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PREFACE

A couple of decades ago, we were happy to find several reports on crystal chemistry of
extreme or non-ambient conditions in the program of crystal chemical conferences. And today we
are holding a full Conference-School for Young Scientists - HTXRD - and not the first, but the
fourth one! Of course, this is the result of a rapid development and implementation into a practice
of the initial main topic of the conference — diffraction studies of thermal expansion and phase
transitions. This process has become possible due to the development of the equipment and
software for processing large massifs of diffraction data.

This conference is aimed at providing young people with the approaches and methods of
studying a behavior of a crystal structure under variable thermodynamic parameters, studying the
structure and properties of crystals under extreme conditions, as well as studying of complex
crystallographic objects - periodic and disordered crystals and nanomaterials.

For the first time in our program, the research of a behavior of a matter under pressure is
so widely presented. These lectures will open the conference, although at the first school a lecture
on the influence of pressure was presented only by Prof. Elena Boldyreva. Now lectures of the
world's leading scientists on this hot topic are presented at the conference — Prof. Hubert
Huppertz (University of Innsbruck, Austria), Professor Leonid Dubrovinsky (University of
Bayreuth, Germany), Prof. Elena Boldyreva (Novosibirsk State University and Institute of
Catalysis SB RAS), Prof. Natalia Dubrovinskaia (University of Bayreuth, Germany).

New topic of the school is research of various properties of materials; also under
conditions of variable thermodynamic parameters - lectures will be presented by Prof. Barbara
Albert (Technische Universitat Darmstadt, Germany), Corr. Member RAS, Prof. Evgeny Antipov
(Lomonosov Moscow State University), Prof. Anatoliy Senyshyn (Heinz Maier-Leibnitz
Zentrum, Technische Universitdt Miinchen).

Several lectures cover phase transitions from various viewpoint of a thermodynamic,
symmetrical and crystal-chemical-mineralogical aspects: academician, Prof. Andrey Rempel
(Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences, Yekaterinburg), Prof.
Evgeny Chuprunov (Lobachevsky National Research Nizhny Novgorod State University), Corr.
Member RAS, Prof. Nikolai Eremin, (Lomonosov Moscow State University), Corr. Member
RAS, Prof. Sergey Krivovichev, Kola Science Center RAS, Apatity and Institute of Earth
Sciences, Saint Petersburg State University.

Also academician, Prof. Andrey Rempel will present a report on Russian-German travel
scientific seminars for young scientists.

HT X-ray diffraction and HT crystal chemistry are traditionally the main topics of these
schools. However, new information awaits the listeners. For the first time Prof. Robert Dinnebier
(Max Planck Institute for Solid State Research, Stuttgardt, Germany) will give a lecture, also
lectures by Prof. Rimma Bubnova (Institute of Silicate Chemistry RAS, St. Petersburg), Prof.
Alexander Knyazev (Department of Chemistry, Lobachevsky National Research Nizhny
Novgorod State University), Assoc. Prof. Maria Krzhizhanovskaya (Institute of Earth Sciences,
St. Petersburg State University).

One of the main topics of crystal chemistry and traditional for these schools — aperiodic
crystals and nanomaterials — also got a new vector for this time. This section will be opened by
Prof. Nadezhda Bolotina (Federal Research Center "Crystallography and Photonics" RAS,
Moscow), Prof. Svetlana Titova (Institute of Metallurgy, Ural Branch RAS, Yekaterinburg), Prof.
Olga Yakubovich (Lomonosov Moscow State University), Prof. Alexander Titov (Institute of
Metallurgy, Ural Branch RAS, Yekaterinburg), Prof. Sergey Tsybulya (Novosibirsk State
University), Prof. Pavel Fedorov (Prokhorov General Physics Institute RAS, Moscow), Prof.
Oleg Siidra (Institute of Earth Sciences, St. Petersburg State University).

We are grateful to these scientists — world’s famous experts in their field — for their
plenary lectures as offline (St. Petersburg) as well as online ones. It should be noted, that the
geography of lecturers as well as participants is widely represented (more detailed information is
on the HTXRD-4 website, www.htxrd2020.ru).

Workshops are an important component of all HTXRD schools, and we look forward for
further cooperation with their initiators — Prof. Nadezhda Bolotina (Determination and analysis of
complex non-standard structures, including modulated ones (Jana2006)), Prof. Rimma Bubnova,
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Vera Firsova, Sergey Volkov, Andrey Shablinskii, Yaroslav Biryukov (Determination of thermal
expansion tensor according to X-ray diffraction data (TTT and RTT)), Dmitry Yatsenko
(Modeling of powder diffraction patterns of nanoscale systems (DIANNA software package)).

Of course, we are very grateful to our sponsors RFBR, ICDD, Bruker, Technoinfo.
Without their financial support, the organization of the Conference would have been practically
impossible.

Special thanks to our local Organizing Committee from the Institute of Silicate Chemistry
of the Russian Academy of Sciences, young scientific secretaries PhD Sergey Volkov and
Valentina Yukhno, and local committee (Yaroslav Biryukov, Vera Firsova, Andrey Shablinskii,
Olga Shorets).

For the first time, the Conference is held in an online format, but we are sure that this will
not prevent the exchange of our young participants to present their new experimental results,
creative ideas and methods, and start to apply the acquired knowledge and skills in their practice.

We invite everyone to the next offline conference-school which we hope hold in St.
Petersburg!

Rimma Bubnova, Maria Krzhizhanovskaya, Stanislav Filatov
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Extreme Conditions of Pressure and Temperature for the Synthesis of Crystalline Materials.

Huppertz H.

Institute of General, Inorganic and Theoretical Chemistry, University of Innsbruck, Innrain 80-82,
A-6020 Innsbruck, Austria.
*Correspondence email: Hubert.Huppertz@uibk.ac.at

In the field of solid state chemistry, high-pressure/high-temperature conditions realized via a 1000
ton press and a Walker-type module (Figure 1) can be used for the synthesis of new compounds [1]. The
talk gives an introduction into the experimental challenges to realize such exotic conditions in the field of
high-pressure research. Next to other examples from the field of basic fundamental research, a new HF-
free synthesis route via a high-pressure/high-temperature experiment for the preparation of the novel
hexafluoridosilicate phosphor Li,SiFs:Mn** is presented (Figure 2); Li,SiFe:Mn** is a compound, which
probably cannot be synthesized via a common wet-chemical etching process. Not many lithium-
containing hexafluoridosilicates are known so far, e.g. LiNa,AlFs:Mn** is one of them. However, the
lithium ion is the lightest cation besides H*, and therefore a blue shift of the emission is expected for
lithium-rich phases in comparison to compounds of its heavier congeners. Because even a small blue-shift
can lead to a higher luminous efficacy of radiation (LER), we expect good performance of Li,SiFs:Mn**
in WLEDs [2]. So, this example demonstrates that not only basic fundamental research but also applied
research can be performed under such exotic conditions.

Figure 1: 1000 t multianvil gh—pressure device for the Figre 2: Schematic illustration of
realization of extreme pressures and temperatures. doping Li;SiFe with Mn**,

1. Huppertz H., Heymann G., Schwarz U., Schwarz M.R. Handbook of Solid State Chemistry,
Editors: Dronskowski R., Kikkawa S., Stein A. Wiley-VCH Verlag GmbH & Co. KGaA. Weinheim.
Germany. High-Pressure Methods in Solid State Chemistry. 2017. V. 2. P. 23-48.

2. Stoll C., Bandemehr J., Kraus F., Seibald M., Baumann D., Schmidberger M.J., Huppertz, H.
HF-Free Synthesis of Li,SiFs:Mn**: A Red-Emitting Phosphor. Inorganic Chemistry. 2019. V. 58. P.
5518-5523.
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Inorganic Synthesis and Crystal Chemistry at Multimegabar Pressures

Dubrovinsky L.

BGlI, University of Bayreuth, 95440 Bayreuth, Germany
*Correspondence email: Leonid.Dubrovinsky@uni-bayreuth.de

The impact of high-pressure studies on fundamental physics and chemistry, and especially on the
Earth and planetary sciences, has been enormous. Modern science and technology rely on the
fundamental knowledge of matter that is provided by crystallographic studies. The most reliable
information about crystal structures and their response to changes in pressure and temperature is obtained
from single-crystal diffraction experiments. Advances in diamond anvil cell (DAC) techniques and
double-stage DACs, as well as in modern X-ray facilities have increased the accessible pressure range for
structural research up to multimegabar range. We have developed a methodology to perform single-
crystal X-ray diffraction experiments in double-side laser-heated DACs. Our results demonstrated that the
solution of crystal structures, their refinement, and accurate determination of thermal equations of state of
elemental materials, oxides, carbides, borides, carbonates, and silicates from single-crystal diffraction
data are possible well above 100 GPa at temperatures of thousands of degrees. These resulted in findings
of novel compounds with unusual compositions, crystal chemistry, and physical properties. We illustrate
application of new methodology for simultaneous high-pressure and high-temperature single crystal
diffraction studies using examples of investigations of chemical and phase relations in the Fe-O system,
transition metals carbonates, silicates, and hydrides.
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Crystals of organic and coordination compounds —what can we learn about them from high-pressure
experiments

Boldyreva E.V.*?

! Boreskov Institute of Catalysis SB RAS, 630090, Novosibirsk, Lavrentieva ave. 5, Russia.
Novosibirsk State University, 630090, Novosibirsk, Pirogova street, 2, Russia.

High-pressure research is becoming increasingly popular not only among mineralogists and
geoscientists, inorganic chemists and physicists, but also among organic chemists. One does not need
extremely high pressures, to induce various interesting transformations in coordination, organic and
organometallic compounds, such as proton transfer, charge transfer, changes in the hydrogen bonds,
halogen-halogen, n-x, and other types of intermolecular interactions, conformational changes, rotation of
molecules, as well as recrystallization from the pressure-transmitting fluids, to give new phases, which
cannot be accessed at ambient pressure. These studies can be carried out using repeatedly, without
replacing the diamonds after each experiment in the relatively modest budget diamond anvil cells and
using laboratory sources of X-rays, not necessarily synchrotron radiation. The quality of data can be
sufficiently high, not merely to follow reliably the changes in the intramolecular geometries (bond lengths
and angles), but also to analyze the distribution of electron charge densities. This research is very
important not only for improving the understanding of the nature of chemical bonds, intermolecular
interactions, and factors that determine the crystallization and structural transformations of solids, but also
for many practical applications, such as developing materials for organic electronics, optical materials,
mechanically responsive materials, supramolecular devices, as well as new drug forms.

In my lecture | shall give an overview of the state-of-the-art of the experimental techniques,
which are used for high-pressure diffraction experiments with coordination and organic materials. | shall
also give examples of the studies of the anisotropy of the continuous structural distortion in relation to the
intermolecular interactions and intramolecular bonds, of the mechanisms of crystallization, solid-state
phase transitions, and chemical reactions. The role of seeding, of the protocol of increasing and increasing
pressure, and of the pressure-transmitting fluids in pressure-induced transformations will be discussed. |
shall also discuss the effect of pressure on photochemical and thermal transformations in the crystals of
organic and coordination compounds.

The support from the Russian Ministry of Education and Science is acknowledged (project
project AAAA-A19-119020890025-3).

1. bonmeipea E.B., 3axapos b.A., Pamenxko C.B., Ceperkun }0.B., TymanoB H.A.
UccnenoBanne TBepao(a3HBIX MpPEBpaIIeHU TPU TIOMOIIM PEHTTEHOBCKOW MU(PAKIUU B YCIOBHSIX
BBICOKHUX JaBiicHmi in situ. 2016, U3a-8o CO PAH, Hosocubupck, ISBN 9785769215261. 256 crp.

2. Boldyreva E.V. High Pressure Crystallography, Elucidating the role of intermolecular
interactions in the crystals of organic and coordination compounds, in: Understanding Inter-molecular
Interactions in the Solid State — Approaches and Techniques, D. Chopra (Ed.), RSC, 2018,., Print ISBN:
978-1-78801-079-5 (Cepust Monographs in Supramolecular Chemistry), 339 pp.

3. Boldyreva E.V. Multi-component crystals and non-ambient conditions, in: Multi-Component
Crystals. Synthesis, Concepts, Function. E. Tiekink, J. Zukerman-Schpector (Eds), De-Gruyter: Berlin,
2017, ISBN 3110463792, 9783110463798, 336 pp.

4. Zakharov B.A., Boldyreva E.V. High pressure: a complementary tool for probing solid state
processes, CrystEngComm, 2019, 21, 10-22.

5. Gaydamaka A.A., Arkhipov S.G., Zakharov B.A., Seryotkin Y.V., Boldyreva E.V. Effect of
Pressure on Slit Channels in Guaninine Sodium Salt Hydrate: A Link to Nucleobase Intermolecular
Interactions, CrystEngComm. 2019, 21, 4484-4492.

6. Bogdanov N.E., Milasinovi¢ V., Zakharov B.A., Boldyreva E.V., Mol¢anov K. Pancake-
Bonding of Semiquinone Radicals under Variable Temperature and Pressure Conditions, Acta
Crystallographica Section B: Structural Science, Crystal Engineering and Materials. 2020, 76(2), 285-
291. DOI: 10.1107/s2052520620002772.
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Materials synthesis and crystallography at extreme pressure-temperature conditions revealing
remarkable materials properties

Dubrovinskaia N.

Material Physics and Technology at Extreme Conditions, Laboratory of Crystallography,
University of Bayreuth, Universitaetstr. 30, 95440 Bayreuth, Germany
*Correspondence email: natalia.dubrovinskaia@uni-bayreuth.de

Modern science and technology rely on the vital knowledge of matter which is provided by
crystallographic investigations. The most reliable information about crystal structures of solids and their
response to alterations of pressure and temperature is obtained from single-crystal diffraction
experiments. We have developed a methodology for performing single-crystal X-ray diffraction
experiments in double-side laser-heated DACs and demonstrated that it allows the crystal structure
solution and refinement, as well as accurate determination of thermal equations of state above 200 GPa at
temperatures of thousands of degrees. Application of this methodology resulted in discoveries of novel
compounds with unusual chemical compositions and crystal structures, uncommon crystal chemistry and
physical properties. It has been successful in investigations of various classes of solids - elemental
materials, oxides, carbides, borides, carbonates, nitrides, and silicates.

In this contribution the results of our single-crystal diffraction studies of phase relations in
various metal-nitrogen systems will be reported. The materials synthesis and crystallography at extreme
pressure-temperature conditions revealing remarkable materials properties will be elucidated on example
of one-step synthesis of metal-inorganic frameworks (HfsN2o-N2, WNg-N2, and OssN2g-3N2) and other
types of nitrides and polynitrides. Perspectives of materials synthesis and crystallography at extreme
conditions will be outlined.
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Phase transformations at moderated temperatures in nonstoichiometric compounds with high entropy

Rempel A.A.

Institute of metallurgy of the Ural Branch of the Russian Academy of Sciences,
620016 Ekaterinburg, Amundsena str. 101, Russia.
*Correspondence email: rempel.imet@mail.ru

The results of performed experimental and theoretical studies, the prospects of the
nonstoichiometric compounds for hard and tough materials, metallic and semiconductor materials, the
materials which are photocatalytically active under visible light will be presented in the talk.

Nonstoichiometric compounds are best known among the carbides, nitrides, or oxides of the
group 1V and group V transition metals. The chemical formula of such nonstoichiometric compounds can
be written as MX, (where X = C, N, or O). The existence of nonstoichiometry is related to the presence of
structural vacancies either on metal or on non-metal sublattices. The amount of vacancies can be very
high that means that the nonstoichiometric compounds possess strongly extended homogeneity regions
fromy = 0.5 up to y = 1.2. At high temperatures most of nonstoichiometric compounds have disordered
cubic B1 (NaCl) structure. The stability of this highly symmetric cubic phase at high temperature is
provided by high configurational entropy due to atom - structural vacancies disordering on the same
sublattice like it is case in high entropy alloys [1].

At moderated temperatures, lower than about 1000 K, the structural vacancies on metal and non-
metal sublattices undergoing ordering and build low-symmetry superstructures of the MzX, MsXz, MeXs,
MsgX7, and MsVuXsVx types. This is supported by the use of diffraction analysis including neutron and
synchrotron techniques and first principal calculations the structure of synthesized compounds with
allowance of long range, short range and correlational orders of structural vacancies. Disorder-order
phase transformations at moderated temperatures in the transition metal compounds have significant
effects on the physical properties of the nonstoichiometric compounds and on their equilibrium phase
diagrams [2].

Acknowledgements: This study was conducted under the state assignment for IMET UB RAS.

1. Rempel A.A., Gelchinsky B.R. Production, properties and practical application of high-entropy

alloys. 2020. Steel in Translation, pp.243-247.
2. Rempel A.A., Gusev A.l. Nonstoichiometry in solids. 2018. Moscow: FIZMATLIT, 640 pages.
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PoJib KpHCTAJUIOXMMHM B CO3IAHMM HOBBIX KATOHBIX MATEPHAJIOB /IS META/LT-HOHHBIX
AKKyMYJISITOPOB

Awuntunos E.B.

Xumuueckuil pakyiapTer, MOCKOBCKHI TocyIapcTBEHHBIN yHHBEpcUTeT, MockBa 119991,
Poccus
*Correspondence email: evgeny.antipov@gmail.com

Hcrounukom okono 90% MCHONB3YIOMIEHCs B HACTOSIIEE BPEMS SJHEPTUH SBJISIETCS MCKOIMIaeMOoe
TOIJIMBO, YTO MMEET OYEHb CEPbE3HBIE MOCIEACTBH: OBICTPOE HCUEpIaHUE MPUPOJHBIX PECYpCOB H
CYIIECTBEHHBIH dKoJorndeckuit ymep6. IloaToMy axTyanpHOM 3ajadyeld  SIBISIETCS  pa3BUTHE
BO300OHOBIJISIEMBIX HCTOYHHUKOB JHEPrMU H JIPQPEKTUBHBIX HAKOMUTENECH ODHEPTHH, YTO ITO3BOJHT
CYIIECTBEHHO YMEHBIIUTH OTPEOICHHE TPUPOTHBIX PECYPCOB B Oy yIIEM.

Li-noHHbIC aKKyMyJSITOpBI, H3HAYaJbHO pPa3pabOTaHHBIC Uil TOPTATUBHBIX IEPEHOCHBIX
YCTPOMCTB, YK€ ceddyac Haxo[aT LIMPOKOE IPUMEHEHUE B KA4eCTBE CTAllMOHAPHBIX HAKOIUTENIEH
JHEPIHUH, B JEKTPOMOOUIAX U Jip. B HacTosmiee BpeMsi CTpEMHUTENIbHO Pa3BUBAIOTCA HCCIEIOBAaHUS B
obmactu Na u K-MOHHBIX aKKyMyJISITOPOB, KOTOpPBIE OOJaJalOT WENbIM PSIOM MPEUMYIIECTB IO
CPABHEHUIO C JIMTUH-UOHHBIMU. Y JIENbHBIE DHEPreTHYECKUE XapPAKTEPUCTUKU METAII-MOHHBIX
AKKyMYJISITOPOB, B OCHOBHOM, OIPEAEISAIOTCS CBOMCTBAMU MCIIONB3YEMBIX AJEKTPOAHBIX MATEPUAJIOB.
Jnia ynoBneTBOpeHus] OTPEOHOCTEH, CYIIECTBYIONUX M, 0COOEHHO, HOBBIX MPUMEHEHUH, DIIEKTPOIHBIE
MaTepualnbl METaI-MOHHBIX AKKYMYJIATOPOB HYXIAKOTCS B CYLIECTBEHHOM YIYUIIEHHHM UX YAEIbHBIX
JHEPreTUYECKUX MapaMeTpoB, 0€30MaCHOCTH U CTOMMOCTH.

B noxnane OyayT paccMOTpeHbl OCHOBHBIE HalpaBJICHHsI HAIIMX UCCIIEJOBAHUI B 00JIACTH HOBBIX
KaTOJHBIX MatepuanoB juisi Li-, Na- u K-MOHHBIX aKKyMyJisTOpOB C OCOOBIM aKIIEHTOM Ha pPOIb
KpUCTAJUIOXMMHH B UX CO3JAHUU U ONTUMHU3ALMH BAXKHBIX JUISl IPAKTUYECKOr O UCIIOJIb30BAHUS CBOMCTB.

Pab6ota BhIMmomHeHa IpH oaaepkke Poccuiickoro Hayurnoro ¢ouaa (rpant Ne 17-73-30006).
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Megascience facilities and russian-german travelling seminar of nanomaterials

Rempel AA.~

Institute of metallurgy of the Russian Academy of Sciences, 620016, Amundsena str. 101,
Ekaterinburg, Russia.
*Correspondence email: rempel.imet@mail.ru

Megascience facilities like synchrotron and neutron sources play an important role in the
development of nanoscience. This is because of additional possibilities of these sources in giving precise
information about atomic structure, particle size, particle size distribution, core-shell structure, etc. of the
nanomaterials.

To make undergraduates and postgraduates from Russia and Germany to be familiar with
possibilities of the synchrotron and neutron sources more than 10 years ago in 2006 a traveling school-
seminar (TS) on physics and chemistry of nanomaterials (PCnano) had been started. To that time it was
possible due to close collaboration between University of Erlangen-Nuremberg (Prof. Dr. Andreas
Magerl), Ural Federal University and Ural Branch of the Russian Academy of Sciences.

Participants for the TS were selected from all over the country for academic excellence and
interest in scientific and cultural exchange. Each of them will present a 15-minute research paper, which
was usually their first presentation in English to an international audience. The group was accompanied
by two Russian and two German professors who give extended lectures. The scientific part was also
complemented by lectures by leading scientists at the visited institutes.

Since 2006 the participants of TS have visited most known and important synchrotron and
neutron source facilities in Russia (Novosibirsk, Moscow) and Europe (Munich, Hamburg, Berlin,
Karlsruhe, Grenable). Since 2006 many participants of the TS have used synchrotron and neutron sources
in their scientific work and have achieved important scientific results.

Recently, the project of the mobile Russian-German summer school-seminar TS for
undergraduates and postgraduates was among the winners of the competition "Russia and Germany:
scientific and educational bridges" [1].

Acknowledgements: Prof. Dr. Andreas Magerl, Ass.Prof. Dr. Maxim Vlasov, Prof. Dr. Mirijam
Zobel and many many others.

See news at https://urfu.ru/en/news/33203/
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Unusual thermal structural behaviour of lithiated graphite phases

Senyshyn A. !, Miihlbauer M.J.2, Baran V.*

! Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universitit Miinchen, Lichtenbergstr. 1,
85748 Garching, Germany
2 Institute for Applied Materials (IAM), Karlsruhe Institute of Technology (KIT), Hermann-von-
Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany

Crystal structures of the phases in the Li-C system have vital importance for electrochemical
energy storage, especially Li-ion battery technology. Due to difficulties with metallic lithium about 98 %
of Li-ion batteries are utilizing graphite anode at the moment. Furthermore graphite additive is used to
maintain electronic conductivity of weakly conducting cathodes, e.g. LiFePO.. Use of electrochemistry
permits to intercalate one lithium per six carbon atoms, which is reflected in the formation of LiC¢ phase
(stage 1) — graphite sheets alternated by lithium layers along c axis. The phase has no homogeneity limits,
i.e. upon lithium extraction stage 11 (LiC1,) phase is formed, where every 2" plane is occupied by lithium.
Further lithium extraction leads to the formation of sequence of phases displaying solid-solution like
behaviour reflecting the intermediate steps between stage 11 and electrochemically active graphite 2H [1].

Recent in operando structural studies of model cylinder-type Li-ion battery revealed a structural
instability of certain low-lithiated graphites [2]. Furthermore anomalous structural behaviour of stage |
and stage Il had been noticed along with the considerable differences between in situ and ex situ modes of
data collection [3]. In the current contribution a systematic temperature-resolved diffraction study of
selected compositions from Li-C binary system will be presented and discussed in terms of battery
performance at different temperatures.

1. Senyshyn, A., O. Dolotko, M. J. Muhlbauer, K. Nikolowski, H. Fuess and H. Ehrenberg
(2013). "Lithium Intercalation into Graphitic Carbons Revisited: Experimental Evidence for Twisted
Bilayer Behavior." Journal of the Electrochemical Society 160(5): A3198-A3205.

2. Senyshyn, A., M. J. Muhlbauer, O. Dolotko and H. Ehrenberg (2015). "Low-temperature
performance of Li-ion batteries: The behavior of lithiated graphite." Journal of Power Sources 282: 235-
240.

3. Baran, V., O. Dolotko, M. J. Miihlbauer, A. Senyshyn and H. Ehrenberg (2018). "Thermal
Structural Behavior of Electrodes in Li-lon Battery Studied In Operando." Journal of The Electrochemical
Society 165(9): A1975-A1982.
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Aperiodic crystals

Bolotina N.B.

Shubnikov Institute of Crystallography of Federal Scientific Research Centre “Crystallography
and Photonics” of Russian Academy of Sciences, Leninskiy Prospekt 59, 119333, Moscow, Russia.
Correspondence email: nb_bolotina@mail.ru

Aperiodic crystals [1, 2] have a long-range order and give sharp diffraction patterns, like periodic
crystals, but differ from the latter in the absence of three-dimensional translational periodicity of the
atomic structure. There are three types (or families) of aperiodic crystals. Atoms of incommensurately
modulated crystals are shifted from the points of the crystal lattice according to a periodic law, but the
modulation period is incommensurate with one or more lattice periods. Two lattices with incommensurate
periods are necessary to describe the structure of an incommensurate composite. Quasicrystals have
symmetry that is unacceptable in crystals according to the laws of classical crystallography. The
structures of aperiodic crystals are successfully studied in model spaces with more than three dimensions,
but the principles for constructing the superspace models are different for the above three families. This
lecture will focus on modulated and composite crystals. The methods for describing their structures in
superspace have a common basis and are implemented in a single software package JANA [3].
Superspace modeling of quasicrystals is built on other principles and will not be considered here.

An idea will be formed on the methods for describing modulated and composite structures in the
(3+d)D space. The capabilities of the JANA program for the structure solution and refinement will be
discussed. A separate group is formed by crystals in which the period of structural modulation is
commensurate with the period of a small basic lattice. In fact, these are 3D long-period structures, which
are complicated or inaccessible for solution due to the huge number of strongly correlating structural
parameters. The only way to solve this problem is to consider the long-period structure commensurately
modulated with respect to the lattice with smaller cells and pass to the superspace model. The lecture
contains examples of commensurately and incommensurately modulated crystals and incommensurate
composites. The advantages of their description in (3+d)D are demonstrated.

This work was supported by Russian Foundation for Basic Research, grant No 18-29-12005.

1. T.Janssen, G.Chapuis, M. de Boissieu. Aperiodic Crystals. From Modulated Phases to
Quasicrystals // IUCr Monographs on Crystallography, No 20, Oxford University Press, 2007.

2. S. van Smaalen. Incommensurate Crystallography. IUCr Monographs on Crystallography, No
21, Oxford University Press, 2007.

3. V. Petiicek, M. Dusek, L. Palatinus, Crystallographic computing system JANA2006: General
features, Z. Kristallogr. 229 (2014) 345-352.
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Investigating catalysts and luminescent materials by in situ powder diffractometry
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In-situ X-ray powder diffraction can be used to investigate the mechanisms of reactions between
solids and gas phases.

The analysis of structural changes of a catalyst during a reaction is an important step towards a
better understanding of the reaction mechanisms. Thus it may help to optimize both the catalyst and the
process. Acrylic acid and methacrylic acid represent organic chemicals that are important technical
products. Their industrial production relies on catalyzed reactions that are not fully optimized. We have
designed an experimental set-up that allows it to detect and follow the changes of a crystalline catalyst
during such oxidation reactions. As an example, we will present the following example in detail: cesium
salts of vanadium-substituted heteropolyacids with Keggin anions used as heterogeneous catalysts to
partially oxidize acrolein. Acrolein vapour was led through a reaction chamber at the diffractometer. A
catalyst of the nominal composition Cs;H,[VPMo01:04] was investigated at varying conditions
(temperature, water pressure, reaction time). The in-situ/operando experiments revealed how the
occupation of the different atomic sites reversibly changed during the reaction. The oxygen content of the
catalyst was monitored and new conclusions concerning the reaction mechanism were drawn.

As a second example the investigation of a luminescent material in the context of thermographic
measurements will be discussed.

22



Bimsinue 3¢ppexToB nopsika-0ecnopsaKa B KpUCTALIHYECKHX CTPYKTYpPaxX Ha TePMOIAMHAMHYCCKHE
(yHKuMM cMelIeHUs TBEPABbIX PACTBOPOB

Epemun H.H.

MI'Y um. M.B.JIomonocoga, ["eonorudueckuii dakynsrer, 119991, Mocksa, Jlenunckue ropsi, 1A
neremin@geol.msu.ru

B Hacrosmee BpeMs MaTeMaTUYECKUH anmnapaT TEOPETUYECKONM KPUCTAJUIOXUMHUU IIO3BOJISIET BO
MHOTHX CIIydasiX 3aMeHATh (U3WYECKU OKCIEPUMEHT MaTeMaTH4ecKMM. KauecTBEHHBIM CKadok
MOBBIILICHUST OBICTPONCHCTBUS KOMITBIOTEPOB B TepBbIe nBa necstuiieTns XXI|-oro Beka MO3BOIHI
MeperTH K TMpeNCcKa3aHWI0 KPUCTAUTMUECKUX CTPYKTYp HE TONBKO COEAWHEHUWH C (DUKCHpPOBaHHON
CTEXHMOMETpUEH, HO W TMPOTSHKEHHBIX TBEPIBIX PACTBOPOB, KOTOPHIMHU SIBIISIIOTCS BCE TMPHPOAHBIC
MUHepalbl 0e3 UCKIIOYEeHHWs, TMpHYeM KaK METOJaMH «H3 TEPBBIX INPUHIMIIOBY, TaK H
MOTYIMITUPHYECKUMHU METOAaMH MEKATOMHBIX TTOTEHIIUAIOB.

B peanbHOM KpHcTamiie pachpesieleHdue pa3iiyHbIX COPTOB aTOMOB IO  CTPYKTYpHO—
9KBUBAJICHTHBIM IMO3HIIMSAM B OOIEM ciydae MOJAYMHSICTCS 3aKOHaM MaTeMaTHUYecKOol craTUcTuku. Kak
ObLIO TIOKa3aHo B 0030pe [1] mcmonb3oBaHHE HEOOJBIIOrO YMCIA JIEMEHTAPHBIX SYECK MPUBOAUT K
W3YYEHHIO HE TBEPJBIX PACTBOPOB, a YIOPSJAOUEHHBIX MPOMEKYTOUHBIX COCTMHEHHH, 00ialaromnMu
paJMKaIbHO OTIMYHBIMU OT HEYMOPSI0YEHHBIX TBEPABIX PACTBOPOB TEPMOJMHAMUYECKUMHU CBOMCTBAMH.
B cBiM3m ¢ 3THM, WHTEpeC K MOJEIMPOBAHHIO TBEPJBIX PACTBOPOB, CTAIKWUBACTCS C MPOOIEMOIt
pacrpeneineHiuss aTOMOB B PacyeTHOM slYEHKEe OrpaHUYEHHBIX Pa3MEpPOB JI HAWIydllled HMUTALUU
HEYNOPSJIOYEHHOCTH. JTa mpodjeMa ¢ TOW WIM WHOM CTENEeHBI0 yclieXa pelaercs pasTHdHbIMU
MeToquYecKuMHu rpueMamu. OpUruHAIBHBINA aBTOPCKUI MOX0/I, N3JI0KEHHBIH B [2] MO3BOJISET B paMKax
SYEHKH  pa3yMHBIX  KOHEYHBIX  Pa3MepPOB  MaKCHMajbHO TPUOINM3UTHCS K  CTATHCTHYECKU
HEYNOPSIOYEHHOMY paclpe/eNIeHHI0 B MaKPOCKOITMYECKOM KPUCTAIUIE TPOU3BOIIEHOIO COCTABA.

[loMuMO U3NI0XKEHHUS METOJUUYECKMX OCOOEHHOCTEH aBTOPCKOrO IOAXoJa B JIOKJIaJe Ha
CIIEAYIOIMX KOHKPETHBIX IpHMEpax JOEMOHCTPUPYETCS pe3yJIbTaTUBHOCTh U IpelcKa3aTelbHble
BO3MOKHOCTU METOJHKH:

1) BiusiHEe PPEKTOB yHOpsAIOYCHHSI HAa KPUCTAILIOrpadUueCKHe apaMeTpbl U SHEPTeTHUECKHIE
XapaKTEPUCTUKHU TBEPJOrO pacTBOpa 00beM sIUEHKU B CHCTEME CKUAaruT - Fe-MeHKopHuT;

2) TmpenckazaHHE TEPMOAMHAMHYECKMX (QYHKIME cMmemeHus, (a30Boil CTaOWIBHOCTH U
OTKJIOHEHHs OT IpaBuia Berapmaa B TBepabix pactBopax ruOpuaHbix mepoBckutoB CH3NH3Pb(11xBry)s
[31;

3) cozaaHue TepMOIMHAMUYECKON 0a3bl MaHHBIX [4] 17t TBEpIBIX PACTBOPOB PEIKO3EMENbHBIX
¢docdaToB, TOMUPOBAHHBIMU PAANOAKTUBHBIMHI AKTUHOHIAMH.

1. Urusov V.S. Comparison of semi-empirical and ab-initio calculations of the mixing
properties of MO-M’O solid solutions. J. Solid State Chemistry. V. 153. P. 357-364.
2. Epemun H.H., [lesnoB P.3, Ypycos B.C. Beibop cBepxseiiku ¢ onTHMaIbHONH aTOMHOM

KOHGUTypanueil mpu MOAEINPOBAHIH HEYTIOPSIIOUEHHBIX TBEP/IBIX PAcTBOPOB. DH3NKa U XUMHS CTEKIIA.
2008. T. 34, Ne 1, C. 9-18.

3. Marchenko E.I. et al. Transferable approach of semi-empirical modeling of disordered
mixed halide hybrid perovskites CH3NHsPb(l1.«<Bry)s: prediction of thermodynamic properties, phase
stability and deviations from Vegard’s law. J. Phys. Chem. C. 2019. V. 123, Ne 42, P. 26036-26040.

4. Eremin N.N. et al. Solid solutions of monazites and xenotimes of lanthanides and
plutonium: atomistic model of crystal structures, point defects and mixing properties. Comp. Mat. Sci.
2019. Vol. 157, P. 43-50
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Polymorphic transitions in feldspar structures

Krivovichev S.V. 12

! Nanomaterials Research Centre, Kola Science Centre RAS, Fersman st., 14, Apatity, 184209
Russia
2 Saint Petersburg State University, University Emb., 7/9, Saint Petersburg, 199034 Russia
Correspondence email: s.krivovichev@ksc.ru

The various aspects of polymorphism in the feldspar family of minerals are considered with
special emphasis upon their structural diversity and complexity [1]. The feldspar family is defined as
consisting of valid minerals and unnamed or conditionally named mineral phases with the general
formula M™[T/*Qg], where n is the average charge of the M™ cation (n = 1-2; M™ = Na*, K*, Rb",
(NHJ,)*, Ca*, Sr*, Ba?"), k is the average charge of the T** cation (k = 4 — n/4; T** = Be**, Zn**, AP**, B¥,
Fe, Si*", As®, P*"). There are twenty-nine valid mineral species known to date that can be assigned to
the feldspar family. Maskelynite is the natural X-ray amorphous feldspar polymorph (glass) with the
plagioclase composition. All feldspar polymorphs can be classified into two groups: those containing T
atoms in tetrahedral coordination only and those containing T atoms in non-tetrahedral coordination.
There are four basic topologies of the feldspar-family tetrahedral networks: fsp (3D; feldspar sensu
stricto; eleven mineral species), pcl (3D; paracelsian; seven mineral species), bct (3D, svyatoslavite; two
mineral species), and dms (2D; dmisteinbergite; six mineral species). There are three minerals that
contain T atoms in exclusively octahedral (sixfold) coordination and crystallize in the hollandite structure
type. The high-pressure polymorphism for the structures with the fsp and pcl topologies is controlled by
the distinction of these topologies as flexible and inflexible, respectively. The analysis of structural
complexity by means of the Shannon information theory indicates the following general trends: (i)
structural complexity decreases with the increasing temperature; (ii) Kinetically stabilized metastable
feldspar polymorphs are topologically simpler than the thermodynamically stable phases; (iii) the high-
pressure behavior of feldspar-family structures does not show any obvious trends in the evolution of
structural complexity. The feldspar polymorphism includes a number of structural phenomena: (i)
coordination changes of intra- and extraframework cations; (ii) topological reconstructions, including
changes in dimensionality; (iii) cation ordering, including Al/Si and M-cation ordering in solid solutions,
resulting in the chemical stabilization of particular structure types and the formation of incommensurately
modulated structures (in plagioclases); (iv) displacive distortions involving tilting of tetrahedra and
rotations of crankshaft chains; (v) amorphization. The observed structural phenomena are controlled by
temperature, pressure (including shock-induced transformations) and crystallization kinetics that may
stabilize metastable phases with unique crystal structures.

The study was funded by RFBR, project number 19-15-50064.

Krivovichev S.V. Feldspar polymorphs: diversity, complexity, stability. Zapiski Ross. Mineral.
Ob-va. 2020. CXLIX. P. 16-66.
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KosnuecrBeHHbIe HU3MEPECHHUSA B TCOPUU CUMMETPUU KPUCTALJIOB. da3zoBble Mepexoabl BTOPOro poaa

Uynpynos E.B.

HauumonanbHelil uccnenoparenbckuii Huxeropoackuii rocynapcTBeHHbIN yHuBepcuTeT um. H.M.
JloGaueBckoro"

[IpuBBIYHOE OHATHE CUMMETPUHU KaK JBYXYPOBHEBOE «CHMMETPUYHO-HECUMMETPUYHO» JTaBHO
PaCIIMPEHO /10 OMpPEeNIeHUs «IIOYTH CUMMETPUYHOY, «JaCTUYHO CUMMETPHUYHO» U T.J. Takue 4aCTUIHO
CUMMETPHYHBIC CHCTEMbl M3BECTHBI B Da3IMUYHBIX pazlenax (U3WKH, XUMHH, KpUCTALIOrpaguH.
CrienMaInuCThl IO PEHTTeHOCTPYKTYPHOMY aHAJIU3y Ha3bIBAIOT aTOMHBIE CTPYKTYPBI ¢ TPUOIN3UTENHHOMI
CUMMeETpHEN MCeBAOCUMMETPUYHBIMH.

[lycte  QyHKOHMS  2JEKTPOHHOW  TUIOTHOCTHM  KPUCTa/Ula  WHBAapHaHTHA  OTHOCHTENBHO
npocTpaHcTBeHHOW rpymmbel G. Ecny 9acTh 3JIEKTPOHHOM IMIIOTHOCTH KPHCTAJIa WHBAapUAHTHA TaKKe
OTHOCHUTENBHO (eopoBcKoii Haarpynmbl TOG, To OyneM TOBOPUTH, YTO Ui KpHCTaia XapaKTepHa
(henopoBcKas MCEBIOCUMMETPHSL.

J1s1  KOJNMYECTBEHHOM OLIEHKM CTENEHM HMHBAPUAHTHOCTH KPUCTAJUIMYECKOM CTPYKTYpBI
OTHOCHUTEIBHO M30METPHUECKON ONepaiy UCIoidb3yeTcs (QyHKIIMOHAT, KOTOPBI MPUHAMAET 3HAYCHHUS
or -1 no +1, moka3piBasg TE€M CaMbIM CTENEHb HMHBAPUAHTHOCTH HCCIEAYEMOW CHCTEMBI OT TOYHOMN
aatucumMerpun (1) g0 TouHoM cummerpum (+1). [ng  KpuHCTamioB OIEHWBAeTCSl CTEMEHb
WHBapUAHTHOCTH (DYHKIIMHU 3JIEKTPOHHO MJIOTHOCTH.

Hdna  Qyskumit BBOAWMTCS TOHATHE TICEBIOCHMMETPUYHONW (PYHKIMM W  TIPUBOAATCS
COOTBETCTBYIOIIME TMpPHUMEPH. B KPUCTAIUIOXMMHUM BBOAWTCS TIOHATHE TICEBIOCHMMETPUYHBIN
CTPYKTYPHBI THII M ONHCHIBAIOTCS CIENHAlbHBIE OUArpaMMBbl JJIS KOJIMYECTBEHHOTO ONHMCAHUS
MIPUHAUIEKAIINM 3THM CTPYKTYPHBIM THITaM KPHCTAJUIOB.

OO6cyxmaroTcsi auarpamMmbl Ui BCEX KpPUCTAJJIOB, omucaHHBIX B KemOpumxckom OaHke
CTPYKTYPHBIX JaHHBIX.

B  ¢Qusuke KkpucramyioB  KOJIMYECTBEHHOE  ONMCAaHUE  NPUONMKEHHONH  CUMMETPHUH
(nceBmocMMMETpPUM) MOXET ObITH IIOJI€3HO IIPU  OINUCAHUU KPUCTAJUIMYECKUX CTPYKTYp B
HU3KOTeMIepaTypHoii (ase, KOoTopele 0O0pa3yloTcs B Xone (a3oBBIX MEpexXomoB BTOPOTo poja.
BBenenHplll (DyHKIHMOHAT KOIMYECTBEHHO OIMCHIBAECT BEIUYMHY IapaMerpa mnopsaaka Jlanpay s
KPHUCTAJUIOB B HU3KOCHMMETPUYIHON (hase.
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Fractional coordinates, symmetry modes, and rigid bodies:
Three different ways for describing structural evolution during phase transitions

Dinnebier R.E.

Max Planck Institute for Solid State Research, Heisenbergstralie 1, 70569 Stuttgart, Germany
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If a direct subgroup relation exists between the two phases undergoing a displazive phase
transition, it is often advantageous to describe the crystal structures not in form of individual fractional
coordinates but using symmetry/distortion modes starting from an existing (or virtual) parent phase.
Usually only very few modes are active, thus reducing the number of parameters considerably. Often,
these modes or combinations of these modes define polyhedral tilts allowing the use of (more complex)
rigid body modes.

Freely available user-friendly group-theoretical pograms like ISODISPLACE! or
AMPLIMODES? can be used to derive the required irreducible representations. In a second step, the
active modes can be determined and parameterized, allowing the direct determination of physical
quantities like order parameter, lattice strain etc.

The evaluation of the crystal structure during the high temperature phase transition of the double
salt Mg(H20)sRbBr3 is analyzed in four different ways during this presentation®,

1 B. J. Campbell, H. T. Stokes, D. E. Tanner, and D. M. Hatch, "ISODISPLACE: a web-based
tool for exploring structural distortions,”" J. Appl. Cryst. 39, 607-614 (2006).

2 D. Orobengoa, C. Capillas, M. I. Aroyo and J. M. Perez-Mato, AMPLIMODES: symmetry-
mode analysis on the Bilbao Crystallographic Server, J. Appl. Cryst. (2009). 42, 820-833

3 R E. Dinnebier, A. Leineweber, J.S.0. Evans, Rietveld Refinement: Practical Powder
Diffraction Pattern Analysis using TOPAS, De Gruyter STEM, 347 pages, 2018, ISBN-13: 978-
3110456219.
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Self—assembly and high anisotropy thermal expansion of crystal structures consisting of BOs
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Nowadays, self-assembly of building blocks into ordered structures is of increased interest at
atomic, meso-, nano-, micro-length scales. Self-assembly of building blocks is defined as the spontaneous
organization of building blocks into ordered structures that ubiquitously occur in materials science and
nature.

In present time borates represent one of the most investigated class of chemical compounds in the
area of high-temperature chemistry and they can contribute to the development of this branch of science
in the other classes of chemical compounds, for example, carbonates and nitrates. Specific features of
borate crystal structures can be used for formulation of the following principles of formation process of
borates and particular carbonates, nitrates etc. The practical parallel alignment of thermal vibration
ellipsoids of T and O atoms in the crystalline phases evidences a collective character of the thermal
atomic motion and motion of the rigid B—O groups, with the ensuing preferable orientation of the rigid T—
O groups in many crystalline phases with TOs groups. This allows formulating the following principles of
self-organization of TOs and rigid B-O groups, of preferably parallel mutual orientation in the crystal
structures of these compounds:

Thermal motion is the inherent driving force of crystal substances formation. In borates, borates
carbonates and nitrates such an organizing force is the strong anisotropy of thermal vibrations of atoms in
the TOs triangles (T = B, C, N), flat triborate and other B—O rigid groups containing TOj3 triangles and its
rigid groups.

During the crystallization of borates, carbonates and nitrates from TOg triangles, their rigid
groups and M metals, the long axes of thermal ellipsoids of the T and O atoms tend to be realized for the
parallel (or preferable) orientation by taking electrostatic interaction into account.

These principles of self-assembly allow us to better understand the process of formation of
crystalline substance. The principles can be generalized for other flat atomic—-molecular groups. In
particular, the steric similarity of borates and organic compounds allows us to expect that the principles of
high-temperature crystal chemistry, and self-assembly in borates will motivate the development of the
high-temperature structural chemistry for some groups of organic compounds.

The examples of the self-organization of atoms, TOs triangles (T = B, C, N) and rigid B—O-
groups are given in [1, refs therein].

The study was funded by the Russian Foundation for Basic Research, project number 18-29-
12106.

1. Bubnova R.S., Filatov S.K. Self-assembly and high anisotropy thermal expansion of

compounds consisting of TOs; triangular radicals. Struct. Chem. 2016, 27, 1647-1662. DOI
10.1007/s11224-016-0807-9
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Low-temperature X-ray diffraction of biologically active substances

Knyazev A.V. %, Shipilova A.S.}, Knyazeva S.S.}, Gusarova E.V.}, Amosov A.A., Kusutkina
AM.!

! Lobachevsky State University of Nizhni Nogrorod, 603950, Gagarin av. 23, Nizhni Nogrorod,
Russia.

Amino acids, hormones, vitamins and proteins - one of the most important representatives of
biologically active substances. However, for most compounds there is no information on their behavior in
a wide temperature range, polymorphism, and thermophysical parameters. We conducted a study of a
significant amount of biologically active substances over the past seven years. The most used methods are
low-temperature X-ray diffraction, vacuum adiabatic calorimetry, and differential scanning calorimetry.
Recently, we have actively begun to use X-ray diffraction analysis for a detailed understanding of
structural rearrangements in polymorphic transitions.

We carry out systematic X-ray studies in the temperature range 100-350 K in increments of 25 K.
This is the most typical temperature range, but in the case of stable compounds the temperature range can
be extended, and in the presence of phase transitions the step can be reduced. X-ray studies allowed us to
calculate the coefficients of thermal expansion in a wide temperature range. Thermal expansion
coefficient is the quantitative characteristic of thermal expansion. Value of the thermal expansion
coefficient in given direction corresponds to length of radius-vector, which is traced from origin of
coordinates to edge of figure of expansion. We have built figures of thermal expansion for more than 30
biologically active substances. Almost all the compounds studied have a pronounced anisotropy of
thermal expansion. This behavior of the structure is in good agreement with the direction of
intermolecular interactions and hydrogen bonds.

The authors are grateful to the Ministry of Science and Higher Education of the Russian
Federation for financial support through grant 0729-2020-0039.

1. Knyazev A.V., Ishmayana S., Soedjanaatmadja U.M.S., Lelet M.1., Shipilova A.S., Knyazeva
S.S., Amosov AA., Shushunov A.N. Comprehensive thermodynamic and structural study of hevein.
Journal of Chemical Thermodynamics. 2019. V.131. P. 168-174.

2. Knyazev A.V., Emel’yanenko V.N., Smirnova N.N., Shipilova A.S., Zaitsau D.H., Knyazeva
S.S., Gulenova M.V. Thermodynamic investigation of L-carnitine. Journal of Chemical Thermodynamics.
2019. V.131. P.495-502.

3. Knyazev A.V., Emel’yanenko V.N., Shipilova A.S., Zaitsau D.H., Lelet M.l., Knyazeva S.S.,
Gusarova E.V., Varfolomeev M.A. Thermodynamic properties of myo-inositol. Journal of Chemical
Thermodynamics. 2018. V. 116. P. 76-84.
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Nowadays high-temperature X-ray diffraction (HTXRD) studies are not uncommon. Many
research labs are equipped with modern high-end XRD technique meanwhile others prefer “mega-
science” facilities. Recent studies of complex and/or unusual thermal transformations by laboratory XRD
under non ambient condition are reported for a number of oxygen compounds with the crystal structures
based on oxygen tetrahedra or octahedra.

Among tetrahedral crystal structures new data on phase transition of natural REE borosilicates,
stillwellite and tazhikite are presented. The temperature region of highly anisotropic thermal behavior for
stillwellite and even negative thermal expansion for tadzhikite were revealed. Both anomalies of thermal
behavior correspond presumably to the regions of structure reconstruction before phase transition. A
special attention is paid to the phase transitions with lowering symmetry on heating. Two cases of this
type transformation are presented for KBSi»O¢ [1] and Ca:B:SiO [2].

Complex consequences of high-temperature phase transitions of octahedrally based structures are
described using the example of BiRO4 (R = Nb, Ta) [3, 4]. The strong anisotropy of triclinic BiTaO4
structure, manifested by a radical change in the direction of the thermal expansion tensor, was studied by
Rietveld method at elevated temperatures [5].

The possibilities, advantages and disadvantages of laboratory HTXRD are discussed.

The authors acknowledge the Resource Center of X-ray diffraction Studies, Center for Optical
and Laser Materials Research and “Geomodel” Resource Centre of Saint Petersburg State University for
instrumental and computational resources. This work was partially supported by the Russian Foundation
for Basic Research (18-29-12106).

1. Krzhizhanovskaya M.G. Bubnova R.S., Derkacheva E.S., Depmeier W., Filatov S.K.
Thermally induced reversible phase transformations of boroleucite, KBSi.Os. Eur. J. Mineral. 2016, 28,
15-21.

2. Krzhizhanovskaya M.G., Gorelova L.A., Bubnova R.S., Pekov I.V., Krivovichev S. V. High-
temperature crystal chemistry of layered calcium borosilicates: CaBSiO4(OH) (datolite),
CasBsSiz015(0OH)s (‘bakerite’) and CazB,SiO7 (synthetic analogue of okayamalite). Phys. Chem. Mineral.
2018, 45, 463-473.

3. Zhuk N.A., Krzhizhanovskaya M.G., Belyy V.A., Makeev B.A. High-temperature crystal
chemistry of a-, B-, and y-BiNbO4 polymorphs. Inorg. Chem. 2019. 58. 1518-1526.

4. Zhuk N.A., Krzhizhanovskaya M.G., Belyy V.A., Sekushin N.A., Chichineva A.l. The bismuth
orthotantalate with high anisotropic thermal expansion. Scripta Mater. 2019. 173. 6-10.

5. Zhuk N.A., Krzhizhanovskaya M.G., Belyy V.A., Kharton V.V., Chichineva A.l. Phase
Transformations and Thermal Expansion of a- and B-BiTaO. and the High-Temperature Modification y-
BiTaO4. Chem. Mater. 2020. 32. 13. 5493-5501.
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Analysis of diffraction patterns of nanostructured powders.
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Nanostructured materials are specific objects of study for X-ray structural analysis due to the
presence of diffraction effects associated with the size, shape, and means of joining primary nanoparticles
with each other. Not only the broadening of diffraction peaks, but also their shift or complete
disappearance can be a consequence of the size factor. During the growth of crystallites, stacking faults or
layer displacement faults often occur. In the case of a large concentration of planar defects and their
ordering the diffuse scattering effects arise in both the neighborhood of the Bragg maxima and the regions
outside coherent scattering. The nanostructures of coherent type also characterize their diffraction
features. Additional factors, such as dislocations and related microstrains of the crystal structure,
complicate the diffraction pattern and make it difficult to correctly interpret it.

Various examples of the influence of the real structure of polycrystalline samples on their
diffraction patterns will be given in the report. Several methods of analysis, including modeling of
diffraction patterns based on models of various types of nanostructures, will also be presented. The
method for calculating of diffraction patterns using the Debye formula is currently the most promising
and widely used for the analysis of diffraction patterns from powder nanomaterials [1].

1. Yatsenko D., Tsybulya S. DIANNA (Diffraction Analysis of Nanopowders) — A Software for

Structural Analysis of Nanosized Powders.Zeitschrift fiir Kristallographie - Crystalline Materials. 2018.
V.233. N1. P.61-66.
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The origin of the first order structural phase transition for PrBaMn,Og double manganite
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Double manganites RBaMn;Os (R — rare earth element) have the crystal structure which can be
represented as alternating of cubic perovskite elementary cells RMnO3z; and BaMnQOs; along c-direction.
Due to difference in size of R and Ba atoms a slightly bigger than c/2, also other structure distortions may
appear. Double manganites with R = Nd, Pr demonstrate a number of magnetic and structural phase
transitions close to room temperature being perspective magnetocaloric and magnetoresistive materials,
the temperature of magnetic phase transitions drop rapidly when the material becomes disordered
(R,Ba)MnOs.

Earlier we have studied magnetic and structural phase transitions in solid solutions of double
manganites Ndi-xPrBaMn,Os by magnetometry and X-ray powder diffraction [1]. It has been shown that
the structural phase transition is not related neither to magnetic nor to metal-insulator phase transition
(Fig. 1).

We perform LDA+DMFT calculations for two unit cells, using the structure data obtained
experimentally at temperatures 215 K and 185 K, which are slightly above and slightly below the
structural transition temperature T« = 200 K, respectively. Both these temperatures are far below the
temperature of metal-insulator phase transition Twm~ 270 K. The structural transition leads to the increase
in the distortion of Mn-O octahedra.
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In general, the results of LDA+DMFT calculations suggest that structural transition at T in
PrBaMn,Os compound, and so, in is Nd;«Pr«BaMn.Os solid solutions, are caused by partial orbital
ordering of ey states of Mn.

The work is supported by RFBR, project No 19-29-12013.
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The layered transition metal dichalcogenides form an extensive group of isostructural materials
within which it is natural to expect the possibility of the formation of solid solutions. The most studied
system of solid solutions is TiSz - TiSe,. This system is traditionally treated as an example of a uniform
substitution inside the chalcogen sublattice. Our careful analysis of the Ti (S1xSex)2 system showed that
there is a transition from "true” solid solution in the range of 0 <x <0.25 and 0.75 <x <1 to the formation
region with nano- heterogeneity in the chalcogen sublattice.

The experimental study included a set of methods, such as electrochemical research, HREM and
STM examination, and a set of spectral techniques: ResPES, ARPES, including those with resonant Ti2p-
3d and S2p-3d excitation. The sum of the experimental results made it possible to conclude that the nature
of nano-inhomogeneities is associated with the formation of Janus layers S-Ti-Se. The chirality of the
Janus layers makes it possible to observe boundaries between homogeneous regions as stacking faults.
The characteristic size of the homogeneous region is 100 A. The formation of Janus layers should have a
strong effect on the structure and properties of intercalate derivatives of solid solutions of transition metal
dichalcogenides.

32
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Minerals with sulfate anions are one of the most diverse classes. More than 400 minerals
containing sulfate anion are known to date. Most of known anhydrous sulfates have relatively simple
chemical composition and structural architecture. In contrast, hydrated sulfate minerals have more
complex compositions and structures. Most of the anhydrous sulfates are highly soluble compounds and
unstable in humid atmosphere, namely, sulfates of alkali and alkaline earth metals. Under terrestrial
conditions, hydrated sulfate minerals are common in various geological environments. Whereas the
anhydrous sulfate minerals of alkali, alkaline earth and transition metals form almost exclusively in active
fumaroles.

The fumaroles of Tolbachik volcano are a unique mineralogical locality with a large number of
endemic mineral species. The variety of sulfate minerals observed in Tolbachik fumaroles is impressive.
Since 2014, we have discovered 11 new mineral species with sulfate anions of fumarolic origin. Many of
the fumarolic minerals demonstrate unique structure types with unprecedented and complex architectures
and have no synthetic analogues. Several examples of the recently obtained synthetic sulfate materials
inspired by Nature will be discussed.

This work was financially supported by the Russian Science Foundation through the grant 16-17-
10085.
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A novel phase of phosphate-silicate composition was obtained under soft hydrothermal conditions
(so-called “chemie douce”). The crystal structure of K(Al15Znos)[(P15Sios)O0s] is a three-dimensional
network of two types of tetrahedra, statistically populated by two different atoms (Yakubovich et al.,
2020). In the first case, these are Al and Zn metal atoms, in the second - P atoms (non-metal, typical acid-
forming agent) and Si (metalloid). A mixed type anionic framework built from sharing vertices
alternating (Al,Zn)O, and (P,Si)Os tetrahedra, is stabilized by large K* in the cavities. In the same
structure type minerals celsian, BaAl;Si>Og (Griffen & Ribbe, 1976) and filatovite, K(Al,Zn)2[(As,Si)O4]2
(Filatov et al., 2004) crystallize, as well as a large group of phosphates with first row transition metals
and Al (Yakubovich et al., 2019). The structural feature of the isotypic natural and synthetic compounds
of this family is the close topology of their cationic substructures to that of feldspars with the
characteristic design of “crosslinked Jacob’s ladder” (Taylor, 1933).

A study of the sample using a scanning electron microscope demonstrated an obvious separation of
the crystals in two zones with sharply defined regions of white and gray colours. A microprobe analysis
of polished crystals of K(Al,Zn)[(P,Si)O4]. revealed a clear correlation between the colour of the studied
areas and their chemical composition. Thus, P and Zn atoms on one hand and Si atoms on the other hand
occur distributed between sectors with different colour. The average chemical composition of the light
part of the sample was found to be “phosphate”, while the averaged chemical composition of the dark part
is essentially “silicate”; their idealized formulae are KZnAIP,0g and KAISi;Os.

In accordance with experimental data and detailed crystal chemical analysis we came to the
conclusion that composite K(Al,Zn),[(P,Si)O4]. crystals present the product of an epitaxial intergrowth of
the silicate KAISI[SiO4]. and phosphate KAIZn[PO.]. phases with identical topology of their cationic
substructures and close similar crystal structures (that of minerals orthoclase and celsian, accordingly). In
our opinion, the two-phase crystal studied using X-ray diffraction was the assembly of phosphate and
silicate "coherent intergrowth" with epitaxial “heterostructure”, which could be described in the
framework of a single diffraction pattern due to phase matching of scattered waves.

The proposed scenario is supported by rare cases of isomorphic distribution of P and Si atoms in
oxygen tetrahedra in crystal structures of mineral and synthetic solids. Most often, if these elements
together are part of one crystal, they occupy different structural positions.

The Russian Foundation for Basic Research (grant No. 18-29-12076) is acknowledged.
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B Tteopun ha3zoBBIX TMEpexomOB M3BECTHBl TaK Ha3bIBaeéMble TPUKPUTUYESCKUE TOYKH,
COOTBETCTBYIOIIIME MPEBPALICHUIO B OMHAPHBIX cHcTeMax (ha30BBIX MEPEX00B BTOPOTO poja B (ha3oBbie
Mepexoibl TIEPBOTO pojia C MOPOXKIACHUEM 001acTU paccianBanus pactBopa [1]. Takas TpukpuTHUYeCKast
TOYKa XOpOILIO M3BECTHA JUIsI CHUCTEMBI M3 HM30TOIOB renus [2], a Takxke peanusyercs, HalpuMep, B
pacriaBe CHCTEMBbI cepa-andeH.

HenaBuue wuccnenoBaHusi, NMPOBEJEHHBIE C HCIIOIB30BAaHHUEM BBICOKOTEMIEpaTypHOro PDA,
BBISIBUJIM HAJIMUME TAKUX TPUKPUTHUECKUX TOUEK B TBepaoM cocTossHuu B cucteMe NaNO3-KNO; (Touka
X Ha pucynke) [3], u, mo-Bunumomy, B cucteme Li>SOs-NaSO, [4].
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The internal structure of Co304, and its magnetic behavior has been the subject of many
investigations. Because of the unique magnetic properties of CosOaspinel, as well as their potential use in
technological applications, the study of the magnetic structure of such compounds have been drawing
much attention [1,2]. The magnetism of antiferromagnetic particles has attracted interest because it
exhibits superparamagnetism and ferrimagnetism. Néel suggested that antiferromagnetic fine particles
induce permanent magnetic moments, which he attributed to uncompensated spins in two sublattices [2].

As an important magnetic p-type semiconductor, the spinel cobalt oxide Cos04 is of special
interest in a variety of technological applications and heterogeneous catalysts due to its surface redox
reactivity properties [3]. The Co304 as solid-state sensor is reported to be sensitive to the isobutene, CHa,
Hz, NHs, CO and NO; gases at low temperature. CozO4 shows high-catalytic activity for the oxidation of
CO, N2O catalytic decomposition. Cos04 nano-materials have been used as lithium batteries and gas
sensors [3].

Further understanding of the properties of CosO. bulk and its surface is crucial to potential
development of the technological performance and efficiency of Co3O4-based materials applications.
Co30. is readily accessible and is the thermodynamically stable form of cobalt oxide under ambient room
temperature and oxygen partial pressure. Although, it is well-known that at room temperature CosO. has
the spinel structure, there is still uncertainty about the distribution and valence of the ions in the
tetrahedral and octahedral interstices of the oxygen lattice. Moreover, during a study of cobalt oxides it
was found that the interionic distances in Co3;04 were not well established. In addition, high-pressure
effect on the crystal and magnetic structure of such compounds remain poorly explored.

Therefore, the crystal and magnetic structures of the Co304 spinel oxide have been studied by
means of neutron diffraction on the diffractometer DN-12 of pulse high-flux reactor IBR-2 (Dubna,
Moscow region) at high pressures up to 8.7 GPa in the temperature range 5 — 300K. At ambient pressure,
the long-range ordered antiferromagnetic (AFM) phase is formed below Ty = 33K. An additional
magnetically disordered phase was also found at low temperatures. At high pressure, the Néel
temperature of the AFM phase increases drastically in 1.5 times from 33K (0 GPa) to 51K (8.7 GPa) with
a pressure coefficient dTn/dP = 2.1 K/GPa. The disordered phase is suppressed for P > 2GPa. The
microscopic mechanisms of the observed phenomena are discussed in terms of competing magnetic
interactions.

The work was supported by the Russian Foundation for Basic Research, grant RFBR 18-02-
00359-a.
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Theoretical and experimental findings of the last decade have revolutionary changed our vision of
carbonates crystallchemistry at extreme pressures. The most radical structural change of carbonates at
high pressure is the transition from sp? to sp* hybridisation of carbon, which results in transition from
COa3 triangle to CO4 tetrahedron.

Since the first theoretical prediction of CaCOs; with pyroxene-like chains of tetrahedrons the
question about possibility of silicate-like crystallchemistry for carbonates was stated [1]. Due to more
rigid character of C-O bond in comparison with Si—O, this scenario was considered as unlikely. However,
the further experiments reveal the bunch of structures, which state this question again. There were
synthesised orthocarbonates or island carbonates of four different types: 1) with isolated CO4
tetrahedrons in FesC3012 [2], 2) with tetrades of CO4 tetrahedrons linked by vertices in FeoFe,CsO13 [2],
3) with threefold C309 carbonate rings in MgCOs-11 [3] and dolomite-1V [4]. Carbonates with chains of
CO4 tetrahedrons, which by analogy with silicates can be called inocarboantes, were predicted and
synthesised for both CaCO3; and MgCOs [5]. Fylosilcates with sheets of CO4 tetrahedrons have not been
revealed theoretically or experiemntally. However, carbonate CaC.Os with framework of CO4
tetrahedrons was predicted theoretically by Yao and Oganov [5]. Thus, all the structural types of silicates,
except of phylosilicates, is also typical for carbonates at high pressure.

However, whether the class of tetrahedrally coordinated carbonates is comparable in number of
representatives with silicates, or the found structure are only some exotic cases. To answer this question,
the systematic experimental investigation of different compositions at pressure 50-100 GPa and
temperatures above 2000 K with the use of single crystal X-ray diffraction technique is necessary. Due to
extreme laboriousness of such experiments and limited availability of experimental technique the
systematic theoretical investigation is completely necessary first step on the way of solution of this
complex problem.

In the present work we present the result of such an investigation with the use of evolutionary
(USPEX) and random (AIRSS) crystal structure predictions techniques. With this techniques we
performed the search of sp3-hybridised structures in M.O-CO, and M'O-CO, systems, where M=Li, Na,
K, M'=Mg, Ca, Sr, Ba. As the result the sp® hybridised carbonates M,CO; are found for all the alkaline
metals except of Li. As well as in the case of alkaline-earth carbonates, found sp*-hybridised structures
MCO3 became stable above 100 GPa. The difference, is that in case of alkaline carbonates transition is
not reconstructive. Steady deformation of CO3 triangles produces chains of CO4 tetrahedrons. M4CO.
and M',CQO, orthocarbonates were found for all alkaline and alkaline-earth metals (M=Li, Na, K; M'=Mg,
Sr, Ba). The structures became more energetically favourable then the mixture of corresponding
carbonate and oxide at pressures above 15-30 Gpa. This is sufficiently lower than the pressure of 75-100
GPa, at which sp3-hybridised structures was observed before.

For the investigation of more complex compositions we used the so-called data-minig approach.
The initial structures were constructed based on the analogy with silicates, phosphates and borates. The
systematic search of appropriate structures in ICSD database was performed with TOPOSPro package.

As the result, new stable structures, which will be discussed on conference were, revealed.

The investigation was financially supported by the project of RFBR 20-03-00774.
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In the present work with the use of ab initio molecular dynamic (MD) simulation, we investigate
the rotation disordering of CO3 groups in crystal structures of calcite-like (MgCOs, CaCOs, FeCO3) and
aragonite-like (CaCOs;, SrCQOsz, BaCOs;) carbonates. Up to now, this poorly investigated phenomena
occurs at pre-melting or pre-decomposition temperatures, is known only for calcite. At 1000 K, the CO3
triangles start to flip 30°, and on further heating start to undulate in umbrella-like manner around threefold
axis [1]. As this transition takes place at a temperature sufficiently higher than the temperature of calcite
decomposition the dense CO, atmosphere of nearly 0.4 Mpa is necessary. Due to the experimental
difficulties in permance of such an experiments, around a century was necessary to competely elucidate
this sort of disordering in calcite. Thus, the absence of findings of similar phenomena on other carbonates
with calcite structure can be attributed to the lack of experimental data. The similar investigations of
aragonite-like carbonates are absent at all. In the last case, the situation is complicated by the necessity to
apply pressure, as at ambient pressure aragonite (CaCQ3), strontianite (SrCO3), and witherite (BaCO3)
transforms to calcite-like structures. This is still an open question whether dynamically disordered
aragonite can be formed in subducting slab within transition zone or lower mantle. The same is true about
high-pressure phase of alkaline-earth carbonates post-aragonite, which high-temperature structural
changes have not be investigated et all. This was the motivation for us to determine the PT boundaries
between normal and disordered phases for aragonite and post-aragonite phases of CaCOs, SrCOs, and
BaCOs; and analyse the possibility of their appearance in the Earth’s interiors.

With MD simulations (VASP package) and evolutionary metadynamic calculations (USPEX
package), we also predict the intermediate phases, realised during aragonite to calcite transformation.
These are structures with different numbers of close packed (cp) Ca-layers. Their enthalpy is lower than
that of aragonite but higher than that of calcite (Fig.1). For the structures with number of cp layers higher
than three, the enthalpy per formula unit remains the same (Fig.1). Our transition electron microscopy
(TEM) experiments confirm the formation of 8-layered polytype during mechanical grinding of aragonite,
in consistence with theoretical predictions. The realisation of predicted hexagonal 2-layered structure
(called hexarag) during aragonite heating is disputable. Performed high-temperature XRD experiment
does not give any arguments for its formation.

Microstructure is one of the main factors, determing the temperatures and even mechanism of
phase transition. The effect of microstructure on aragonite to calcite transformation has not been analysed
before. In our work, we present the result of microstructural investigations with TEM of aragonite crystals
from different localities and show their inherent
twinning by {001}. With differential thermal analysis
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Buonoruueckne 0OBEKTH 1 OMOMHMETHKHA MHTEPECHBI KaK ¢ TOYKH 3peHusl (yHIaMeHTaIbHBIX
WCCIIEIOBAaHMM, TaK U JJIS CO3/IaHUS HOBBIX JIEKApCTB U MaTepuasoB. ['yaHWH — a30THCTOE OCHOBAaHME,
Bxogsmiee B cocra JIHK u PHK. OcoOyro OHOIOrHYecKyr0 Ba)KHOCTh MPEACTABISAIOT COCIUHEHUS C
(¢parMeHTaMH «TyaHUH — KATHOH IIEJIOYHOr0 MeTajuia», (0COOCHHO ¢ Kamuem). M3-3a HU3KOH
pacTBOPUMOCTH B OOJILIIMHCTBE PACTBOPUTENEH, H3BECTHO OTPAaHUYCHHOE KOIMYECTBO COCTMHEHHI
TyaHWHA, OTJIEbHYIO MIPOOJIeMY MPEeACTaBISAET MOTy4YeHHE MOHOKPHCTAIIIOB.

Hamu MeromamMu MOHOKpUCTaNbHOM peHTreHoBCKOM nudpakumu u KP-cnekrpockornuu, B ToM
YHclie TIPU TepeMeHHBIX Temreparypax (oT komHaTHOM 10 100 K) u BBICOKMX TaBIEHHUSX MPOBEAECHO
CPaBHUTENIbHOE HCCIIeIOBAaHIE MOHOKPHCTAJIOB THIPATOB HATPUEBOW M KaJIMEBOM COM T'yaHHWHa, BTOpas
13 KOTOPHIX IMOSTydyeHa Hamu BrepBble. COMOCTaBIeHBI CaMH KPUCTAJUTNIECKHNE CTPYKTYPHI, aHU30TPOIHS
WX CKaTusi, 00sacTH ()a30BBIX IEPEXOJIOB U XapaKTep CTPYKTYPHBIX H3MEHEHUH B XOJIE OTHX ITEPEXOJIOB.

Pabora BrmonHena B pamkax rocyaapcrseHHoro 3aganus UK CO PAH (mpoekt AAAA-A19-
119020890025-3).
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High pressures can influence the structure of different materials leading to a number of interesting
phenomena like phase transitions, changes in conductivity, amorphisation, metallisation etc. Pressures can
also be used for chemical synthesis and often lead to formation of previously unknown solvates and
clathrates. In order to understand all these phenomena one needs to know exact structure changes caused
by high pressures. X-ray diffraction with diamond anvil cells (DACSs) is widely used to determine crystal
structures for most organic, inorganic and biological crystalline samples. The quality of diffraction data is
critically important for obtaining reliable information on atomic coordinates and intermolecular distances.
The recent improvements in high-pressure X-ray diffraction were related not only to technical aspects of
diffraction experiment (new DAC designs, fast and sensitive detectors, brilliant X-ray sources), but also
to development of a new software for sample centering, absorption correction, recognizing and excluding
unwanted reflections that do not belong to the sample, data reduction, finding the orientation matrices for
several crystallites in the same diamond anvil cell. The recent developments in instrumentation and
software allowed even determination of electron charge density distribution for such a samples.

All types of high-pressure studies require rigorous experimental planning and special methods of
X-ray diffraction data treatment since the crystal is not “free” but located in confined environment in
hydrostatic liquid inside DAC with certain construction with limited opening windows for X-ray probe. A
lot of questions can arise on planning the experiment: which pressure transmitting media to choose? how
fast the pressure should be increased? Is not it better to perform all the experiments at synchrotron rather
than at lab source if | have this opportunity? which factors should be taken into account on data collection
and reduction? This list of issues is quite far from being complete. The aim of my contribution is to give a
brief overview of the most interesting and useful generally arizing questions and ty to answer them. |
would also like to highlight the importance of considering some “hidden” factors like choice of pressure
transmitting media, pressure variation protocol and diffraction equipment while planning and performing
the diffraction measurements to obtain the most reliable results of high-pressure experiment.

The work was supported by a grant from RFBR (19-29-12026 mkK).
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Titanium-oxygen (Ti-O) system is an important object from both fundamental and applied
viewpoints since titania compounds, depending on nonstoichiometry, possess properties which show
much promise for the application in metallurgy, nanoelectronics, data and energy storage, photocatalysis.
The crystal structure, microstructure, morphology and the electronic structure in the Ti-O system strongly
correlate with stoichiometry, which enables compounds with desired functional properties to be produced
[1, 2]. The aim of this work is to study the thermal stability and chemical transitions in Ti.O3 micro- and
nanocrystals in the temperature interval from 300 to 1200 K using magnetic susceptibility method.

In situ studies of the thermal stability and transformations in titanium (111) oxide Ti.Os with
corundum structure by using magnetic susceptibility method in the temperature range from 300 to 1200 K
revealed that the crystal size had a large effect on the magnetic susceptibility value, structure and
transformations in Ti.Os. Analysis of the experimental data showed that Ti,Os microcrystals and
nanocrystals is weak paramagnets. In addition, the in situ temperature dependences of magnetic
susceptibility showed that the crystal size greatly affects the value of magnetic susceptibility; the
magnetic susceptibility value of nanocrystals is twice as small in absolute magnitude as that of
microcrystals.

The structure of Ti,O3 microcrystals is stable during long-term annealing in vacuum, according to
the analysis of X-ray diffraction patterns, the crystal structure of Ti,Os microcrystals with corundum
structure (sp. gr. R3c) remains trigonal, the intensity of diffraction reflections of Ti.O3 phase increases in
the X-ray diffraction patterns. Analysis of reflection intensity variation revealed that the structural-phase
state, namely the degree of Ti,Os3 crystallinity, changed during long-term annealing in vacuum.

Vacuum annealing of Ti>Os nanocrystals in the temperature range from 300 to 1200 K
demonstrated that the system was not stable. In the temperature region from 300 to 400 K, the structure of
initial Ti,O3 nanocrystal remains trigonal; annealing of Ti.O3 nanocrystals at temperature above 400 K
leads to phase transformations and, as a result, to magnetic susceptibility enhancement. X-ray diffraction
analysis shows that after annealing to 673 K the powder contains additional phases of TigO10 (Sp. gr.
Immm), TieO17 sp. gr. 11), Ti;Os phase (sp. gr. R3c). In the temperature interval of 673-873 K, an
insignificant increase in the magnetic susceptibility value is observed. According to XRD data, upon
annealing to 873 K the TigO1o (sp. gr. Immm), Ti,Os (sp. gr. R3¢c) and TisO7 (sp. gr. A1) phases are
observed. When the temperature rises above 873 K up to 1200 K, stable oxide TizOs (sp. gr. 12/c) is
formed. Thus, the experimental results show that the phase stability and phase transitions in Ti,O3 are
greatly affected above all by the crystal sizes.

The reported study was funded by RFBR according to the research project No. 19-03-00051a.

Andersson S., Collen B., Kuylenstierna U., Magneli A. Phase-analysis studies on the titanium-
oxygen system. Acta Chem. Scand. 1957. Vol. 11. P. 1641-1652.

Valeeva A A., Rempel S.V., Schroettner H., Rempel A.A. Influence of the degree of order and
nonstoichiometry on the microstructure and microhardness of titanium monoxide. Inorg. Mater. 2017. V.
53. P. 1174-1179.
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One of the modern methods of creating refractory ceramic nanocomposites based on SisN4 is
application of ultra-thin coatings of oxides on silicon nitride powder particles of various dispersity and
their subsequent compaction by spark plasma sintering (SPS) method.

The development of the plating technology of nanopowders with ultra-thin layers of oxides
requires optimization of deposition modes, including the solution of the SisN4 pre-agglomeration
problem.

Powder compositions were obtained in three ways: (1) Pechini method (with the addition of citric
acid) and (2) deposition in gelatin matrix, and also (3) the vacuum dispersal method. The intermediate
products obtained from the syntheses were annealed in stages for 2—8 hours at 300, 500, 800, 1000°C with
grinding in the agate mortar between stages.

Powder samples annealed to 1000°C and their intermediates, which annealed for 3 hours at 300°C,
were compacted by spark plasma sintering method.

Sintering was carried out on the “Dr. Sinter model SPS-625” (SPS Syntex, Japan) in vacuum in a
graphite mold with an inner diameter of 12 mm. The heating speed was 50°C/min, pressure was 70 MPa,
the sintering temperature varied between 1200-1680°C.

Control of phase composition of powders and ceramics was carried out on X-ray diffractometer
“Shimadzu XRD-7000” (CuKa, A=1.54 A). The microstructure of the powders and ceramics was studied
by scanning electron microscopy technique on the JEOL JSM-6490.

The reported study was funded by RFBR, project number Ne19-33-60084.
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PenkozemenbHbie QocdaTbl MOXKHO OTHECTH K TpPEM Pas3IHYHBIM MPHPOJHBIM MHHEpaIaM:
MoHAIUT, pabmodpan u kceHormMm [1]. Marepuassl Ha WX OCHOBE MPHUMEHSETCS B KayecTBE
JTOMUHO(OPOB, TepMOOAPbEPHBIX TOKPHITHI, KepaMuKH. [Ipr HarpeBaHuM CTpyKTypa pabmodana tepsier
BOMly, TepexoAs B METacTaOMIBbHOE COCTOSHHE C IOCTEIYIONMM HEOOPAaTUMBIM CTPYKTYPHBIM
MPEBpAIICHUEM B MOHAIUT UM KCEHOTHUM B 3aBHCHMOCTU OT UCXOmHOro katuoHa [2]. Lleiar pa®orer —
MOJyYEeHHE C WCIIOAB30BAHUEM THAPOTEPMATbHO-MUKPOBOIHOBOH 00pabotku [3] HaHOpasMepHOro
Lao15Y0.85PO4, M3yueHHE €ro KPUCTAINTUIECKON CTPYKTYPhI M TEPMHUUYECKOIO TTOBEICHUSI.

CrHTe3 HAHOYACTHII TMPOM3BOAMIM METOJOM COOCRXJECHUS W3 BOJAHBIX  PacTBOpPOB
La(NOs3)3-6H20 Y(NO3)3-5H.0 u NH4H:PO, npu komuaTHO# Temriepatype u pH=1. T'uaporepmanbHas
obpaborka (I'TO) ¢ MHKpOBOJHOBBIM HArpeBOM OCYIIECTBIsIack B peaktope Monowave 400 (Anton
Paar) mpu T=180°C u BpemeHH H30TEepMHUYECCKOW BbiAEpKKH T=120 MHHYT, mOcie dYero obpaserl
MPOMBIBAJICS TUCTUITMPOBAHHON BOJOM, BBICYIIUBAJICS U PACTUPAJICS B CTYIIKE.

Cpemka mudpakTorpamMm ocyiiecTBisuiack Ha  audpakromerpe  Shimadzu  XRD7000,
ocHaieHHOM TepmonpuctaBkoii Anton Paar HTK 1200 N, B guanazone temmepatyp 100 — 1000°C ¢
marom 100°C. Ilosenenue odpasua Taxke uzydain merogoM ATA, ICK u TT' Ha npubope CHHXPOHHOTO
tepmuueckoro anammza NETZSCH 449 F3Jupiter B mmatmHoBOM THIIE B aTMocepe BO3ayXa CO
CKOpOCTBhIO HarpeBa 10°/MuH.

I[lo panaeiM P®A ocaxaennsiii optodpochar P3D mo I'TO mnpeacrasiasier coOoi
pertreHoamopdusiit ocazok. [Tocie I'TO wnu criekanuu Ha Bo3ayxe 10 800°C ocamok KpHUCTALIU3YeTCs
B FeKCaroHaJbHOW CHHT'OHMH, COOTBETCTBYIOIICH MuHepainy padnodan. Ha JITA kpuBoit peructpupyercs
SHAOTEpMHUYECKUH MUK npu 772°C, COOTBETCTBYIOIIMH KPHCTA/UIM3al[MM MOHAIMTA M3 aHajau3a
TG paKTOrpaMM CIICYEHHBIX MOPOIIKOB. Pa3smep kpuctamiutoB pabdmodana mociae I'TO okomao 60 HM,
JabHEHIIee MOBBIIICHHE TeMIepaTyphl MPHUBOAUT K YaCTUYHOW TpaHC()OpManud B MOHOKIMHHYIO U
TeTparoHaibHYIO CTpYKTyphl. st cnedennoro mpu T=1000°C moporika meron PutBenbiaa mokaszan
coJiepKaHNe MOHOKIMHHONM M TeTparoHambHOW cTpykTypsl — 40% u 60%, coorBerctBeHHo. Ha
midpakTorpaMMax MOKHO OTMETHTh HpHOpHTETHOe HampaBienune h00 pocra wactwmm. Mopdomorus
gactun padnodana, uccineqopannas Ha COM, — MIECTHYTONBHBIE IPU3MBI, KOTOPBIE TPaHCHOPMHUPYIOTCS
C POCTOM TEMIIEpaTyphl B HIJIOMOAOOHBIE YaCTHIIH MOHAIHTa. [0

W3 TBepmoro pacTBopa Ha OCHOBE MOHAIIUTA MOTYT OBITH TOXYYEHBI ABYX(a3HbIE KEpaMUIECKHE
Matepuansl. PaGnodan, comepxkammii 85% Y (oT obmiero umcia KATHOHOB) SBISETCS OOIIMM
MPEeKypcopoM il Kepamudeckux oprodochaTtHbix marepuanoB. Tepmopentrenorpadueit m JICK
MoKa3aHo, 4ro coemauHeHue LagisYoesPOs kpucrammusyercs B MoHamuT-kKceHOTHM mipu 1>800°C.
Kepamudeckne wmaTepuaibel Ha OCHOBE MOHAIIUTA-KCEHOTHMa OO0NAalal0T BBICOKOW TeMIIepaTypoit
IJIaBJICHUS, YAAPOIIPOYHOCTHIO, paO0TOCIOCOOHBI IPH IIUTENBHBIX TEMIEPATYPHBIX BO3ICHCTBHSIX.

Pabora BemmonHeHa mpu noaepxkke rpanta POOU Ne 18-29-12119.
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In recent years, iron oxide nanoparticles are very popular materials in many fields of science,
medicine, industry and agriculture, due to their unique properties such as biocompatibility, magnetic
properties, and environmental safety [1]. Applications in a specific field of research require that
nanoparticles have certain properties, structure, morphology, and phase composition. It is known that
these characteristics are significantly influenced by the choice of the synthesis method, and, in addition,
the conditions for its implementation. Currently, there are many works devoted to the study of the effect
of synthesis conditions on certain characteris