 
Sandre O. Monocore vs. multicore magnetic iron oxide nanoparticles: uptake by glioblastoma cells 
and efficiency for magnetic hyperthermia. Mol. Syst. Des. Eng., 2, 629-639 (2017). 

[3] Neumann S, Menter C, Mahmoud A S, Segets D, Rafaja D. Microstructure characteristics of non-
monodisperse quantum dots: on the potential of transmission electron microscopy combined with 
X-ray diffraction. CrytEngComm, 22, 3644-3655 (2020). 
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Tuning the structural and magnetic properties of iron oxide nanoparticles 
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for Neutron Science JCNS and Peter Grünberg Institut PGI, JARA-FIT, Forschungszentrum Jülich 
GmbH, Jülich, Germany 

Due to their biocompatibility and magnetic properties, iron oxide nanoparticles (NPs) are 
especially interesting for applications such as targeted drug delivery and hyperthermia therapy 
[1–3]. According to its oxidation states, iron may form various crystal structures and thus show 
different magnetic properties. Divalent FeO is a bulk antiferromagnet with a rock salt crystal 
structure at room temperature. When Fe2+ is oxidized towards the trivalent state, as found e.g. in 
Fe3O4 and Fe2O3, one encounters a spinel structure and ferrimagnetic (FiM) behavior. The FiM to 
paramagnetic phase transition for bulk magnetite and maghemite occurs at TC = 858K and 948K, 
respectively. However, they may show different magnetic properties in nanoscale due to the 
finite size effect. Synthesis of single-phase oxide NPs is challenging. An oxidized layer is often 
found at the surface of the NPs. This leads to an exchange bias effect. 

 We observe a shift in the hysteresis loops of various sizes of iron oxide NPs (5-20nm). This is 
due to an exchange interaction between the magnetite core and a shell with disordered surface 
spins. By comparing hysteresis loops cooled at different magnetic fields, a hardening effect is 
observed, i.e. the squareness and hardness of hysteresis loops is significantly enhanced with 
increasing magnetic cooling field. This indicates that an anisotropy axis is induced due to the 
exchange bias effect.  

In order to understand the origin of the exchange bias effect, we studied their crystallographic 
structure using X-ray powder diffraction, total scattering experiments with pair distribution 
function analysis. The ratio of different phases of iron oxide (wustite, magnetite and maghemite) 
was obtained using X-ray absorptions spectroscopy. The morphology of the particles was 
characterized using scanning electron microscopy and small angle scattering. The relationship 
between the composition of the NPs and the exchange bias effect is studied. Furthermore, the 
magnetic properties of the samples can be tuned by oxidation or reduction via different 
annealing procedures. These results provide important information for the manipulation of the 
exchange bias in oxide NPs. 

[1]  M. Zahn, J. Nanoparticle Res. 3, 73 (2001). 
[2]  S. Bedanta, A. Barman, W. Kleemann, O. Petracic, and T. Seki, J. Nanomater. 2013, 1 (2013). 
[3]  L. León Félix, B. Sanz, V. Sebastián, T. E. Torres, M. H. Sousa, J. A. H. Coaquira, M. R. Ibarra, 
and G. F. Goya, Sci. Rep. 9, 1 (2019). 
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Structural characterization of the solid solution Cu2Mn(GexSn1-x)S4 
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3Paul Scherrer Institute, Forschungsstrasse 111, 5232 Villigen PSI, Switzerland 
 
The research of quaternary Cu-based chalcogenide semiconductors has caught a large interest 

for photovoltaic applications, because these materials consist of non-toxic and earth abundant 

elements. While being environmentally friendly and low cost, materials like Cu2MnGeS4 or 

Cu2MnSnS4 are very promising candidates for use in tandem solar cells, because by alloying they 

can cover a wide bandgap range of 1.52-1.72 eV [1]. This study presents new insight into the 

crystal structure of the solid solution Cu2Mn(GexSn1-x)S4. 

Cu2Mn(GexSn1-x)S4 has already been studied earlier [2]. In these studies, the structural analysis 

of the solid solution based on X-ray powder diffraction data. Because Cu, Ge and Mn are 

electronic similar elements, they cannot be differentiated in a structural analysis based on X-ray 

powder diffraction data. But their neutron scattering lengths are different, that is why we apply 

neutron diffraction to analyze the crystal structure of the Cu2Mn(GexSn1-x)S4 mixed crystals. 

Moreover, the basis of our investigations is a careful determination of the chemical composition 

of the mixed crystals by WDX spectroscopy. This is important, because it was shown for other 

quaternary chalcogenides (e.g., Cu2ZnSnS4 and Cu2ZnSnSe4) that even small deviations in 

composition (off-stoichiometry) can have a critical influence on the cation distribution in the 

crystal structure and the band gap energy of the material [3]. 

The endmembers of the Cu2Mn(GexSn1-x)S4 solid solution crystallize in different structures: 

Cu2MnSnS4 crystallizes in the tetragonal stannite type structure (space group ), whereas 

Cu2MnGeS4 adopts the orthorhombic wurtz-stannite type structure (space group Pmn21). Thus, 

within the solid solution a structural transition from the tetragonal to the orthorhombic crystal 

structure can be expected.  

In the presented study Cu2Mn(GexSn1-x)S4 mixed crystals were synthesized by solid state 

reaction of pure elements in evacuated silica tubes at temperatures of 800°C. The chemical 

composition and homogeneity of the synthesized polycrystalline powder materials were 

determined by WDX spectroscopy using an electron microprobe system. The lattice parameters 

of the mixed crystals were obtained by LeBail refinement of powder X-ray diffraction data. It can 

be shown that Sn-rich mixed crystals (0 ≤ x ≤ 0.3) adopt the stannite type structure, whereas Ge-

rich mixed crystals (0.6 ≤ x ≤ 1) of this series adopt the wurtz-stannite type structure. Within 0.3 

> x > 0.6 two quaternary phases coexist, adopting the tetragonal and the orthorhombic structure, 
respectively. The results of the chemical composition study in combination with structural 

characterization and optical bandgap evaluation from diffuse reflectance of Cu2Mn(GexSn1-x)S4 

mixed crystals will be presented providing special attention to the phase transition from the 

stannite to the wurtz-stannite crystal structure.  

 
[1] Beraich, M., et al. "Facile synthesis of the wurtz stannite (orthorhombic) Cu2MnGeS4 thin film via spray 
ultrasonic method: Structural, Raman, optical and electronic study." Journal of Alloys and Compounds 845 
(2020): 156216. 
[2] Bernert, Thomas, and Arno Pfitzner. "Cu2MnMIVS4 (MIV= Si, Ge, Sn)—analysis of crystal structures and 
tetrahedra volumes of normal tetrahedral compounds." Zeitschrift für Kristallographie-Crystalline 
Materials 220.11 (2005): 968-972. 
[3] Schorr, Susan, and Claudia Weidenthaler, eds. Crystallography in Materials Science: From Structure-
Property Relationships to Engineering. Walter de Gruyter GmbH & Co KG, (2021). ISBN 978-3-11-067485-9 
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Carbon blacks are commercially used as conductive fillers in bipolar plates (BPPs) as electrodes 

for redox flow batteries. The degradation of such battery systems during overcharging is a 

known problem [1]. The type and structure of carbon black play an important role in electrode 

degradation under highly oxidizing overcharge conditions [2]. Unfortunately, it is impossible to 

customize the microstructure of carbon blacks. Therefore, there is a need for efficient carbons 

with tunable properties, which can replace carbon blacks. Carbon xerogels (carbogels) are 

potential candidates since they provide easy tailoring of porosity along with high electrical 

conductivity [3]. In this project, we would like to explore the possibility of replacing the 

standard conductive filler with novel carbogel and, thereby, improving the electrochemical 

performance of redox-flow batteries.  

From preliminary studies, it was found 

that the replacement of carbon black with 

carbogel improves the electrical 

conductivity in BPP. Therefore, here we 

present a comparison between a 

commercial carbon black and a carbogel. 

From the experimental pair distribution 

functions (PDFs) of these carbons (Fig. 1) 

and Raman spectra, we observe that 

carbon black contains slightly larger 

domain sizes of hexagonal carbon rings 

and is more ordered. However, the 

presence of micropores (<1nm) and 

highly interconnected sp2-bonded carbon 

rings as revealed by high-resolution (HR) 

TEM images could be the major 

attributing factors for improved electrical conductivity in carbogels.   

[1] Parasuraman A, Lim TM, Menictas C, Skyllas-Kazacos M. Review of material research and development 
for vanadium redox flow battery applications. Electrochim. Acta, 101, 27-40 (2013) 

[2] Brungs A, Haddadi-Asl V, Skyllas-Kazacos M. Preparation and evaluation of electrocatalytic oxide 
coatings on conductive carbon-polymer composite substrates for use as dimensionally stable 
anodes. J. Appl. Electrochem., 26, 1117- 1123 (1996) 

[3] Rahman M. (ed.) Designing Nanostructured Carbon Xerogels. Nanomaterials. 2011,  
https://www.intechopen.com/chapters/25347,   ISBN: 978-953-307-913-4 

 
Project funding by the Max Planck Society (CarboGels – Carbon–Xerogel materials for electrical 
energy storage systems) is gratefully acknowledged. We thank our project partners from 
Fraunhofer UMSICHT for their collaboration. We acknowledge DESY (Hamburg, Germany), a 
member of the Helmholtz Association HGF, for the provision of experimental facilities. Parts of 
this research were carried out at PETRA III, and we thank Alba San José Méndez for assistance in 
using beamline P02.1. We thank S. Leiting, H. Petersen, A. Pommerin and L. Schulte-Zweckel 
from MPI for their support. 

2 4 6 8 10 12 14 16 18 20 22 24

1 2 3 4 5 6

N
o

rm
a

li
z
e

d
 G

(r
)

r (Å)

Carbon black

Carbogel

N
o

rm
a
li
z
e
d

 G
(r

)

r (Å)

Fig. 1 X-ray PDFs. The inset shows the region between 1 and 6 Å
with the assignments to various C−C correlations indicated.
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Charge‐Density	Analysis	of	a	disordered	Aluminium	Dihydride	BOX	Complex	
Christian	Köhler1,	Regine	Herbst‐Irmer1,	Dietmar	Stalke1	

1Institut	 für	 Anorganische	 Chemie,	 Georg‐August‐Universität	 Göttingen,	
christian.koehler@chemie.uni‐goettingen.de,	Germany	

Today,	 single	 crystal	 X‐ray	 diffraction	 (SCXRD)	 experiments	 are	 among	 the	 most	 valuable	
analytical	 methods	 for	 determining	 the	 three‐dimensional	 structure	 of	 given	 crystalline	
substance.	Charge‐density	 analyses	based	on	high‐resolution	datasets	 are	 an	 advanced	SCXRD	
technique	significantly	more	time	consuming	than	the	usual	standard	measurements.	However,	
using	the	Hansen	&	Coppens	Multipole	Model	[1],	they	allow	for	the	modelling	of	electron	density	
even	 in	 interatomic	 bonding	 regions.	 With	 Bader’s	 Quantum	 Theory	 of	 Atoms	 in	 Molecules	
(QTAIM)	 [2],	 various	 structural	 properties	 of	 interest	 such	 as	 bonding	 characters	 and	 charge	
distribution	can	then	be	determined	from	a	topological	analysis	of	the	model	[3].		

Due	to	an	increased	susceptibility	to	errors	in	the	
data,	complications	such	as	twinning	or	disorder	
are	generally	considered	a	dealbreaker	in	terms	
of	charge‐density	analysis.	Disordered	structures	
come	with	a	wide	range	of	problems	for	charge‐
density	refinement,	first	and	foremost	that	many	
of	the	structural	properties	from	charge‐density	
analyses	 can	 often	 not	 be	 unambiguously	
determined	in	disordered	parts	[4]	.	In	this	work,	
we	 strive	 to	 investigate	 in	 how	 far	 a	 successful	
multipole	 refinement	 with	 subsequent	 Bader	
QTAIM	 analysis	 of	 the	 only	 slightly	 disordered	
compound	AlH2MeBOX	[5]	(1)	can	be	achieved.	Bis(benzoxazol‐2‐yl)methandid	(BOX)	ligands	are	
a	 family	 of	 readily	 available	 ligands	 with	 easily	 customizable	 steric	 demand.	 Therefore,	 BOX	
ligands	are	a	promising	alternative	to	the	ubiquitous	NacNac	ligands	[6].		

Compound	1	 is	 the	 BOX	 analogue	 to	 an	 AlH2‐NacNac	 complex	 showing	 catalytic	 activity,	 first	
reported	 in	2016	 [7].	 It	 contains	 two	molecules	 in	 the	asymmetric	unit,	both	of	which	show	a	
minor	disorder	with	occupancies	around	3%	for	the	second	position,	respectively.	

 

[1]  N. K. Hansen,  P. Coppens, Testing Aspherical Atom Refinements on Small‐Molecule Data Sets, 

Acta Crystallogr. Sec. A 1978, A34, 909. 

[2]  R. F. W. Bader, Atoms in Molecules. Clarendon Press, Oxford, New York 1990. 

[3]  U. Flierler, D. Stalke, More than just distances from Electron Density Studies , Struct. Bond. 

2012, 146, 1. 

[4]  K. Meindl, J. Henn, N. Kocher, D. Leusser, K. A. Zachariasse, G. M. Sheldrick, T. Koritsanszky, D. 

Stalke, Experimental Charge Density Studies of Disordered N‐Phenylpyrrole and N‐(4‐

Fluorophenyl)pyrrole, Journal of Physical Chemistry A 2009, 113, 9684. 

[5]  J. Kretsch, A. Kreyenschmidt, T. Schillmöller, R. Herbst‐Irmer, D. Stalke, Mixed Low‐Valent 

Alanes from the Bis(4‐methyl‐benzoxazol‐2‐yl)methanid Ligand , Inorg. Chem. 2020, 59, 13690. 

[6]  J. Kretsch, I. Koehne, M. Lõkov, I. Leito, D. Stalke, BOX Hounding NacNac: Varieties and 

Applications in Main Group Metal Coordination, Eur. J. Inorg. Chem. 2019, 2019, 3258. 

[7]  Z. Yang, M. Zhong, X. Ma, K. Nijesh, S. De, P. Parameswaran, H. W. Roesky, An Aluminum 

Dihydride working as a Catalyst in Hydroboration and Dehydrocoupling, J. Am. Chem. Soc. 

2016, 138, 2548. 

 

Figure	 1:	 Structure	 of	 1.	 Main	 component	
highlighted	 in	 blue,	 second	 component	
highlighted	 in	 orange.	 Only	 isotropic	
displacement	 parameters	 were	 used	 for	 the	
second	 component	 Hydrogen	 atoms	 omitted	
for	clarity.	
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Characterization of the Delafossite solid solution series NaYb1–xLuxS2  
 

Ellen Häußlera, Jörg Sichelschmidtb, Michael Baenitzb, Thomas Doerta 

 
a Technische Universität Dresden, Faculty of Chemistry and Food Chemistry, 01062 Dresden, 
Germany, ellen.haeussler@tu-dresden.de, b Max Planck Institute for Chemical Physics of Solids, 
Nöthnitzer Str. 40, 01187 Dresden, Germany 
 

Delafossite Materials were already investigated in the 1970s [1]. Lately some compounds of this 

structure family attracted considerable interest in quest of a unique magnetic ground state – the 

quantum spin liquid (QSL) state. Delafossites with trivalent rare earth metal ions on a regular 

triangular sublattice (see Figure 1) provide a perfect geometrical basis for this kind of frustrated 

spin system. Indeed, no magnetic order was found in Yb-Delafossites down to 260 mK [2,3], 

whereas other rare earth metal Delafossites order in the low tempertaure regime [4].  

To investigate the interplay of the electron spins with respect to the magnetic properties in detail, 

we substituted the Yb3+ ions in NaYbS2 with non magnetic Lu3+ to dilute the magnetic sublattice. 

As the spin-spin interactions are influenced by the geometric confinements of the structure we 

had a detailed look on the structural parameters before determining the magnetic susceptibility 

and the electron spin resonance (ESR) properties. We characterized the samples of the solid 

solution series NaYb1–xLuxS2 with 0 ≤ x ≤ 1 with respect to their chemical composition, analyzed 

their structural parameters in single crystal and powder X-ray diffraction experiments and 

evaluated the structural changes (see Figure 2 for the lattice parameters) throughout the whole 

substitution series.  

 
 
[1] A. W. Verheijen, W. J. P. V. Enckevort, J. Bloem, L. J. Giling, J. Phys. Colloq. 1975, 36, 39–45. 
[2] M. Baenitz, Ph. Schlender, J. Sichelschmidt, Y. A. Onykiienko, Z. Zangeneh, K. M. Ranjith, R. Sarkar, L. 

Hozoi, H. C. Walker, J.-C. Orain, H. Yasuoka, J. van den Brink, H. H. Klauss, D. S. Inosov, Th. Doert, Phys. 
Rev. B 2018, 98, 220409. 

[3] W. Liu, Z. Zhang, J. Ji, Y. Liu, J. Li, X. Wang, H. Lei, G. Chen, Q. Zhang, Chin. Phys. Lett. 2018, 35, 117501. 
[4] G. Bastien, B. Rubrecht, E. Häußler, P. Schlender, Z. Zangeneh, S. Avdoshenko, R. Sarkar, A. Alfonsov, S. 

Luther, Y. A. Onykiienko, H. C. Walker, H. Kühne, V. Grinenko, Z. Guguchia, V. Kataev, H.-H. Klauss, L. 
Hozoi, J. van den Brink, D. S. Inosov, B. Büchner, A. Wolter-Giraud, T. Doert, SciPost Phys. 2020, 9, 041. 

 
We acknowledge support by the CRC 1143 from the DFG under project-id 247310070. 
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Figure 2: Refined lattice parameters of NaYb1–xLuxS2 

samples derived from powder and single crystal data. 
Figure 1: Crystal structure of NaYbS2 in R3തm. 

The unit cell is depicted in dark grey. 
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Characterization of the formation of single-phase precious metal high entropy 
alloys by in situ diffraction 
 
L. Wedek1, D. Spahr1, W. Morgenroth2, J. Marquardt1, J. König1, L. Fink3, B. Winkler1 

1Kristallographie/Mineralogie, Goethe Universität Frankfurt am Main, Germany, 
wedek@kristall.uni-frankfurt.de, 2Geowissenschaften, Universität Potsdam, Potsdam, Germany 
3Anorganische und Analytische Chemie, Goethe Universität Frankfurt am Main, Germany 

High entropy alloys (HEA) have attracted considerable attention as it is thought that their 

chemical complexity may allow the synthesis of materials with desirable properties [1,2]. 

According to one often-used definition, HEAs contain five or more elements with concentrations 

between 5 and 35 at.-% [1,2]. A little investigated group of HEAs are the precious metal HEAs, 

which contain at least four Elements out of Ag, Au, Co, Cr, Cu, Ni, Pd, Pt, Rh and Ru [2], and which 

have been studied here. 

 

While most HEAs are synthesized either by arc melting or mechanochemical activation, we have 

shown earlier that the combination of precious metals with Sn as a fifth element, a low melting 

component (TM = 505 K), leads to the formation of single phase HEAs at comparatively low 

temperatures [3]. Here, we have investigated the formation of HEAs such as Pt2AuCuNiSn by in 

situ powder diffraction at the high 

energy beamline P21.1 at PETRA III 

(DESY, Hamburg). We pressed the 

elements into pellets with 2 mm 

diameter. These were then heated 

with a heating rate of 6 K/min up to 

1460 K. The reaction was observed 

by powder X-ray diffraction, which 

allowed us to identify the on-set of 

reactions, the formation of transient 

phases during heating and cooling, 

and to characterize the final 

products. A typical set of diffraction 

patterns is shown in Fig. 1, where 

the disappearance of Sn can be 

observed at ~500 K, while the 

formation of the final product 

commences at ~800 K. 

 

Most data sets could be analyzed by Rietveld refinement, and hence we could show that we have 

synthesized new single precious metal phase HEAs in the system Pt-Pd-Cu-Ni-Co-Au-Ag-Sn. 

 

Support by Dr. Soham Banerjee during the experiments at P21.1 at PETRA III is gratefully 

acknowledged. 
 

[1] J.-W. Yeh et al., Adv. Eng. Mater., 2004, 6, 299-303. 

[2] D.B. Miracle, O.N. Senkov, Acta Mater., 2017, 122, 448-511. 

[3] B. Winkler et al., J. Solid State Chem., 2021, 294. 

Fig. 1: Powder X-ray diffraction of Pt2AuCuNiSn while 
heating. Reflections of Pt2AuCuNiSn are indexed at the 
highest temperature, they can be identified at T > 800 K. 

Reflections due to Sn (⚹) can only be observed up to 
~500 K. 
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Copper(I)-Based Pillarplexes: Platforms for Supramolecular Assemblies 

with Intrinsic Reactivity 

 
Thomas Pickl,1 Markus Anneser,1 and Alexander Pöthig*,1 

1 Catalysis Research Center & Department of Chemistry, Chair of Inorganic and Metal-Organic Chemistry, Technische 

Universität München, Ernst-Otto-Fischer Str. 1, D-85748 Garching b. München, Germany, alexander.poethig@tum.de 

Pillarplexes are supramolecular organometallic complexes with a tubular pore and a high 

affinity for the incorporation of linear alkanes [1]. The cavitands consist of two macrocyclic 

ligands (L) linearly coordinated by eight group 11 metal ions (AgI or AuI). Host–guest assemblies 

derived from the insertion of linear diamines into the pore can be post-synthetically modified. 

The attachment of bulky stopper groups by amide formation leads to mechanically interlocked 

rotaxanes [2]. To date, no such organometallic host with intrinsic reactivity has been accessed 

yet. In analogy to the reported pillarplexes, we investigated the formation of a CuI pillarplex 

which is also envisioned to share the rich reactivity of CuI along with the host–guest insertion 

chemistry of the pillarplex platform. In this contribution, we report on the synthesis of the title 

compounds, [Cu8L2](X)4 (X = OTf, PF6), which could be isolated in excellent yield by the 

treatment of the macrocyclic proligand H6L(X)4 with Cu2O [3]. The triflate and 

hexafluorophosphate pillarplexes show the same 1H NMR signal pattern as their heavier 

congeners and first insertion studies with 1,12-diaminododecane as a guest demonstrate the 

ability to incorporate linear molecules into the shape-persistent pore of the complexes. 

Treatment of the diaminoalkane-pillarplex assembly with bulky 3,5-di-tert-butylbenzoic 

anhydride led to the formation of a mechanically interlocked molecule, Rot[Cu8L2](X)4. The 

structure of the [2]rotaxane was elucidated by SC-XRD (space group P 21/c) and is discussed in 

this contribution along with its packing. Further studies on the organometallic host component 

aim to identify prospective chemical reactions making use of the redox chemistry of copper to 

enable shape-selective chemical transformations, potentially in a catalytic manner. 

 

 

 

[1] P. J. Altmann and A. Pöthig, J. Am. Chem. Soc., 2016, 138, 13171–13174. 

[2] P. J. Altmann and A. Pöthig, Angew. Chem. Int. Ed., 2017, 56, 15733–15736. 

[3] A. A. Danopoulos, T. Simler and P. Braunstein, Chem. Rev., 2019, 119, 3730–3961. 
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Na7RbTl4: A New Ternary Alkali Metal Thallide including Tl48—  tetrahedra 
 
Vanessa F. Schwinghammer1, Melissa Janesch1, Stefanie Gärtner1,2 

1Institute of Inorganic Chemistry, University of Regensburg, Germany, 
Vanessa.Schwinghammer@ur.de, Melissa.Janesch@ur.de, Stefanie.Gaertner@ur.de 
2Central Analytics, Faculty of Chemistry and Pharmacy, Department X-Ray Structure Analysis, 
University of Regensburg, Germany 

During our studies on alkali metal thallides with mixed alkali metals, we want to fill the gaps 

between the already known compounds, which still have remained, and investigate the influence 

of the different alkali metals on the structure [1]. One of these gaps remains at the A:Tl ratio of 

2:1. For this composition, only the binary compounds Li2Tl and Na2Tl are known so far [2], but 

compounds including with the heavier alkali metals K, Rb or Cs still are missing. On our poster 

we present Na7RbTl4, the first ternary phase in the A:Tl ratio 2:1 (final R-values: R1=0.0231, 

wR2=0.0392). Single crystal x-ray structure analysis first suggested tetragonal symmetry of the 

unit cell, but no structure solution was possible within this crystal system. Structure solution 

and refinement succeeded when pseudo-merohedral twinning was taken into account, yielding a 

final model in space group Pbam (a=16.3584(4) Å, b=16.3581(4) Å, c=11.3345(3) Å, 

V=3033.04(14) Å³). The structure motif is represented by Tl4
8— tetrahedra embedded in a 

matrix of fully occupied alkali metal cations, which Hansen and Smith also described for 

Na2Tl[2]. While the coordination sphere of the Tl4 tetrahedra in Na2Tl contains 23 Na (21: d(Na-

Tl)<3.7 Å, +2: d(Na-Tl)<4.2 Å), the two different Tl4 tetrahedra in Na7RbTl4 are surrounded by 16 

Na (d(Na-Tl)<3.6 Å)and 5 Rb (d(Rb-Tl)<4.3 Å). The coordination number of sodium is very 

similar between those two compounds (Na2Tl: 12 or 14, Na7RbTl4: 11, 12 or 14), while the 

coordination number of rubidium sums up to 18.  

  

 
 
[1] Gärtner S., Spotlight on Alkali Metals: The Structural Chemistry of Alkali Metal Thallides. Crystals, 10, 

1013 (2020) 
[2] Stöhr J., Müller W., Schäfer H. Structural Principles of Lithium Group III Compounds. Acta Cryst. A, 37, 

C185 (1981); Hansen D.A., Smith J.F. Structure and Bonding Model for Na2Tl. Acta Cryst., 22, 836-
845 (1967) 

 

S.G. acknowledges support by DFG under grant number GA 2504/1-1. 

Fig. 1: Unit cell of Na7RbTl4 with isolated Tl4
8— tetrahedra in a matrix of fully occupied alkali metal cations 

and coordination sphere of a Tl4 tetrahedra 
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Electron density studies on a Cobalt Single-Molecule Magnet 
 
Katharina Rachuy1, Regine Herbst-Irmer1, Dietmar Stalke1 

1Institut für Anorganische Chemie, Universität Göttingen, Germany, k.rachuy@stud.uni-
goettingen.de 

In March 2021, Legendre et al published a new Cobalt Single-Molecule Magnet (SMM), 

Co{(NtBu)2SPh}2, with very good magnetic anisotropy and hysteresis [1]. Up to now, CASSCF 

calculations and SQUID Magnetometer measurements were carried out by Legendre et al. 

However, this compound should be investigated in more detail, especially regarding the 

electronic properties to get a better insight in the origin of magnetical properties. It was shown 

for example by Damgaard-Møller et al. that electron density studies are a good way to determine 

d-orbital populations [2]. Therefore we have performed a multipolar refinement of the 

Co{(NtBu)2SPh}2 compound with the program XD [3]. To confirm the experimental results, 

further theoretical calculations are planned as well. 

In a multipolar refinement [4] against high-resolution X-ray diffraction data not only a spherical 

density is modelled as in the Independent Atom Model (IAM), but the distortion caused by the 

bonding can be taken into account. This density is described by spherical harmonics, which have 

a similar shape as orbitals [5]. The multipole parameters can then be used to calculate d-orbital 

populations. 

 

Fig. 1 The structure of Co{(NtBu)2SPh}2. The anisotropic displacement parameters are displayed at 

the 50 % level. Hydrogen atoms are omitted for clarity.  

[1] Legendre C, Damgaard-Møller E, Overgaard J, Stalke D. The Quest for Optimal 3d Orbital Splitting in 
Tetrahedral Cobalt Single-Molecule Magnets Featuring Colossal Anisotropy and Hysteresis. Eur. J. 
Inorg. Chem., 30, 1434-1948 (2021) 

[2] Damgaard-Møller E, Krause L, Tolborg K, Macetti G, Genoni A, Overgaard J. Quantification of the 
Magnetic Anisotropy of a Single-Molecule Magnet from the Experimental Electron Density. Angew. 
Chem. Int. Ed., 59, 1433-7851 (2020) 

[3] Volkov A, Macchi P, Farrugia L J, Gatti C, Mallinson, P, Richter, T, Koritsanszky T. XD2016 - A computer 
program for multipole refinement, topological analysis of charge densities and evaluation of 
intermolecular interaction energies from experimental or theoretical structure factors. (2016) 

[4] Hansen N K, Coppens P. Testing Aspherical Atom Refinements on Small-Molecule Data Sets. Acta Cryst., 
A31, 909-921 (1978) 

[5] Holladay A, Leung P, Coppens P. Generalized Relations Between d-Orbital Occupancies of Transition-
Metal Atoms and Electron-Density Multipole Population Parameters from X-ray Diffraction Data. 
Acta Cryst., A39, 377-387 (1983) 
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Zur Systematik der Strukturchemie von Dimetallaten A6[M2Q6] mit Tetraederdimeren;
Eine Vervollständigung der Dialuminate A6[Al2Q6] (A=K, Rb, Cs; Q=S, Se, Te)

Michael Schwarz1, Vincent Daiber1, Caroline Röhr1

1 Institut für Anorganische und Analytische Chemie, Albert-Ludwigs-Universität Freiburg,
Michael.Schwarz@ac.uni-freiburg.de
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Chalkogenido-Di-Aluminate bilden komplexe An-
ionen [Al2Q6]6− die sich aus jeweils zwei kan-
tenverknüpften AlQ4-Tetraedern zusammensetzen.
Während einige wenige Verbindungen bereits be-
kannt waren (K6Al2Se6, K6Al2Te6, Cs6Al2Te6 [1-3])
lag über die verbleibenden Salze noch keine Kennt-
nis vor.
Aus Schmelzen der Elemente unter Schutzgasatmo-
sphäre bei Maximaltemperaturen von 700oC wur-
den die bislang unbekannten Verbindungen der
Reihe A6[Al2Q6] (A=K, Rb, Cs; Q=S, Se, Te) [1-3]
dargestellt. Sie kristallisieren in drei verschiedenen
Strukturtypen:
K6[Al2S6] kristallisiert im K6[Al2O6]-Strukturtyp
(monoklin, Raumgruppe C2/m, a=791.33(5),
b=1282.27(8), c=1029.85(6)pm, β=127.193(1)o),
Cs6[Al2S6] kristallisiert im Ba6[Al2Sb6]-Typ
(orthorhombisch, Cmce, a=1932.9(1), b=722.02(5),
c=1338.80(9)pm), wohingegen die übrigen Verbindun-
gen den Cs6[Ga2Se6]-Typ bilden (monoklin, Raum-
gruppe P21/c; z.B. K6[Al2Se6]: a=802.1(1), b=1287.7(2), c=1043.4(2)pm, β=127.598(3)o).
Mit der Synthese und Charakterisierung wird die Reihe der Chalkogenido-Di-Aluminate der schwer-
en Alkalimetalle vervollständigt. Zum Verständnis der Strukturchemie dient eine Einordnung der
Verbindungen und ihrer Strukturen in ein Strukturfeld mit Di-Metallaten der ebenfalls dreiwerti-
gen Zentralatome Indium, Gallium und Eisen [4,5], worin insgesamt 10 verschiedene Strukturtypen
gefunden werden.
Die Bindungssituation in den komplexen Salzen wurde mittels Bandstrukturrechnungen auf LAPW-
Niveau untersucht.

[1] B. Eisenmann, A. Hofmann. Crystal structure of hexapotassium di-µ-selenido-bis(diselenidoaluminate),
K6Al2Se6 Z. Kristallogr. NCS 197 (1991) 173-174.

[2] ibid. 157-158.
[3] ibid. 253-254.
[4] M. Langenmaier, S. Wissinger, C. Röhr. K6In2Q6 (Q = S, Se, Te): Missing Links in the Series of Alkali Chalco-

genido Ditrielates(III) Z. Anorg. Allg. Chem. 646 (2020) 138-148.
[5] M. Schwarz, P. Stüble, C. Röhr. Rubidium chalcogenido diferrates(III) containing dimers [Fe2Q6]6− of

edge-sharing tetrahedra (Q= O, S, Se) Z. Naturforsch. 75(8)b (2017) 529-547.
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Sm7F12Cl2: Synthesis and Crystal Structure of a  
New Fluoride-Rich Samarium(II) Fluoride Chloride 

 
Constantin Buyer1, Samira A. Schumacher1 and Thomas Schleid1 

1University of Stuttgart, Institute for Inorganic Chemistry, Germany; schleid@iac.uni-stuttgart.de 

Red rod-shaped single crystals of Sm7F12Cl2 (CSD-2126941) with a length up to 0.3 mm were 

obtained as a by-product in an experiment to obtain SmF2 [1–4] from a NaCl flux. SmF2 occurs as 

red plates in the CaF2-type structure (cubic, Fm3̅m, a = 580.31(4) pm, d(Sm−F) = 2501 pm, 8⨯) [4]. 

Both kinds of single crystals emerged after heating up a mixture of Sm, SmF3 and NaCl (as flux) in 

a sealed niobium capsule to 850 °C and cooling down the product with 5 °C/h after four days. 

Sm7F12Cl2 crystallizes in the Ba7F12Cl2-type structure [5] with a = 1004.52(7) pm, c = 394.75(3) pm 

and Z = 1 (space group: P6̅) analogous to Eu7F12Cl2 [6]. For H− instead of F− anions, this structure 

is also known for Sr7H12Cl2 [7] and Ca7H12Cl2 [8]. There are three crystallographically independent 

Sm2+ cations, all coordinated by nine anions in the shape of tricapped trigonal prisms. While 

(Sm1)2+ only enjoys coordination from F− anions (d(Sm1)−F) = 240 – 275 pm), (Sm2)2+ and 

(Sm3)2+ carry seven F− anions at distances between 246 and 278 pm and two Cl− anions with 

distances of about 314 pm as ligands. (F1)−, (F2)− and (F3)− are coordinated tetrahedrally, while 

(F4)− has a square pyramidal Sm2+ environment. The coordination spheres of both Cl− anions 

consist of six Sm2+ cations in shape of trigonal prisms. The atomic parameters are given in Table 1 

and the unit cell of Sm7F12Cl2 is shown in Figure 1 as viewed along [001]. A second samarium(II) 

fluoride chloride with the formula SmFCl adopts the PbFCl-type structure (tetragonal, 

a = 413.59(5) pm, c = 699.34(11) pm) [4] exhibiting four Sm−F distances of 252 pm and five 

Sm−Cl distances of 307 pm (1⨯) and 311 pm (4⨯) [4] in capped square antiprismatic coordination 

sphere.
 

 
For collection of the X-ray diffraction data set, a STOE StadiVari device equipped with Mo-Kα 
radiation was used.
 
[1] E. Catalano, R. G. Bedford, V. G. Silveira, H. H. Wickman, J. Phys. Chem. Solids 1969, 30, 1613. 
[2] T. Petzel, O. Greis, Z. Anorg. Allg. Chem. 1973, 396, 95. 
[3] O. Greis, J. Solid State Chem. 1978, 24, 227. 
[4] C. Buyer, Th. Schleid, Acta Crystallogr. 2021, A 77, C1036. 
[5] F. Kubel, H. Bill, H. Hagemann, Z. Anorg. Allg. Chem. 1999, 625, 643.  
[6] O. Reckeweg, F. J. DiSalvo, S. Wolf, Th. Schleid, Z. Anorg. Allg. Chem. 2014, 640, 1254. 
[7] O. Reckeweg, J. C. Molstad, S. Levy, C. Hoch, F. J. DiSalvo, Z. Naturforsch. 2008, 63b, 513. 
[8] O. Reckeweg, F. J. DiSalvo, Z. Naturforsch. 2010, 65b, 493. 

Table 1: Atomic coordinates, Wyckoff positions and equivalent 
isotropic displacement parameters for hexagonal Sm7F12Cl2 with 

a = 1004.52(7) pm, c = 394.75(3) pm for Z = 1 in space group P6̅. 

Figure 1: Unit cell of Sm7F12Cl2 viewed along [001]. 

 

Atom Site x/a y/b z/c Ueq / pm² 

Sm1 1a 0 0 0 232(4) 

Sm2 3j 0.40813(12) 0.11180(12) 0 121(3) 

Sm3 3k 0.28971(11) 0.40317(11) 1/2 92(2) 

F1 3j 0.1226(14) 0.2757(14) 0 179(26) 

F2 3j 0.4264(16) 0.3659(16) 0 233(37) 

F3 3k 0.0501(14) 0.4375(14) 1/2 110(27) 

F4 3k 0.2195(15) 0.1250(15) 1/2 211(29) 

Cl1 1c 1/3 2/3 0 193(19) 

Cl2 1f 2/3 1/3 1/2 110(17) 

P80 ID 118

DGK 2022 Posters

– 204 –



 

Synthesis and characterization of mullite-type NdMnTiO5: Structural, spectroscopic, 
thermal and magnetic properties analyses 
 
Kowsik Ghosh1, M. Mangir Murshed1,2, Thomas Frederichs3, Naveen K. C. Muniraju4,5, Thorsten M. 
Gesing1,2 

1University of Bremen, Institute of Inorganic Chemistry and Crystallography, Leobener Straße 7, D-
28359 Bremen, Germany, ghosh@uni-bremen.de, 2MAPEX Center for Materials and Processes, 
Bibliothekstraße 1, Universität Bremen, D-28359 Bremen, Germany, 3University of Bremen, Faculty 
of Geosciences, D-28359 Bremen, Germany, 4Institute of Physics, Bijenička 46, 10000 Zagreb, Croatia, 
5AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, 30-
059 Krakow, Poland 

Members of the multiferroic RMn2O5 (R = Y, Bi and rare earth elements) family are well known for 
their concomitant presence of more than one order parameters at a given temperature [1]. Due to 
centrosymmetric structure of the mullite-type BiMn2O5 compound the microscopic origin of the 
multiferroicity was explained in terms of complex interplay between spin-ordering, highly 
polarizable Bi3+ with stereo-chemically active lone electron pair, 
Mn3+/Mn4+ charge-ordering and geometric distortions of the 
MnOy coordination polyhedra. A cooperative antiferromagnetic 
(AFM) ordering between M3+ and Nd3+ was also observed for 
NdCrTiO5 [2] and NdFeTiO5 [3,4]. Below the respective TN the M3+ 
cations become AFM and turn the Nd3+ cations into AFM along 
the ab plane through exchange coupling [2]. The collinearly 
ordered M3+ cations along the octahedral chain directing c-axis 
gives rise to magnetostriction, leading to multiferroicity in this 
compound [2]. In search of novel multiferroic, we report the 
synthesis and characterization of the mullite-type O10 phase 
isostructural NdMnTiO5 compound. The crystal structural 
features are described using Neutron powder diffraction (NPD) 
and Powder X-ray diffraction data (PXRD) Rietveld refinements 
(Fig. 1). NdMnTiO5 crystallizes in the orthorhombic space group Pbam with metric parameter 
a = 755.20(1) pm, b = 869.91(1) pm, c = 582.42(1) pm and V = 382.62(1) 106 pm3. The Mn3+ and Ti4+ 
cations are observed to be located in the octahedral and pyramidal site, respectively. The vibrational 
features in these polyhedral sites are characterized by Raman and Fourier transform infrared 
spectroscopes. The higher decomposition temperature of NdMnTiO5, compared to other RMn2O5 
phases, is explained in terms of higher bond strength of Ti-O bonds than those of Mn-O bonds. 
Temperature-dependent DC magnetic susceptibility suggests a paramagnetic to antiferromagnetic 
phase transition (TN) at 43(1) K. Inverse susceptibility in the paramagnetic region above 120 K 
follows the Curie-Weiss law, resulting in a magnetic moment of 6.33(1) μB per formula unit. Neutron 
diffraction data collected at 7.5 K reveal that the magnetic moments of Nd3+ and Mn3+ in NdMnTiO5 
are incommensurately ordered with a propagation vector k = (0, 0.238, 0.117). 

[1] A. Muñoz, J.A. Alonso, M.T. Casais, M.J. Martínez-Lope, J.L. Martínez, M.T. Fernández-Díaz, Magnetic structure 
and properties of BiMn2O5 oxide: A neutron diffraction study, Phys. Rev. B 65(14) (2002) 144423. 
DOI:10.1103/PhysRevB.65.144423 

[2] S. Saha, S. Chanda, A. Dutta, U. Kumar, R. Ranjan, T.P. Sinha, Dielectric relaxation and anti-ferromagnetic 
coupling of BiEuO3 and BiGdO3, J. Mag. Magn. Mater. 360 (2014) 80-86. 
DOI:10.1016/j.jmmm.2014.01.075 

[3] G. Buisson, Etude par rayons X et neutrons de la serie isomorphe ATiTO5 (A = Cr, Mn, Fe, T = Terres Rares), 
J. Phys. Chem. Solids 31(5) (1970) 1171-1183. DOI:10.1016/0022-3697(70)90326-4. 

[4] I. Yaeger, Magnetic susceptibility studies of NdFeTiO5 single crystals, Journal of Applied Physics 49(3) 
(1978) 1513-1515. DOI:10.1063/1.324940. 
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Electrostatic self-assembly of p-sulfonatocalix[4]arene and pillar[n]pyridiniums 

into organic crystals 

Kateryna Kravets1, Mykola Kravets1, Helena Butkiewicz1, Volodymyr Sashuk1, Oksana Danylyuk1 

1Institute of Physical Chemistry Polish Academy of Sciences, kkravets@ichf.edu.pl, Poland 

Macrocyclic host molecules are versatile building blocks in the supramolecular chemistry and 

crystal engineering. Depending on their structure and properties, macrocycles have found 

numerous applications in the host-guest systems, sensing, catalysis, design of porous materials, 

etc. We report here an aqueous self-assembly driven by complementarity in charge and shape 

between two families of oligocharged macrocyclic hosts - cationic pillar[n]pyridiniums and 

anionic p-sulfonatocalix[4]arene. P-Sulfonatocalix[4]arene with electron-rich basket-like cavity 

is well-known water-soluble supramolecular host, capable of forming various types of 

assemblies, such as bilayer clay-type structures, capsules, nanometer tubules, spheres or 

Russian-doll assemblies.[1] Pillar[n]pyridiniums are new family of water-soluble permanently 

charged cationic macrocycles of electon-deficient cavities, now available in two sizes – rigid 

square-shape tetramer and flexible roughly hexagonal hexamer. [2] These two types of 

macrocyclic hosts are complementary in terms of charge, shape and symmetry. Their self-

assembly is guided mainly by the electrostatic attraction between anionic sulfonate groups of 

calix[4]arene and positive charge on the pyridinium rings of the cationic macrocycles. The 

crystallization in gel and liquid-liquid diffusion methods have been used to obtain suitable 

crystals build from mixed macrocycles for single crystal X-ray diffraction analysis. The structural 

aspects of the supramolecular architectures and main non-covalent interactions guiding the 

assembly will be discussed. 

 

Fig. 1 Complex formed by p-sulfonatocalix[4]arene and pillar[6]pyridinium. 

 

[1] Dalgarno S. J, Hardie M. J, Makha M, Raston C. L. Controlling the Conformation and Interplay of p-
Sulfonatocalix[6]arene as Lanthanide Crown Ether Complexes. J. Chem. Eur, 9, 2834 (2003) 

[2] Kosiorek S, Butkiewicz H, Danylyuk O, Sashuk V. Pillar[6]pyridinium: a hexagonally shaped molecular 
box that selectively recognizes multicharged anionic species. J. Chem. Commun, 54, 6316 (2018) 

K.K. acknowledges support by the National Science Centre of Poland (grant Preludium BIS nr 

2019/35/O/ST4/01865). 
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Closing Some Gaps of Knowledge: Single Crystals of Pr2O[SiO4] und Sm2O[SiO4] with 
the A-Type Structure 
 
Ralf J. C. Locke1, Marion C. Schäfer1, Patrik Djendjur1 and Thomas Schleid1 

1University of Stuttgart, Institute for Inorganic Chemistry, Germany; schleid@iac.uni-stuttgart.de 

Syntheses with lanthanoid metals in glassy silica ampoules often tend to yield oxosilicates as by-
products. Thus, the two presented silicates Pr2O[SiO4] and Sm2O[SiO4] were also obtained from 
different reactions including the elemental lanthanoids, but with other target compounds. Both 
crystallize isostructurally to the Ln2O[SiO4] series with Ln = La, Nd, Eu, Gd, Ho – Tm and Lu[1–6] in 
the monoclinic space group P21/c with the lattice parameters a = 925.49(8) pm, b = 733.97(6) pm, 
c = 692.06(5) pm, β = 108.382(3)° for Pr2O[SiO4]2 (CSD-2127743) and a = 915.92(8) pm,  
b = 717.19(6) pm, c = 679.42(5) pm, β = 107.825(3)° for Sm2O[SiO4]2 (CSD-2127807) adapting the 
Gd2O[SiO4]2- or A-type structure with Z = 4. 

The Ln3+ cations occupy two crystallographically different positions. (Ln1)3+ resides in a distorted 
capped square hemiprism with 8+1 oxygen atoms, while (Ln2)3+ centers a capped trigonal prism 
with seven of them. The lanthanoid-oxygen distances, namely d(Pr–O) = 234 – 269 pm and  
d(Sm–O) = 231 – 259 pm, fall into the usual range when compared with similar praseodymium 
and samarium oxosilicates such as apatite-type Ln4.667O[SiO4]3 (Ln = Pr and Sm)[7]. Silicon is 
surrounded by a slightly distorted tetrahedron with four oxygen atoms as oxosilicate anion 
[SiO4]4– with silicon-oxygen distances ranging from 159 to 166 pm, which remains isolated. The 
fifth oxygen atom works as an O2– anion, which is coordinated by four Ln3+ cations as [OLn4]10+ 
tetrahedron (d(O–Ln) = 230 – 243 pm). Their connectivity via edges and corners leads to 
2
∞

{[O(Ln1)
1/1

(Ln2)
3/3

]4+} layers spreading out parallel to the (100) plane. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Projection of the monoclinic crystal structure of Ln2O[SiO4] (Ln = Pr and Sm) onto 

(010) showing the isolated [SiO4]4– tetrahedra. 

[1] K. Fukuda, T. Iwata, E. Champion, Powd. Diffr. 2006, 21, 300. 
[2] L. Leon-Reina, J. M. Porras-Vazquez, E. R. Losilla, L. Moreno-Real, M. A. G. Aranda, J. Solid State Chem. 

2008, 181, 2501. 
[3] M. E. Bohem, Th. Schleid, Z. Anorg. Allg. Chem. 2016, 642, 1055. 
[4] Yu. I. Smolin, S. P. Tkachev, Kristallografiya 1969, 14, 22. 
[5] I. Hartenbach, S. F. Meier, J. Wontcheau, Th. Schleid, Z. Anorg. Allg. Chem. 2002, 628, 2907. 
[6] H. Müller-Bunz, Th. Schleid, Z. Anorg. Allg. Chem. 1999, 625, 613. 
[7] I. Hartenbach, Th. Schleid, Z. Kristallogr. 2005, 220, 206. 
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SmBi2O4Cl: The First Single-Crystal Study in the Systems LnBi2O4X 
 
Melanie V. Kurz1, Ralf J. C. Locke1, Arnela Erden1 and Thomas Schleid1 

1Institute for Inorganic Chemistry, University of Stuttgart, Pfaffenwaldring 55, D-70569 Stuttgart 
(Germany); E-Mail: schleid@iac.uni-stuttgart.de  

A mixture of Bi2O3, Sm2O3 and SmCl3 reacted at 800 °C in a eutectic mixture of NaCl and CsCl as 
flux in a fused silica ampoule resulted in yellow plates of the title compound. SmBi2O4Cl 
crystallizes in the tetragonal space group P4/mmm with the lattice parameters a = 388.91(3) pm 
and c = 895.16(7) pm with Z = 4 and hitherto its structure was only known from X-ray powder 
diffraction data[1]. The corresponding antimonate(III) SmSb2O4Cl with the real composition 
Sm1,3Sb1,7O4Cl offers a mixed occupation of the antimony position with samarium[2,3] for the same 
crystal structure. In contrast to this, SmBi2O4Cl shows no mixed occupation, but one samarium 
and one bismuth position with regular occupation.  

The structure features one crystallographic samarium (1a: 0, 0, 0), one bismuth (2h: 1/2, 1/2, 
0.28294(9)), one oxygen (4i: 0, 1/2, 0.1582(9)) and one chlorine position (1b: 0, 0, 1/2) each. Sm3+ 
is coordinated by eight oxygen atoms (d(Sm–O) = 240.6(5) pm) forming a [SmO8]13– cube. Each 
cube is connected via edges with four other cubes, resulting in a layer 2

∞
{[SmO 𝑒

8/2]5–} parallel to the 

(001) plane (Figure 1). Bismuth is coordinated as ψ1-square pyramid [BiO4]5– by four oxygen 
atoms (d(Bi–O) = 224.2(4) pm), which are connected via four vertices to infinite layers 2

∞
{[BiO 𝑣

4/4]+} 

sandwiching the 2
∞

{[SmO 𝑒
8/2]5–} layers from both sides. The Cl– anions are not efficiently connected 

to the Bi3+ cations (d(Cl∙∙∙Bi) = 336.7(1)), but located in the gaps between the lone pairs at the Bi3+ 
centers.  

 

 

Figure 1. Extended unit cell of SmBi2O4Cl as viewed along [010] (left), the 2
∞

{[BiO 𝑣
4/4]+} layers (right 

top) and one [SmO8]13– cube (right bottom). 

[1] M. Schmidt, H. Oppermann, C. Henning, R. W. Henn, E. Gmelin, N. Söger, Z. Anorg. Allg.  
.Chem. 2000, 626, 125. 

[2] F. C. Goerigk, Th. Schleid, Z. Anorg. Allg. Chem. 2010, 645, 1079. 
[3] F. C. Goerigk, Doctoral Dissertation, Univ. Stuttgart 2021. 
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Effect of iron substitution by nickel on crystal structures, optical, and magnetic properties in 
double perovskite series Sr2Fe1-xNixTeO6 with x = 0, 0.25, 050, 0.75, and 1 

 

Asmaa ZARAQ1, Brahim ORAYECH2, Josu M. IGARTUA3, Abdeslam EL BOUARI4, Duncan H. GREGORY5, 

and Thorsten M. GESING1,6 

1University of Bremen, Institute of Inorganic Chemistry and Crystallography, Bremen, Germany, 

zaraq@uni-bremen.de, 2Maxam, Technology Center Energetic Materials, Carretera N-623 km 28. 

09141Quintanilla Sobresierra. Burgos, Spain, 3Fisika Aplikatua II Saila, Zientzia eta Teknologia 

Fakultatea, Euskal Herriko Unibertsitatea, P.O.Box 644, Bilbao 48080, Spain, 4Laboratoire Physico-

Chimie des Matériaux Appliqués (LPCMA), Université Hassan II Casablanca, Faculté des Sciences Ben 

M'Sik, 20702 Casablanca, Maroc, 5School of Chemistry, University of Glasgow, Joseph Black Building, 

Glasgow G12 8QQ, United Kingdom, 6University of Bremen, MAPEX Center for Materials and 

Processes, Bremen, Germany 

The double perovskite series with the formula Sr2Fe1-xNixTeO6 (x = 0, 0.25, 0.50, 0.75, and 1) has been 
synthetized in polycrystalline form by a conventional solid-state reaction process by heating to 1300 
K in air. Their crystal structures were probed by means of X-ray diffraction at room temperature. 
Rietveld analysis revealed that all the compositions crystallize in monoclinic space group I2/m. The 
double perovskite structures contain two alternating types of octahedra (Fe/Ni)2dO6 and (Te)2aO6, 
tilted in the system (a−a−c0), as suggested by Glazer. Furthermore, the refinement has shown a 
complex cation distribution over the octahedra sites, where Fe, Ni, and Te atoms were found to occupy 
both possible two-fold sites in the structure; 2d (½, ½, 0) and 2a (0, 0, 0) sites. The successful 
refinement of the cation distribution results in the following crystallography formulas: Sr2 

[Fe0.84Te0.16]2d [Te0.87Fe0.13]2a O6, Sr2 [Fe0.71660Ni0.18534Te0.09806]2d [Te0.90194Fe0.0334Ni0.06466]2a O6, Sr2 

[Fe0.46612Ni0.49537Te0.03851]2d [Te0.96149Fe0.03388Ni0.00463]2a O6, Sr2 [Fe0.24981Ni0.71479Te0.03540]2d 

[Te0.96460Fe0.00019Ni0.03521]2a O6 for x = 0, 0.25, 0.50, 0.75, respectively. The calculated tolerance factor 
suggest that the room-temperature structures of all compounds should not be cubic and that the 
distortion of the octahedra increases with increasing nickel. This proposition, was confirmed by 
Raman spectroscopy, which reveals an increase in the number of Raman modes as Fe is substituted 
by Ni. Variable temperature magnetic susceptibility data show obvious antiferromagnetic transitions 
below 40 (1) K (38 (1) K, 31(1) K, 25 (1) K, 20(1) K, and 35(1) K for the compounds x = 0, 0.25, 0.50, 
0.75, and 1, respectively). Interestingly, this reduction in TN is getting strong when Fe3+ and Ni2+ ions 
are together in the structure, as well as when Ni2+ is increasing, which indicates a strong AFM 
interaction. This fact was explained based on the rules of Goodenough-Kanamori, which announced 
that the antiferromagnetic behaviour is dominant when multiple types of interactions are present in 
the systems [1]. This confirms that Fe3+ (3d5) ions are in HS state with t2g and eg half-filled, and Ni2+ 
(3d8) ions are in HS state with t2g saturated of electrons and eg half-filled. A divergence between FC 
and ZFC curves for all compositions has been observed, confirming the presence of spin-glass 
behaviour. The optical characteristics of the series were determined by diffuse reflectance UV-Vis 
spectroscopy. The data were analysis using the Tauc method and by Derivation of Absorption Spectra 
Fitting (DASF) techniques to derive optical band gaps [2]. 

[1]. S. Jana, P. Aich, P. A. Kumar, O. K. Forslund, E. Nocerino, V. Pomjakushin, M. Månsson, Y. Sassa, P. Svedlindh,  
     O. Karis, V. Siruguri, and S. Ray, (2019). Sci Rep 9, 18296. 
[2]. Souri D, Tahan Z E, (2015). Appl. Phys. B 119, 273–279. 
 
A.Z. acknowledges support by DFG under grant number ZA 1170/1-1. 
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Structural and spectroscopic properties of SnMBO4 (M = Al, Ga)  
 
Sarah Wittmann1, M. Mangir Murshed1,2, Vitaliy Bilovol3, Thorsten M. Gesing1,2 

1Universität Bremen, Institut für Anorganische Chemie und Kristallographie, Leobener Straße 7, 
D-28359 Bremen, Germany, swittman@uni-bremen.de, 2Universität Bremen, MAPEX Center for 
Materials and Processes, Bibliothekstraße 1, D-28359 Bremen, Germany, 3Universidad de Buenos 
Aires, Facultad de Ingenieria Laboratorio de Sólidos Amorfos, Av. Paseo Colón 850, C1063ACV, 
Buenos Aires, Argentina  

Mullite-type compounds EMBO4 (E2M2B2O8 ≡ O8-

phase) have drawn a considerable interest due to the 

influence of the stereochemical activity of the 6s2 lone 

electron pairs (LEPs) of Pb2+ cation on the crystal-

chemico-physical properties. The crystal structure of 

the O8-phase in the mullite-type setting is described in 

the orthorhombic space group Pnam, where the MO6 

octahedra build an edge-sharing chain running 

parallel to the crystallographic c-axis [1]. The 

octahedral chains are bridged by trigonal planar BO3 

groups connected by the distorted PbO4 square 

pyramids. The influence of the LEP and the rigidity of 

the planar BO3 groups play important roles to stabilize 

the O8-structures. In response to the toxicity of lead 

and the associated environmental issues, replacement 

of Pb2+ by suitable LEP-containing divalent cation is a demanding alternative. As such, mullite-

type SnAlBO4 and SnGaBO4 are synthesized. Whereas the almost similar cationic size of Sn2+ and 

Pb2+ predict a complete replacement of Pb2+ by Sn2+ in the O8-structure, the significantly different 

Wang-Liebau eccentricity parameter [2] and the susceptibility of Sn2+ into Sn4+ oxidation requires 

ingenious exploitation of the solid-state reactions. The crystal structural features are obtained 

from the X-ray powder data Rietveld refinements. Lattice parameters of a = 719.10(13) pm, b = 

773.93(15) pm, c = 584.03(3) pm and V = 316.41(10) ⋅ 106 pm3 for SnAlBO4 and a = 727.60(4) pm, 

b = 791.20(4) pm, c = 584.03(3) pm and V = 336.47(13) ⋅ 106 pm3 for SnGaBO4 are obtained. Bond 

valence sum indicate that tin and the M-elements are slightly under bonded whereas boron is 

slightly over bonded, which can be explained in terms of the contraction of the BO3 group and the 

distortion of the MO6 octahedra via strong influence of the 5s2 LEPs of Sn2+ cation. The 119Sn-

Mössbauer spectra support the coordination and the oxidation state of tin. The vibrational 

features obtained from the Raman spectroscopy complement both X-ray and Mössbauer results. 

SnAlBO4 and SnGaBO4 possess high bandgap energy of 3.69(1) eV and 3.89(1) eV, respectively, 

obtained from the UV/Vis diffuse reflectance spectra; the direct nature of the electronic transition 

is analyzed using RATD (Reflection-Absorption-Tauc-DASF) analysis.  

 
[1] T.M. Gesing, C.B. Mendive, M. Curti, D. Hansmann, G. Nenert, P.E. Kalita, K.E. Lipinska, A. Huq, A.L. 

Cornelius, M.M. Murshed, Structural properties of mullite-type Pb(Al1-xMnx)BO4, Z. Kristallogr.-Cryst. 

Mater. 228(10) (2013) 532-543. DOI:10.1524/zkri.2013.1640 

[2] M. Curti, C.B. Mendive, T. Bredow, M. Mangir Murshed, T.M. Gesing, Structural, vibrational and electronic 

properties of SnMBO4 (M = Al, Ga): a predictive hybrid DFT study, J Phys Condens Matter 31(34) 

(2019) 345701. DOI:10.1088/1361-648X/ab20a1 
 

Sarah Wittmann acknowledges support by DFG under grant number GE1981/14-1. 

 

Figure 1: Crystal structure of PbAlBO4 

with AlO6 octahedra, planar BO3 groups 

and PbO4 square pyramids 
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Crystallized Pb(II)- and Sn(II)-ammine complexes as intermediates from the 
interaction of CH3NH2 with BX2 and CH3NH3BX3 (B = Pb, Sn; X = I, Br, Cl)  
 
Michael Krummer1, Michael Daub1,2, Harald Hillebrecht1,2,3 

Institute for Inorganic und Analytical Chemistry, Albert-Ludwigs-University Freiburg, 
michael.krummer@ac.uni-freiburg.de, Germany, 2Cluster of Excellence livMatS Albert-Ludwigs-
University, Freiburg Center for Interactive Materials and Bioinspired Technologies (FIT), 
Germany, 3Freiburg Materials Research Center (FMF), Germany 

The reaction of CH3NH2 with CH3NH3PbI3 leads to the formation of a yellowish viscous liquid. Upon 

removal of the CH3NH2 gas via slow heating, pristine CH3NH3PbI3 can be obtained again. [1] 

Through higher concentrations of CH3NH2, crystals begin to emerge out of the viscous liquid. Our 

group was able to identify these crystals as [Pb(CH3NH2)6]I2, the first homoleptic lead-ammine 

complex. By reducing the CH3NH2 concentration, [Pb(CH3NH2)4I]I could be isolated as an 

additional compound. [2] In continuation of this investigation, we herein report on the findings of 

the interactions of CH3NH2 with BX2 and CH3NH3BX3 (B = Pb, Sn; X = I, Br, Cl). We were able to 

characterize cubic (Fm3m) [Pb(CH3NH2)6]Br2 (see figure 1) and [Sn(CH3NH2)6]I2, which crystallize 

isotypic to the analogous lead iodide compound and sport 

close similarities to the K2PtCl6-type. Characteristic for all 

three compounds are partially disordered CH3NH2 ligands 

(see figure 2). Formal release of CH3NH2 in these cases yields 

[Sn(CH3NH2)4I]I and Pb(CH3NH2)3Br2. Here, Pb2+ is 

octahedrally coordinated by three CH3NH2 ligands and three 

Br− as a fac-isomer. Charge neutrality is achieved by one 

terminal and two bridging Br−, forming edge-sharing dimers. 

[Sn(CH3NH2)4I]I is isotypic to its heavier lead analog, but 

exhibits significantly larger metal-halide distances. In the case 

of the lead chlorides, there is only a partial exchange of the 

halide ligands with CH3NH2. One 

compound obtained is 

Pb(CH3NH2)2Cl2, with a novel 

cubic (Pa3) structure, showing two different octahedral coordination 

patterns for Pb2+: [PbCl6] and [Pb(CH3NH2)3Cl3], which are corner 

shared connected via a chloride. The other is Pb(CH3NH2)3Cl2, where 

Pb2+ has a fac-coordination with one terminal and two bridging 

chlorides, forming chains in the direction of the c-axis. Since all chains 

possess the same orientation of the methylamine ligands, an acentric 

(Cc) structure results. Only [Sn(CH3NH2)5]X2 (X = Br, Cl) could be 

isolated in the case of the tin bromides and chlorides. The structures 

are isotypic and contain Sn2+ square-pyramidally coordinated by CH3NH2, boasting a strong stereo 

active lone-pair effect distorting the polyhedra. Furthermore, there is no direct interaction 

whatsoever between the tin(II) and the halide atoms, which are bound via hydrogen-bridges. All 

compounds are sensitive to heat and humidity readily reacting with moisture forming CH3NH3X 

and a metal hydroxide species like Pb(OH)X (X = I, Br, Cl) in the case of lead. 

[1] D. Bogachuk, L. Wagner, S. Mastroianni, M. Daub, H. Hillebrecht, A. Hinsch, J. Mater. Chem. A 

2020, 8, 9788. 

[2] M. Daub, H. Hillebrecht, Eur. J. Inorg. Chem. 2021, 2021, 1490. 

a b

c

Pb1C1
N1

Fig 2: Coordination of Pb in 
[Pb(CH3NH2)6]Br2; disorder of 
N-atoms partially considered 

Fig 1: Unit cell of [Pb(CH3NH2)6]Br2; 
disorder of N-atoms not considered; H-
positions not determined 
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New Hybrid Halogenobismuthates as Candidates for Non-linear Optical Properties 
 
Kevin Eble1, Michael Daub1,2, Prof. Dr. Harald Hillebrecht1,2,3 

1Institute for Inorganic und Analytical Chemistry, Albert-Ludwigs-University Freiburg, 
kevin.eble@ac.uni-freiburg.de, Germany, 2Cluster of Excellence livMatS Albert-Ludwigs-
University, Freiburg Center for Interactive Materials and Bioinspired Technologies (FIT), 
Germany, 3Freiburg Materials Research Center (FMF), Germany 

Non-linear optical materials play an important role in the field of laser technology, as they allow 

for the changing of a laser beam’s properties. One example of a non-linear optical property which 

a material may have is second harmonic generation, which causes the frequency of a passing 

through laser beam to double. In order for a material to posses the ability to generate a second 

harmonic frequency, certain criteria for the crystal structure must be met, most notably it must 

be acentric. Herein, we report several novel hybrid halogenobismuthates, specifically 

chlorobismuthates and iodobismuthates, which were synthesized and characterized in order to 

find possible acentric candidates for use as non-linear optical materials. These compounds were 

found using two approaches to finding acentric crystal structures. 

First, organic cations from previously synthesized lead bromide 

compounds were used, as these lead bromide compounds 

crystalized in acentric space groups. [1] Using this approach, 

three compounds were found, which crystalized in acentric 

space groups and contained either dimethylpyridinium (DMP) 

or 3-iodopropylammonium (3-IPA) cations, namely monoclinic 

(Cc) (DMP)BiCl4, orthorhombic (P212121) (DMP)3Bi2I9 and 

orthorhombic (Pna21) (3-IPA)3BiI6. In (DMP)BiCl4, Bi3+ is 

octahedrally coordinated by Cl-. These octahedra form 

cis-chains via edge-sharing (see figure 1). The nitrogen atoms of 

the DMP-cations are all orientated in the same direction in the 

a,b-plane, resulting in the acentric space group. In (DMP)3Bi2I9, 

Bi3+ and I- form dimers of face-sharing BiI6 octahedra, resulting in Bi2I9 units. (3-IPA)3BiI6 contains 

isolated BiI6 octahedra. 

Second, chiral organic cations were employed in order to induce an 

acentric symmetry, known from the chiral templating technique. 

[2] This resulted in four non-centrosymmetric compounds which 

contain 1-phenethylammonium (1-PEA) in either R or S 

configuration, namely monoclinic (P21) (R-1-PEA)2BiCl5, 

(S-1-PEA)2BiCl5, (R-1-PEA)2BiI5 and (S-1-PEA)2BiI5. These 

compounds crystalize isotypic, though the R and S structures are 

mirror images of one another. Here, Bi3+ is octahedrally 

coordinated by Cl- or I-. Two such octahedra form edge-sharing 

Bi2X10 (X = Cl, I) units (see figure 2).  

 

[1] M. Krummer. Dissertation, Albert-Ludwigs-Universität Freiburg, not yet published. 

[2] K.-z. Du, Q. Tu, X. Zhang, Q. Han, J. Liu, S. Zauscher, and D. B. Mitzi, Inorg. Chem. 56(15), 2017, 

9291 

Fig 1: Unit cell of (DMP)BiCl4 

Fig 2: Unit cell of (R-1-PEA)2BiCl5 
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Controlling the bonding situation of tetryliumylidenes with Ni(0) centers by 
denticity of the ligand scaffold 
 
Philip M. Keil1, Terrance J. Hadlington1 

1Faculty for chemistry, Technical University of München (TUM), philip.keil@tum.de 

Single center ambiphile ligands 

have been of growing interest, 

possessing an ion pair for 

coordination to a transition 

metal (TM) center and  a vacant 

p-orbital enabling Lewis acidic 

reactivity at the ligand.[1] This 

allows for Metal ligand 

coordination (MLC) where both 

the ligand and the TM center 

participate in challenging bond-

activation or catalytic 

processes.[2] Tetryliumylidenes 

are cationic group 14 element(II) 

centers, which posses an ion pair 

and two vacant p-orbtials, 

making them even more highly lewis acidic compared to their neutral counterparts. We have 

developed a series of cationic EII Ni0 complexes 1 and 2 (E = Ge, Sn) and studied their bonding 

situation.[3][4]. The monodentate ligand leads to Ni0 complexes 1 with a close to linear L-E-Ni 

angle (N-Ge-Ni 175.90(9) °, N-Sn-Ni 173.65(2) °). This results in a high degree of back bonding 

from Ni0 to EII, which in turn decreases its Lewis acidity. 1 has the shortest known E-Ni bonds 

(Ge-Ni 2.1596(7) Å, Sn- Ni 2.355(1) Å), the first known triple bonds between EII and Ni0.[4] The 

denticity of these ligands can easily be increased by introduction of a chelating phosphine arm 

The bidentate ligand avoids back bonding due to its constrained binding leading to the Ni0 

complexes 2 with E-Ni bonds (Ge-Ni 2.1908(9) Å, Sn-Ni 2.4024(9) Å), which can best be 

described as single bonds. This results in a much higher Lewis acidity pertaining towards super 

lewis acidity, abstracting F- from [SbF6]- and enabling catalytic hydrosilylation of alkenes and 

alkynes.[3] 

[1] Hadlington T. J., Driess M., Jones C. Low-valent group 14 element hydride chemistry: towards catalysis. 
Chem. Soc. Rev., 47, 4176–4197 (2018). 

[2] Khusnutdinova J. R., Millstein D. Metal-Ligand Cooperation.  Angew. Chem. Int. Ed., 54, 12236–12273 
(2015). 

[3] Keil P. M., Hadlington T. J. Geometrically Constrained Cationic Low-Coordinate Terylenes; Highly Lewis 
Acidic σ -Donor Ligands in Catalytic Systems. Angew. Chem. Int. Ed., Accepted Author Manuscript 
(2021). 

[4] Keil P. M., Hadlington T. J. Unpublished Results. 
 
 

We acknowledge funding by Fonds der chemischen Industrie (FCI) for this project. 
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The crystal structure of single crystalline PrCa4O[BO3]3 
 
Tina Weigel1, Juliane Hanzig2, Erik Mehner2 

1TU Bergakademie Freiberg, Institut für Experimentelle Physik, Leipziger Str. 23, 09599 
Freiberg, tina.weigel@physik.tu-freiberg.de, Germany, 2TU Bergakademie Freiberg, Institut für 
Experimentelle Physik, Leipziger Str. 23, 09599 Freiberg Germany 

PrCa4O[BO3]3 belong to a structure family of Rare earth calcium oxoborates REX2Z2O[BO3]3 
with RE = Er, Y, Gd, Sm, Pr, La and X, Z = Ca on two different Wyckoff sites.  The materials have 
non-linear optical properties and show piezo- and pyroelectricity up to high temperatures. This 
means, the materials are promising candidates for sensor applications under extreme conditions 
[1]. Due to the numerous substitution possibilities of the differently coordinated cation sites (RE, 
X, Z), this result in a large chemical variability that can be used to improve desired properties 
[2]. 

The presented work, shows the structure solution and refinement of PrCa4O[BO3]3 from single 
crystal X-ray diffraction data. A PrCa4O[BO3]3 single crystal was grown by the Czochralski 

method. With an <010> oriented GdCa4O[BO3]3 crystal seed, a PrCa4O[BO3]3 crystal with a 
cylinder length of 20 mm, a diameter of 15 mm, and weight of 23.1 g was obtained.  

The crystal structure was solved from single crystal X-ray diffraction data in the monoclinic 

crystal system with space group C1m1 (No. 8). The lattice parameters are a = 8.1293(6) Å, 

b = 16.062(1) Å, c = 3.6023(2) Å and β = 101.371(2) °, with a two formula units per unit cell. The 

structure solution is of high quality with final R- and wR2-values of below 3.8 %. A disorder 

between Pr of the RE site and Ca of  X and Z  site have been refined. The Pr/Ca disorder is up to 

6.0 % and fits well within the demonstrated dependency of the disorder on the rare-earth ion 

radius found for other rare-earths in REX2Z2O[BO3]3 [2].  

 [1] Möckel R., Reuther C., Götze J. REECOB: 20 years of rare earth element calcium oxoborates crystal 
growth research. Journal of Crystal Growth, 371, 70-76 (2013) 
 
[2] Münchhalfen M., Schreuer J., Reuther C., Mehner E., Stöcker H. Elastic, piezoelectric, and dielectric 
properties of rare-earth calcium oxoborates RCa4O(BO3)3 (R = Er, Y, Dy, Gd, Sm, Nd, La). Journal of Applied 
Physics, 130, 095102-1 -  095102-12 (2021) 
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A newly crystallized structure of human formylglycine-generating enzyme 
 
Julia L. Kowal1, Sarfaraz Alam2, Karthikeyan Radhakrishnan2, Hartmut H. Niemann1 

1Structural Biochemistry, Department of Chemistry, Bielefeld University, Germany, 
julia.kowal@uni-bielefeld.de 
2Biochemistry I, Department of Chemistry, Bielefeld University, Germany 

The formylglycine-generating enzyme (FGE) plays a key role in the posttranslational 

modification of the active site of all known human sulfatases. Several mutations in the SUMF1 

gene encoding FGE are known, that lead to severely decreased activity or instability of the 

enzyme. The resulting lack of sulfatase modification leads to a disease known as multiple 

sulfatase deficiency (MSD). Previously crystallized structures of FGE are missing a surface loop 

that had to be cleaved off by treatment with elastase prior to crystallization [1]. Here, we report 

the first crystallization of human FGE without the necessity for elastase treatment. Crystals of 

untreated FGE are isomorphous to those of the elastase-treated protein. The loop participates in 

a crystal contact and is well defined in the electron density. Comparison with previous 

structures of elastase-treated FGE co-crystallized with substrate peptides revealed that this loop 

partly covers the substrate-binding groove of the active site. A clash of one sidechain with the 

substrate indicates that the loop needs to undergo a conformational change upon substrate 

binding. This assumption is supported by the occasional occurrence of crystals with a shorter b-

axis, in which the loop becomes disordered. 

[1] Dierks T, Dickmanns A, Preusser-Kunze A, Schmidt B, Mariappan M, von Figura K, Ficner R, Rudolph 
MG. Molecular Basis for Multiple Sulfatase-Deficiency and Mechanism for Formylglycine Generation 
of the Human Formylglycine-Generating Enzyme. Cell, Vol. 121, 541-552 (2005) 
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CrysAlisPro version 42: Synergy, AutoChem5.0, Robotics, MicroED/3DED, user 
inspired improvements 
 
Mathias Meyer1 

1Rigaku Oxford Diffraction, ul. K.W. Szarskiego 3, Wroclaw, 54-609, Poland, 
mathias.meyer@rigaku.com 

The new version 42 of Rigaku’s CrysAlisPro is offering numerous new features. The new XtaLAB 

Synergy DW-VHF in combination with the HyPix and HyPixArc family sets new standards in 

single crystal X-ray crystallography. The improved Synergy Flow and ‘Intelligent goniometer 

head’ workflows including improved sample centering. New tools allow flexible automated 

operation for small molecule and protein samples.  

The all-new AutoChem5.0 based on OlexSys Olex2-1.5 features new automation recipes for 

‘Sponge sample’ operation. This is combined with our new ‘Sponge mode’, which automates 

sponge related experiment and data reduction workflows. 

Rigaku launched in May 2021 the world’s first electron diffractometer XtaLAB Synergy-ED. 

CrysAlisPro now implements the full electron diffraction workflow from experiment to data 

reduction. Thanks to the adaptations in AutoChem5.0 for 3DED/microED the user experiences 

the same ease-of-use as in X-ray diffraction. Interfacing to PETS and Jana2020 completes the 

tools for dynamic refinement.  

Data reduction/processing speed is key: Further ‘multi-process’ approaches were added to 

exploit the power of modern 16+ core machines. The GUI was enhanced by new tools for data set 

tuning, data set merging, proffitloop automation, frame selector, HP cell templates, data set 

visuals (thumb nails, better graphs) and other productivity tools. 

Interfacing to external programs becomes easier with TIFF, CBF, PGM and other formats. The 
Esperanto format was enhanced to cover all new detector developments like CdTe HPADs, 

‘curved’ HPADs and full experiment corrections into frames.  

User profiles are better integrated into the experiment workflows to better manage larger work 

groups. 
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Synergy-ED: A new electron diffractometer for 3DED 
Fraser White1, Akihito Yamano1, Sho Ito1, Takashi Matsumoto1, Hiroyasu Sato1, Joseph Ferrara2,  

Mathias Meyer3,  Michał Jasnowski3, Eiji Okunishi4 and Yoshitaka Aoyama4  

1Rigaku Corporation, Haijima, Tokyo, Japan, fraser.white@rigaku.com, 2Rigaku Americas 
Corporation, The Woodlands, Texas, USA, 3Rigaku Polska, Wrocław, Poland, 4JEOL Ltd., Akishima, 
Tokyo, Japan 

In May 2021 Rigaku Corporation launched the XtaLAB Synery-ED. The XtaLAB Synergy-ED is the 

world’s first commercially available electron diffractometer offering users the chance to study 

samples beyond the reach of currently available laboratory X-ray diffractometer technology 

which reaches its limit at sample sizes of approximately 1 micron with cutting edge sources and 

detectors[1].  

Single crystal electron diffraction also known as 3DED or microED has become increasingly 

popular in recent years [2,3]. Rigaku has worked closely with JEOL Ltd to introduce a 

commercial solution for electron diffraction controlled by our CrysAlisPro software for a fully 

integrated diffractometer solution which offers instrument control and data processing in one 

package.  

[1] Matsumoto, T., Yamano, A., Sato, T. et al. "What is This?" A Structure Analysis Tool for Rapid and 
Automated Solution of Small Molecule Structures. J Chem Crystallogr (2020) 

[2] Nannenga, B.L., MicroED methodology and development. Struct Dyn. (2020)  7(1) 
[3] Gruene, T. et al Rapid Structure Determination of Microcrystalline Molecular Compounds Using 

Electron Diffraction Angew. Chem. Int. Ed. (2018) 57(50): 16313–16317   
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