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SPONSORS 
 

 
 

https://sas24.ru/ 
 

ООО «Сибирские аналитические системы» (Siberian Analytical Systems, LLC) 
specializes in the supply of analytical instruments, process control equipment, high-per-
formance sample preparation systems, as well as turnkey laboratory construction and 
providing engineering services throughout Russia. 

The company's core business focuses on thermal analysis equipment, FTIR, and UV-
Vis spectrometers. The company supplies complex spectral systems: ICP-MS and ICP-
AES spectrometers, X-ray spectrometers and diffractometers, FTIR spectrometers, and 
atomic absorption spectrometers manufactured by PG Instruments, Yosion, and NCS 
Testing Technology. 
 

ООО «Сибирские аналитические системы» - компания, специализирующаяся 
на поставках аналитических приборов, оборудования для технологического кон-
троля и высокопроизводительных систем пробоподготовки, а также строитель-
стве лабораторий "под ключ" и оказании инжиниринговых услуг по всей России. 

Основные направления деятельности ООО «Сибирские аналитические си-
стемы» - оборудование для термического анализа, ИК-Фурье и УФ-Вид спектро-
метры. Компания занимается поставкой сложных спектральных систем: масс-
спектрометров с индуктивно связанной плазмой, атомно-эмиссионных спектро-
метров с индуктивно связанной плазмой, рентгеновских спектрометров и дифрак-
тометров, ИК-Фурье спектрометров, атомно-абсорбционных спектрометров про-
изводства компаний PG Instruments, Yosion, NCS Testing Technology. 
  

https://sas24.ru/
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https://imc-systems.ru/eng/ 
 

ООО «Группа Ай-Эм-Си» (IMC Group, LLC) is a leading developer of integrated 
solutions for industry and scientific research. The company focuses on equipping labor-
atories with analytical, process, and testing equipment, and creating environmental 
monitoring and automated emission control systems. 

The in-house assembly facility allows IMC Group to quickly assemble and custom-
ize environmental monitoring equipment and systems for specific projects. The compa-
ny's engineers provide a full cycle of services: pre-project surveys and specifications, 
design, supply, installation, commissioning, methodological support, personnel train-
ing, maintenance, equipment repair, and metrological support (preparation for metro-
logical verification of equipment). 
 

https://imc-systems.ru/ 
 

ООО «Группа Ай-Эм-Си» — ведущий разработчик комплексных решений для 
промышленности и научных исследований. Ключевые направления работы: осна-
щение лабораторий аналитическим, технологическим и испытательным оборудо-
ванием, создание систем экологического мониторинга и автоматического кон-
троля выбросов (САКВ).  

 Собственное сборочное производство позволяет оперативно комплектовать и 
собирать оборудование и системы экомониторинга под объект. Инженеры компа-
нии обеспечивают полный цикл работ: предпроектное обследование и составле-
ние ТЗ, проектирование, поставку, монтаж и пусконаладку, методическую под-
держку и обучение персонала, сервисное обслуживание, ремонт оборудования и 
подготовку к поверкам. 

https://imc-systems.ru/eng/
https://imc-systems.ru/
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CHEMICAL THERMODYNAMIC STUDY OF ENERGY MATERIALS 

Shi Quan 

Thermochemistry Laboratory, Dalian Institute of Chemical Physics,  
Chinese Academy of Sciences,  

Liaoning Province Key Laboratory of Thermochemistry for Energy and Materials,  
Dalian Technology Innovation Center for Energy Materials Thermodynamics 

116023, Dalian, PR China, Liaoning Province 
 

Energy materials serve as the carriers for energy conversion, storage, and utilization. In 
these energy-related processes, chemical thermodynamics plays an irreplaceable role in 
providing guiding principles for the efficient conversion and clean utilization of energy 
materials. Consequently, the study of the thermodynamic properties of energy materials 
is of great significance for the design and synthesis of advanced energy materials. In 
this lecture, I will discuss the recent research progress of our group in the chemical 
thermodynamic study of energy materials. First, I will present our work on constructing 
adiabatic calorimeters for thermodynamic property measurement. We designed and de-
veloped a refrigerator-cooled adiabatic calorimeter for measuring the heat capacity of 
condensed matters within the temperature range of 4 to 100 K. The optimized repeata-
bility and accuracy were determined to be within 0.8% and 1.5%, respectively. Addi-
tionally, we developed an adiabatic calorimeter for thermal safety assessment and used 
it to study the thermal decomposition reaction of di-tert-butyl peroxide. Second, I will 
elaborate on the thermodynamic property studies of various energy materials, including 
phase change materials (PCMs), magnetic materials, and CO₂ adsorption materials. 
These studies demonstrate that heat capacity calorimetry is a powerful tool for investi-
gating the thermodynamic properties of energy materials. Finally, I will introduce the 
concept of “Spatiotemporal Phase Change Materials” we proposed recently, in which 
the thermodynamic properties of PCMs can be regulated to achieve controllable utiliza-
tion of latent heat. Based on this concept, we designed and synthesized a series of eryth-
ritol-based composite phase change materials, which show promising potential in the 
field of long-term thermal energy storage and controllable utilization. In summary, this 
lecture outlines the research work of our group in calorimetry techniques, thermody-
namic property analysis and regulation of energy materials, highlighting the critical role 
of chemical thermodynamics in the research and practical application of energy materi-
als. 
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THERMODYNAMIC TUNING AND DATABASE  
ON NEW ENERGY MATERIALS 

Sun Lixian, Fen Xu, Xia Yongpeng, Zhang Huanzhi,  

Luo Yumei, Zou Yongjin, Chu Hailiang 

Guilin University of Electronic Technology 
541004, Guilin, PR China, Jinji Road, 1 

 
New energy materials have attracted many researchers’ attention. Hydrogen is regarded 
as one of the most promising alternatives to the energy crisis due to its high heating 
value, wide availability, and environmental compatibility. The primary technical com-
ponents of the hydrogen energy system cover the production, supply, storage, conver-
sion, and employment of hydrogen, among which the storage and conversion of hydro-
gen are consistently the keys to the effective utilization of hydrogen energy. Studies of 
economic, highly efficient, and safe hydrogen storage materials are of great importance 
in fuel cell-based vehicles. On the other hand, the application of phase change materials 
(PCMs) for solar thermal-energy storage has received considerable attention in recent 
years due to their high storage density.  

In recent years, our research effort has been focused in developing hydrogen storage 
and PCMs based on micro/nano-technology, Li ion battery, fuel cells, hydrogen sensors, 
etc. The promising nanomaterials for hydrogen storage materials such as MHx: M= Mg, 
La, Ni, etc., alanate, borohydride, and MOFs were conducted in our lab. Several com-
posite PCMs with good performance have been synthesized through in-situ assembly, 
and their applications in thermal regulation of gypsum boards are presented.  

The data-driven research paradigm-integrated high-throughput calculations, data-
base, and machine learning is appealing to accelerate new material development. Re-
cently, we will introduce our results on establishing a Materials Genome Initiative da-
tabase and the property prediction based on machine learning for hydrogen-storage ma-
terials. Finally, we will summarize the thermodynamic regulation and database con-
struction for hydrogen/heat energy storage and some other recent results in my group. 

1. Z.X. Zhao, F. Xu, L.X. Sun, et al., Journal of Alloys and Compounds, 1062 (2026) 
187580. 

2. J. X. Liu, P. R. Huang, S. P. Verevkin, S. V. Vostrikov, L. X. Sun, F. Xu, Z. W. 
Liu, H. G. Pan, et al., eScience, 6 (2026) 100506. 

3. J.D. Lin, C.C. Ji, F. Xu, L.X. Sun, Wilhelm Pfleging, Kostya S. Novoselov, et al., 
Angewandte Chemie International Edition, (2025) e202501721. 

4. Y.X. Jia, B. Han, Y.J. Zou, L.X. Sun, Y. Du, L.X. Chen, X.Z. Xiao, Advanced 

Materials, 36 (40) (2024) 2406152. 
5. P. Cai, L. Ding, Z.M. L.X. Sun, et al., Advanced Functional Materials, 33 (2023). 
6. Wei, S.; Sun, L.; et al. Adv. Funct. Mater. 2022, 32, 2110180. 
7. Huang, P.; Sun, L.; et al. Scientia Sinica Chimica 2022, 52, 1863. 
8. Xia, Y.; Sun, L.; et al. ACS Appl. Mater. Interfaces 2020, 12, 41398. 
9. Xia, Y.; Sun, L.; et al. Chem. Eng. J. 2019, 362, 909. 
10. Xia, Y.; Sun, L.; et al. J. Mater. Chem. A 2017, 5, 15191. 
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THERMODYNAMIC INVESTIGATION  
OF NEW ORGANIC AND POLYMERIC MATERIALS 

Markin A.V., Sologubov S.S. 

Lobachevsky State University of Nizhny Novgorod 
603022, Nizhny Novgorod, Gagarin Avenue, 23 

 
Knowledge of the thermodynamic properties of chemical compounds and materials al-
lows us to determine the best options for the processes involving them. The introduction 
of new materials in various fields of science and technology requires the study of the 
physico-chemical properties of compounds to optimize their production processes and 
rational use. Precision calorimetry is a powerful tool for studying the fundamental phys-
ico-chemical characteristics (heat capacity, enthalpy, entropy, thermodynamic poten-
tials) of substances and materials. The most important aspect of this study is the deter-
mination of the thermodynamic characteristics of phase transitions. 

In this work, the phase transitions of macromolecular nanoobjects (organosilicon and 
liquid crystal dendrimers of various natures, polypeptides, active pharmaceutical sub-
stances, bistable transition metal complexes with complex organic ligands, and organic 
derivatives of fullerene C60 and C70 were studied over a wide temperature range (6-
650 K). Using low-temperature adiabatic calorimetry, the temperature dependences of 
their heat capacities were studied, the thermodynamic characteristics of phase transi-
tions were determined, including the values of configuration and zero (residual) en-
tropy; their physico-chemical interpretation was carried out taking into account the com-
position and structure of compounds. For the first time, using precision calorimetry 
methods, structural effects in dendrimers were revealed: a low–temperature anomaly 
caused by subtle vibrations of fragments of the inner sphere and the surface layer of 
macromolecules (G1–G4), as well as a high-temperature relaxation transition ("na-
noscale effect") for G5-G6 dendrimers; a hypothesis of the occurrence of transfor-
mations was proposed and discussed; their thermodynamic properties were determined 
and analyzed. characteristics for several representatives of a number of dendrimers. 
Along with the peculiarities of the molecular structure, the identified effects open up 
new possibilities for using dendrimers for medical purposes, namely for targeted drug 
delivery to affected cells of the body. Polymorphic transitions have been identified for 
pharmaceutical substances in the crystalline state; their thermodynamic characteristics 
(temperature, enthalpy, entropy) have been determined and analyzed. In the case of 
some substances, thermodynamically metastable (supercooled) states were obtained. 

A complex of standard thermodynamic functions has been defined for all the studied 
objects, which is necessary for modeling various processes involving promising mate-
rials and constructing phase diagrams. The revealed «structure – property» relationships 
are of interest for predicting the properties of compounds and functional materials based 
on them that have not yet been studied. 

 
This work was carried out with the financial support of the Ministry of Science and 

Higher Education of the Russian Federation (FSWR-2026-0013). 
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MULTICOMPONENT EQUIATOMIC SOLID SOLUTIONS 
Rempel A.A. 

Vatolin Institute of Metallurgy UB RAS 
620016, Ekaterinburg, Amundsena st., 101 

 
Multicomponent solid solutions are of interest from scientific and practical point of 
view. Thus, this review describes several methods of synthesis of such solid solutions, 
their disordered atomic structure and novel functional properties. 

Development and preparation of materials with prescribed properties is one of the 
tasks of chemistry.  Traditional method of solving such a task for metallic materials 
consist of selection of base chemical element and post doping of this element by others 
elements in low amounts. Nevertheless about 20 years ago the development of materials 
made of five or more elements with nearly equivalent amount is began. 

As a result, almost simultaneously by few independent groups of researches a new 
type of materials were developed and named as high-entropy materials.  High-entropy 
materials are groups of constrictive and functional materials based on multicomponent 
equiatomic solid solutions [1]. 

 
1. Gelchinski B.R., Balyakin I.A., Yuryev A.A., Rempel A.A. High-entropy al-

loys: properties and prospects of application as protective coatings // Russian Chemical 
Reviews. 2022. V. 91. P. RCR5023. 

Work is done according to the state task of IMET UB RAS and Russian Science 

Foundation Grant No. 25-43-00148 with the usage of CCU "URAL-M" equipment. 
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BEYOND POINT-LIKE CHARGE MODEL:  
A SELF-CONSISTENT THEORY FOR ELECTROLYTE CONDUCTIVITY 

Budkov Yu.A.(1,2), Kalikin N.N.(2) 
(1) HSE University 

123458, Moscow, Tallinskaya st., 34 
(2) G.A. Krestov Institute of Solution Chemistry of RAS 

153045, Ivanovo, Akademycheskaya st., 1 
 

In this plenary talk, we will discuss the Self-Consistent Debye-Hückel-Onsager 
(SCDHO) theory [1], a major theoretical advancement in understanding electrolyte con-
ductivity. This theory incorporates the non-local charge distribution of solvated ions, 
going beyond the point-charge approximation used in classical theories for almost a 
century. We model ions with Slater-type charge form factors to regularize the Coulomb 
potential at short distances. This captures the fact that an ion's charge is distributed over 
a finite volume due to its electronic structure and solvation shell. Our theoretical frame-
work is based on a solid foundation in statistical mechanics, combining classical density 
functional theory (cDFT) with the Ornstein-Zernike formalism. This approach provides 
analytical expressions for three key factors contributing to ionic conductivity: the mean-
field effect, the correlation (aka relaxation) effect arising from the distortion of the ionic 
atmosphere, and the electrophoretic effect resulting from hydrodynamic drag. Im-
portantly, we find that the electrophoretic effect predominates at high concentrations, 
while the correlation effect becomes negligible. This result clarifies long-standing ques-
tions about the relative significance of these effects and provides a more accurate un-
derstanding of ionic conductivity. The predictive power of the SCDHO theory has been 
demonstrated through extensive validation against experimental data. We have success-
fully reproduced molar conductivities for a wide range of electrolytes, including 1:1, 
2:1, and 3:1 salts, over a concentration range from dilute to highly concentrated solu-
tions. The model accurately captures the temperature dependence using only known 
solvent properties, without the need for additional fitting parameters. It also extends 
seamlessly to non-aqueous solvents, such as methanol, ethanol, and dimethyl sulfoxide. 

A particularly interesting outcome is the determination of ion-specific charge smear-
ing lengths. These parameters can be transferred across different electrolyte systems and 
have a clear chemical meaning. For halides, the smearing length increases as we move 
from fluoride to iodide, reflecting trends in electronic polarizability and the solvation 
shell structure. The framework we have developed is general and can be applied to 
multi-electrolyte solutions. Furthermore, by reducing the empirical component by cal-
culating smearing lengths from first principles, we can transform the SCDHO theory 
into a fully predictive tool. This work provides a robust and physically grounded frame-
work for predicting electrolyte conductivity over a wide range of conditions, with sig-
nificant implications for areas such as electrochemistry, energy storage, and biophysics. 

1. Budkov Y.A., Kalikin N.N. Conductivity of electrolyte solutions: self-consistent 
Debye-Hückel-Onsager theory // Physical Chemistry Chemical Physics. 2026. Vol. 28, 
Nr 12. P. 1–13. https://doi.org/10.1039/d5cp04521e 

https://doi.org/10.1039/d5cp04521e
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QUANTIFICATION OF DISPERSION INTERACTIONS  
BY USING THERMOCHEMICAL METHODS 

Verevkin S.P. 

Samara State Technical University 
443100, Samara, Molodogvardeyskaya st., 244 

 
Dispersion is the superordinate concept for attractive forces, which act between sepa-
rated molecules or molecular fragments even in the absence of charges or permanent 
electric moments. These interactions are generally responsible for the thermodynamic 
stability and the structuring of the solid and the liquid state. Dispersion forces between 
molecules are much weaker than the covalent bonds within molecules. Due to this rea-
son, it is not easy to give a quantitative interpretation of dispersion, because the size of 
the attraction varies considerably with the size of interacting molecules and their shape. 

In this lecture we show our understanding of dispersion forces in large molecular 
systems and quantify them using experimental thermodynamic methods. Experimental 
methods: combustion calorimetry, differential scanning calorimetry, solution calorime-
try, as well as with thermogravimetry and vapour pressure determination using Quartz 
Crystal Microbalance method, Knudsen method, transpiration technique, and static 
method). Theoretical methods: high level ab initio methods as well as correlation ap-
proaches between energetic properties and the structure of the molecules. 

In the focus of this study are aromatic hydrocarbons, where attractive forces between 
− orbitals of benzene rings could stabilize energetics of the molecule. Moreover, dis-
persion forces are analyzed in homologous series of the molecular and ionic compounds. 
The combination of experimental methods for determination of the interaction in the 
condensed phase with theoretical methods allows for quantification of dispersion inter-
actions in the condensed phase and in gas-phase. 

Acknowledgments: This work was supported by the Ministry of Science and Higher Edu-

cation of the Russian Federation (theme No. FSSE-2025-0006) as part of the state task of the 

Samara State Technical University 
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SCIENTIFIC LEGACY OF NATALIA SMIRNOVA:  
PHYSICAL CHEMISTRY FROM THE PERSPECTIVE  

OF MOLECULAR THERMODYNAMICS 
Victorov A.I. 

Saint Petersburg State University 
199034, St. Petersburg, Universitetskaya Embankment, 7 

 
Conferences of this series started 65 years ago, but we 
owe to Natalia Smirnova the rebirth of these conferences 
(under the present name and logo) in 2002, after an almost 
10-year break. 

Corresponding member of RAS Natalia Alexandrovna 
Smirnova (1933-2023) is widely known for her outstand-
ing contribution to Physical Chemistry. Professor and 
Chair of Physical Chemistry at St. Petersburg State Uni-
versity, the recipient of numerous scientific and State 
awards, she served on the editorial boards of several rep-
utable journals and chaired Section of Physical and Colloid Chemistry of the Mendeleev 
Russian Chemical Society. 

Her early scientific career started under the leadership of Prof. Storonkin, within the 
walls of the world-famous St.Petersburg Thermodynamic school  that traces back to 
Konovalov and Vrevsky in the early 1900s. Later, her pioneering works combined ex-
periment, theory and computer simulation in the studies of phase equilibria and interfa-
cial phenomena, liquid crystals and self-assembly in complex fluids [1-4].  

The novelty of her approach lied in extensive use of Statistical Thermodynamics for 
solving problems of Physical Chemistry, and in a while she herself became an interna-
tionally recognized leader of St.Petersburg school of Molecular Thermodynamics. More 
than 10 years prior to the appearance of the celebrated SAFT theories, she formulated 
the same idea in different mathematical language for the description of nonuiniform 
fluids [1]. Her excellent textbook [5] translated in many languages is part of curricula 
of many generations of undergrads and PhD students studying Chemistry. More than 20 
PhD and 4 DrSci degrees have been performed under her supervision. Colleagues and 
former students keep in memory her bright personality and outstanding mentorship. 

Some of the original Smirnova’s ideas are applied and developed further in a number 
of contributions at this conference. 

1. Smirnova N. A. Fluid Phase Equilib., 1978, 2, 1−25. 
2. Smirnova N.A., Victorov A.I. In: Equations of state for fluids and fluid mixtures. 

Ed: Sengers J.V. et al., Elsevier, 2000, 255-289. 
3. Smirnova N. A. J Colloid Interface Sci., 2009, 336, 793–802.  
4. Morachevsky A.G. et al., Thermodynamics of vapor-liquid equilibrium, 1989, 

Khimia, 344p (in Russian). 
5. Smirnova N.A. Methods of Statistical Thermodynamics in Physical Chemistry, 

1982, Vysshaya Shkola, 422p (in Russian). 
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HEXAALUMINATES WITH MAGNETOPLUMBITE STRUCTURE  
FOR ADVANCED THERMAL BARRIER COATINGS:  

THERMODYNAMIC AND THERMOPHYSICAL PROPERTIES 
Gavrichev K.S., Guskov V.N. 

Kurnakov Institute of General and Inorganic Chemistry RAS 
119991, Moscow, Leninsky prospect, 31 

 
To protect parts of power plant and aircraft engine turbines that are explored at high 
temperatures and high-temperature corrosion, thermal barrier coatings (TBC) are used, 
which have a number of requirements for thermal conductivity, thermal expansion, cor-
rosion resistance at high temperatures and long-term stability [1]. An increase in turbine 
efficiency can be achieved by using advanced ceramic coatings with higher perfor-
mance. In particular, hexaaluminates with a magnetoplumbite structure are among the 
most promising candidates for TBC [2]. 

Based on experimental measurements of heat capacity, enthalpy of formation, ther-
mal expansion, and thermal conductivity were made the conclusions about the prospects 
of using magnetoplumbite structure hexaaluminates LaAl11O18, REMgAl11O19 (RE=La-
Gd), LaM(II)Al11O19 (M(II)=Mn,Zn,Co,Cu), as well as solid solutions (NdS-
mGd)1/3MgAl11O19, (LaPrNdSm Gd)1/5MgAl11O19, La(MgMnCu)1/3Al11O19, 
La(MgMnZnCoCu)1/5Al11O19 as components of TBC materials. 

The stability of the studied hexaaluminates in the high temperature range was ana-
lyzed based on the temperature dependence of the Gibbs energy of possible decompo-
sition reactions into simpler oxides. The assessment of corrosion resistance to the effects 
of oxides of the CMAS group was carried out by DSC and XRD, as well as by model 
calculation. Thermal expansion was determined by dilatometry and X-ray diffraction. 
Thermal conductivity in the high temperature range was calculated from thermal diffu-
sivity data determined by the laser flash. 

As a result of the performed studies, the most promising mixed oxides were identi-
fied. For hexaaluminates with the magnetoplumbite structure the influence of the num-
ber of components of solid solutions on the enthalpy and entropy components of the 
Gibbs energy of formation is assessed. 

 
1. Ceramic Coatings for High-Temperature Environments. From Thermal Barrier 

to Environmental Barrier Applications in Engineering Materials, Eds. Pakseresht A., 
Kirubaharan K., Mosas A. Springer Nature: Switzerland. 2024. 495 P. 
https://doi.org/10.1007/978-3-031-40809-0 

2. R.I. Webster, N. Bansal, G. Costa. Thermodynamic properties of LaMAl11O19 (M 
= Mg, Mn, Zn) magnetoplumbites. // Mater. Chem. Phys. 2026. V.349. P.131786. 

The study was supported by Russian Science Foundation project 23-13-00051, 

https://rscf.ru/en/project/23-13-00051/ 

https://doi.org/10.1007/978-3-031-40809-0
https://rscf.ru/en/project/23-13-00051/
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SCIENTIFIC SCHOOL OF ACADEMICIAN Y.D. TRETYAKOV  
IN THERMODYNAMICS AND MATERIALS SCIENCE 

Goodilin E.A.(1,2), Lukashin A.V.(1) 
(1) Moscow State University 

119991, Moscow, Leninskie Gory, 1 
(2) Institute of General and Inorganic Chemistry of RAS 

119071, Moscow, Leninskiy ave., 31 
 

Scientific School of academician Y.D.Tretyakov has manifested itself as a platform of 
alloying fundamental and practices – oriented research directions in inorganic, physi-
cal, solid state chemistry and materials sciences and it still plays a unique role in mod-
ern Russian science and education. In the contest of innovative development of per-
spective inorganic materials with advanced properties, the school is based on the lega-
cy of academician Y.D.Tretyakov in thermodynamics, kinetics and the real structure 
concept of functional, nano- and biomaterials.  

In the talk, several remarkable research directions of academician Y.D.Tretyakov 
and its scientific school in the frame of materials micro-revolutions will be presented: 
– phase diagrams, calorimetry, thermodynamic research and defect chemistry of ad-
vanced ferrite systems for the development of magnetic materials, also, a formal kinet-
ic approach for solid state reactions will be discussed as a powerful tool suggested by 
Y.D.Tretyakov, 
– phase diagrams, microstructure, defects and melt processing of rare-earth barium 
cuprates for manufacturing high-temperature superconducting materials, also, a topo-
chemical memory concept will be discussed in the contest of the real structure of sol-
ids, 
– phase diagrams, microstructure, whisker crystal growth of various manganites, in-
cluding those with colossal magnetoresistance,  
– biomaterials research for the sake of their medical implementation, 
– size and shape effects of silver nanoparticles for the Surface Enhanced Raman 
Spectroscopy analysis of ecotoxicants and biolological objects, nanomaterials for 
teranostics, 
– educational issues for the development of materials science and its chemical as-
pects in Russian Federation exemplified on the experience of the faculty of materials 
science of Lomonosov Moscow State University founded and headed by academician 
Y.D.Tretyakov. 
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IMPORTANCE OF DEFECT CHEMISTRY  
FOR UNDERSTANDING THE THERMODYNAMIC PROPERTIES  

OF OXIDES WITH AND WITHOUT OXYGEN EXCHANGE 
Sereda V.V., Yagovitin R.E., Ivanov I.L., Tsvetkov D.S., Malyshkin D.A., Zuev A.Yu. 

Ural Federal University 
620002, Ekaterinburg, Mira st., 19 

 
Only thermodynamic analysis can unambiguously determine the compounds’ stability 
and compatibility under particular conditions. However, such analysis requires the 
knowledge of temperature-depended Gibbs free energies, which can be derived from 
the enthalpy of formation and heat capacity data. Drop calorimetry is currently the most 
widely used techniques for the heat capacity measurements above room temperature. 
This technique is suitable nonstoichiometric oxides that exhibit oxygen exchange since 
the sample has enough time to reach equilibrium with environment at the measurement 
temperature. 

For such oxides, the enthalpy increments should be recalculated so as to correspond 
to constant oxygen content by subtracting the enthalpy of oxygen exchange, which in 
turn is estimated using the defect structure model. The as obtained enthalpy increments 
of the constant-composition oxides are then fitted with the integrated Cp(T) functions. 
The latter depends strongly on the composition of an oxide with respect to metals since 
they can undergo spin transition and charge disproportionation as it occur in cobalt-
contained both cubic [1] and double perovskites [2]. 

For the oxides that do not exhibit the spin state transition above room temperature, 
Cp(T) can be taken as equal to the sum of Einstein term, modified by taking into account 
the anharmonicity of atomic vibrations, and charge disproportionation contribution. The 
noticeable value of the latter highlights the seldom mentioned importance of defect 
chemistry for discussing the thermal properties of oxides, especially those containing 
cations that can change their oxidation state, even in the absence of oxygen exchange. 

 
1. R.E. Yagovitin et al. Thermodynamics of advanced Pr1-xBaxCoO3-δ ceramics: en-

thalpy increments and heat capacity // Ceramics International. 2026. Vol. 52, P. 6215–
6222. https://doi.org/10.1016/j.ceramint.2025.12.380 

2. R.E. Yagovitin et al. Thermodynamics of Formation and Disordering of 
YBaCo2O6-δ Double Perovskite as a base for Novel Dense Ceramic Membrane Materi-
als. Membranes 2023, 13, 10. https://doi.org/10.3390/membranes13010010 

 

https://doi.org/10.1016/j.ceramint.2025.12.380
https://doi.org/10.3390/membranes13010010
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CONFORMATIONAL EQUILIBRIA  
AT THE CRYSTAL-SUPERCRITICAL FLUID INTERFACE 

Kiselev M.G.(1), Oparin R.D.(1), Ivlev D.V.(1), Dyshin A.A.(1),  

Khodov I.A.(1), Shagurin A.(1,2), Idrissi A.(2) 
(1) G.A. Krestov Institute of Solution Chemistry RAS 

153045, Ivanovo, Russia, Akademicheskaya st., 1 
(2) University of Lille 
59000, Lille, France 

 
Supercritical fluids technologies(SCF) are increasingly being used for the synthesis and 
targeted modification of materials and composites. In pharmaceuticals, such materials 
are widely applied to enhance the bioavailability of drug formulations, control their re-
lease, and obtain multi-component crystals, among other applications. One promising 
SCF technology for pharmaceuticals is the formation of micronized particles for use in 
inhalers. The main advantages of SCF technologies for producing inhalation suspen-
sions include the following: (a) the ability to obtain micronized forms of the target sub-
stance with control over the particle size of the resulting crystals across a wide range of 
state parameters; (b) a high degree of purity of the target product obtained using both 
rapid expansion of supercritical solution (RESS) methods and those based on the anti-
solvent effect (SAS), and (c) control over the polymorphism of the obtained target prod-
uct by varying the thermodynamic parameters of the supercritical fluid during crystalli-
zation, which allows producing samples with the desired polymorphic purity. 

Polymorphism screening is typically a completely empirical procedure. This report 
presents a new methodology for screening conformational polymorphism, based on a 
correlation discovered in the authors' previous works between the distribution of con-
formers of a drug compound dissolved in a supercritical solvent and the polymorph that 
forms under the studied state parameters. A methodology was developed for predicting 
polymorph formation, based on a combination of experimental (IR and NMR spectros-
copy) and computational (quantum chemical calculations, molecular dynamics simula-
tion, density functional theory) approaches. In order to understand the origin of corre-
lation between of conformer population at fluid state and polymorfism MD simulation 
of three curcumin polymorphs at vacuum interfaces. More specifically, we employ 
layer-resolved molecular dynamics simulations to investigate the temperature evolution 
of the free surfaces of the three curcumin polymorphs along their low-index crystallo-
graphic faces. Across all systems, substantial structural rearrangements emerge well be-
low the bulk melting temperature, consistent with the onset of thermally activated inter-
facial softening. However, both the onset temperature and the magnitude of the response 
are strongly anisotropic. By combining normalized layer displacement δR_[klm], posi-
tional fluctuations, joint position-tilt distributions, intermolecular packing descriptors 
(θ1,θ2), hydrogen-bond distance distributions, and conformational analysis, we resolve 
the coupled structural changes underlying this behavior. 

This work was supported financially by the Russian Science Foundation (project 22-

13-00257-P). 
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QUASI-EQUILIBRIUM OXYGEN RELEASE METHOD FOR STUDYING 
MATERIALS WITH MIXED IONIC - ELECTRONIC CONDUCTIVITY 

Nemudry A.P. 

Institute of Solid State Chemistry and Mechanochemistry SB RAS 
630090, Novosibirsk, Kutateladze st., 18 

 
Nonstoichiometric oxides with mixed oxygen ionic and electron conductivity (MIEC), 
which typically possess a perovskite-like structure, have attracted sustained interest over 
the past several decades because they are promising materials for oxygen-permeable 
membranes and cathodes of solid oxide fuel cells (SOFCs) [1, 2]. The oxygen non-
stoichiometry of MIEC oxides determines both the fundamental functional properties 
of membrane and electrode materials and the operating efficiency of catalytic membrane 
reactors and SOFCs. At the Institute of Solid State Chemistry and Mechanochemistry, 
a new method of quasi-equilibrium oxygen release (QEOR) has been developed, which 
makes it possible to obtain equilibrium dependences of oxygen nonstoichiometry on the 
partial pressure of oxygen (pO2) and temperature (see figure) and to calculate thermo-
dynamic parameters (Δµ(3-δ), ΔH(3-δ), ΔS(3-δ)) of oxygen exchange [3]. 

 

 
Equilibrium isotherms 3- - lg pO2 and calculated from them chemical potential of ox-

ygen in SrFeO3- vs oxygen nonstoichiometry 
 

Since changes in oxygen stoichiometry in MIEC oxides are accompanied by changes 
in the charge carrier concentration, the obtained data can be used to estimate the de-
pendence of the density of states near the Fermi level on δ. The nature of the ΔH(3-δ) 
and ΔS(3-δ) dependences can be used to determine the conductivity type (metal-like or 
semiconductor). In addition, using the QEOR method, the dependence of the oxygen 
exchange reaction rate constant on the MIEC oxide surface on its chemical potential can 
be established in the form of the Brønsted-Evans-Polanyi relationship. Thus, thermody-
namic parameters determine the important functional properties of MIEC materials and 
the operational efficiency of devices based on them. 

1. Wei Bai et al. International journal of hydrogen energy, 2021, 46, 36257- 36290. 
2. M. Fallah Vostakola et al., B. Energies 2021, 14, 1280-1333. 
3. I. Starkov, S. Bychkov, A. Matvienko, A. Nemudry, Phys. Chem. Chem. Phys. 

2014, 16, 5527- 5535 

This work was supported by the Russian Science Foundation (grant 21-79-30051-
П). 
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ON THE 75TH ANNIVERSARY OF THE DEPARTMENT  
OF CHEMICAL THERMODYNAMICS AND KINETICS  

OF SAINT PETERSBURG STATE UNIVERSITY 
Toikka A.M. 

Saint Petersburg State University 
198504, Saint Petersburg, Peterhof, Univeritetsky pr., 26 

 
The Department of Chemical Thermodynamics and Kinetics of Leningrad (now Saint 
Petersburg) State University was founded in 1951 by Professor Alexei Vasilyevich Stor-
onkin (1916 – 1994). By this time, A.V. Storonkin was already a well-known scientist, 
the author of the monograph "On the conditions of thermodynamic equilibrium of mul-
ticomponent systems" (1948). The original name of the department ("Department of 
Theory of Solutions") reflected the continuity of the scientific school of St. Petersburg 
University, the origins of which were determined by the unprecedented contribution to 
world science of D.I. Mendeleev, D.P. Konovalov and M.S. Vrevsky. 

The 1950s and subsequent years were a further development of the thermodynamic 
school, whose influence went far beyond the borders of St. Petersburg University. By 
1978, the range of both scientific and pedagogical tasks had expanded even further, and 
the department received its current name. As noted in the paper [1], a thermodynamic 
school was created, "which can only be compared with the Dutch Van der Waltz 
school." The first graduates, as well as the first employees of the department (M.P. Su-
sarev, A.G. Morachevsky, N.P. Markuzin, A.I. Rusanov, N.A. Smirnova and others) not 
only contributed to the development of A.V. Storonkin's ideas, but also became recog-
nized as outstanding scientists with a worldwide reputation. For example, the scientific 
works of Academician A.I. Rusanov (an employee of the Department in 1955-1987, 
before being elected head of the Department of Colloidal Chemistry at St. Petersburg 
State University in 1987) are the basis of the modern thermodynamic theory of surface 
phenomena. With the name of academician M.M. Schultz (associate professor of the 
department in the early 1950s and professor in 1997 – 2006) is associated not only with 
work in the field of chemistry of the glassy state, but also with fundamental thermody-
namic results, for example, in the field of stability theory.  Corresponding member of 
the Russian Academy of Sciences N.A. Smirnova, a student of A.V. Storonkin and a 
graduate of the department is a well-known specialist in the field of statistical thermo-
dynamics. Other graduates of later years still head the chemical departments of the larg-
est universities in our country (A.I. Viktorov, M.V. Charykova, K.N. Semenov, A.M. 
Toikka and others).  The report also provides other information about the contribution 
of the department and its staff (including professors V.T. Zharov and V.K. Filippov) to 
national and world science and education, their role in the development of chemical 
thermodynamics and related branches of physical chemistry. 

1. Rusanov A.I., Schultz M.M. Chemical Thermodynamic School of St. Petersburg 
University // Vestn. St. Petersburg University. Ser. 4: Physics, chemistry. 1998. Issue 1. 
pp. 144-153. 
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THERMODYNAMIC MODELLING: FROM THERMODYNAMIC  
DATABASE TO INDUSTRIAL PROCESS SIMULATION 

Khvan A.V. 

Lomonosov Moscow State University 
119991, Moscow, Leninskiye Gory, 1, building 3 

 
Since second half of the 20th century industrial-strength numerical methods of math-
ematic optimization emerged. Access to these methods led to computer-aided minimi-
zation of Gibbs energy, which gave birth to computational thermodynamics, the large 
part of which were gathered under the umbrella of the scientific field and society 
named Calculations of Phase Diagrams and Thermochemistry (Calphad). 

The Calphad method is based on the basic idea of finding Gibbs energies as para-
metric regression models which are optimized using experimental and theoretical data 
with particular emphasis on a comprehensive critical evaluation of the data. This al-
lows obtaining thermodynamic functions which are then used for carrying calculations 
of practical application use. In other words, thermodynamic modeling creates a bridge 
between experimental fundamental research and the application of its principles and 
data to practical problems.  

However, in practice, the reactions occurring in real industrial processes are ex-
tremely complex. Therefore, the particular skill of materials scientists lies in their abil-
ity to decompose complex chemical processes into simpler reactions accessible to tra-
ditional thermodynamic analysis. Today, the active integration of computing resources 
and information technology into production processes makes these issues particularly 
relevant. 

This report is devoted to main features of constructing thermodynamic models in 
the field of science and technology and differences between models developed by sci-
entists and models in demand in practical calculations. 

 
The authors gratefully acknowledge the financial support of the Program “Chemi-

cal Thermodynamics and Theoretical Material Science” (№ 121031300039-1), Lo-

monosov MSU. 
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THERMODYNAMICS OF COMPOSITIONALLY COMPLEX  
(“HIGH-ENTROPY”) OXIDES 

Tsvetkov D.S.(1), Sereda A.V.(1), Sereda V.V.(1), Malyshkin D.A.(1), Ivanov I.L.(1), 

Bajenova I.A.(2), Kuzovchikov S.V.(2), Khvan A.V.(2), Zuev A.Yu.(1) 
(1) Ural Federal University 

620002, Ekaterinburg, Mira st., 19 
(2) Moscow State University 

119991, Moscow, Leninskie Gory, 1 
 

In the current scientific literature, the “high-entropy oxide” (HEO) term is often applied 
rather loosely to oxides containing five or more metal cations within one sublattice, 
typically in equimolar proportions. In theory, if an assumption of random mixing holds 
true, such an oxide phase possesses a configurational entropy ΔSconf ≥ Rln(5) per for-
mula unit. This additional contribution to the total entropy of a HEO may boost its ther-
modynamic stability and is believed to play a significant, if not dominant, role in stabi-
lizing some HEOs, especially those that are metastable at low temperatures. Conse-
quently, HEO phases may comprise cations in atypical for them crystal structures – for 
instance, Zn and Cu in the rock-salt structure of (Co,Cu,Mg,Ni,Zn)O – possessing in-
teresting properties that are not merely averages of the properties of simple oxide con-
stituents. This possibility is what makes HEOs increasingly attractive research objects. 

However, the great expectations for the enhanced stability and exceptional perfor-
mance of high-entropy materials are not always met. Even in the field of high-entropy 
alloys, which have been investigated for nearly twice as long as HEOs, relatively few 
truly single-phase solid solutions have been identified, and their properties are often 
determined by the average of the properties of the constituting elements. Likewise, not 
always do the functional properties of HEOs exceed those of the “low-entropy” oxides. 
Therefore, while it is not known a priori what exact combination of elements will make 
up a HEO with outstanding characteristics, it is clear that arbitrary element selection is 
insufficient. The same applies to stability: one cannot expect to obtain a more stable 
material simply by adding more cations to an oxide sublattice. As of now, the stability 
issues of all HEOs, those with unique and mediocre properties alike, remain severely 
underinvestigated. Moreover, while valuable for rapid screening of the broad composi-
tion space in search of new HEOs, the statistical, empirical and purely computational 
approaches cannot yet be used for the deep analysis of stability and chemical compati-
bility of particular materials. 

It is clear that enthalpy and all kinds of entropy (configurational, vibrational, elec-
tronic and magnetic) do contribute to formation and stability thermodynamics of com-
pounds. The extent of these contributions remains to be ascertained with experimental 
thermodynamic methods. The results of such studies will be discussed in this talk. 

 
This work was financially supported by the Russian Science Foundation (grant № 

24-23-00478). 
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PECULIARITIES OF PHASE EQUILIBRIA IN OXIDE SYSTEMS BASED ON 
RARE EARTH, ALKALINE EARTH AND 3d (Fe, Co) METALS 

Cherepanov V.A., Aksenova T.V., Bastron I.A., Davydova M.V.,  

Gavrilova L.Ya., Legonkova V.S., Vlasova M.A., Volkova N.E. 

Ural Federal University 
620002, Ekaterinburg, Mira st., 19 

 
The results of a systematic study of phase equilibria in the oxide systems ½ Ln2O3 – 
MO – TOx (Ln – rare earth elements; M – Ca, Sr, Ba; T = Fe, Co) at 1100°C in air are 
presented in the form of phase diagrams. It is shown that for M = Ca, Sr, the general 
appearance of the phase diagrams of systems containing iron and cobalt is similar, 
while for M = Ba, they differ significantly. The similarity of the diagrams of the first 
group implies the formation of solid solutions with the perovskite structure            
(Ln1-xMx)TO3- and related representatives of the Ruddlesden-Popper type              
(Ln1-xMx)n+1TnO3n+1- homologous series for practically all systems. The similarity of 
the diagrams, however, does not mean they are completely identical. As a rule, the 
homogeneity ranges of solid solutions in Sr-containing systems are much wider than 
in similar Ca-containing systems, and the set of Ruddlesden-Popper phases is larger in 
Fe-containing systems than in similar Co-containing systems. 

A characteristic feature of Ba-containing systems, which distinguishes them from 
Ca- and Sr-containing analogues, is the formation of layered structures due to the in-
creasing difference in the sizes of rare earth element and barium ions.  

However, in Co-containing systems, the formation of a double perovskite phase 
LnBaCo2O6- is observed in air, whereas in similar Fe-containing analogous the for-
mation of a triple-layered LnBa2Fe3O8+w (Ln = Dy, Ho, Y) or even a more complex 
quintuple perovskite structure Ln2-Ba3+Fe5O13+w (Ln =Sm, Eu) is revealed. Fe-based 
double perovskites LnBaFe2O5+w can also be obtained, but under much more severe 
reducing conditions (Po2  10-15 atm). It should be noted that the above-mentioned 
single-phase triple-layered 123-type ferrites exhibit significant nonstoichiometry in the 
metallic sublattices in air conditions, for example, Y1.05Ba1.92Fe3.03O8+w or 
Dy1.05Ba1.95Fe3O8+w. 

Another specific feature of phase relations in Ba-containing systems is the possibil-
ity of partial replacement of iron by a rare earth element in barium ferrite with the 
formation of cubic perovskite solid solutions BaFe1-yLnyO3- even for relatively large 
Pr. A similar substitution was also found in barium cobaltite BaCo1-yLnyO3-, but for 
smaller rare earth elements (Ln = Sm, Y). 

 
This work was carried out with the financial support of the Ministry of Science and 

Higher Education of the Russian Federation (project № FEUZ-2026-0011) 
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FEATURES OF GIBBS EQUATION (ΔG = ΔH – TΔS) APPLICATION  

TO THERMODYNAMICS OF SOLVATION, VAPORIZATION,  

AND COMPLEX FORMATION IN SOLUTION AND GAS PHASES 

Yagofarov M.I., Solomonov B.N. 

Kazan Federal University 
420008, Kazan, Kremlevskaya st., 18 

 
Gibbs equation is probably the most utilized in chemical thermodynamics. For a long 
time, researchers wondered whether there is a connection between the Gibbs energy 
(ΔG), enthalpy (ΔH), and entropy (ΔS) changes in various processes, apart from the 
Gibbs equation. In this work, based on a large amount of experimental data (more than 
5000 measurements), we analyzed the ΔG vs. ΔH relationship for the four types of pro-
cesses: solvation, vaporization, electron donor acceptor and hydrogen bonding in solu-
tions and in the gas phase [1, 2]. The following conclusions were made: 

1. Classification of the solute-solvent systems, considering hydrogen bonding ten-
dency, enabled the generalization of the ΔG vs. ΔH relationship in solvation/vaporiza-
tion thermodynamics. A common linear relationship with a slope of 0.66 was observed 
for the solvation in non-hydrogen-bonded systems, while the deviations associated with 
solute-solvent complexation and solvophobic effect contributed to intercept only. 

2. The linear ΔG vs. ΔH relationships for the solution- and gas-phase complexa-
tion with the same slope were derived from the above considerations for the solva-
tion/vaporization processes and validated against numerous measurements, proving its 
predictive capability.  

Summarizing, ΔG vs. ΔH relationship for the processes considered in this work 
obeyed the common expression:  

ΔG = ΔH – TΔScomp – TΔSnoncomp = 0,660 ·  ΔH – TΔSnoncomp 
where ΔScomp and ΔSnoncomp are the compensated and noncompensated (i.e., enthalpy-
independent) contributions to the process entropy, with TΔScomp being 0.34ΔH. The 
above expression remained unchanged, regardless the type of intermolecular interac-
tions (pairwise/collective) or the structure of interacting molecules.  

Furthermore, the above equation could be applied for the description and prediction 
of the thermodynamic parameters of cyclodextrines complexation, even though it im-
plies multiple interactions, such as electrostatic repulsion/attraction, hydrogen bonding, 
hydrophobic effects, charge transfer, and conformational changes.   

Given that manifold experimental data were summarized, covering the diverse pro-
cesses, objects, and interaction types, we conclude that the regularities observed should 
be considered as the general feature in the studies of intermolecular interactions. 

1. Solomonov B.N., Yagofarov M.I. // J. Mol. Liq. 2025. Vol. 424, Article ID 
127053. https://doi.org/10.1016/j.molliq.2025.127053 

2. Sokolov A.A., Khisamiev M.B., Solomonov B.N., Yagofarov M.I. // Phys. Chem. 
Chem. Phys. 2025. Vol. 27, P. 26139–26151. https://doi.org/10.1039/D5CP04241K 

The study was supported by the Russian Science Foundation, project No. 25-73-

20073. 
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FUNDAMENTAL ISSUES AND NEW CHALLENGES  

IN CHEMICAL THERMODYNAMICS 

ФУНДАМЕНТАЛЬНЫЕ ПРОБЛЕМЫ  
И НОВЫЕ ЗАДАЧИ ХИМИЧЕСКОЙ ТЕРМОДИНАМИКИ 



 

 

 



XXV International Conference on Chemical Thermodynamics in Russia 29 

MULTIREACTION APPROACH TO QUANTUM THERMOCHEMISTRY 
Irikura K.K. 

National Institute of Standards and Technology 
20899-8970, Gaithersburg, Maryland, USA 

 
Gas-phase enthalpies of formation, ∆௙0ܪo(ܺ), are often predicted using ab initio calcu-
lations. One selects a balanced chemical reaction involving n species, including the tar-
get molecule X. For all species besides X, (n–1) enthalpies of formation are taken from 
the literature. The reaction enthalpy is then obtained from calculation and the desired 
quantity is obtained by simple arithmetic. The best accuracy is obtained when the se-
lected reaction successfully cancels the systematic errors in the ab initio method.  

In practice, there are often difficulties. A clever reaction (e.g., one that conserves 
Benson groups [1]) may require data that do not exist. Data that do exist may have large 
uncertainties. Different choices of reaction yield different results. It may be difficult to 
estimate the uncertainty associated with the thermochemical prediction.  

We propose [2] to solve these problems by using more than one reaction in combi-
nation with an estimator for the unreliability of each prediction. The unreliability of a 
reaction may be estimated as proportional to its enthalpy change. The unreliability of a 
value of ∆௙0ܪo(ܺ) may be estimated as the reaction unreliability plus the uncertainty in 
the literature data plus a constant representing the unreliability in the ab initio method. 
The values of ∆௙0ܪo(ܺ) obtained from many reactions may be combined using weighted 
statistics, where the weight of a prediction is the reciprocal of its unreliability. This 
yields a best estimate for the desired quantity, along with a quantitative estimate of its 
uncertainty.  

 
1. S. W. Benson and J. H. Buss, J. Chem. Phys. 29, 546–72, (1958). 

https://doi.org/10.1063/1.1744539 
2. K. K. Irikura, J. Phys. Chem. A 124, 8088–99, (2020). 

https://dx.doi.org/10.1021/acs.jpca.0c05662 
This work was funded solely by the United States government. 
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As fossil resources deplete, chemical thermodynamics becomes a critical engine for de-
signing efficient biosynthetic fuel processes. This study presents a hybrid thermody-
namic framework (combining high-precision experiments with quantum chemistry) to 
bypass kinetic bottlenecks and guide catalyst design for the hydrogenation and hydro-
deoxygenation (HDO) of biomass. 

Three key systems were investigated to validate this approach: 
1. Lignin Models (Eugenol): Thermochemical properties (enthalpies of formation, 

vaporization, and phase transitions) for an 18-reaction HDO network were determined 
via transpiration, calorimetry, and G4 calculations. We demonstrate that while no ther-
modynamic barriers exist, product distribution is governed by support acidity. Ru/HNT 
catalysts showed a shift from 79% selectivity for methoxy-propylphenol to 42% for 
propylcyclohexane upon acid-etching, aligning with our predictions. 

2. Terpenoid Conversion (Carvone): Gibbs energies and entropies were quantified 
for 15 pathways. The results explain observed chemoselectivity (exo > endo > C=O) 
and provide a quantitative basis for selective production of dihydrocarvone or carvacrol. 

3. Hydrogen Storage (Limonene & LOHC): Thermodynamic assessment of direct 
and transfer hydrogenation confirms high equilibrium constants and near-complete con-
versions, proving these systems viable for hydrogen-carrier technologies. 

The developed "centerpiece" approach offers a rapid, low-cost toolkit for screening 
renewable molecules and scaling industrial processes. These results support green 
chemistry priorities, providing a rigorous thermodynamic route to sustainable aviation 
and diesel fuels. 

Keywords: chemical thermodynamics, biosynthetic fuels, hydrodeoxygenation, 
LOHC, quantum chemistry, catalyst optimization. 
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We introduce new solution volumetric characteristics (components’ intrinsic molar vol-
umes) which are real volumes assigned to solution components. Under real component 
volume we mean the part of space which is naturally inherent to it and include both 
component’s molecules as well as parts of intermolecular voids being closer to that 
component’s molecules that to other molecules. New characteristics differs fundamen-
tally from known partial volumes which are just solution volume derivatives by com-
ponents amount and do not reflect real volumes. 

A theoretical meaning of new characteristics is that they are connected by rigid equa-
tions with observed parameters such as excess volume, components’ partial volumes 
etc. It is important, that real volumes of molecules are determined by their arrangement. 
The new characteristics can hence relate solution molecular structure with its thermo-
dynamic parameters.  

Intrinsic volumes we have proposed to use are unable to measure in real experiments. 
It is possible however to obtain them in molecular-dynamic model. Having coordinates 
of all atoms given one is able to calculate real volume of each molecule with aid of 
Voronoi tessellation and establish components intrinsic volumes behavior in depend-
ence of concentration. As a result, we can give a structural interpretation of observed 
macroscopic solution properties: we explain the presence of extrema on partial molar 
volumes of alcohols in solution [1]; we also explain the nature of negative excess vol-
ume in aqueous solutions of nonelectrolytes on the molecular level. 
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Experimental measurements of heat capacity and modelling of heat capacity and vis-
cosity of melts and glasses in the Al2O3-CaO-MgO-SiO2-TiO2 system have been pre-
sented for selected unary, binary, ternary and quaternary subsystems. Adiabatic and 
differential scanning calorimetry have been used to measure heat capacity of synthe-
sized glasses at low, intermediate and high temperatures. A unified model for both 
heat capacity and viscosity of melts and glasses in the Al2O3-CaO-MgO-SiO2-TiO2 
system has been developed on the basis of the configurational entropy theory [1], ex-
tensive experimental database for viscosity [2] and collected from literature and meas-
ured heat capacity data. First, heat capacity of glasses has been modelled at tempera-
tures above 300 K using a simple polynomial expression. Second, viscosity of melts 
and glasses has been described over a wide temperature range via the configurational 
heat capacity and Adam-Gibbs theory. Compositional dependences of the heat capaci-
ty and viscosity parameters have been described by both linear and quadratic rules of 
mixing depending on availability and/or agreement with experimental data. Using the 
developed model both heat capacity and viscosity of melts and glasses can now be 
predicted over the wide temperature and compositional ranges in the Al2O3-CaO-
MgO-SiO2-TiO2 system including supercooled melts and glasses. 

 
1. Adam, G., Gibbs, J.H. On the temperature dependence of cooperative relaxation 
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Although the deep eutectic solvents are already being studied for more than twenty 
years, the determination of which mixtures should be referred as deep eutectic ones 
remains as contestable as, in some cases, arbitrary. Up to now, there are several ap-
proaches proposed to distinguish deep eutectic solvents from other mixtures. For exam-
ple, the presence of relatively strong hydrogen bonds in the mixture is believed to be 
marker for a “deep eutectic”; however, some researchers. e.g. [1], highlight that such an 
approach seems to be controversial as well. 

In this work, the comparative analysis of melting diagrams, phase equilibria and 
physico-chemical properties for a number of binary mixtures, both deep eutectic and 
common ones, was carried out, e.g. see Fig. Based on the literature data, the modeling 
of thermodynamic properties was performed using several well-known approaches and 
equations (regular solution, Wilson equation, NRTL, UNIQUAC). 

 

 
Melting diagram of the systems formic acid – acetic acid 
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The demand for tailoring polyelectrolyte materials to specific applications has spurred 
growing interest in understanding how the structural features of polyelectrolytes govern 
the behavior of their solutions. The variational-filed theoretical framework [1,2] has 
recently been formulated for solutions that contain polyelectrolyte chains, counterions 
and salt additives, taking into account structural features of chains and free ions. For 
strongly charged chains, the effect of counterion condensation plays an important role 
[3], diminishing significantly the effective charge of the chain. This effect is modulated 
by the presence of salt in solution.  

In this work, we applied the theoretical framework that reflects the structural details 
of a macromolecule and the effect of counterion condensation to describe structural and 
thermodynamic properties of polyelectrolyte solutions in presence of salt.  

We consider different distributions of charged monomeric units along the backbone 
of polyelectrolyte chain, different hard-sphere diameters of the units and counterions, 
as well as the effects of chain elasticity and distribution of electrical charge inside the 
ions. The condensation of counterions on the chain is described applying the scheme 
proposed in ref. [4]. Calculated results are compared with computer simulation and ex-
perimental data on the osmotic coefficients for polyelectrolytes of different chemistry. 
We show that structural details of polyelectrolyte have a substantial effect on the struc-
ture of polyelectrolyte solution and that the model in its present form may provide rea-
sonable description of the structure factors and osmotic pressure. 

 
1. Shen, K., & Wang, Z. G., 2017. Electrostatic correlations and the polyelectrolyte 
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3772-3777. https://doi.org/10.1063/1.454899 

4. Ermoshkin A. V., Olvera de La Cruz M. A modified random phase approximation 
of polyelectrolyte solutions //Macromolecules. – 2003. – Т. 36. – №. 20. – С. 7824-
7832. https://doi.org/10.1021/ma034148p 
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The search for the connection between thermochemical and structural parameters of 
matter has been a relevant direction of investigations in the field of thermodynamics of 
organic compounds for many decades. In this work, the relationship between the ther-
modynamic characteristics of melting and the molecular shape was analyzed. For non-
associated compounds, a linear correlation was found (see Figure (left)) between the 
ratio of the fusion enthalpy to molar volume change during melting and the sphericity 
parameter (sp), defined as the ratio of the molecule’s thickness to its length [1]: 

ΔHm/ΔVm = 1.09 ∙ (1 – sp) + 0.33 
This equation was used to investigate the influence of hydrogen bonding on the re-

lationship between the thermochemical and volumetric characteristics of melting, and 
to identify the contributions of van der Waals interactions and hydrogen bonding to the 
fusion enthalpy of the associated compounds [2] (see Figure (right)). Correlations be-
tween enthalpy and volume changes accompanying phase transitions in liquid and plas-
tic crystals were also found. 

 

 
Left – correlation between the ΔHm/ΔVm ratio and sp for non-associated organic com-
pounds. Right – contributions of van der Waals forces (black line) and hydrogen bond-

ing (grey arrows) to the fusion enthalpies of associated compounds. 
 

1. Sokolov, A. A., Solomonov B. N., Yagofarov M. I. // J. Mol. Liq. 2025. V. 424. 
P. 127074. https://doi.org/10.1016/j.molliq.2025.127074 

2. Sokolov, A. A., Solomonov B. N., Yagofarov M. I. // Phys. Chem. Chem. Phys. 
2025. V. 27. № 41. P. 22196-22203. https://doi.org/10.1039/D5CP02393A 

The study was supported by the Russian Science Foundation, project No. 25-73-

20073. 

https://www.sciencedirect.com/topics/chemistry/molar-volume
https://doi.org/10.1016/j.molliq.2025.127074
https://doi.org/10.1039/D5CP02393A


36 XXV International Conference on Chemical Thermodynamics in Russia 

PROBLEMS OF THERMODYNAMIC ANALYSIS OF EUTECTIC SYSTEMS 

Toikka A.M., Misikov G.Kh., Petrov A.V., Toikka M.A. 

Saint Petersburg State University 
198504, Saint Petersburg, Peterhof, Univeritetsky pr., 26 

 
Thermodynamic analysis of phase diagrams of eutectic systems is a classical physico-
chemical task that is not problematic. Indeed, the vast experimental material accumu-
lated to date, mainly on inorganic binary and multicomponent eutectic systems, is al-
ready textbook: the corresponding diagrams are indispensable illustrations in textbooks 
on physico-chemical analysis.  In recent years, the word “eutectic” has been most often 
found in the context of the concept of so-called deep eutectic solvents (DES), whose 
components are mainly organic compounds. Thermodynamic analysis of the phase dia-
grams and properties of these systems revealed a number of problems that were not so 
significant in the case of "ordinary" inorganic eutectic. 

Although the works devoted to DES occupy a significant place in the modern scien-
tific literature, the analysis of publications shows that the meaning of the term DES is 
becoming more vague and uncertain and does not fully correspond to the traditional 
statements of physico-chemical analysis, but is associated with the characteristics of 
intermolecular interactions (donors and acceptors of hydrogen bonds), which cannot be 
considered a unique feature of DES. One of the obvious gaps in publications is, for 
example, the frequent lack of data on solid phases necessary to present diagrams of 
eutectic systems. 

In our opinion, the wide temperature range in the case of real DES does not allow 
direct application of traditional thermodynamic approaches, in particular, the Schroeder 
– Van Laar equation, including its modifications. The presentation examines these and 
other issues of common fundamental interest. In particular, what interactions in solid 
phases lead to the melting of a heterogeneous mixture of eutectic composition, including 
those formed by crystals of pure components (simple eutectic), at temperatures signifi-
cantly different from the melting temperature of pure substances. Related to this are 
such problems as: a) what factors determine the "depth", that is, the relatively low melt-
ing point of eutectic, b) how the atomic-molecular structure of DES components and 
their interaction determines their macroscopic thermodynamic properties calculated at 
the atomic level. It is also advisable to take into account the difference between "or-
ganic" eutectics and "inorganic", which manifests itself not only in the structures of 
solid solutions (when they are formed as molecular crystals), but also in the formation 
of other forms, in particular, co-crystals. In this regard, the report also provides some 
results of our research and possible approaches to analyzing DES state diagrams based 
on data from molecular dynamics and quantum chemistry. 
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Amyloid fibrils are protein aggregates that form from monomers through a complicated 
mechanism which is still not fully understood. While many proteins exhibit a lag phase 
of fibril formation due to a slow nucleation stage, serum albumins near their denatura-
tion temperature and acidic or neutral pH levels aggregate rapidly without a lag phase. 
Despite many examples of the inhibition of albumin fibrillization having been described 
in literature, kinetics and mechanism of inhibition have not been thoroughly studied. 

In our work, we investigated the fibril formation of bovine and human serum albu-
mins at 65 °C or higher temperatures and pH 7 in the presence of a series of organic 
ligands, predominantly clinical drugs. Kinetic curves of fibril formation were obtained 
using a Thioflavin T spectrofluorimetric assay. Additionally, albumin denaturation 
curves in the presence of the studied compounds were obtained using differential scan-
ning calorimetry (DSC). 

It was shown that albumin fibril formation obeys reversible first-order kinetics, and 
is not sensitive to seeding with preformed fibrils. The addition of substances exhibiting 
high albumin affinity significantly suppresses fibril growth and decreases the final yield. 
Using DSC data, the fraction of unfolded protein form α at the incubation temperature 
was determined for each ligand, concentration, and temperature. The initial aggregation 
rate appears to be proportional to α, and the final fibril yield is governed by the equilib-
rium between the protein monomer and fibrillar aggregates, which shifts towards the 
monomer by binding ligands. The results indicate that albumin fibrils are formed only 
from its unfolded form which slowly transforms into some specific, aggregation-prone 
conformation that quickly aggregates into fibrils. Strong native protein binders act as 
the best inhibitors of fibril formation, which appears to be a general rule for many dif-
ferent globular proteins. 
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The phenomenon of compensation between changes in enthalpy and entropy in various 
physicochemical processes has been a subject of interest for scientists for over 90 years. 
In previous works, linear relationships were obtained between the changes in Gibbs en-
ergies and enthalpies for solvation and solution-phase complexation processes, which 
share the same slope [1]. 

The common slope in these dependences allows deriving a similar equation for com-
plexation in the gas phase: 

Δbind(g)G / (kJ·mol-1) = 0,660 ·  Δbind(g)H / (kJ·mol-1) + 17,0 + 2,5·n 
In the present work, a comparison was made between the enthalpy values calculated 

using the obtained relationship from experimental Gibbs energy values and the values 
computed by quantum-chemical methods for 67 donor-acceptor pairs (graphical repre-
sentation of this comparison is given in fig. below) [2]. 

 

 
 

The relationship obtained in present work allows creating an approach for determin-
ing binding enthalpies in the gas phase from a single value of the equilibrium constant 
at 298.15 K. Furthermore, the obtained results mean that, in each case, the compensation 
relationships have a common origin, which is beyond experimental artifacts, group ad-
ditivity in homologous series, or solvent reorganization effects. 
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Modern molecular dynamics (MD) makes it possible to calculate thermodynamic quan-
tities, including the chemical potential. This thermodynamic parameter determines the 
conditions of phase equilibrium in multicomponent systems. 

In this work, MD models were produced for a number of binary liquid mixtures, 
including non-polar substances (benzene-toluene, hexane-cyclohexane, etc.) and aque-
ous solutions of several non-electrolytes. For each mixture, a series of models at various 
concentrations, including pure component models, were obtained. Subsequently, the 
chemical potential values of the components were calculated for these models using 
several approaches. 

All approaches are based on the fluctuation theory. In the first method, the integral 
of the radial distribution function 𝑔(ݎ) is calculated, and its value at infinity is predicted. 
The resulting values ܩ௜௝ allow for the calculation of the components' chemical potential 
according to Kirkwood-Buff theory. An additional method involves obtaining values 
from the structure factor ܵ(ݍ) by extrapolating it to the limit ݍ → 0, with further calcu-
lations also carried out based on Kirkwood-Buff theory. 

A geometric approach based on Voronoi volume statistics was also tested. In this 
approach, the Voronoi tessellation is calculated for the centers of molecules system for 
every single component. The Voronoi volume represents the volume per molecule in 
the mixture, and its average value is the inverse concentration. The variance of the dis-
tribution is directly related to concentration fluctuations and allows for their estimation 
within the MD model. The chemical potential calculation in this approach is carried out 
using fluctuation theory. 

This work demonstrates the feasibility of calculating the chemical potential as a 
function of concentration for liquid mixtures and provides a comparison of several cal-
culation methods, both classical and novel. 



40 XXV International Conference on Chemical Thermodynamics in Russia 

DEFINITION OF METASTABLE REGIONS  
BELOW THE LIQUIDUS TEMPERATURE TL  

AND SOLIDUS TEMPERATURE TS ON A EUTECTIC PHASE DIAGRAM 
Frolova S.A., Sobol O.V., Pokintelitsa E.A. 

DonNACEA – MGSU Branch 
286123, Makiivka, Derzhavina St., 2 

 
Metastable phase equilibrium obeys the same thermodynamic rules that apply in the 
case of stable equilibrium. In particular, the temperatures and chemical potentials of all 
phases of the system at equilibrium must be equal. Metastable phase diagrams do not 
contain any unusual features, except for regions near the boundaries of metastability 
where the nucleation barrier ceases to exist. The displacement of the liquidus and soli-
dus lines can be influenced by the cooling rate of the melt, its thermal history, the cur-
vature of the phase interface, pressure, and so on. 

At the same time, the definitions of "non-equilibrium" crystallization and "metasta-
ble diagram" do not mention the presence of pre-crystallization undercoolings in alloys 
(similar to those in pure substances) relative to the liquidus and solidus temperatures, 
which cause spontaneous, self-initiated crystallization. 

By definition, equilibrium crystallization begins at the liquidus temperature TL and 
ends at the solidus temperature TS. Spontaneous crystallization, however, does not begin 
at the liquidus TL or solidus TS temperatures. It begins at temperatures Tmin significantly 
below TL and TS. That is, for this type of crystallization, undercoolings ΔTL

− = TL – Tmin 
and ΔTS

− = TS – Tmin are necessary. 
Plotting the Tmin points on the diagram for all alloys allows for the construction of a 

non-equilibrium phase diagram with metastability boundaries across the entire concen-
tration range. 

Thus, for alloys, a wide variety of crystallization types are observed with undercool-
ings ΔTL

− and ΔTS
−, both relative to the liquidus line and relative to the solidus line, 

respectively. 
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Maintaining protein structural stability is essential for their biological functions. Pro-
teins fold into native conformations via noncovalent interactions, which are highly sen-
sitive to the changes in temperature, pH, ionic strength, or the presence of cosolvents. 
These changes often lead to protein unfolding and loss of function, however, in some 
cases, the conformational stability increases. 

The well-known Hofmeister series ranks inorganic ions by how they affect the solu-
bility and stability of proteins: from stabilizing and salting-out kosmotropes to denatur-
ing and salting-in chaotropes. At the same time, the effects of organic cations on protein 
stability are poorly studied, despite the widespread interest to the behavior of proteins 
in the presence of ionic liquids (ILs). Most common ILs contain alkylimidazolium or 
alkylammonium cations. Unlike metal ions, they can engage in many different types of 
interactions with proteins such as salt bridges, hydrogen bonding, hydrophobic and π‑π 
stacking interactions, which makes it difficult to predict their effect on protein denatur-
ation and aggregation. 

In this work, the thermal stability of bovine serum albumin (BSA) in the presence of 
various organic thiocyanates was studied. The thermograms of BSA denaturation in the 
presence of different concentrations of thiocyanates were obtained using capillary DSC, 
and the temperatures of phase transition were determined. The cations were ranked by 
their destabilizing effect according to these temperatures. Guanidinium thiocyanate has 
shown the strongest destabilizing effect, while ethylenediammonium thiocyanate has 
led to the smallest decrease in denaturation temperature. 

In addition, we performed molecular dynamics simulations of native and unfolded 
BSA in aqueous solutions of organic thiocyanates, which provided the information on 
the composition of BSA solvation shells. The difference in Kirkwood-Buff integrals of 
the solvent components can be interpreted as the preferential binding of one of the com-
ponents. An increase in the preferential binding of organic salt upon BSA denaturation 
was shown to correlate with its denaturing effect. 

The work was supported by RSF project №24-13-00062. 
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Derivatives of benzene bearing electron-withdrawing or electron attracting substituents 
occupy a prominent position in synthetic organic chemistry, food chemistry, pharma-
ceutical science, energetic materials research, and, ultimately, in chemical thermody-
namics [1]. A classical challenge in physical organic chemistry is the quantitative as-
sessment of steric versus electronic interactions between neighboring groups in aro-
matic systems or the effect of the introduction of one or more groups into the aromatic 
ring as both can significantly alter its properties [2]. Whereas electron-donating groups 
make the benzene ring more reactive towards electrophilic aromatic substitution, while 
electron-withdrawing groups make it less reactive [3], being the extent of reactivity be 
assessed by determining their thermodynamic parameters.  

A comprehensive study of the thermodynamic properties of methyl-, mono- and di-
nitro-substituted benzoic acids was carried out using various methods: thermogravime-
try (under both isothermal and non-isothermal conditions), differential scanning calo-
rimetry, combustion calorimetry, and transpiration method. In addition, complementary 
quantum chemical (high-fidelity) and empirical (low-fidelity) methods were employed 
to cross-validate the results obtained. This multifidelity approach is essential for the 
benchmarking of thermodynamic properties. 
 

1. Johnson C.D., The Hammet Equation // Cambridge University Press. London. 
1973.  

2. Verevkin S.P., Zaitsau D.H., Emel’yanenko V.N., Stepurko E.N., Zherikova, K.V. 
Benzoic acid derivatives: Evaluation of thermochemical properties with complementary 
experimental and computational methods. Thermochim. Acta. 2015. Vol. 622, P. 18–
30. https://doi.org/10.1016/j.tca.2015.03.026 

3. Silva Ferraz J.M., Emel’yanenko V.N., Zaitsau D.H., Samarov A.A., Brunetti, B., 
Ciccioli A., Vecchio Ciprioti S., Verevkin S.P. Thermodynamic Insights on the Struc-
ture-Property Relationships in Substituted Benzenes: Are the Pairwise Interactions in 
Tri-Substituted Methyl-Nitro-Benzoic Acids Still Valid? Chem. Plus. Chem. 2025. Vol. 
90, P. e202400703. https://doi.org/10.1002/cplu.202400703 
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LOW-TEMPERATURE THERMODYNAMIC PROPERTIES  
OF SINGLE CRYSTALS OF DOUBLE ALKALI METAL MOLYBDATES 

Bespyatov M.A.(1), Trifonov V.A.(1), Khokhlov N.A.(2), Shevelev D.S.(1),  

Nazarova A.A.(1), Kuzin T.M.(1), Gelfond N.V.(1) 

(1) Nikolaev Institute of Inorganic Chemistry SB RAS 
630090, Novosibirsk, Acad. Lavrentiev Ave., 3 
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The development of cryogenic scintillating bolometers is a promising approach for the 
search for neutrinoless double beta (0ν2β) decay. In this context, significant efforts are 
currently focused on identifying and characterizing new scintillating materials. The per-
formance of bolometers as thermal radiation detectors is governed by their sensitivity 
to temperature variations induced by particle interactions. Therefore, the heat capacity 
of the absorber material (i.e., the scintillating crystal) represents a key parameter in the 
design of bolometric detectors. In addition, heat capacity data over a wide temperature 
range provide valuable insight into the phase stability of the studied compounds as well 
as their thermodynamic functions. Adiabatic calorimetry remains the most accurate 
method for heat capacity measurements. In this work, we report, for the first time, a 
systematic investigation of the low-temperature thermodynamic properties of single 
crystals LiCsMo3O10, NaCsMo3O10, LiRbMo3O10, LiCsMoO4, LiRbMoO4, LiKMoO4, 
LiNa5Mo9O30, and Cs3Na(MoO4)2.  

The investigated molybdate single crystals were grown using spontaneous crystalli-
zation from the melt and the low-thermal-gradient Czochralski technique. Prior to cal-
orimetric measurements, all samples were thoroughly characterized: the phase and ele-
mental compositions were confirmed, and trace impurity levels were determined, with 
the total impurity content not exceeding 0.02 wt%. High-precision heat capacity data 
for single-crystal samples were obtained using adiabatic calorimetry over the tempera-
ture range of ~6 to ~320 K with a BKT-20 calorimeter. The heat capacity curve of 
LiCsMoO4 exhibits two anomalies with maxima at Tс1 = 171.5 K and Tс2 = 208.9 K, 
associated with first-order phase transitions. No anomalies in heat capacity behavior 
were observed for the other studied compounds. Based on the measured heat capacity 
data, thermodynamic functions were calculated over the temperature range 0–320 K. 
The results indicate that the LiNa5Mo9O30 single crystal is the most promising candidate 
for use as a scintillating material in cryogenic bolometers developed for neutrinoless 
double beta decay experiments. It offers several advantages over the widely used lithium 
molybdate Li2MoO4, including its non-hygroscopic nature, higher molybdenum con-
tent, and a higher Debye temperature at 0 K (337.0 K for LiNa5Mo9O30 versus 316.15 
K for Li2MoO4). 
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THERMODYNAMICS OF DRUG POLYMORPHISM:  
PROBLEMS AND SOLUTIONS 

Gorbatchuk V.V., Gabdulkhaev M.N., Gatiatulin A.K., Ziganshin M.A. 

Kazan Federal University 
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Bioavailability and biological activity of medical drugs relate to their crystal packing 
and polymorphic state. Respectively, the search for all possible polymorphs is needed 
both for drugs available on the market or drug candidates. The problem with this search 
is that the methods currently used for polymorph screening are based on the kinetic 
restrictions for crystallization process derived from the Ostwald rule of stages. For met-
astable crystal forms, these methods often demonstrate poor reproducibility, which 
brings on the term “disappearing polymorphs”. The present report proposes the use of 
solid-state processes to reach a reproducible polymorph screening. 

Metastable polymorphs can be efficiently prepared using the solid-state exchange/re-
pulsion of guest (solvent) in inclusion compounds (solvates) [1-3]. This process being 
slow enough brings about mostly thermodynamic control for the formation of the re-
sulting product, which enables milder conditions for the phase transition without col-
lapse to a more stable form [1]. Solid-state processes are much easier to stop on a ther-
modynamically higher level than crystallization from liquids. Solid-state approach to 
the polymorph screening makes it more predictable giving crystal forms that were 
known previously only in mixtures or new polymorphs. This is applicable also for solv-
ates that cannot be prepared by crystallization from solutions. The efficiency of the de-
veloped method has been shown for such drugs as indomethacin [1], phenylbutazone 
[2] and olanzapine [3]. The positive results are achieved without high-throughput 
screening with quite a few experiments. The preparation of metastable polymorphs by 
solid-state processes without crystallization from melts or liquid solutions helps to avoid 
such phenomenon as the oxidation of drug with air oxygen, which may produce toxic 
or cancerogenic impurities [2,3]. The solid-state processes with thermodynamic control 
require minimal amounts of solvents and the tested drugs, thus fitting to the concept of 
green chemistry. 

1. K.V. Gataullina, A.V. Buzyurov, A.V. Gerasimov, A.K. Gatiatulin, M.A. Zi-
ganshin, C. Schick, V.V. Gorbatchuk // Crystal Growth & Design, 2023, 23, 7109. 
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T.A. Mukhametzyanov, M.A. Ziganshin, V.V. Gorbatchuk // CrystEngComm, 2025, 
27, 2490. https://doi.org/10.1039/d5ce00094g 

3. M.N. Gabdulkhaev, N.F. Idiyatullina, Kh.R. Khayarov, A.O. Surov, M.A. Zi-
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CALORIMETRIC STUDY OF HYDROGEN REACTION  
WITH LAVES PHASE C14 

Anikina E.Yu. 
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119991, Moscow, Leninskie Gory, 1 

 
The initial compounds ZrMn2, ZrMn2.7, Ti0.9Zr0.1Mn1.4V0.7 and Ti0.9Zr0.1Mn1.5V0.8 were 
synthesized as described in [1]. Thermodynamic studies of the IMС-hydrogen systems 
were carried out on a DAK-12 calorimeter of the Tiana-Calve type in the temperature 
range 333 – 518 K and hydrogen pressure up to 5 MPa (see Table). 
 

Temperature dependence of reaction enthalpy for the AB2-H2 system 

Compounds T, K Range H/IMC 
(desorption) Hdes., kJ/molH2 

ZrMn2 
373 0.1 – 1.9 40.16±1.02 
518 0.4 – 1.6 36.97±0.63 

ZrMn2.7 353 
0.1 – 1.1 35.43±0.42 
1.1 – 1.9 32.15±0.65 

Ti0.9Zr0.1Mn1.4V0.7 
333 

0.9 – 1.5 28.40±0.40 
1.5 – 2.1 30.13±0.30 

373 
0.3 – 0.9 24.70±0.36 
1.0 – 2.0 30.22±0.43 

Ti0.9Zr0.1Mn1.5V0.8 
373 

0.1 – 0.85 30.05±0.45 
1.1 – 1.8 36.77±0.91 

418 
0.1 – 0.6 28.86±1.41 
0.6 – 1.6 36.30±1.30 

 
Enthalpy values of the hydrogen reaction with the IMC change with the temperature 

of the process under the study and the concentration of hydrogen in the IMC. For 
ZrMn2-H2 the enthalpy values change only reaction temperature, but it does not depend 
on the hydrogen content in the IMC. In ZrMn2.7-H2 there are two sections where the 
enthalpy values are constant. For Ti0.9Zr0.1Mn1.4V0.7-H2band Ti0.9Zr0.1Mn1.5V0.8-H2 sys-
tems the enthalpy values change with reaction temperature and hydrogen concentration 
moreover an increase in hydrogen concentration is accompanied by an increase in the 
reaction enthalpy. 
 

1. Anikina E.Yu., Verbetsky V.N. //J. Alloys Compd. 2002. V. 330-332. P. 45. 
https://doi.org/10.1016/S0925-8388(01)01509-2 
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G-phase (cF116, Fm-3m) is forming after prolonged operation in heat-resistant steels 
and is known to have a deteriorative effect on the strength characteristics of steels. Di-
rect study of the chemical composition of the G-phase and equilibrium phase fraction at 
different temperatures is a rather rigorous experimental task due to the small particle 
size and low fraction of this phase in steels.  

The aim of the current work was to establish the homogeneity range and phase equi-
libria during crystallization of the G-phase in the Ni-Mn-Si system. The study also 
aimed to determine the maximum solubilities of Fe, Ti, Cr, Nb in the G-phase originat-
ing from Ni-Mn-Si system. Thermodynamic properties, such as the standard enthalpy 
of formation and heat capacity, were experimentally investigated. Samples were ob-
tained by arc-melting and analyzed in as-cast and annealed states using the SEM/EPMA, 
XRD, DSC, adiabatic calorimetry and drop-solution calorimetry.  

This study demonstrates that the G phase in the Ni-Mn-Si system forms via congru-
ent melting, and for the first time, phase equilibria during crystallization in the nickel-
rich region were experimentally investigated. It was also demonstrated that, although Ti 
and Nb can completely replace Mn, Fe and Cr exhibit limited solubility in the G phase 
formed in the Ni-Mn-Si system. 
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SOLID-PHASE SYNTHESIS OF TERBIUM AND DYSPROSIUM  
DOUBLE TITANATES AND THEIR THERMODYNAMIC PROPERTIES 
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Solid solutions of double titanates of terbium-lutetium and dysprosium-lutetium with 
the general formula (Ln1−xLux)2Ti2O7(Ln=Tb,Dy) in the ratios of Tb:Lu and Dy:Lu as 
25:75, 50:50 and 75:25 at.% were obtained by solid-phase synthesis. The synthesis was 
carried out in a SH-FU-4MS furnace in a protective argon atmosphere in several stages: 
at temperatures from 800 to 1300°C for 8 hours, at 1400°C for 10 hours, at 1500°C for 
12 hours, and the final stage at 1550°C for 24 hours with the total annealing time of up 
to 104 hours for terbium-lutetium titanates and up to 128 hours for dysprosium-lutetium 
titanates. 

The exposure of diffraction patterns was made by a SmartLabRigaku X-ray diffrac-
tometer. X-ray structural analysis was performed using SmartLab software (Rigaku) 
and the full-profile analysis method by PDF-2024. The values of statistical parameters 
of fitting have been obtained in the range of Rp from 4.1 to 5.7% and Rwp from 5.5 to 
8.3%, which is a satisfactory indicator and confirms the crystal structure of the samples 
corresponding to the type of pyrochlore of cubic syngony with the space group Fd-3m 
with a lattice parameter а from 10.02 to 10.12 Å. 

The heat capacity measurements and thermodynamic functions calculations have 
been carried out for the samples of double titanates of terbium and dysprosium.  Using 
the experimentally obtained data for double titanates of terbium and dysprosium based 
on lutetium and processed by methods of mathematical statistics, the smoothed temper-
ature dependences of the heat capacity and tabulated values of    thermodynamic func-
tions of double titanates of terbium and dysprosium have been have been obtained (Ta-
ble). 

For the lanthanide titanates studied the excess components have been obtained over 
the entire temperature range. All of them contribute significantly to the heat capacity, at 
the same time some of them have a complex structure consisting of more than one max-
imum due to the presence of energy contributions from various excited levels. 

 
Thermodynamic functions of terbium-lutetium and dysprosium-lutetium titanates 

Function Tb25:Lu75 Tb50:Lu50 Tb75:Lu25 Dy25:Lu75 Dy50:Lu50 Dy75:Lu25 
Cp(298) 219.5±1.4 218.6±1.0 217.4±1.1 214.0±1.1 218.1±1.6 219.8±1.4 
S(298) 262.1±2.6 268.0±3.1 273.2±2.2 260.5±3.1 266.4±3.3 270.1±2.9 
HT−H0(298) 37.21±0.3 37.68±0.2 37.86±0.2 37.03±0.2 38.00±0.3 38.55±0.3 
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Silver-conducting solid electrolytes are promising materials for all-solid state batteries 
with a wide working temperature range, high stability, high safety, and low risk of leak-
age and corrosion, in contrast to batteries based on liquid organic electrolytes. 

The system AgI-Ag2WO4 is known since early 1970s. There are two different ver-
sions of the phase diagram of the AgI – Ag2WO4 system [1, 2]. According to [1], it 
contains three chemical compounds: Ag5IW2O8 (AgI/Ag2WO4=1:2), Ag4I2WO4 (2:1) 
and Ag6I4WO4 (4:1), while according to [2], there are only two – Ag5IW2O8 and 
Ag6I4WO4. All phases are ionic conductors, and the Ag6I4WO4 compound exhibits su-
perionic conductivity at ambient temperatures. Later, the composition of the superionic 
phase was represented by the formula Ag26I18W4O16 (4.5:1) [3]. Our repeated attempts 
to synthesize Ag6I4WO4 and Ag26I18W4O16 compounds using the ampoule method 
(400°C, furnace cooling to 25°C) from AgI and Ag2WO4 each time resulted in non-
single-phase products with a small amount of AgI impurity, which contradicts both ver-
sions of the phase diagram. Therefore, the goal of this study was to re-examine the phase 
equilibria in the AgI – Ag2WO4 system, refine its phase diagram, and establish the com-
position of the superionic phase. 

Мixtures of the reagents AgI and Ag2WO4 in various molar ratios were prepared, 
sealed in ampoules and annealed according to the selected scheme. The phase compo-
sition of the products was analyzed using XRD and DSC. Single-phase products with 
the Ag26I18W4O16 structure, exhibiting superionic conductivity at room temperature, 
were obtained in a wide composition range from 3:1 to 3.9:1 (or 20.4…25.0 mol.% 
Ag2WO4); it corresponds to the general formula Ag2+xIxWO4, where x = 3 ÷ 3.9. This 
region does not cover any of the superionic phase compositions described in the litera-
ture (Ag6I4WO4 and Ag26I18W4O16) and is shifted toward a higher Ag2WO4 content. It 
is well known that solid electrolytes based on AgI, stabilized by oxoanions of the XO4

2- 
type (where X is a transition metal) are prone to metastable states. A test performed by 
measuring the temperature dependence of conductivity in the thermal cycling mode 
confirmed the metastability of Ag2+xIxWO4 except for 3.0:1. Based on the results ob-
tained, it can be concluded that disagreements between the authors [1-3] are due to the 
fact that the metastable nature of phase equilibria was not taken into account. Changes 
and clarifications were made to the phase diagram of the AgI – Ag2WO4 system, and 
optimal conditions for the synthesis of single-phase products were selected. 

 
1. Takahashi T. et al. // J. Electrochem. Soc. Vol. 120 (1973). P. 647–651. 
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3. Geller S. Et al. // Phys. Rev. B. Vol. 21 (1980). P. 2506-2512. 
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STABILITY OF BARIUM-SUBSTITUTED NEODYMIUM MANGANITES 
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The practical value of the Nd1-xBaxMnO3± manganites (x = 0.0; 0.15; 0.25) is related to 
the perspective of their use in electrochemical and catalytic applications. Another factor 
that draws attention to these materials is the manifestation of competing charge, spin, 
orbital, and lattice interactions. An important role in changing these properties is played 
by the electronic state of manganese, a change in the oxygen nonstoichiometry of com-
pounds under the influence of external parameters – temperature, oxygen pressure of 
the gas atmosphere. The purpose of the work is to determine the boundaries of the ther-
mal stability of neodymium manganites, the evolution of phase equilibria at variable 
temperature and oxygen pressure with changes in the concentration of barium. The sta-
bility of these complex oxides was studied by two methods: dynamic and static. Upon 
linear heating (dynamic method, P(O2)  = 0.21 atm.), the NdMnO3 and Nd0.85Ba0.15MnO3  
manganites undergo a phase transformation of the Jahn-Teller nature from an orbitally 
ordered O' - phase to an orbitally disordered O - phase. The temperature of this transition 
decreases upon substitution with barium. In the substituted Ba manganite at a concen-
tration of x = 0.25, the transition O' → O is provided by the substitution level and  fixed 
at room temperature. Partial substitution of neodymium for barium expands the range 
of thermal stability of the crystal structure of the high-temperature O - phase of manga-
nites. The largest range is found in manganite Nd0.75Ba0.25MnO3. The evolution of phase 
equilibrium states in neodymium manganite samples has been established with a de-
crease in the partial pressure of oxygen in a gaseous atmosphere to P(O2) = 10 -22.5 atm. 
The dissociation of the NdMnO3 sample occurs in one stage and ends with the formation 
of Nd2O3 and MnO oxides. A two-stage sequence has been established for barium-sub-
stituted samples. It includes an intermediate stage of the formation of complex neodym-
ium oxides. According to the data of the static method of investigation of heterogeneous 
equilibria in manganites, thermodynamic characteristics of reactions of dissociation of 
oxides and their formation from elements were obtained. 
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This report presents the most significant results obtained at the Laboratory of Electro-
chemistry, Thermodynamics, and Mineral Physics at the IEM RAS, using the high-
temperature galvanic cell (EMF-method) and a vacuum-block calorimeter. The EMF-
method can be illustrated by the example of studies of silver selenide [1]. The reaction 
of naumannite formation from the elements is realized in an electrochemical cell: (–)Pt 
| Ag | SE or LE | Ag2Se, Se | Pt(+), in a wide temperature range determined by the sol-
id (SE – AgI, RbAg4I5, AgCl) or liquid electrolyte (LE – molten salts or glycerol solu-
tion) used. Thermodynamic properties of phases and phase relations in binary and ter-
nary silver-containing systems have been determined over a wide range of tempera-
tures and atmospheric pressure [2-5]. Experiments at hydrostatic argon pressure up to 
0.7 GPa were carried out in high-pressure gas vessels developed by the IEM RAS [6, 
7]. Another important variation of the EMF-method is the use of oxygen-conducting 
solid electrolytes [8], which is widely used to study the thermodynamic properties of 
oxide systems. At the Laboratory, this method has been applied to the study of natural 
objects: oxygen fugacity above the bulk sample was determined for some chondrites 
[9], and the pO2(T) dependence was obtained in high-temperature fumaroles on 
Kudryavy Volcano (Iturup Island, Kuril Islands) [10]. Standard enthalpies of for-
mation of Sb2Se3 and other chalcogenides, pnictides and intermetallics were deter-
mined on a unique vacuum-block calorimeter of our own design [11]. 
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The development of receptors capable of encapsulating volatile anesthetics to form in-
clusion compounds (solvates) is a pressing challenge for capturing waste inhalation 
gases and for use in local (topical) anesthesia. A widely used inhalation anesthetic is 
sevoflurane. For local non-injection anesthesia, a solvate (inclusion compound) with 
sevoflurane, which is stable at room temperature and releases the anesthetic at body 
temperature, may be convenient. 

In this work, the process of encapsulation of sevoflurane from the gas phase by a 
solid derivative of tert-butylcalix[4]arene, which does not possess significant cytotoxi-
city, was studied. Using previously described methods for preparing polymorphs of ca-
lixarenes and inclusion compounds [1,2], the ability of different polymorphic forms and 
the amorphous form of the receptor to include effectively sevoflurane from the vapor 
phase, also in the presence of saturated water vapor, was studied, as well as the ability 
of inclusion compounds prepared in different ways to desorb the included guest at dif-
ferent temperatures. The temperature dependence of the sevoflurane release from the 
inclusion compound and the kinetic parameters of this process upon heating were de-
termined. The prepared inclusion compound of sevoflurane with calixarene was shown 
to release upon slight heating an optimal concentration of sevoflurane for local anesthe-
sia. 
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The compound of Ca- gallogermanate (Ca2Ga2GeO7) with the spatial group P421m be-
longs to the melilite family and is promising as a basis for the production of electrolu-
minescent displays, detectors, lasers, imaging devices and sensors. 

Gallogermanates Ca2Ga2-xFexGeO7 (x = 0; 0.05) were synthesized using a high-tem-
perature solid-phase reaction. Stoichiometric mixtures of pre-calcined initial oxides 
(CaO, Fe2O3, GeO2 and Ga2O3) were crushed in an agate mortar and pressed into tablets 
and fired in air at temperatures of 1073 K (20 h) and 1573 K (60 h). The phase compo-
sition of the obtained compounds was controlled via X-ray phase analysis using a D8 
ADVANCE diffractometer from Bruker, a VANTEC-1 linear detector. The heat capac-
ity in the range of 320 - 1050 K was determined by differential scanning calorimetry 
using the thermoanalytical system STA 449 C Jupiter (Netzsch, Germany). 

 

 
Temperature dependences of the molar heat capacity of Ca2Ga2-xFexGeO7 

(x= 0 (1); 0.05 (2)) 
 

The Ca-gallogermanate synthesized by us had the following unit cell parameters: a 
= 7.89268(9) Å, c = 5.20861(7), V = 324.4675(84)Å3. The obtained values are in satis-
factory agreement with the data in the literature [1]. Replacing a part of the gallium with 
iron leads to a slight change in the lattice parameters: a = 7.90744(19) Å, c = 
5.21016(15) Å, V = 325.7785(181) Å3. From fig. it is seen that on the dependence CP = 

f(T) for Ca2Ga2GeO7, there is an extremum at 815 K, which disappears when part of the 
gallium is replaced by iron. This fact can be explained by the existence of incommen-
surate–normal phase transition in melilite at high temperatures [1]. 

 
1. Bindi L., Bonazzi P. Incommensurate–normal phase transition in natural melilite: 

an in situ high-temperature X-ray single-crystal study // Phys Chem Minerals. 2005. 
Vol. 32. P. 89–96. https://doi.org/10.1007/s00269-004-0439-2 
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PHASE RELATIONSHIPS IN THE QUASI-TERNARY SYSTEM  
OF ORTHOPHOSPHATES OF La, Gd, AND Y AT T = 230 °C AND P ≈ 10 atm 
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194021, Saint Petersburg, Politekhnicheskaya st., 26 
(2) Branch of the National Research Center "Kurchatov Institute"-PNPI-IChS 

199034, Saint Petersburg, Makarova embankment 
 

Rare earth element (REE) orthophosphates (REEPO4, where REE La → Lu, Y, and Sc) 
are a broad class of inorganic compounds that crystallize in various structural types: 
rhabdophane, churchite, monazite, xenotime, and anhydrite. Particular attention to REE 
orthophosphates and materials based on them is due to their unique physicochemical 
properties, such as high melting points (≈1800-2300 °C), low thermal conductivity, re-
sistance to aggressive and aqueous environments, resistance to radiation damage, and 
the ability to widely substitute REEs for other REEs, actinides, and other elements. 

Of considerable interest are multicomponent systems of rare-earth element ortho-
phosphates, which can exist as either continuous solid solutions or phases with limited 
solubility of the components in the solid state. Such multicomponent systems hold 
promise for the production of structural and thermal insulation materials, as matrices 
for the immobilization of radioactive and toxic waste, luminescent materials, and so on. 
However, multicomponent systems remain a poorly understood area of rare-earth ele-
ment orthophosphate chemistry, due to the diversity of chemical compositions and 
structural types they form depending on their composition and synthesis conditions. The 
least studied areas include the formation of rare-earth element orthophosphate nanopar-
ticles, including those of variable composition, under “soft chemistry” conditions, struc-
tural evolution, and phase stability boundaries. 

To date, studies of phase equilibria in complex systems based on REE orthophos-
phates have been conducted only for stable phases with monazite and xenotime struc-
tures at T ≥ 1000 °C (at temperatures above the melting point of non-autonomous 
phases [1]), since below this temperature, the mass transfer rate of the components is 
low enough to approach the equilibrium state and avoid metastable or kinetically "in-
hibited" labile states. 

In connection with the above, the aim of the study is to determine the phase state of 
particles in a LaPO4-GdPO4-YPO4 system obtained under hydrothermal conditions at 
T = 230 °С and P ≈ 10 atm, as well as to study the mechanism of structural transfor-
mations under conditions of limited mass transfer. 

 
1. Almjasheva O.V. The role of non-autonomous phases in the formation and trans-

formation of solid-phase oxide systems // Nanosyst. Phys. Chem. Math. 2024. 15(6). 
P. 755-76. 
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IN SYSTEMS ZnO-SiO2-NiO AND ZnO-SiO2-MnO 
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This paper examines chemical interactions and phase equilibria in the ternary systems 
ZnO-SiO2-NiO and ZnO-SiO2-MnO. This information is necessary for selecting opti-
mal conditions for the synthesis of functional materials based on willemite Zn2SiO4 
(green phosphor Zn2SiO4:Mn, cool blue pigment Zn2-2xNi2-2xSiO4) and olivine Ni2SiO4. 
Solid-phase reactions between three reactants begin at the interfaces of only two at a 
time. In the ZnO-SiO2-NiO and ZnO-SiO2-MnO systems synthesized in air, the first pair 
of oxides to react are metal oxides, forming solid solutions of Ni1-xZnxO (rock salt struc-
ture) and Zn1-xMnxMn2O4 (spinel structure), respectively. With further increase in an-
nealing time, the proportion of the dopant ion in the solid solutions increases. Upon 
heating to 900 °C, zinc and silicon oxides begin to react in both systems, forming wil-
lemite Zn2SiO4, which gradually becomes enriched with dopant metal ions to form the 
solid solution Zn2-2xM2-2xSiO4 (M = Ni or Mn). 

At higher temperatures, the reaction of Ni1-xZnxO and SiO2 in the ZnO-SiO2-NiO 
system results in the formation of a phase with the olivine structure Ni2-2xZn2-2xSiO4. 
Phase equilibria in the system are determined by the quasi-binary equilibrium of the 
boundary compositions of the Zn1.8Ni0.2SiO4 and Ni1.5Zn0.5SiO4 solid solutions and the 
conodes connecting these compositions with the Ni0.83Zn0.17O solid solution, as well as 
the conode connecting the boundary composition of the Ni1.6Zn0.4O solid solution with 
Zn2SiO4. 

In the ZnO-SiO2-MnO system, no phases with an olivine structure were detected. In 
the temperature range of 800-1250 °C, the sequential appearance of intermediate phases 
ZnMnO3, ZnMn2O4, and MnSiO3 was detected. Phase equilibria were established for 
temperatures of 800 °C and 1250 °C. It is shown that the phase relationships in the 
MnOx–ZnO–SiO2 system are determined by changes in the charge states of manganese 
ions with increasing temperature, leading to phase transformations of manganese oxide 
MnO→Mn2O3→Mn3O4→MnO. Triangulation of the Mn2O3–ZnO–SiO2 system at 
800°C is determined by the conode ZnMn2O4–Zn2SiO4 and decomposes the system into 
elementary triangles ZnO–Zn2SiO4–ZnMn2O4, Zn2SiO4–ZnMn2O4–SiO2, and 
ZnMn2O4–SiO2–Mn2O3. The triangulation of the ternary system MnO–ZnO–SiO2 is de-
termined by the elementary triangle Zn1.6Mn0.4SiO4–ZnO–MnSiO3.  

 
This work was fulfilled as part of the Government Assignment to the Institute of Solid 

State Chemistry, Ural Branch of the Russian Academy of Sciences (project No. 

124020600004-7). 
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THERMOLYSIS OF COMPOSITES  
BASED ON POLYANTIMONIC ACID CONTAINING Nb5+ IONS 
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Particles of solid acids are introduced into the membranes of hydrogen-air fuel cells to 
increase their moisture capacity. Promising components include pyrochlore-type struc-
ture polyantimonic acid (PAA), amorphous niobium acid (NA), and composites based 
on them.  

The purpose of this work was to determine the stages of thermolysis of PAA-based 
samples, containing Nb5+ ions. 

The samples were synthesized using the co-precipitation method. Starting reagents: 
SbCl3 (pre-oxidized to Sb5+), NbCl5. Samples were characterized by X-ray powder dif-
fraction on DRON-3M and Rigaku Ultima IV diffractometers. The proton-conducting 
properties were studied using an Elins-Z1000J impedance meter in the frequency range 
from 1 Hz to 2 MHz, at a temperature of 25°C and a relative humidity of 58%. The ther-
mal properties of the samples were studied in air using a Netzsch STA 449F5 Jupiter 
simultaneous thermal analysis system. 

According to the data of X-ray phase analysis, the maximum concentration solid 
solution of substitution has the composition H2Sb1.6Nb0.4O6∙nH2O, n ≥ 1, within the 
framework of the pyrochlore-type structure; the conductivity value is 5.0·10–3 S/m. 
The highest conductivity values among the considered acids are exhibited by 
H2Sb1.4Nb0.6O6∙nH2O, n ≥ 1, a composites based on PAA; the conductivity value 
is 11.5·10–3 S/m. In contrast to PAA compositions, x=0, x=0.4, the DTG curve of the 
x=0.6 sample can be divided into stages I and II (Fig.).  

 

 
Thermogravimetry (TG), derivative thermogravimetry (DTG), and differential thermal 

analysis (DTA) for the H2Sb1.4Nb0.6O6∙nH2O 
 

In the composition x=0.6, proton-containing groups are removed in 3 stages: stage 
I: 0.85 H2O (up to 100 °C); stage II: 2.00 H2O (up to 200 °C); stage III: 1.50 H2O (up 
to 300 °C); stage IV-V: 0.50 H2O (up to 450 °C). A possible reason for the higher con-
ductivity value is the non-equivalence of proton-containing groups. 
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MANUFACTURING OF ZrO2 BASED TETRAGONAL AND CUBIC SOLID 
SOLUTIONS WITH LANTHANIDE OXIDES: THE EFFECT OF XEROGELS 

AND PRECURSOR POWDERS PROPERTIES 
Lomakina T.E., Konakov V.G. 

Institute for Problems in Mechanical Engineering 
199178, St. Petersburg, Bolshoj prosp., 61 

 
High-symmetric (tetragonal and cubic) ZrO2 modifications are considered as perspec-
tive materials for modern industry, such applications as solid electrolytes in electro-
chemical devices and dentistry materials could be mentioned. The most appropriate ap-
proach to obtain desirable high symmetric zirconia phases is ZrO2 stabilization by the 
addition of some bivalent and trivalent metal oxides resulting in solid solutions for-
mation. Sol-gel synthesis is widely used here due to the possibility to control the phase 
composition and the dispersity of the precursor powders obtained. The goal of the pre-
sent work was the application of the above approach for the manufacturing of ZrO2 
stabilized by lanthanides, i.e., the synthesis of ZrO2 tetragonal and cubic solid solutions 
with La, Ce, Pr, Nd, Sm, Gd, Tb, Ho, Er, and Yb oxides. The paper reports the study of 
the thermal effects in xerogels, the dispersity of products at all stages of powder manu-
facturing, and the phase composition of the obtained precursor powders.  

The reagents used for lanthanides stabilized zirconia (LnSZ) synthesis are listed be-
low: aqueous ammonia solution, ZrO(NO3)2·6H2O and lanthanide hydrates 
A(NO3)3·6H2O, where A – La, Ce, Pr, Sm, Gd, Tb; B(NO3)3·5H2O, where B – Ho, Er, 
Yb. Systems 92ZrO2-8Ln2O3 (mol.%, Ln = Pr, Nd, Sm, Gd, Ho, Er, Yb), 91ZrO2-9CeO2, 
90ZrO2-10La2O3, and 88ZrO2-12Tb2O3; 97ZrO2-3Nd2O3, 97ZrO2-3Sm2O3, 96ZrO2-
4Ln2O3 (Ln = Ce, Gd, Tb, Ho, Er, Yb), 95ZrO2-5La2O3 and 95ZrO2-5Pr2O3 were chosen 
for the investigation and corresponding 0.1M aqueous salts solutions were prepared. 
Then, the salts solution was added by drops at a rate of ~ 1–2 ml/min into the 1M am-
monia aqueous solution; the pH level of about 9–10 was kept constant. Co-precipitation 
in an ice bath (0–5 °C) at permanent mixing by a multiblade mechanical agitator resulted 
in the hydroxide mixture formation. The obtained gel was aged for two days, then fil-
tered using the Buchner funnel with the ashless paper filter (Grade 589/3 blue ribbon 
filter with an average pore size of ~ 2 μm) to remove the mother solution and then 
washed. The freshly formed metal hydroxides gel was dehydrated via freeze drying. 
The received amorphous powders were annealed at 450, 600 and 800 °C for 2 hours. 
Samples investigation was performed by thermal analysis, the X-ray diffraction analysis 
and particle size distribution analysis. It was found that experimental values of exother-
mic effects in xerogels agree well with crystallization enthalpy value for the cubic zir-
conia crystallization being ~ -9 kJ/mol and for the tetragonal zirconia crystallization 
being ~ -15 kJ/mol. It was shown that the increase in the calcination temperature up to 
800 °C increases powders dispersity with mean particle size reduction up to ~ 20–40%. 

 
The research is conducted within research grant from the Russian Science Founda-

tion №23-19-00236-П. 
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THERMODYNAMIC PROPERTIES OF REE STANNATES 
Ryumin M.A., Tyurin A.V., Nikiforova G.E., Gavrichev K.S. 
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Compounds with the pyrochlore structure are considered potential thermal barrier ma-
terials due to their unique characteristics: high melting points, absence of phase trans-
formations over a wide temperature range, and low thermal conductivity. Stannates of 
rare earth elements (REE) REE2Sn2O7 form a complete series of pyrochlores from La 
to Lu [1]. A distinctive feature of the pyrochlore structure is the presence of oxygen 
vacancies. These vacancies are believed to play a key role in reducing thermal conduc-
tivity, which is crucial for thermal barrier materials [2,3]. 

The work defines temperature-time regimes for obtaining stannates by various meth-
ods and shows that high temperatures are required for the formation of ceramic samples. 
Porous ceramic samples of Ln2Sn2O7 stannates with crystallite sizes of ≈100–400 nm 
were obtained. All obtained stannates were indexed under the assumption of a cubic 
syngony with parameters characteristic of compounds of the pyrochlore structural type. 
The chemical composition of the obtained stannates and the absence of impurities were 
confirmed using X-ray fluorescence spectroscopy.  

Heat capacity measurements were performed in the temperature range of 5-350 K 
using a BKT-3 adiabatic vacuum calorimeter and at high temperatures (330-1300 K) 
using a Netzsch STA 449F1 Jupiter® differential scanning calorimetry (DSC). The tem-
perature curves for the heat capacity of the studied stannates show no visible anomalies, 
indicating the absence of phase transitions in the temperature range under study. Based 
on smoothed values of the rare-earth stannate heat capacity in the range of 0–1300 K, 
the temperature dependences of standard thermodynamic functions—entropy S0(T), en-
thalpy increment H0(T)–H0(0), and reduced Gibbs free energy Ф0(T)—were calculated. 

 
1. Kennedy B.J., Hunter B.A., Howard C.J. Structural and Bonding Trends in Tin 

Pyrochlore Oxides. // J. Solid State Chem. 1997. V. 130. P. 58-65.  
2. Bonville P., Hodges J.A., Ocio M., Sanchez J.P., Vulliet P., Sosin S., Braithwaite 

D. Low temperature magnetic properties of geometrically frustrated Gd2Sn2O7 and 
Gd2Ti2O7 // J. Phys.: Condens. Matter. 2003. V. 15. P. 7777.  

3. Klemens P.G. Phonon scattering by oxygen vacancies in ceramics. // Physica B 
1999. Vol. 263. P. 102. 
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Compounds on the basis of bismuth, lutetium and indium oxide are promising materi-
als for environmentally friendly energy conversation technologies and engineering 
utilized photocatalytic activity, magnetic properties et al. Solid oxide fuel cells 
(SOFC) might become one of the most actively developing endeavors near term. Elec-
trolytes based on yttria stabilized zirconia and gadolinia doped ceria have been widely 
used, however possess disadvantages: high operation temperature, certain demands on 
condition. That is why new high efficient oxide ion conductors are required. δ-Bi2O3 
demonstrates high ion conductivity, but can exist within narrow band (1000-1100K). 
The inclusion lanthanide ions in cubic Bi2O3-structure may result to high conductivity 
with stability at intermediate temperatures. Lu3+ is the smallest amid lanthanide ions; 
therefore Lu could be a better dopant [1-2]. 

Bi1.5Lu0.5O3 and Bi1.5Lu0.4In0.1O3 were obtained by solid state reaction method. Pure 
Bi2O3, Lu2O3 and In2O3 were applied as precursors. Planetary mill Fritsch Pulverisette 
6 with corundum grinding jar and balls, a manual hydraulic press, a furnace SNOL 
4/1300 were used to received Bi1.5Lu0.5O3 and Bi1.5Lu0.4In0.1O3. Stoichiometric 
amounts of precursors were grinded for 10 cycles (160-200 rpm), total time is 7 h. A 
mixture was pressed into 5 pallets (13×2 mm). The pallets were placed in the furnace 
at 750° for Bi1.5Lu0.5O3 and 700°C for Bi1.5Lu0.4In0.1O3 during 50h. Samples were 
characterized by X-ray diffraction method (Tongda TD-3700, 5–70 2θ, CuKα). 

The dissolution enthalpies of Bi2O3, Bi1.5Lu0.5O3 and Bi1.5Lu0.4In0.1O3 were meas-
ured by solution calorimetry at 298.15K in 2M HCl. Based on measured experimental 
and literature data the standard formation enthalpy, lattice enthalpy and stabilization 
energy were calculated. 

 
1. Sulcova P., Prokleskova E., Bystrzycki P. Thermal analysis of the (Bi2O3)1–

x(Lu2O3)x compounds // J. Therm. Anal. Calorim. 2010. Vol. 100. P. 65–69. 
2. Ozturk E., Kalaycioglu N.O. Synthesis, Characterization and Oxide Ionic Con-

ductivity of Binary δ-(Bi2O3)1–x(Lu2O3)x System // J. Chin. Chem. Soc. 2013. Vol. 60. 
P. 605–607. 
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Second-generation anticoagulant rodenticides have been known since the late 1970s. 
Since the synthesis and scaling of the production process, melting point ranges reaching 
several tens of degrees have been established. Recently, we obtained various new mod-
ifications of difenacoum and brodifacoum. These modifications were subjected to com-
prehensive study, and the existence of significant melting point ranges was fully con-
firmed. We did not immediately recognize this fact, but after obtaining data on the crys-
talline structure of some modifications, we performed more precise measurements using 
visual polythermal microscopy, which confirmed the assumption that difenacoum and 
brodifacoum possess liquid crystalline states. 

At the initial stage of melting, areas with textures reminiscent of the schlieren tex-
tures of smectics (Fig. 1 a-c) and clearly visible spherical areas similar to droplets of 
cholesteric (Fig. 1 g) are formed, which glow when the polarizers are crossed in the field 
of view of the microscope. 

 

 
Textures obtained at x100 magnification in crossed polarizers a) difenacoum at 

232 ºС, b) difenacoum at 230 ºС, c) difenacoum at 232 ºС, d) brodifacoum at 218 ºС 
 
Textures for thermotropic liquid crystals are formed and visually recorded in a sim-

ilar manner. Based on the crystal structures in which "rigid" and conformationally labile 
aromatic fragments are formed, various types of textures emerge, revealing the orienta-
tional order of molecules or molecular clusters during the transition from the crystalline 
to the isotropic phase. 
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Spark plasma sintering (SPS) is a modern method of electrostimulated consolidation 
of substances and materials under high pressure and temperature. The SPS has been 
described for a wide range of objects [1]. The presented work provides consolidated 
samples of graphene nanoflakes (GNFs), hetero-substituted with N, P, and Si atoms 
GNFs, as well as their surface oxidized analogues. To identify the mechanism and in-
fluence of the SPS processing parameters, the contributions of temperature (as the in-
put heat Q) and pressure (as the performed work A) were estimated tale into account 
that both parameters affect the change in internal energy ΔU, according to the first law 
of thermodynamics: 

ΔU = A + Q 
The mechanical work A used to shrink the samples can be calculated as the product 

of the applied force F, expressed in newtons, and the displacement d (sample shrink-
age), expressed in meters: 

A = F.d 
The force F was calculated as the multiplication of the pressure P and the area S of 

the sintered sample:  
F = P.S 

The shrinkage of the samples over time strongly depended on the nature of the sin-
tered sample. The greatest shrinkage and, consequently, the greatest mechanical work 
were characterized for P-doped GNFs. Surface oxidized GNFs were more compacted 
than GNFs. 

The work of electric current Q was calculated using the equation: 
Q = Σin

.Un
.(τn+1 – τn), 

where i – the current expressed in amperes, U is the voltage expressed in volts, and τ 
is the exposure time expressed in seconds. 

The work of the current exceeded the mechanical work by several orders, which 
implies that it plays a significantly greater role in the consolidation of samples. The 
work Q strongly depends on the nature of the sample: non-conductive materials, as 
well as the presence of non-conductive impurities, lead to local overheating and 
breakdown [2]. This is why the greatest morphological changes occurred with the oxi-
dized MGF sample, as the surface oxygen-containing groups are non-conductive. 

 
1. Suslova E.V., Kozlov A.P., et. al. // Russ. Chem. Bull. 2023. Vol. 72, Nr 2. 

P 345–366. https://doi.org/10.1007/s11172-023-3804-4 
2. Suslova E.V., Epishev V.V., et al. // Appl. Surf. Sci. 2021. Vol. 535. P. 147724. 
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Rare-earth element R radius determines the physical properties for both disordered 
RMnO3 and ordered (double) rare-earth manganites RBaMn2O6; this dependence re-
flects the size effect. An external pressure is another instrument to tune (to decrease) the 
lattice parameters. We have studied structure and properties (electrical resistivity, mag-
netization, heat capacity) for double manganites RBaMn2O6, R= Nd, Pr, La at tempera-
ture interval 100 – 300 K and external pressure range 0 – 5 GPa.  

We investigated the structure of ceramic samples using powder diffraction with syn-
chrotron (Elettra and VEPP-3) and neutron (IBR-2) radiation; the properties were stud-
ied using high-pressure chambers in Vereshchagin Institute of High Pressure Physics, 
RAS. The pressure influence on the metal-insulator (MI) transition and Néel tempera-
ture were obtained, the compressibility and thermal expansion coefficients were ob-
tained for both conducting and the insulating phases. The Table summarizes the pressure 
dependences of Néel temperature (TN) and the temperature of Metal-Insulator transition 
(TMI). 

 
Pressure dependences of Néel temperature (TN) and the temperature of Metal-Insulator 

transition for RBaMn2O6, R= Nd, Pr, La 
R-atom Nd Pr La 

TN ↑ ↑ Const 
TMI ↓ ↓ Const 

 
In the raw Nd – Pr – La radius of R-atom increases; and TMI decreases in this se-

quence. We observe the same effect because of high pressure. Néel temperature (A-type 
order) decreases for Nd- and Pr- based compounds while pressure dependence demon-
strates an opposite effect. Surprisingly, there is no influence of pressure on TN and TMI 
for La-based compound. Mixed magnetic (ferromagnetic and antiferromagnetic) and 
conducting (conducting and insulating) state may be responsible for such a behavior. 

 
1. Sidorov V.A., Sterkhov E.V., Vedmid L.B., Kichanov S.E., Mikhalev K.N., 
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PrBaMn2O6 // Physica B: Condensed Matter. 2023. Vol. 651. P. 414577. 
https://doi.org/10.1016/j.physb.2022.414577 

2. Titova S., Sterkhov E., Sidorov V., Chtchelkatchev N., Alabarse F. High pressure 
- low temperature study on NdBaMn2O6 double manganites //Journal of Alloys and 
Comp. 2025. Vol. 1039. P. 183151. https://doi.org/10.1016/j.jallcom.2025.183151 

The work was supported by Russian Science Foundation, grant No 25-23-00102, 

https://rscf.ru/project/25-23-00102/ 
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Additive manufacturing technologies are used in various industries, including space, 
aviation, housing construction, instrument making, and other areas where there is a need 
for complex-geometry products made from existing and new materials. Functional prod-
ucts are created by layer-by-layer material growth, including direct metal deposition 
(DMD), surface laser sintering (SLM), and cold spray deposition (Cold Spray) from 
various materials. 

When creating products using additive manufacturing methods, it is necessary to 
understand the physical, physicochemical, and other processes inherent to materials in 
various states (solid, liquid, etc.). To model these processes, laws and relationships used 
in thermodynamics are applied. Integrated modeling of materials based on the CAL-
PHAD method (calculation of phase diagrams, modeling of material crystallization, 
heat treatment processes, diffusion, etc.) is widely used for additively manufactured 
products.  

Micromodeling of additive manufacturing processes is also used, which involves 
calculating the distribution of powder particles of the used fraction across the powder 
bed and melting this layer with a laser at a specified power and pass rate to determine 
the temperature distribution.  

Macromodeling, which calculates residual stresses and warpage of a product of a 
given shape based on the viscoplastic behavior of the material under specified layer-by-
layer growth conditions, is also used. Thanks to comprehensive modeling of additive 
manufacturing processes occurring during the growth of products, it has become possi-
ble to produce products with complex geometries and internal cavities (for example, 
engine components with a cooling system), as well as to create unique composite and 
multilayer materials with a unique set of properties. 

This paper presents the results of thermodynamic calculations in comparison with 
experimental data and presents optimization parameters for various materials obtained 
by additive manufacturing methods. The modeling of nonequilibrium crystallization of 
materials during double remelting of layers is presented. 

 
The authors gratefully acknowledge the financial support of the Program “Chemical 

Thermodynamics and Theoretical Material Science” (№ 121031300039-1), Lomonosov 

MSU. 
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Rare-earth molybdates, including Gd2(MoO4)3, are of considerable practical interest due 
to their nonlinear optical and ferroelectric properties, which underpin their applications 
in photonics and optoelectronic devices. Reliable thermodynamic data, in particular 
high-precision heat capacity over a wide temperature range, are essential for an adequate 
description of their physical behavior. Available literature data are limited to tempera-
tures below 4.2 K and the 60–305 K interval and have been obtained for polycrystalline 
samples, thus precluding a consistent thermodynamic description of single-crystalline 
Gd2(MoO4)3 over an extended temperature range. 

 

 
Gadolinium molybdate single crystal and titanium calorimeter container 

 
In this work, a large optically homogeneous single crystal of gadolinium molybdate 

(Gd2(MoO4)3) was grown using the low-thermal-gradient Czochralski method and com-
prehensively characterized in terms of its phase, elemental, and impurity composition. 
For calorimetric measurements, a cylindrical sample was prepared from the crystal, pre-
cisely matching the dimensions of the inner cavity of the calorimeter container. High-
precision heat capacity data in the temperature range 6–330 K were obtained by adia-
batic calorimetry using a BKT-20 calorimeter [1]. Based on the experimental data, ther-
modynamic functions (entropy, enthalpy and reduced Gibbs energy) were calculated for 
the entire studied temperature range. Low-temperature heat capacity data below 4.2 K 
from the literature were consistently incorporated to ensure correct extrapolation to 0 
K. The results obtained in our study were compared with literature data. 

 
1. Bespyatov M.A. // J. Chem. Eng. Data 2025. V. 70. P. 3630. 
The research was supported by the Ministry of Science and Higher Education of the 

Russian Federation. 
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Solid-state superionic conductors with general formula MAg4I5 (Me = K, Rb, NH4) are 
known as solid electrolytes with very high (~10-1 Ohm-1×cm-1) silver-ion conductivity 
at room temperature and below. Discovered in 1960s, RbAg4I5 is still the most interest-
ing among them as it has the highest silver ion conductivity of 0.33 Ohm-1·cm-1 at 25 °C. 
Moreover, it was experimentally confirmed unambiguously that high values of conduc-
tivity remain in the wide temperature range due to the low activation energy of conduc-
tion (0.10 eV), being 0.11 Ohm-1×cm-1 at -50 °C [1]. However, accumulated over dec-
ades experimental information contradicts the available literature data. It was stated [2] 
that RbAg4I5 is thermodynamically unstable below 27 °C and tends to decompose to 
low-conductive phases according to the reaction 

RbAg4I5 ⇄ Rb2AgI3 + AgI 
In order to solve this contradiction and theoretically confirm experimentally ob-

served rather high stability of RbAg4I5 one need to obtain full thermodynamical charac-
terization of the system RbI – AgI. In addition to RbAg4I5, it contains another compound 
Rb2AgI3. The goal of this work was to determine temperature dependencies of heat ca-
pacity from -196 to 230 °C (RbAg4I5) and 290 °C (Rb2AgI3), using differential scanning 
calorimetry (DSC) experimental techniques. The temperature dependences of the molar 
heat capacity at constant pressure Cp(T) for the compounds RbAg4I5 and Rb2AgI3 were 
measured by the comparison method [3] using high-purity silver as a heat capacity 
standard. The obtained results relate to reference thermodynamic data and can be used 
in thermodynamic calculations. 

 
1. Reznitskikh O.G., Yaroslavtseva T.V., Glukhov A.A., Popov N.A., Urusova N.V., 

Bukun N.G., Dobrovolsky Yu.A., Bushkova O.V. Synthesis and Comparative Investi-
gation of the Electrochemical Characteristics of CsAg4Br2.5I2.5 and RbAg4I5 Solid Elec-
trolytes // Russ. J. Electrochem. 2022. Vol. 58, Nr 10. P. 927–937. 
https://doi.org/10.1134/S102319352210010X 

2. Topol L.E., Owens B.B. Thermodynamic Studies in the High-Conducting Solid 
Systems RbI-AgI, KI-AgI, and NH4I-AgI // J. Phys. Chem. 1968. Vol. 72, Nr 6. P. 2106-
2111. https://doi.org/10.1021/j100852a038 

3 GOST R 56754-2015 (ISO 11357-4:2005) "Plastics. Differential scanning calo-
rimetry (DSC). Part 4. Determination of specific heat capacity". 

This work was carried out according to the state assignments for ISSC UB RAS 

(theme No. 124020600047-4). 
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The perovskite-like double oxides PrMnO3 and PrMn2O5 and materials based on them 
have sufficiently high values of electrical conductivity and catalytic activity and can be 
used as materials for catalytic reactions. The specifics of the operation of these materials 
are constrained by the lack of necessary data to select synthesis modes that preserve 
their chemical and phase composition, and as a result, their properties. Obtaining such 
data requires thermodynamic analysis of oxides to determine the conditions of their 
chemical stability over a wide range of temperatures and oxygen pressures.  

The thermal properties of the samples were studied using a dynamic method on a 
synchronous thermal analysis device STA 449 F3 using an attachment for regulating 
the partial pressure of oxygen in gaseous atmospheres. The experiment was carried out 
when heated from room temperature to 1000°C. Based on experimental data, the range 
of thermal stability of the crystal structure of the orbitally disordered O-phase of 
PrMnO3 oxide was determined at an oxygen pressure in a gaseous medium P(O2) = 0.21 
atm. Analysis of changes in the oxygen content in PrMnO3 and PrMn2O5 oxides when 
heated in a reducing atmosphere P(O2) = 10-23.5 atm allowed us to establish the sequence 
of changes in their phase composition and calculate the content of ions of various man-
ganese. The temperature dependences of the equilibrium oxygen pressure for the reduc-
tion reactions of PrMnO3 and PrMn2O5 oxides were obtained using the static method of 
studying heterogeneous equilibria in the Pr-Mn-O system: 

 
PrMnO3 = 1/2 Pr2O3 + MnO +1/4O2, 

PrMn2O5 = PrMnO3 + 1/3 MnO + 1/3O2. 
 

The thermal stability of oxides is determined by the reactions of oxygen exchange 
with a gaseous medium. Based on experimental data thermodynamic characteristics of 
the reactions of oxide dissociation and their formation from elements have been ob-
tained. 

 
This work was carried out according to the state assignment of the Vatolin Institute 

of Metallurgy of the Ural Branch of the Russian Academy of Sciences (IMET UB RAS) 

using equipment of the Collaborative usage centre "Ural-M." 
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Aluminum oxide is widely used as insulating and abrasive coatings, as well as a catalyst 
in oil refining processes. Al2O3-based ceramics are used to manufacture dental implants 
and hip replacements. The addition of Al2O3 nanoparticles to polymer matrices im-
proves their mechanical and thermal properties. Aluminum oxide has many modifica-
tions, of which the most stable is the α-Al2O3 (corundum) phase. This material is chem-
ically and thermally stable, possessing high strength and permittivity. In this study, the 
kinetics of nanocrystalline corundum formation under high-temperature annealing con-
ditions was investigated. 

The annealing precursor was obtained using the sol-gel method. A sample of 
Al(NO3)3 along with 2-3 drops of acetic acid was added to a 0.5 M solution of stearic 
acid in dimethylformamide at 70 °C with continuous stirring. The resulting mixture was 
then homogenized isothermally until the precursors were completely dissolved, yielding 
a clear solution. Gradually raising the temperature above 100 °C caused the melt to 
change color to bright red and boil, releasing nitrogen oxide (IV). After the solvent 
evaporated, a pale-yellow aluminum stearate gel was obtained. In the first series of sam-
ples, aluminum stearate was annealed for 2 hours at temperatures of 900 °C, 1000 °C, 
and 1100 °C. In the second and third samples, the annealing time was varied from 2 to 
12 hours (in 2-hour increments) at 900 ℃ and 1000 ℃, respectively. 

As a result, three series of Al2O3 samples were obtained, the phase composition of 
which was studied using X-ray diffraction. The formation of the corundum phase ex-
clusively was observed during annealing for 2 hours at 1100 °C (the first series of sam-
ples). With a decrease in the annealing temperature, the appearance of the α-Al2O3 phase 
was observed with a longer holding time (the second and third series of samples). The 
average crystallite size for the separately obtained γ-Al2O3 phase was 4±1 nm, and for 
corundum, 44±4 nm. 
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Discovery of all possible polymorphs of pharmaceutically active components is a nec-
essary issue in pharmaceuticals because different polymorphs have a varying bioavail-
ability. Of particular interest are metastable polymorphs, which exhibit enhanced disso-
lution kinetics in physiological fluids. However, reproducible preparation of metastable 
forms is a non-trivial task, typically requiring the development of complex, multi-step 
procedures or high-throughput screening. 
 

 
Imatinib mesylate 

 
In this study, we used for screening polymorphs of the pharmaceutically active com-

ponent the approaches previously proven successful in working with phenylbutazone 
[1] and olanzapine [2]. We developed a method for the reproducible preparation of a 
metastable polymorph of imatinib mesylate (see the structure in the Figure above), 
whose melting point is lower than that of the stable commercial form by 70 K. Prepara-
tion of metastable forms of imatinib mesylate is complicated by its tendency to be oxi-
dized by air oxygen in liquid solutions and upon heating, as well as by its ability to 
absorb water from the air. The developed method eliminates the possibility of undesir-
able reactions, ensuring reproducible results through thermodynamic control of the used 
solid-state processes, which are implemented by equilibrating solid samples with sol-
vent vapors and desolvation. 

 
1. M.N. Gabdulkhaev, A.V. Simdyanova, D.N. Bolmatenkov, A.T. Gubaidullin, 

T.A. Mukhametzyanov, M.A. Ziganshin, V.V. Gorbatchuk // CrystEngComm, 2025, 
27, 2490. https://doi.org/10.1039/d5ce00094g 

2. M.N. Gabdulkhaev, N.F. Idiyatullina, Kh.R. Khayarov, A.O. Surov, M.A. Zi-
ganshin, V.V. Gorbatchuk // Crystal Growth & Design, 2026, 26, 734.  
https://doi.org/10.1021/acs.cgd.5c01154 
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Single-crystal Na6Mo11O36 is a promising material for cryogenic scintillating bolome-
ters used in the search for neutrinoless double beta decay. Data on heat capacity are 
essential to determine the energy resolution of a cryogenic bolometer.  

Na6Mo11O36 single crystal was grown from the melt by the low-gradient Czochralski 
method [1]. The obtained single crystal was thoroughly characterized; its phase and el-
emental compositions were determined. The total impurity content is 0.015 wt%.  

Heat capacity data for the Na6Mo11O36 single-crystal sample were obtained in the 
range of 5.9 K to 330 K using a BKT-20 adiabatic calorimeter. The description of the 
experimental setup and the results of test heat capacity measurements for benzoic acid 
and copper were reported previously [2]. The measurement results are shown in the 
Figure. This data was obtained for the first time. 

 

 
Experimental heat capacity of the Na6Mo11O36 single crystal 

 
The heat capacity data were used to calculate the characteristic Debye temperature 

at 0 K (ΘD(0)= 341 ± 5 K) and the thermodynamic functions in the range of 0–330 K. 
The results obtained suggest that the Na6Mo11O36 single crystal is a promising candidate 
for use in cryogenic scintillating bolometer technology. 

 
1. Grigorieva V.D., et. al. // Cryst. Growth Des. 2025, V. 25. P. 986. 
2. Bespyatov M.A. // J. Chem. Eng. Data 2025. V. 70. P. 3630. 
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At present, considerable efforts are devoted to the search for molybdenum-containing 
scintillation crystals with optimized properties for application in neutrinoless double 
beta decay experiments. In this study, a large-sized, optically homogeneous, and defect-
free single crystal of sodium–cesium molybdate (NaCsMo3O10) was grown by the low 
thermal gradient Czochralski technique. 

 

 
NaCsMo3O10 single crystal grown in the [001] direction 

 
The as-grown single crystal was comprehensively characterized, including determi-

nation of its phase purity and elemental composition. Thermogravimetric analysis 
(TGA) combined with simultaneous differential scanning calorimetry (DSC) was per-
formed over the temperature range of 300–900 K. 

The DTA curve of NaCsMo3O10 exhibits a pronounced endothermic peak in the 800–
820 K range, with a maximum at Tmax ≈ 816 K, corresponding to the melting process. 
No additional phase transitions were detected within this temperature interval. The onset 
of melting was determined to be Tonset = 809 ± 1 K. 

The heat capacity of the single crystal over the entire range of existence of the solid 
phase (from 0 K to melting) was measured using adiabatic and scanning calorimetry 
methods. Based on these data, the thermodynamic properties (entropy, enthalpy, and 
reduced Gibbs energy) were calculated. 

 
The study was supported by the grant from the Russian Science Foundation No. 24-
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Yttrium-scandium-gallium garnet is a promising material for high-efficiency phos-
phors. Similar ionic radii, identical charge, and close electronegativity of Eu³⁺ and Y³⁺ 
ions facilitate lattice doping, enabling Y³⁺ substitution and solid solution formation. 
Substituting Y3+ with Eu3+ has the potential to enhance the luminescent properties of 
this material. However, the thermodynamic and thermophysical properties of the 
Y3-xEuxSc2Ga3O12 system have not been systematically studied. 

Solid solutions of the Y3-xEuxSc2Ga3O12 system (0<x<3) were synthesized by a high-
temperature solid-state reaction at 1793 K using B2O3 as a flux. The phase purity of the 
obtained samples was verified by XRD using a Bruker D8 diffractometer with a VAN-
TEC -1 linear detector and CuKα radiation. The synthesized garnets belong to the cubic 
space group 𝐼𝑎3̅݀. 

The temperature dependence of the heat capacity for all obtained substances was 
determined by differential scanning calorimetry (DSC) using a STA 449 S Jupiter in-
strument. The experiments were conducted in platinum crucibles with lids, with a heat-
ing rate of 20 K/min, from 323 K to 1023 K in an air atmosphere. The obtained results 
are presented in the figure. 

 

 
Dependence of the specific heat capacity on the composition of Y3-xEuxSc2Ga3O12:  

1 – Т = 323 К, 2 – Т = 523 К, 3 – Т = 723 К, 4 – Т = 923 К 
 
Substitution of Y3+ ions with Eu3+ ions leads to a nonlinear decrease in heat capacity 

in the Y3-xEuxSc2Ga3O12  system throughout the studied temperature range. 
 
The work was carried out within the framework of the state assignment of the Min-

istry of Science and Higher Education of the Russian Federation for science of the Si-

berian Federal University, project FSRZ-2026-0011. 
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Materials based on SrFeO3-δ are promising candidates for cathodes in solid oxide fuel 
cells and oxygen-permeable membranes. However, undoped SrFeO3-δ exhibits a high 
thermal expansion coefficient and is prone to phase transformations in a reducing at-
mosphere, which limits its practical application. The introduction of dopants into the 
B‑sublattice enables control over structural stability, oxygen nonstoichiometry, and 
transport properties. This approach is realized in the present work by substituting Fe3+/4+ 

with In3+ and studying its effect on these characteristics. 
Samples with the formula SrFe1-xInxO3-δ (x = 0.00–0.35) were synthesized using a 

sol-gel method with citric acid, followed by annealing at 1100 °C and sintering at 
1190 °C. The phase composition of the samples was studied by X-ray diffraction with 
Rietveld refinement. The homogeneity range is within 0.0 ≤ x ≤ 0.30. The samples with 
an indium content of x = 0.05–0.30 crystallize in a cubic perovskite cell (space 
group Pm-3m), whereas the base SrFeO3-δ composition possesses an orthorhombic 
structure (space group Cmmm). Cubic symmetry can exist for the undoped composition, 
however, this modification is unstable under standard conditions. Thus, the introduction 
of indium stabilized the cubic structure of SrFeO3-δ system. The unit cell parameter in-
creases monotonically with increasing indium content in the samples, which is at-
tributed both to the size effect from substituting Fe3+/4+ ions with larger In3+ ions and to 
the accompanying decrease in the average oxidation state of iron. 

Oxygen nonstoichiometry was determined using iodometric titration. Doping with 
In3+ leads to an increase in the concentration of oxygen vacancies at room temperature. 
Thermogravimetric measurements revealed that the release of oxygen from the crystal 
lattice begins at 300 °C, with samples containing high indium content exhibiting a lower 
oxygen loss upon heating. Thermal expansion was measured using high-temperature 
dilatometry. The temperature dependences of relative elongation are nonlinear.  

Electrical conductivity measurements were carried out using the four-probe DC 
method in a controlled atmosphere (pO2 = 0.5–10-20 atm) in the temperature range 750–
950 °C. The samples are characterized by mixed ionic-electronic conductivity through-
out the entire temperature range studied. The maximum ionic conductivity value is ob-
served for the composition x = 0.05. Upon further increase in indium content, the ionic 
conductivity decreases, which may be attributed to ordering of the crystal structure and 
partial blocking of the migration pathways for O2- ions. 

This work was carried out in accordance with the state assignment for the Institute 

of Solid State Chemistry, Ural Branch of the Russian Academy of Sciences, topic No. 

124061300025-8. 
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Ternary halides CsPbX3, CsPb2X5, and Cs4PbX6 (X = Cl, Br) are promising semicon-
ductor materials due to their potential applications in optoelectronics and photovoltaics. 
Stability of these compounds under real operating conditions, both in relation to decom-
position into constituent components and in relation to the effects of oxygen, carbon 
dioxide and water vapor present in the air, is a current issue. The main aim of this work 
was to determine standard enthalpies of formation from binary halides and isobaric heat 
capacities of these substances. 

CsPbX3 and Cs4PbX6 samples were synthesized via melt crystallization and solid-
state sintering, respectively. Cesium and lead halides (CsX and PbX2; X = Cl, Br) were 
used as the precursors. The stoichiometric mixtures of the starting materials were care-
fully ground in an agate mortar and placed in evacuated and hermetically sealed glass 
ampules. The ampules with Cs4PbX6 were heated in a furnace at 300 °C for 24 h and 
then cooled to room temperature at a rate of 2 °C/h. This procedure was repeated 3 times 
with intermediate regrinding of the reacting mixture. The ampules with CsPbX3 were 
heated in a furnace at 630 °C for 12 h and then cooled to room temperature at the same 
rate. CsPb2X5 were prepared by dissolving (CH3COO)2Pb∙3H2O in hot HX (X = Cl, Br) 
solution and subsequent adding of CsX powder. The precipitates were separated from 
cooled solutions on a glass filter, washed with ethanol, and dried at 70 °C for 1 h. 

The standard enthalpies of formation from binary halides were determined using so-
lution calorimetry. The obtained values for all studied samples are negative, of the order 
of -20 kJ∙mol-1. This fact indicates the thermodynamic stability of these substances at 
T = 25 °C. 

Temperature dependencies of the isobaric heat capacity were measured using adia-
batic calorimetry (from 77 K to 350 K) and differential scanning calorimetry (from 
350 K to temperatures near the melting points). Based on the analysis of captured data, 
a number of phase transitions in CsPbX3 samples were obtained, their enthalpies and 
entropies were estimated. Additionally, temperature dependencies of the enthalpy in-
crements from 373 K to temperatures near the melting points were determined for all 
synthesized samples using drop calorimetry. 
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Modification and combination of alloying elements in NdMnO₃-based compounds 
allow for the production of materials with valuable physical and chemical properties. 

In the Nd2O3-MgO-NiO-Mn2O3 system, the compound NdMg2NiMnO6 was 
synthesized using a high-temperature ceramic method at 400–1200 °C. 

The temperature dependence of the heat capacity of NdMg2NiMnO6 in the range 
298.15–673 K was studied using the IT-C-400 calorimeter, the principle of operation of 
which is described in detail in [1]. 

The temperature dependence of the heat capacity of NdMg2NiMnO6 shows λ-shaped 
peaks at 348 and 473 K, which are probably related to phase transitions. Using these 
peaks, the following equations for C0

p~f(T), [J/(molK)], have been calculated: 
 

С0
р = -(75±3) + (1024±41)10-3Т, (298-348 К) 

С0
р = (1004±40) - (2077±84) 10-3Т, (348-398 К) 

С0
р = (2109±85) - (2286±92) 10-3Т -(1618±65) 105Т-2, (398-473 К) 

С0
р = (1187±48) -(1867±75) 10-3Т, (473-548 К) 

С0
р = (541±22) + (33±1,32) 10-3Т -(1185±48) 105Т-2. (548-673 К) 
 
S0(298,15) of the NdMg2NiMnO6  compound is estimated by the method of ion en-

tropy increments of Kumok. Using the experimental dependence of C0
p~f(T) and the 

calculated S0(298,15), C0
p(T), S0(T), H0(T)-H0(298,15), Фxx(Т) are determined. 

Using the LCR-781 setup in the 293-483 K (1, 5, and 10 kHz) range, it was found 
that the dielectric constant of NdMg₂NiMnO₆ increases sharply with increasing temper-
ature (ε ≈ 1.16×10⁷ at 483 K), while the resistance decreases (1.53×10⁶ → 1.38×10⁴ 
Ohm), confirming the semiconductor nature of the conductivity. 

 
1. Kasenova Sh.B., Sagintaeva Zh.I., Kasenov B.K., Kuanyshbekov E.E., Ordabaeva 

A.T., Isabaeva M.A. Heat Capacity and Thermodynamic Characteristics of Sodium and 
Potassium Nickelite-Manganites of Neodymium of NdNa2NiMnO5 and NdK2NiMnO5 
// Applied Sciences, 2025, 15, 6751. https://doi.org/10.3390/app15126751 

This research has been/was/is funded by the Science Committee of the Ministry of 

Science and Higher Education of the Republic of Kazakhstan (Grant No. AP23486147). 
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CALORIMETRIC AND ELECTROPHYSICAL STUDIES  
OF LANTHANUM–POTASSIUM CUPRATE–VANADATE–MANGANITE 

Kasenov B.K., Kasenova Sh.B., Sagintayeva Zh.I., Kuanyshbekov E.E. 
Chemical and Metallurgical Institute named after J. Abishev 

100009, Karaganda, Republic of Kazakhstan, Ermekova Street, 63 
 
Perovskite manganites are of interest due to their enormous magnetoresistance, giant 
magnetostriction, and their potential for creating new functional materials. 

The calorimetric study of LaK2CuVMnO7.5 was conducted in the range of 298.15-
673 K using the IT-C-400 calorimeter. 

The C0
p~f(T) curve shows λ-shaped peaks at 323 and 473 K (see Figure), which are 

characteristic of second-order phase transitions. 
 

 
Temperature dependence of heat capacity LaK2CuVMnO7.5 

 
Taking into account the temperatures of phase transitions, the equations describing 

the dependence C0
p~f(T) are derived. Based on the experimental dependence of the heat 

capacity and the calculated value of S0(298,15), the thermodynamic functions C0
p(T), 

S0(T), H0(T)-H0(298,15) and Фxx(Т) are calculated. 
The electrophysical characteristics of LaK2CuVMnO7,5 were studied using the LCR 

781 setup in the range of 293-483 K at frequencies of 1, 5, and 10 kHz. At a frequency 
of 1 kHz, there is a sharp increase in capacitance and dielectric constant with increasing 
temperature (ε ≈ 7×108 at 483 K), accompanied by a decrease in resistance from ~4×10⁵ 
to <7.6×10² Ohm. 

 

This research is funded by the Committee of Industry of the Ministry of Industry and 

Construction of the Republic of Kazakhstan under program-targeted funding for scien-

tific research for 2024-2026, BR23991563: «Creation of Innovative Resourch-Saving 

Technologies for Mining and Integrated Processing of Mineral and Technogenic Raw 

Materials. 
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THE 3rd-GENERATION CALPHAD MODEL  
FOR SOLID AND LIQUID Ge AND THE BINARY Ge-Si SYSTEM 

Konstantinova N.M., Bajenova I.A., Khvan A.V., Uspenskaya I.A. 

Moscow State University 
119991, Moscow, Leninskie Gory, 1 

 
Germanium and silicon‑germanium alloys serve as key materials in several advanced in 
technologies such as microelectronics, photonics and optoelectronic as well as solar cell 
elements especially in space technology. In response to improvements in experimental 
measurement and analysis methods and computational capabilities, it has become im-
portant to make new databases on the thermodynamic properties of pure germanium, 
silicon, and their alloys. 

Third-generation CALPHAD models offer a superior alternative to the previously 
widespread polynomial expressions in existing databases. Based on modern thermody-
namic data, these models provide an accurate description of thermodynamic function 
from absolute zero (0 K) up to temperatures above the melting point.  

Critical review of available data for solid and liquid phases of Ge and Ge-Si were 
performed. 

The stable crystalline modification with the diamond cubic structure type was de-
scribed with two characteristic temperatures and two polynomial terms. The results of 
heat capacity modelling are shown in the figure below. 

 

 
Experimental data and and calculation results of heat capacity of pure crystalline 

germanium in the temperature range 0-Tfus 
 

A two-state model has been proposed to definition the liquid phase of Ge with two 
characteristic Einstein temperatures.  

Combining thermodynamic models, including a liquid phase model with two char-
acteristic temperatures developed for pure silicon and germanium, allows to describe 
the interaction in a binary system and obtain a more accurate prediction of the properties 
of the binary system in a supercooled liquid state. 

The authors gratefully acknowledge the financial support of the Program “Chemical 
Thermodynamics and Theoretical Material Science” (№ 121031300039-1), Lomonosov 

MSU.  
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ACTIVITY COEFFICIENTS OF NEODYMIUM IN Fe-Nd ALLOY 
Krylosov A.V., Rebrin O.I. 
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620062, Ekaterinburg, Mira st., 19 

 
For the production of Fe–Nd–B permanent magnets, it is possible to use a Fe–Nd alloy, 
which can be obtained in various ways. This raises the question of studying the thermo-
dynamic properties of such an alloy. 

Using the emf method, the equilibrium potentials of the Fe–Nd alloy were measured 
in an equimolar mixture of sodium and potassium chlorides containing 3.3% by weight 
of neodymium chloride relative to the In–Nd alloy. Based on these measurements, the 
activity coefficients of neodymium in the alloy were determined. The activity of neo-
dymium in the alloy with indium is known [1] and is expressed by the equation: 

lg aNd (In) = 4.271 – 12218 / T. 
Measurements were performed in the temperature range of 1003–1093 K. The neo-

dymium concentration in the alloy with indium was 5.48% by weight, which corre-
sponds to the two-phase region (InNd3+Liq) [2]. 

Fe–Nd and In–Nd alloys are two-phase systems: a saturated solution of neodymium 
in equilibrium with an intermetallic compound, in the case of indium – InNd3 [2], and 
in the case of iron – Fe17Nd2, Fe17Nd5 [3]. The activity of neodymium in the Fe–Nd alloy 
is determined by its activity in a saturated solution. The calculations were based on the 
assumption that neodymium in the alloys is reversible relative to Nd3+ ions in the salt 
phase [4]. Taking this assumption into account, a mathematical transformation was per-
formed to calculate the activity of neodymium in the Fe–Nd alloy, taking into account 
the activity of neodymium in the In–Nd alloy and the measured potential difference 
between these alloys. 

Based on the data obtained, an equation was developed for the functional depend-
ence of neodymium activity in iron on temperature: 

lg aNd (Fe) = 104.18 – 0.243 / T + 1∙10-4∙T2. 
The resulting equation matches the Eeq (emf) temperature dependence for the 

peritectic reaction. Liq + Fe17Nd2  Fe17Nd5 [5]. 
 
1. Lebedev V.A., Kober V.I., Yamshchikov L.F. Thermochemistry of Rare Earth 

and Actinide Alloys, 1989, 336 p. 
2. Lyakishev N.P. Phase Diagrams of Binary Metallic Systems, Vol. 3, Book 1, 2001, 

872 p. 
3. Hallemans H.,Wollants P., Roos J.R. // J. of Phase Eq., 1995, 16(2), 137-149. 
4. Smirnov M.V. Electrode Potentials in Molten Chlorides, 1973, 246 p. 
5. Sanghyeok I.,Gesualdi J., Minkyu K. et al. // J. of Al. and Comp., 2024, 970, 1-8. 
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SILVER CONVERSION DURING PYROMETALLURGICAL PROCESSING 
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620016, Ekaterinburg, Amundsena st., 101 
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620066, Ekaterinburg, Akademicheskaya st., 20 

 
During pyrometallurgical processing of copper ores and concentrates, some silver is lost 
with slags [1]. To develop technologies for reducing losses, it is necessary to study the 
sequence of transformations of silver compounds during the heating and melting of min-
eral materials. The behavior of silver during the heating and melting of argillite, elec-
trolytic sludge and technogenic sulfides was studied using thermodynamic modeling 
with the HSC Chemistry package, as well as experimentally. The melting products were 
analyzed using a scanning electron microscope. It has been shown that silver in its initial 
state is present predominantly in the form of Ag2S. Based on the results of thermody-
namic modeling, it was established that in the temperature range of 600-1050 °C, silver 
transforms into a metallic state in all of the listed mineral materials (see Fig). This is 
even lower than its melting point (~962 °C). The calculations are confirmed by experi-
mental data. After heating all of the aforementioned materials to 1350-1450 °C, silver 
was found to be in metallic form (see figure). The heating rate was 10 °C/min. The sizes 
of Ag particles vary in the range from 1 to 30 μm. 
 

 
Silver in mudstone when heated to 1450 °C: a) the Ag drop on the slag surface after 

melting; b) the equilibrium composition for silver compounds  
 
1. Tsemekhman L.Sh., Fomichev V.B., Yertseva L.N., et al. Atlas of Mineral Raw 

Materials, Technological Industrial Products and Marketable Products of JSC MMC 
Norilsk Nickel. Moscow: Ore and Metals, 2010. 336 p. 

The study was carried out in accordance with the state assignment for the Ural State 

Mining University No. 075-03-2026-421 dated January 16, 2026. 
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PHASE EQUILIBRIA, STRUCTURE, AND PROPERTIES OF COMPLEX 
OXIDES IN THE Eu1–xSrxCo1–yFeyO3–δ SYSTEM AT 1373 K IN AIR 

Legonkova V.S., Aksenova T.V., Cherepanov V.A. 

Ural Federal University 
620002, Ekaterinburg, Mira st., 19 

 
The aim of this work is a systematic study of phase equilibria, determination of the 
homogeneity ranges, and investigation of the structural features of complex oxides in 
the quasi-quaternary system EuCoO3 – SrCoO3– – SrFeO3– – EuFeO3. 

A series of samples with the composition Eu1–xSrxCo1–yFeyO3–δ with 0.1 ≤ x ≤ 0.9 
and 0.1 ≤ y ≤ 0.9 was synthesized by a glycerol-nitrate technique, followed by final 
annealing at 1373 K in air and subsequent quenching to room temperature. The phase 
composition and crystal structure were studied by X-ray diffraction and the Rietveld 
full-profile analysis. 

An isobaric-isothermal section of the phase diagram of the quasi-quaternary system 
EuCoO3 – SrCoO3– – SrFeO3– – EuFeO3 at 1373 K in air has been constructed. It was 
found that depending on the strontium (x) and iron (y) content the solid solutions 
Eu1-xSrxCo1–yFeyO3–δ crystallize in one of three perovskite structures: cubic (sp. gr. 
Pm–3m), tetragonal (sp. gr. I4/mmm), or orthorhombic (sp. gr. Pbnm). The cubic 
phase is stable for compositions enriched in strontium and iron (x = 0.9 and 0.1 ≤ y ≤ 
0.9; x = 0.8 and 0.2 ≤ y ≤ 0.9; x = 0.7 and 0.5 ≤ y ≤ 0.9). The tetragonal superstructure 
2ap×2ap×4ap, characterized by an ordered arrangement of Eu and Sr cations in the A-
sublattice, observed for x = 0.8 and y = 0.1; for x = 0.7 and 0.1 ≤ y ≤ 0.4; for x = 0.6 
and 0.1 ≤ y ≤ 0.3, while the orthorhombic structure is characteristic of europium-rich 
oxides with x = 0.1 and 0.1 ≤ y ≤ 0.9. The unit cell parameters exhibit a linear depend-
ence on composition upon substitution of europium by strontium in the A-site and of 
cobalt by iron in the B-site obeying Vegard’s rule. 

Thermogravimetric analysis of the oxides Eu1–xSrxCo1–yFeyO3–δ (0.6 ≤ x ≤ 0.9 and y 
= 0.3; x = 0.8 and 0.3 ≤ y ≤ 0.8) showed that all of them are oxygen-deficient. The ox-
ygen content, determined by iodometric titration and reduction in a hydrogen stream, 
decreases with increasing temperature and increasing strontium and cobalt contents in 
the samples. Charge compensation upon substitution of Eu3+ by Sr2+ occurs through 
the formation of oxygen vacancies and an increase in the average oxidation state of 
3d-metals. 

The nonlinear temperature dependence of relative thermal expansion of 
Eu1-xSrxCo0.7Fe0.3O3–δ ceramic samples (x = 0.6, 0.7) in the range of 300–1373 K in air 
is caused by thermal and chemical factors. The latter is associated with the release of 
oxygen from the lattice at T > 600 K and a change in the oxidation state of 3d-metals. 
The increase in LTEC with increasing strontium content correlates with the increase in 
the oxygen nonstoichiometry. 

This work was supported financially by the Ministry of Science and Higher Educa-

tion of the Russian Federation (grant No. FEUZ-2026-0011). 
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Thermal analysis and calorimetry present versatile characterization tools for the suc-
cessful development of pharmaceutical products. These methods can provide valuable 
information required to determine the purity, the melting point and the heat of fusion of 
a substance. Alternatively, thermal analysis and calorimetry allow prediction of the 
physical stability of an active ingredient. It is also important to be aware of the different 
polymorphic modifications of active pharmaceutical ingredients in order to be able to 
optimize the production and storage conditions so that only the desired form is present. 

In this work, the isobaric heat capacities of selected active pharmaceutical ingredi-
ents (see Figure) were determined over a wide temperature range using a precise adia-
batic calorimetry and differential scanning calorimetry. Reliable heat capacity data for 
active pharmaceutical ingredients are essential for calculation of temperature depend-
ence of their basic thermodynamic properties (enthalpy, entropy, the Gibbs energy). 

 
Chemical formulas of the studied active pharmaceutical ingredients 

 
Ticagrelor (CAS RN: 274693-27-5) 

 
Ezetimibe (CAS RN: 163222-33-1) 

 
Hydrochlorothiazide (CAS RN: 58-93-5) 

 
Indapamide (CAS RN: 26807-65-8) 

 
The authors are grateful to the JSC AKRIKHIN for the provided samples of active 

pharmaceutical ingredients. This work was carried out with the financial support of the 

Ministry of Science and Higher Education of the Russian Federation (FSWR-2026-

0013). 
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The unique combination of porous polymer materials properties determines their high 
potential for application in the analysis of gas mixtures, complex mixtures of non-polar 
and highly polar compounds, impurities in aqueous solutions, the concentration of trace 
impurities from air and water, etc. A significant expansion of the polymer materials 
specificity can be realized by introducing various functional groups into their composi-
tion. There are numerous works demonstrating the efficiency of the functionalization of 
vinylbenzyl chloride and divinylbenzene copolymer for use in various applications, 
however, important information on a comprehensive study of their thermodynamic 
properties is lacking.  

In the present work, the temperature dependence of heat capacity of the pyridine-
functionalized vinylbenzyl chloride and divinylbenzene copolymer were determined in 
the temperature range from 6 to 350 K by precision adiabatic vacuum calorimetry 
(BCT–3, Termis, Russian Federation). The thermophysical characteristics of the copol-
ymer were determined in the range 290-570 K by differential scanning calorimetry 
(DSC 204 F1 Phoenix, Netzsch–Gerätebau, Germany). Based on the obtained experi-
mental data the standard thermodynamic functions, namely, the heat capacity Cp°(T), 
the enthalpy [H°(T)−H°(0)], the entropy [S°(T)−S°(0)], and the Gibbs energy 
[G°(T)−H°(0)] were determined in the range from T → 0 to 350 K. The standard ther-
modynamic characteristics of the pyridine-functionalized copolymer were compared 
with those for the previously studied [1] initial divinylbenzene and vinylbenzyl chloride 
copolymer. 

 
1. Abarbanel N.V., Zarubin D.M., Smirnova N.N., Markin A.V., et al. Thermody-

namic properties of vinylbenzyl chloride and divinylbenzene copolymer // J. Therm. 
Anal. Calorim. 2026. In press. 

The work was carried out with the financial support of the Ministry of Science and 
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The search for new scintillation materials and the study of their properties are currently 
actively developing. Inorganic single crystal scintillators find application in areas such 
as medical imaging, nuclear safety, high-energy physics, and others. Double alkali metal 
molybdates are promising scintillation materials. In the presented work, we investigated 
for the first time the thermodynamic properties of single crystal LiRbMo3O10. 

A LiRbMo3O10 single crystal (see Figure) was produced via the low-gradient Czo-
chralski technique in air using a weight-controlled growth setup. The obtained crystal 
was then cut into samples of various sizes for further study. 
 

 
LiRbMo3O10 single crystal grown in the [001] direction. 

 
The phase and elemental composition of the grown single crystal were confirmed by 

X-ray phase analysis, mass spectrometry, and atomic emission spectroscopy. The total 
impurity content in the sample does not exceed 1·10⁻² wt%.  

Heat capacity data for the LiRbMo3O10 single crystal in the interval from 5 K to the 
onset melting temperature (Tonset= 785±1 K) were obtained using a BKT-20 adiabatic 
calorimeter and a Netzsch 204 F1 Phoenix differential scanning calorimeter. Analysis 
of the experimental data revealed a boson peak in the heat capacity behavior below 10 
K. Based on the obtained heat capacity data, thermodynamic functions (entropy, en-
thalpy, and reduced Gibbs energy) were calculated in the range of 0–785 K, and the 
characteristic Debye temperature was determined. 

 
The study was supported by a grant from the Russian Science Foundation No. 24-

19-00405, https://rscf.ru/en/project/ 24-19-00405/ 
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Sulphate glasses belong to a special group of glasses obtained from molten salts and, as 
a result, do not contain classical glass formers. For a long time, the study of sulphate 
glasses was primarily of scientific interest and was associated with attempts to explain 
the nature and mechanism of vitrification in salt systems. Therefore, the main focus of 
the study was on the structure. Significantly less attention was paid to the properties of 
the glasses. 

The aim of this work is to investigate the specific heat capacity of (100-x)K2SO4–
xZnSO4 glasses (x = 40, 50, 60, 70, 80 mol%). The glasses were synthesized from an-
hydrous K2SO4 and ZnSO4 at 750–900 K under an Ar flow in glassy carbon crucibles. 
Samples were obtained by "pressing" the melt between massive cold copper plates. 
Measurement of the specific heat capacity by the comparison method was carried out 
using a DSC214 Polyma differential scanning calorimeter with a CC200F3 cooling sys-
tem (Netzsch, Germany). Glass samples weighing 30–40 mg with plane-parallel pol-
ished surfaces were heated in closed aluminum crucibles at a rate of 10 K/min under a 
nitrogen atmosphere. A 37.7 mg sapphire disk was used as a comparison sample. Meas-
urements were performed in the temperature range from 193 to 723 K. For each of the 
studied glasses, the temperature dependence of the specific heat capacity Cp was ob-
tained in the temperature range from 223 to 473 K. The Cp values for six temperature 
points are presented in the table. 

 
Values of Cp for (100-x)K2SO4–xZnSO4 glasses 

x 

(mol.%) 
Ср, J/(g‧K) 

223 К  273 К 323 К 373 К 423 К 473 К 
80 0.58 0.64 0.69 0.75 0.77 0.63 
70 0.57 0.64 0.70 0.75 0.79 0.80 
60 0.56 0.62 0.67 0.73 0.78 0.80 
50 0.63 0.71 0.78 0.83 0.87 0.89 
40 0.65 0.71 0.77 0.82 0.85 0.88 
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In this work, the kinetics of anthracene hydrogenation in the presence of a mixture of 
pyrite and aluminum oxide in a 1:1 ratio at a hydrogen pressure of 3 MPa and temper-
atures of 648 K, 673 K, 698 K. were studied by equilibrium kinetic analysis. It was 
found that an increase in the temperature of the hydrogenation reaction leads to an in-
crease in the degree of conversion of anthracene, equilibrium constants, and a decrease 
in Gibbs energies. Chromatographic analysis of anthracene hydrogenation products 
showed the presence of 9,10-dihydroanthracene (DHA), 1,2,3,4-tetrahydroanthracene 
(THA), methylnaphthalene (MN), naphthalene (H) and other unidentified compounds. 

The use of equilibrium kinetic analysis makes it possible to establish the relation-
ship between direct and reverse reactions for a better understanding of the catalytic 
properties of a mixture of aluminum oxide and pyrite during the hydrogenation of an-
thracene, as well as to establish the dependence of the reaction rate on time and tem-
perature. Anthracene hydrogenation was carried out in a CJF-0.05 reactor with a ca-
pacity of 0.05 liters, equipped with a stirrer, temperature and pressure sensors. Anthra-
cene hydrogenation was carried out at temperatures of 648 K, 673 K, 698 K, with an 
initial hydrogen pressure of 3 MPa and a heating rate of 10 °C/min in the presence of a 
mixture (1:1) of pyrite and aluminum oxide. It was found that the process of anthra-
cene hydrogenation in the presence of a mixture of FeS2 and Al2O3 is limited from the 
kinetic to the diffusion region as the temperature increases, which is confirmed by the 
activation energies of the forward (39.4 kJ/mol) and reverse reactions (13.04 kJ/mol). 
An increase in the rate constants of the direct hydrogenation reaction of anthracene 
with increasing temperature is probably due to an increase in the number of effective 
collisions of reagent molecules at the active centers of the catalyst, which reduces the 
likelihood of a dehydrogenation reaction.  

Thus, there is reason to believe that the mixture of pyrite and aluminum oxide 
used in the reaction acts catalytically in both directions of the reaction, which, on the 
one hand, ensures its implementation in the selected temperature range and, on the 
other hand, explains its moderate total rate. In addition, it was found that the Gibbs 
energy decreases with increasing temperature, which makes the process of direct reac-
tion (hydrogenation) more thermodynamically advantageous.Values of enthalpy 
(∆H = 67.5 kJ/mol) and entropy (∆S = 61.2 J/(mol·K)) The reactions calculated using 
the Gibbs-Helmholtz equation indicate the endothermic nature of the process. A posi-
tive value of entropy also implies an increase in disorder in the system, which may be 
due to a partial loss of aromaticity of anthracene during hydrogenation. 

 
This research was funded by the Science Committee of the Ministry of Science and 

Higher Education of the Republic of Kazakhstan (Grant No. AP23484682). 
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The purpose of this work is to study the thermophysical and electrophysical character-
istics of electrode coke obtained by mixing Shubarkol Komir pitch and Karmet pitch 
in a ratio of 1:2 at a temperature of 1000 °C and a coking time of 6 hours. For the first 
time, a comprehensive analysis of the temperature dependence of the specific heat ca-
pacity was performed for electrode coke, a phase transition was revealed at 373 K, the 
parameters of semiconductor conductivity (band gap ~0.67 and ~0.55 eV) were de-
termined, and the values of permittivity reaching 109 were recorded. It should be em-
phasized that the phase transition at 373 K on the curve of the dependence of heat ca-
pacity on temperature can be attributed with some reservation to the temperature of 
the transition from semiconductor to metallic conductivity on the curve of the depend-
ence of electrical resistance on temperature, which also indicates the nature of this 
phase transition. 

The temperature dependence of the heat capacity of a sample of electrode coke ob-
tained from the pakes of the Shubarkol Komir and Karmet coke chemical plants was 
measured using an IT-S-40 serial calorimeter. The study of electrophysical properties 
(permittivity and electrical resistance) was carried out by measuring the electrical ca-
pacity of samples on a serial device LCR-800. The temperature dependence of the heat 
capacity of the electrode coke sample was studied according to the procedure de-
scribed above. At each temperature (after 25 K), five parallel experiments were per-
formed and their results were averaged by determining the standard deviation (δ ) for 
the specific heat. 

It can be seen from the experimental data that the material (electrode coke obtained 
from a mixture of Shubarkol and Karmet pitches in a ratio of 1:2) demonstrates tem-
perature-dependent conductivity. In the range of 293-373 K, the resistance decreases 
with increasing temperature (semiconductor behavior), increases at 373-393 K (metal-
lic), and decreases again at 393-483 K, indicating a return to the semiconductor type 
of conductivity. The type II phase transition at 373 K (100 °C), confirmed both calo-
rimetrically (peak heat capacity) and electrophysically (change of type of conductivity 
from semi-conductor to metallic and vice versa), may indicate a profound restructur-
ing of the electronic structure of the material. Gigantic dielectric constant (ε ~ 108-109 
at T > 393 K), characteristic of materials with strong interface polarization. This prop-
erty opens up prospects for the use of coke not only as an electrode, but also in micro-
electronics, sensors and energy-intensive devices. 

 
This research has been/was/is funded by the Committee of Science of the Ministry 

of  Science and Higher Education of the Republic of Kazakhstan (Grant No. 

BR24992921). 
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"Soft chemistry" has gained considerable popularity due to the wide variety of tech-
niques and strategies for obtaining compounds and materials with unique properties. 
This, in turn, dictates the importance of studying the effects of various parameters on 
the specifics of chemical reactions at relatively low temperatures. Special attention is 
paid to the role of acid-base equilibria on the processes of phase formation in aqueous-
salt media. 

In this regard, the work is devoted to studying the effect of the pH value of an aque-
ous-salt medium on the formation of compounds in the Bi2O3–P2O5–H2O (NaOH, 
HNO3) oxide system. 

The synthesis of samples by treatment of aqueous-salt suspensions with pH values 
of 2.0, 8.0 and 5.0 was carried out by two methods: precipitation at T = 25 °C, and 
hydrothermal treatment at T = 200 °C for 20 hours. 

It was shown that in an acidic medium (pH 2) at a temperature of 25 °C, hexagonal 
BiPO4 is formed, and at pH values of 8 and 12, X-ray amorphous substances are formed 
at the deposition stage. After hydrothermal treatment of these suspensions at 200 °C, 
hexagonal bismuth phosphate is transformed into a monoclinic modification in an acidic 
medium, and nanoscale particles of Bi3O(OH)(PO4) compounds are formed from amor-
phous precursors in slightly alkaline and alkaline media (with a crystallite size of about 
62 nm) and Bi2O3 (with a crystallite size of about 70 nm). 

By thermodynamic analysis, the dependences of the equilibrium molar solubility of 
these crystalline compounds on the pH value of the aqueous-salt suspension were ob-
tained, taking into account the formation of mononuclear aquahydroxoplexes. Based on 
thermodynamic analysis, it was shown that the BiPO4 compound is characterized by the 
highest stability in the pH range from 0 to 5.8 at temperatures of 25 and 200 °C. The pH 
range from 5.8 to 9.8 is characterized by the stability of the compound Bi3O(OH)(PO4)2 
at 25 °C, and a further increase in the pH value leads to the formation of Bi2O3, BiOOH 
or Bi(OH)3. 

The data obtained as a result of thermodynamic analysis are in satisfactory agree-
ment with experimental data on the stability limits of compounds BiPO4, 
Bi3O(OH)(PO4)2 and Bi2O3 under the conditions considered. 

 
The work was carried out with the financial support of the Russian Science Founda-

tion, project 24-13-00445.  
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Bismuth oxides doped by elements of V, VI, VII group and rare-earth metals are 
promising materials for application in oxygen ceramic generators and as fuel cell elec-
trolytes [1]. This is because one of the bismuth oxide forms (-Bi2O3) has high ionic 
conductivity. However, the problem is that this form is stable in a narrow temperature 
range (730-830° C). In order to expand the stability interval, bismuth oxide is doped 
by other elements. One of the promising compounds in this class is bismuth niobates 
doped by rare-earth elements. It is necessary to perform wide physical-chemical, in 
particularly, thermodynamic investigations for effectively application of these com-
pounds. 

The purpose of our paper is solid state synthesis and thermodynamic investigation 
of compounds Bi3NbxYb1-xOy (x = 0.1; 0.2) by solution calorimetry.  

Compounds Bi3Nb0.2Yb0.8O6.2 and Bi3Nb0.1Yb0.9O6.1 were obtained by solid state 
synthesis. High purity precursors Bi2O3, Nb2O5 and Yb2O3 were used for preparation. 
Planetary mill Fritsch Pulverisette 6 with corundum grinding glass and balls, hydraulic 
press (PGR-400), a furnace SNOL 4/1300 were used to prepare Bi3Nb0.2Yb0.8O6.2 and 
Bi3Nb0.1Yb0.9O6.1. Stoichiometric amounts of precursors were grinded for 10 cycles 
(160-200 rpm), total time was 10 h. A mixture was pressed and heating in furnace at 
700° С during 72 h. Samples were characterized by X-ray diffraction method (Tongda 
TD-3700, 5–70 2θ, Cu Kα). X-ray diffraction shown that samples were single phase 
with fluorite structure, space group Fm3m. 

Solution calorimetry was used to determine formation enthalpies, lattice enthalpies 
and stabilization energies of Bi3Nb0.2Yb0.8O6.2 and Bi3Nb0.1Yb0.9O6.1. 4 M HCl was 
used as solvent. It was shown that compounds were stable in respect to decomposition 
on simple oxides. 

 
1. Liu X. et al. A neutron total scattering study of defect structure Bi3Nb0.5Y0.5O6.5 

// Solid State Ion. 2011. Vol 192. P. 176–180. 
The research was supported by the Ministry of Science and Higher Education of 

the Russian Federation. 
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Compositionally complex oxides (also called “high-entropy oxides” or HEOs) have be-
come a popular subject of scientific investigation over the past decade. These oxides 
usually have five or more cations mixed in equimolar proportions within one sublattice. 
The random cation distribution results in high configurational entropy, which compen-
sates for the enthalpy of mixing and allegedly stabilizes the structure. Furthermore, this 
new material design approach provides vast possibilities for fine-tuning the chemical 
composition and, therefore, the properties. 

However, up until very recently [1,2], experimental investigations into thermody-
namics of HEOs have been quite limited, and so the understanding of their stability and 
stabilization issues had mostly been based on indirect or speculative evidence. 

This work focuses on the synthesis and thermodynamic properties of selected com-
positionally complex A-site mixed rare-earth perovskite cobaltites and rock-salt oxides. 
All the studied cobaltites were synthesized via the standard glycerol-nitrate technique, 
while the rock-salt oxides were prepared via the solid-state reaction method. The crystal 
structure and elemental composition of the samples were characterized using X-ray dif-
fraction (XRD) and scanning electron microscopy with energy-dispersive spectroscopy 
(SEM-EDS), respectively. In this study, several thermochemical techniques were em-
ployed, including high-temperature oxide melt solution calorimetry (to determine en-
thalpies of formation), adiabatic and drop calorimetry (to measure heat capacity and 
enthalpy increments), as well as differential scanning calorimetry and thermogravimetry 
(to measure heat capacity and investigate thermal stability). 

Based on experimental and literature data, the standard enthalpies of formation and 
the temperature dependencies of heat capacity were determined for all studied oxides. 
For Co0.2Cu0.2Mg0.2Ni0.2Zn0.2O, the first oxide designated in the literature as a HEO, 
the temperature dependence of the Gibbs energy was obtained over a wide tempera-
ture range. This study provides an experimental basis for discussing the factors affect-
ing the thermodynamic stability of “high-entropy” cobaltites and highlights the contri-
butions of both configurational and non-configurational entropy to the stabilization of 
Co0.2Cu0.2Mg0.2Ni0.2Zn0.2O. 

1. Sereda V. V., Tsvetkov D. S., Sereda A. V. et al. Thermodynamics of composi-
tionally complex (“high-entropy”) oxides – A-site mixed (5R0.2)CoO3-δ (R = rare-earth 
element) perovskite-type cobaltites // Acta Materialia. – 2026. – Vol. 306, № 121943 

2. Sereda V. V., Tsvetkov D. S., Sereda A. V. et al. Experimental thermodynamic 
study of the “high-entropy” oxide (MgCoNiCuZn)0.2O: entropic stabilization con-
firmed, but is it all that matters? // J. Mater. Chem. A. – 2026. – Vol. 14, № 9, 
P. 5419-5441 
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The Ruddlesden-Popper Ln2NiO4+δ (Ln=La, Nd, Pr) complex oxides are considered by 
researchers as promising materials for electrochemical devices, particularly, as cathodes 
for intermediate-temperature (600-800 °C) solid oxide fuel cells (IT-SOFCs). Insuffi-
cient thermodynamic stability at T<900 °C in air is their main disadvantage. Stability 
can be improved by partial replacing of praseodymium with lanthanum/neodymium and 
nickel with copper. The purpose of this work is to synthesize and to study the stability 
of La2-x(Pr,Nd)xNi1-yCuyO4+δ at 700 °C in air. 

The La2-x(Pr,Nd)xNi1-yCuyO4+δ (x = 0,5; 1,0; 1,5; y = 0,4; 0,6; 0,8) complex oxides 
were synthesized via a citrate-nitrate process. The phase purity of the samples was con-
firmed by XRD analysis. The XRD results showed that La2-x(Pr,Nd)xNi1-yCuyO4+δ 
(x=0,5–1,0; y=0,4–0,6) and La0.5Pr1.5Ni0.6Cu0.4O4+δ complex oxides were single-phase 
after annealing at 900 °C with the K2NiF4-type tetragonal structure. The 
La1.5Pr0.5Ni0.2Cu0.8O4+δ and La1.5Nd0.5Ni0.2Cu0.8O4+δ samples contained little amounts        
(< 0.6%) of PrOx and Nd2O3. Impurities were found in the remaining samples, the con-
tent of which increased with increasing concentrations of praseodymium/neodymium 
and copper. For single-phase samples, a parameter decreases as the dopant concentra-
tion increases. The c parameter increases with copper doping and decreases with in-
creasing concentration of praseodymium/neodymium. Structural stability with the ad-
dition of dopants can be described using the tolerance factor of the Paul Poix (t) for 
phases with the K2NiF4 type structure [1, 2]. Limiting value of t=0.85 could define sin-
gle phase domains of the studied solutions satisfactorily. To study the thermodynamic 
stability in the intermediate-temperature range (600-800 °C), single-phase oxides ob-
tained at 900 °C were kept at 700 °C in air for 30 days. The XRD results showed that 
all solid solutionsLa2-xNdxNi1-yCuyO4+δ were stable after annealing at 700 °C in air. In 
the La2-xPrxNi1-yCuyO4+δ system, compositions with x = 0.5 and y = 0.6; 0.8 were stable 
at 700 °C. Other studied solid solutions of La2-xPrxNi1-yCuyO4+δ contained significant 
amounts (> 5%) of La1-xPrxNi1-yCuyO3-δ and PrOx impurity phases. 
 

1. Poix P. Etude de la structure K2NiF4 par la methode des invariants, I. Cas des 
oxydes A2BO4 // J. Solid State Chem. – 1980. – V. 31. – P. 95–102. 
https://doi.org/10.1016/0022-4596(80)90011-0 

2. Ganguly P., Rao C.N.R. Crystal Chemistry and Magnetic Properties of Layered 
Metal Oxides Possessing the K2NiF4 or Related Structures // J. Solid State Chem. – 
1984. – V. 53. – P. 193–216. https://doi.org/10.1016/0022-4596(84)90094-X 

This work was carried out with the financial support of the Ministry of Science and 

Higher Education of the Russian Federation (theme № FEUZ-2026-0011). 

https://doi.org/10.1016/0022-4596(80)90011-0
https://doi.org/10.1016/0022-4596(84)90094-X
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This work continues the systematic investigation of the thermodynamic properties of 
methanesulfonic acid’s salts. It is devoted to the study of the thermochemical proper-
ties of Mn(CH3SO3)·2H2O, Co(CH3SO3)·4H2O and Ni(CH3SO3)·4H2O. Methanesul-
fonates of 3d-metals can be used in their electrodeposition and extraction of manga-
nese, cobalt and nickel from spent lithium-ion batteries and alloys containing these 
elements. Data on their enthalpies formation are necessary for correct modeling of 
phase equilibria.  

Manganese methanesulfonate was obtained via reaction of MnCO3·Mn(OH)2 and 
CH3SO3H in an aqueous solution. Tetrahydrates of nickel and cobalt methanesul-
fonates Co(CH3SO3)·4H2O and Ni(CH3SO3)·4H2O were synthesized according to the 
substitution reaction of barium methanesulfonate in an aqueous solution. The obtained 
samples were identified by X-ray, ICP-OES and TG analysis. 

The thermochemical properties of methanesulfonates were investigated by method 
of solution calorimetry. The enthalpies of solution of Mn(CH3SO3)·2H2O, 
Co(CH3SO3)·4H2O and Ni(CH3SO3)·4H2O were measured in water at 298.15 K in 
calorimeter Parr 6755 (Parr Instrument Company). The temperature rise in each run 
was measured by resistance thermometer (Parr 6772). The thermometric sensitivity 
was 210−4 K. The enthalpies of formation of methanesulfonates at 298.15 K were cal-
culated on the basis of the experimental data and Mn2+(aq), Co2+(aq), Ni2+(aq) and 
SO3CH3

−(aq) enthalpies of formation. The results are presented in Table. The enthalpy 
of formation of methanesulfonate ion in solid state was estimated according to the 
Mostafa’s scheme on the basis of the obtained data for all studied methanesulfonates. 

 
Thermochemical properties of methanesulfonates at 298.15 K 

Sample solНo
298.15, -1molkJ   fНo

298.15,
-1molkJ   

Mn(CH3SO3)·2H2O −24.1 ± 0.5 −2138 ± 9 

Co(CH3SO3)·4H2O −6.3 ± 0.4 −2564 ± 9 

Ni(CH3SO3)·4H2O −15.6 ± 0.3 −2552 ± 9 

 

This work was performed as part of State task (topic nos.121031300039-1 and 

121031300090-2) and was done on the equipment (a Parr 6755 calorimeter and a 

NETZSCH TG 209 F1Libra thermal analysis) with funds from the Moscow University 

Development Program. 
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The compounds studied in this work belong to the class of diaziridine derivatives. Com-
pounds of this class play an important role in various fields of science and technology. 

The heat capacity of three diaziridine derivatives 6-phenyl-, 6-(4-methoxyphenyl)- 
and 6-(4-ethoxyphenyl)-1,5-diazabicyclo[3.1.0]hexanes (PDABH, MeOPDABH and 
EtOPDABH, respectively) was determined by low-temperature adiabatic calorimetry. 

The studied compounds were synthesized and purified. The structure of the obtained 
compounds was monitored by spectroscopic methods. The purity of the sample of each 
compound was assessed by elemental analysis and by gravimetric analysis of combus-
tion products. 

The heat capacity of PDABH and MeOPDABH was determined in the temperature 
range of 6–350 K, where the calorimetric cell was cooled with liquid helium and nitro-
gen. The heat capacity of EtOPDABH was determined in the range of 80–350 K; its 
heat capacity in the temperature range of 5–80 K was estimated empirically by the Kelly 
method. Extrapolation to 0 K was performed using the Debye cube law. The data ob-
tained in the temperature range of 5–350 K were smoothed by power polynomials of 
the 𝐶௣,௠(ܶ) = ∑ ௜ܣ (ܶ)௜, where Ai are the polynomial coefficients and i is the polyno-
mial degree. By integrating these polynomials, the main thermodynamic functions, ܵm0 , ∆0Tܪm0 , ∆0Tܩm0 , and the entropy of formation at 298.15 K, ∆fܵm0 , were found. 

Using the obtained experimental data and literature data on the enthalpies of for-
mation, ∆fܪm° , the Gibbs free energy of formation was calculated, ∆fܩm 0  (Table). 

 

Thermodynamic functions at 298.15 K of the studied compounds  
 PDABH MeOPDABH EtOPDABH 

Cp,m(cr)/ J K-1 mol-1 201.18 ± 0.40 241.97 ± 0.48 270.37± 0.81 ∆fܵm0 m 0ܩJ K-1 mol-1 -1017.8 ± 1.4 -819.1±1.3 -1118.4 ± 3.1 ∆f /(ݎܿ) °mܪkJ mol-1 373.1 ± 4.1 490.6±1.8 376.4 ± 2.8 ∆f /(ݎܿ) (cr)/ kJ mol-1 246.4 ± 1.8 [1] 69.6 ± 4.1 [2] 43.0 ± 2.6 
 

1. Lukyanova V.A., Kuznetsov V.V, et al. // Phys. Chem. Chem. Phys. 2023. V. 25. 
P. 25289. https://doi.org/10.1039/d3cp03290f 

2. Lukyanova V.A., Kuznetsov V.V, et al. // Mendeleev Commun. 2025. V. 35. 
P.736. https://doi.org/10.71267/mencom.7770 

This investigation was performed in the framework of the Russian State Assignment 

"Chemical Thermodynamics and Theoretical Materials Science" under contract 

No. 121031300039-1. 

https://doi.org/10.1039/d3cp03290f
https://doi.org/10.71267/mencom.7770
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Cyclic dipeptides (2,5-diketopiperazines) are currently of great interest to researchers 
in the field of medicine, as they have good cellular permeability and diverse biological 
activity. In addition, their ability to self-assemble into nanostructures with piezoelectric 
and luminescent properties makes it possible to use them in energy storage systems and 
OLEDs. Such properties make cyclic dipeptides promising compounds for research, 
which makes it an important task to develop new and improve existing methods for their 
synthesis. Widely used methods for obtaining 2,5-diketopiperazines, such as synthesis 
in solutions or under the influence of microwave radiation, and separation from living 
organisms, are still quite laborious. In the case of biological methods, in addition, syn-
thesis of a limited number of compounds is possible. In contrast to the methods listed, 
solid-state cyclization of linear dipeptides upon heating leads to the production of cyclic 
dipeptides with high yield and low cost. However, the dependence of the thermal prop-
erties of linear dipeptides on their structure and heat capacity remains poorly under-
stood, and the autocatalytic mechanism of cyclization has not yet been confirmed ex-
perimentally. 

In this work, the cyclization reactions of L-alanyl-L-valine and L-valine-L-alanine di-
peptides in the solid state under heating in closed and open systems were studied for the 
first time. The effect of high pressure on the onset point in the presence and absence of 
water vapor was established. Using non-isothermal kinetics approaches, the kinetic pa-
rameters of these reactions were calculated, and kinetic models describing these reac-
tions were determined. 

The structures of the products of solid-state reactions have been proven by physical 
and physico-chemical methods: FTIR, NMR, CD spectroscopy, HPLC-MS, PXRD. 
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The Ruddlesden-Popper (R-P) nickelates Lnn+1NinO3n+1 (Ln = La, Pr, Nd) belong to the 
class of materials promising for application as cathode materials for intermediate tem-
perature solid oxide fuel cells. The alternation of n perovskite (LaNiO3) and rock salt 
(LaO) layers along the c-axis is the unique feature of R-P oxides crystal structure. The 
increase of n in the series Lnn+1NinO3n+1 enhances the thermal stability, electronic 
transport and electrochemical performance. Presently, there is no consensus concerning 
the crystal structure of higher-order (n = 3) nickelates. The results of numerous room 
temperature structure studies disagree with each other. The same applies to the details 
of the structural phase transitions observed in these oxides upon temperature change. 

In the present work the detailed investigation of the crystal structure of La3PrNi3O10-δ 
R-P nickelate was performed by combination of instrumental techniques, analysis of the 
available literature data and considering the group-subgroup relations. 

Variation of La3PrNi3O10-δ crystal structure with temperature was studied by in situ 
high-temperature X-ray diffraction (HT-XRD) with XRD 7000 diffractometer (Shi-
madzu, Japan) at 25–1000 °C in air. The crystal structure refinement was carried out by 
Rietveld method using the Rietica 4.0 software. The isobaric heat capacity (Cp) was 
measured by differential scanning calorimetry (DSC) with MHTC 96 (Setaram, France) 
calorimeter in the temperature range 25–900 °C in air. The resulting Cp temperature 
dependence possesses complex shape with three anomalies indicating the second order 
phase transitions and supporting the results of in situ HT-XRD. Accordingly, the HT-
XRD patterns were analyzed based on group-subgroup relations using the software 
SUBGROUPGRAPH and WYCKSPLIT of Bilbao Crystallographic Server. During the 
analysis the structural data (atomic coordinates and Wyckoff positions) for related ox-
ides available in the literature were used as an independent source of crystallographic 
information. As a result, the following sequence of the second order phase transitions 
in the temperature range from 1000 to 25 °C in air was proposed: 

I4/mmm (No. 139) > Fmmm (No. 69) > C2/m (No. 12) > P21/a (No. 14). 
The thermodynamic stability limits of La3PrNi3O10-δ depending on temperature and 

oxygen partial were determined by thermogravimetric analysis (TGA) and coulometric 
titration technique. TGA was performed using STA409PC (Netzsch GmbH, Germany) 
thermobalance in the temperature range 25–1200 °C in air. Coulometric titration was 
carried out in the original home-built setup in the ranges of temperature and oxygen 
partial pressure 800–950 °C and 10-5–1 atm, respectively. The products of phase decom-
position reactions were identified by equilibrating the La3PrNi3O10-δ under required con-
ditions followed by quenching with subsequent XRD analysis. 

This work was carried out with the financial support of the Ministry of Science and 

Higher Education of the Russian Federation (theme № FEUZ-2026-0011). 
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The various CeO2 based systems is of practical interest because their high ion conduc-
tivity and potential using for SOFC. On other hand B2O3 containing system uses as 
glasses for special purposes. Prediction of the behavior at high temperatures of such 
systems require the information of quantitative composition of vapor as well as thermo-
dynamic properties (such as activities, activity coefficients and partial thermodynamic 
functions) for all components. In this study CeO2-B2O3 system was studied by Knudsen 
effusion mass spectrometry (KEMS) as well as thermodynamics of the gaseous cerium 
oxyacid salt CeBO2. Investigation was done using MS 1301 mass spectrometer at the 
ionization energy equaled to 30 eV. Vaporization of the samples under consideration 
was carried out from molybdenum and tungsten effusion cells heated by the electron 
bombardment. Temperature was measured by optical pyrometer EOP-66 with the accu-
racy ±10. Samples were obtained by heating mixtures of CeO2 and orthoboric acid.  

The B2O3
+, CeO+ and CeO2

+ ions were detected in mass spectra above the system 
under study in the temperature range 1500-2100 K. The mass spectrum analyses and 
appearance energies of ions in mass spectrum shown that the vapor over the systems 
consist of B2O3, CeO, CeO2 and O molecules. The partial pressures of these vapor spe-
cies were obtained using the ion current comparison method with silver as inner stand-
ard. Additionally gaseous molecule CeBO2 was detected in the vapor. For this species 
standard formation enthalpy was derived.  

In the studied system ceria is stabilized by second component and decomposition to 
Ce2O3 in the condensed phase wasn't observe. The thermodynamic activities of CeO2 
and B2O3 at the temperature 1600 K were found by the differential mass spectrometric 
method using ceria and B2O3 as the standard of the determination of the component 
activities. The CeO2-B2O3 system demonstrate strong negative deviation from ideal case 
for boron oxide and weak negative deviation for ceria. 
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The properties of non-polar substances in aqueous solutions – such as the Henry’s law 
constant (kH) and hydration parameters (ΔhydH

∞, ΔhydV
∞, ΔhydCp

∞) – play a key role in 
thermodynamic calculations of natural and industrial processes involving sparingly sol-
uble gases. Their accurate description is essential for predicting solubility over a wide 
range of temperatures and pressures, including the supercritical region. 

Semi-empirical equations of state for infinitely dilute solutions are commonly used 
to describe standard properties of dissolved gases. In recent decades, equations of state 
based on empirical correlations (e.g., SOCW, POCW) have been extensively developed. 
However, these approaches require complex parameterization and often lack a clear 
physical foundation. Therefore, the development of molecular models based on physi-
cally justified approximations of intermolecular interactions in solution, and capable of 
ensuring correct limiting behavior, remains an important task. 

In a recent study [1], an equation of state was proposed based on the approximation 
that the interaction energy between water and the dissolved gas can be represented by a 
square-well potential. This approach makes it possible to describe the Gibbs energy of 
hydration (ΔhydG

∞) explicitly within a unified formalism, without the need to integrate 
the dependencies of ΔhydV

∞ and ΔhydCp
∞, as is done in traditional models. 

The model requires only four fitting parameters, which makes the model simpler 
than its existing counterparts. Despite its simplicity and the small number of adjustable 
parameters, the model demonstrated high accuracy both in correlating experimental data 
and in extrapolation [1].  

In the present work, a further development of this model is proposed, including an 
updated expression for the coordination number based on theoretical results reported by 
Hu et al. [2]. 

The model was tested on a series of noble gases, light hydrocarbons, and a number 
of weakly polar gases. The modeling results demonstrate that the model is suitable for 
describing the Henry’s law constant (kH) and several properties of gases at infinite dilu-
tion within experimental error. 

1. Novikov A.A. Equation of State of an Infinitely Dilute Solution of Argon in 
Water // Rus. J. Phys. Chem. A. 2023. Vol. 97. Nr 1. P. 662–672. 
https://doi.org/10.31857/S0044453723050205 

2. Hu J., Duan Z., et al. A general local composition and coordination number model 
for square-well fluids with variable well width and diameter ratio // Molecular Physics. 
2007. Vol. 105. Nr 8. P. 1019–1037. https://doi.org/10.1080/00268970701262900 
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Deep eutectic solvents (DESs) are a class of materials combining properties of fluids 
and electrolytes which exhibit unique characteristics, such as high dissolving ability, a 
wide electrochemical window, low volatility, and a high boiling point. Additionally, 
their constituents (in the case of type III DESs, a hydrogen bond donor and a hydrogen 
bond acceptor) are often inexpensive and environmentally benign, making DESs an at-
tractive choice for “green chemistry”. 

Even though the first DESs were discovered over 20 years ago, our knowledge of 
how the nature of their components influences their properties is still limited. For ex-
ample, substitution of the anion in the electrolyte component of DESs remains largely 
unexplored in the literature. This is mainly due to the difficulty or high cost of ion-
exchange processes required to replace the anion in choline chloride and 
tetraalkylammonium salts, which are typical hydrogen bond acceptors in most studied 
DESs. In contrast, protic ionic substances, formed by proton transfer from a Brønsted 
acid to a Brønsted base, do not exhibit this drawback. 

In the present work, we investigated the influence of the anion on the dynamics of 
Tris (tris(hydroxymethyl)aminomethane) protic salts in ethylene glycol (EG) using di-
electric relaxation spectroscopy. We show that, within the covered frequency range of 
0.05 ≤ ν / GHz ≤ 89, the obtained spectra can be described as a superposition of relaxa-
tion processes arising from Tris-associated species and EG dipoles. For the latter, pro-
cesses exhibiting nearly unperturbed dynamics were found, as well as contributions con-
siderably slowed down by the solute. The extracted effective solvation numbers of the 
Tris salts strongly correlate with the strength of anion–solvent interactions, decreasing 
in the order chloride > nitrate > perchlorate. A Tris cation slows down the dynamics of 
~16 EG molecules at infinite dilution. One of them is essentially “frozen” and rotates 
together with the cation as a single entity. Analysis of the effective dipole moments 
indicates that, up to concentrations of about 1.5 M, the solutions are dominated by con-
tact ion pairs, before gradually transitioning to the behavior of a “solvent-lubricated” 
molten salt. 

 
The study was financially supported by Ministry of Science and Higher Education of 

the Russian Federation, Laboratory of ionic materials (LIM), project number FSSM-

2024-0006. 
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Lactic acid esters are a significant class of organic compounds widely used in various 
industrial sectors. Lactates have a number of attractive properties: low vapor pressure, 
nontoxicity, high solvency ability, biodegradability; they are noncorrosive, noncar-
cinogenic, nonozone-depleting, and easily recyclable. Therefore, they are currently 
considered as a promising alternative to traditional solvents and plasticizers [1,2]. The 
development of new technological processes using lactic acid esters requires reliable 
thermophysical data.  

This report presents the results of measuring the critical temperatures, critical pres-
sures, thermal diffusivities, and heat capacities of methyl (CASRN 547-64-8), ethyl 
(CASRN 97-64-3), propyl (CASRN 616-09-1), butyl (CARN 138-22-7), and pentyl 
(CASRN 6382-06-5) lactates. Alkyl lactates under study decompose at near-critical 
temperatures; because of this, the pulse-heating method applicable to measuring the 
critical properties of thermally unstable compounds has been used [3]. Heat capacity 
in the liquid phase has been measured using a differential scanning calorimeter DSC 
204 F1 Phoenix (Netzsch, Germany) at atmospheric pressure in the temperature range 
from 298 to 473 K. The thermal diffusivity a  has been measured by the laser flash 
method using a LFA 457 (Netzsch, Germany). The experiments have been performed 
for liquid compounds at atmospheric pressure at temperatures over a wide temperature 
range. The relative combined expanded uncertainties with 0.95 level of confidence 
are: Ur(Tc) = 0.015, Ur(pc) = 0.04, Ur(Cp) = 0.03 и Ur(a) = 0.05. 

The thermal conductivity   was calculated from the experimental data on the 
thermal diffusivity and heat capacity and literature data for density.  

The functional self-similarity method was applied to predict the critical parameters 
of higher-molecular-weight alkyl lactates using the experimental data obtained [4].  

1. Pereira C.S.M., Silva V.M.T.M., Rodrigues A.E. Ethyl lactate as a solvent: 
properties, applications and production processes – a review // Green Chem. 2011. 
Vol.13, P. 2658–2671. https://doi.org/10.1039/C1GC15523G 

2. Doble M., Kruthiventi A.K. Chapter 5 - Alternate Solvents. Green Chemistry 
and Engineering 2007, P. 93-104. https://doi.org/10.1016/B978-012372532-5/50006-7 

3. Nikitin E.D., Pavlov P.A., Skripov P.V. Measurement of the critical properties 
of thermally unstable substances and mixtures by the pulse-heating method // J. Chem. 
Thermodyn. 1993. Vol. 25, P. 869–880. https://doi.org/10.1006/jcht.1993.1084 

4. Nikitin E.D., Bogatishcheva N.S. Method of self-similar functions for estimating 
the critical properties of homologous series // Fluid Phase Equilibria. 2021. V. 537, 
P. 112986. https://doi.org/10.1016/j.fluid.2021.112986 
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For the preparation of some types of natural deep eutectic solvents (NADES), a small 
amount of water must be added to the mixture to reduce the viscosity for practical ap-
plications. In such cases, an important feature of these aqueous systems is the possibil-
ity of a gradual transition from a deep eutectic solvent to a so‑called Mixture of Natu-
ral Compounds (MINAC), i.e., a regular aqueous solution based on natural compo-
nents. This transition is controlled by maintaining specific molar ratios of all compo-
nents, in particular the molar fraction of water, at which noticeable deviations from the 
behavior of ordinary solutions are observed. 

In this work, the fructose–citric acid–water system with a molar ratio of the main 
components of 1:1 is studied. The aim of the study is to investigate the dependence of 
the water activity, which is argued [1] an important indicator of molecular interactions 
in such mixtures, on the molar fraction of water plot. The figure below depicts the ex-
perimental setup developed for this purpose and results obtained.  

By the comparison with model calculation curves, the range of responses to the wa-
ter molar fraction, which either preserve the DES character of the system or exhibit 
transition between NADES and MINAC are revealed.  

 

 
(A) The created experimental setup for determining water activity.  
(B) The data obtained (blue circles with error bars) in comparison with literature data 
[2] (magenta circles) and models: Norrish–Ross (solid black line) and PC-SAFT. 

 
1. Postnikov E.B., Vanina A.S., Wasiak M., Sychev A.V., Chora̧żewski M. Ther-

modynamic properties of natural deep eutectic solvents and their aqueous solutions 
exemplified by fructose-citric acid-water mixtures // Molecular Thermodynamics of 
Aqueous Systems: Binary and Ternary Solutions/Mixtures, eds. T. Letcher and 
E. Wilhelm. RSC Press, 2026 (in press). 

2. Gómez A.V., Tadini C.C., Biswas A., Buttrum M., Kim S., Boddu V.M., Cheng 
H.N. Microwave-assisted extraction of soluble sugars from banana puree with natural 
deep eutectic solvents (NADES) // LWT. 2019.  Vol. 107. P. 79–88. 
https://doi.org/10.1016/j.lwt.2019.02.052 
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The results of all-atom molecular dynamics simulations of ionic and nonionic surfac-
tants in polar and non-polar solvents are presented. Bulk systems that include direct or 
inverse micelles (see Figure) as well as surfactant monolayers at the water-hydrocarbon 
interface are simulated. Structural, transport, thermodynamic, and kinetic properties of 
the surfactant solutions are studied by analysing the molecular dynamics data. 

The diffusion coefficients of direct and inverse micelles have been calculated using 
the Einstein formula [1]. The viscosities of micellar solutions have been estimated on 
the basis of the Stokes-Einstein relation [2]. The interfacial tension at the water-decane 
interface in the presence of different surfactants has been calculated on the basis of di-
agonal components of the pressure tensor [3]. The distribution of inverse micelles by 
their aggregation numbers is studied. The dependence of the obtained results on the 
simulation cell size is taken into account. MDynaMix and GROMACS software pack-
ages have been used to perform molecular dynamics simulations within CHARMM36 
and CGenFF force fields. The simulation times range from several tens of nanoseconds 
to microseconds. 

 

 
Direct and inverse micelles of C12E4 in water at T=298 K  

and in heptane at T=223 K, correspondingly 
 

1. A.I. Rusanov, A.K. Shchekin, N.A. Volkov // Russ. Chem. Rev., 2017, Vol. 86, 
No. 7, pp. 567 – 588. 
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E.A. Turnaeva, S.S. Volkova, and A.A. Groman // Colloid J., 2021, Vol. 83, No. 4, pp. 
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3. A.A. Vanin, N.A. Volkov, E.N. Brodskaya, A.K. Shchekin, E.A. Turnaeva, 
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Among metals suitable for medicinal use and likely to enter the organism, gold attracts 
significant interest. This is due to the many promising antitumor agents synthesized 
from gold(III) complexes, which are isostructural and isoelectronic to the established 
anticancer drug cisplatin. The antibacterial potential of gold(III)-based organometallic 
compounds is also under active investigation (see, e.g., paper [1]), and gold coatings are 
already utilized in surgical instruments. It is important to note, however, that gold(III) 
complexes typically function as prodrugs rather than active pharmaceutical agents; they 
require prior activation to exert a biological effect [2]. This activation may involve lig-
and substitution in the gold coordination sphere (e.g., via hydrolysis) or redox processes 
(oxidation/reduction). 

As we demonstrated [3], the dissociation of a metal complex in the presence of a 
protein can lead to the formation of a metal-protein associate. Therefore, to completely 
describe behavior of gold(III) complexes in biological fluid, equilibria involving metal 
ions (or their simple complexes, such as tetrachloroaurate(III), since Au3+ itself cannot 
persist in aqueous solution) with biologically active ligands, proteins and DNA must be 
taken into account. 

In this report, we are going to provide the values for stability constants of gold(III) 
complexes determined by us for such classes of N,O-donor ligands as pyridoxal or pyr-
idoxal 5’-phosphate-derived hydrazones [4], 18-crown-6 ester and its aza-substituted 
derivatives, blood serum proteins including albumins [5] and γ-globulins [6], and DNA 
[7]. The information about the structure of the complexes formed derived from multi-
spectroscopic approach as well as quantum chemical calculations is also to be discussed.  

 
1. Antibiotics. 2022. Vol. 11. P. 1728, https://doi.org/10.3390/antibiotics11121728 
2. Chem. Rev. 1999. Vol. 99. P. 2589–2600, https://doi.org/10.1021/cr980431o 
3. Coord. Chem. Rev. 2024. Vol. 520. P. 216162, 
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4. Int. J. Mol. Sci. 2024. Vol. 25. P. 5046, https://doi.org/10.3390/ijms25095046 
5. J. Mol. Liq. 2023. Vol. 389. P. 122914, https://doi.org/10.1016/j.mol-

liq.2023.122914 
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Solvents modify reaction thermodynamics and kinetics through specific coordination, 
demanding the correct treatment of the role of the medium in molecular modeling. Com-
putationally cheap implicit solvation models are commonly used to capture bulk elec-
trostatic effects; however, the additional incorporation of solvent molecules into com-
putational models is often essential for obtaining reliable results. The latter technique is 
specifically justified for processes in which solvent molecules are released into the bulk 
or become bound, behaving as active participants, such as in intermediates or transition 
states with high polarity differences. In this study, we compare Sackur-Tetrode (ST)-
based conventional models, which treat the solute and solvent on equal terms, with 
Gibbs free energies derived from experimental thermochemical data for various sol-
vents and assess the performance of the latter on a series of solvent–ligand exchange 
reactions. 

Empirical free energy values for solvents were derived via a Hess cycle comprising 
experimental liquid-phase enthalpy, entropy (from low-temperature adiabatic vacuum 
calorimetry), and zero-point energy (from IR/Raman spectroscopy). Conventional ideal 
gas values were calculated using the DFT method at the PBE0/def2-TZVP level of the-
ory, with symmetric and asymmetric reference states represented with 1 M and solvent 
self-concentration in the ST equation, respectively. While conventional approaches usu-
ally provide free energy contributions lying within 1 kcal⋅mol−1 from the experimental 
ones, in some cases they deviate by ~2 kcal⋅mol−1; meanwhile, combining free volume 
correction with an asymmetric reference state yielded the best MAE in entropy values 
(1 kcal⋅mol−1). 

To validate the accuracy of experimental solvent Gibbs free energies, a dataset com-
prising complexation reactions with thermochemical data obtained via isothermal titra-
tion calorimetry (ITC) was compiled. For solvents where experimental and calculated 
values differ by >2 kcal⋅mol−1, the experimental free energy contributions provide 
1−2 kcal⋅mol−1 more accurate results for solvent−ligand exchange reactions, demon-
strating that experimentally derived energy components can be combined with com-
puted ones to yield improved results. None of the conventional approximations is uni-
versal, as they exhibit divergent trends for different solvents. 

To conclude, Gibbs free energies for solvent molecules provide a compelling alter-
native to those calculated with ideal gas approximations, resulting in better agreement 
with experimental thermodynamic parameters. 

This work is supported by Russian Science Foundation grant № 22-73-10124-P. 
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Oxidative addition (OA) is a crucial step in numerous C-C coupling reactions catalyzed 
by transition metals [1]. The efficiency of this process depends on the nucleophilicity 
of the metal donating electron pairs, as well as on the nature of the substrate and the 
reaction conditions. An appreciation and prediction of nucleophilic reactivity are of par-
amount importance for controlling the course of chemical reactions, understanding their 
mechanisms, and creating new approaches to the synthesis of organic compounds. 

Recently, we developed a model cross-electrophile coupling reaction between me-
thyl iodide and vinyl iodide to form propylene in a Pt(II)–NaI–acetone system [2; 3]. 
The key intermediate in the reaction is a methyl-vinyl derivative of Pt(IV), generated 
by the sequential oxidative addition of these electrophiles to Pt(II) iodo complexes. 
However, the sequence in which methyl iodide and vinyl iodide molecules bind to 
[PtI4]2- remains unclear. A step toward resolving this issue could be comparing the re-
activity of the [Pt(CH3)I3]2- and [Pt(СH2CH3)I3]2- complexes in OA reactions with vinyl 
iodide and methyl iodide, respectively.  

The results of DFT-modeling the energy profiles of OA reactions, along with corre-
lations between the free Gibbs energies/barriers of the reactions and the calculated val-
ues of the condensed-to-atom (Pt) nucleophilicity indices will be presented and dis-
cussed. 

 
1. Bavi M., Nabavizadeh S. M., Hosseini F. N. [et al.]. Ligand-Mediated C–Br Oxi-

dative Addition to Cycloplatinated (II) Complexes and Benzyl-Me C–C Bond Reduc-
tive Elimination from a Cycloplatinated(IV) Complex // ACS omega. 2020. Vol. 5, 
№. 44. P. 28621–28631. https://doi.org/10.1021/acsomega.0c03573 

2. Krasnyakova T. V., Nikitenko D. V., Gogil’chin A. S. [et al.]. Reductive Cross-
Electrophile C(sp2)-C(sp3) Coupling Catalyzed by PtI2: In Situ Structural Determination 
of the Intermediates by X-ray Absorption Spectroscopy and Multinuclear NMR // Or-
ganometallics. 2024. Vol. 43, № 1. P. 55–67. https://doi.org/10.1021/acs.organ-
omet.3c00400 
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Ionic liquids (ILs) are promising solvents for the separation and extraction of 
hydrocarbons, gas purification, desulfurization, and as a medium for organic reactions. 
Many ILs with a hydrocarbon substituent in the cation have a nanoheterogeneous 
structure consisting of polar and apolar domains in their bulk phase. The domain 
structure can be altered by changing the structure of the cation and/or anion. 
Nanosegregation in the liquid phase strongly affects the solvation properties of ILs and 
consequently their potential for use in various processes. 

In this work, the activity coefficients at infinite dilution (γ∞) of different organic 
solutes in thiocyanate- and hydrosulfate-based protic ILs were determined by gas 
chromatographic headspace analysis. The influence of the liquid phase structure probed 
by small-angle X-ray scattering and molecular dynamics simulations on the solvation 
properties of protic ILs was analyzed. The possible use of the studied ILs for various 
industrial separation problems is discussed. 

 
The research was funded by the Russian Science Foundation, project 24-13-00062. 
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Exploiting the vast synthetic potential of reductive cross-electrophile coupling, i.e., the 
direct coupling of two C-electrophiles, remains challenging due to issues with control-
ling chemoselectivity caused by the identical chemical nature of both substrates [1]. A 
model Pt(II)–NaI–acetone catalytic system for reductive cross-electrophilic coupling 
was recently designed [2], providing a useful tool for exploring the causes of selectivi-
ty. In this system, the key intermediates of C-C coupling, bis-organic PtIV(R1)(R2) 
complexes, are generated in a sequence of steps: oxidative addition (OA) of R1-I to 
PtI2 forming PtIV(R1) species – reduction of the latter by I- to give PtII(R1) and I3

- – OA 
of R2-I generating PtIV(R1)(R2). The reduction step here is facilitated by the solvent-
specific binding of the released iodine with acetone and NaI into a poorly soluble pol-
ymeric complex tris(μ2-acetone-κ2O:O)-sodium polyiodide [3]. Reductive elimination 
of two organic ligands yields the C-C coupling product, R1-R2, and regenerates the 
catalyst. Thus, the reduction of organic PtIV derivatives by iodine ions to the corre-
sponding PtII organometallic compounds, being one of the key steps in the overall cat-
alytic process, could have an impact on the chemoselectivity. 

To elucidate the possible contribution of the reduction step to the selectivity of C-C 
coupling, we estimated the Gibbs free energy and enthalpy of this transformation for a 
series of organic derivatives of PtIV using density functional theory (DFT) calcula-
tions. The results of DFT-modeling the energy profiles of the reactions, as well as cor-
relations between the free Gibbs energies of the reactions and the calculated values of 
PtIV electrophilicity indices, will be presented and discussed. 

1. Ehehalt L. E., Beleh O. M., Priest I. C. [et al.]. Cross-Electrophile Coupling: 
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Organometallics. 2024. Vol. 43, № 1. P. 55–67. 
https://doi.org/10.1021/acs.organomet.3c00400 

3. Howie R. A.; Wardell J. L. Polymeric tris(μ2-acetone-k2O:O)-sodium polyiodide 
at 120 K. Acta Cryst. Section C, Crystal Structure Communications 2003. C59, m184–
m186. https://doi.org/10.1107/S0108270103006395 

This work was supported by the Ministry of Science and Higher Education of the 

Russian Federation through State Assignment “Design of C-C and C-X coupling reac-

tions catalyzed by simple transition metal complexes using acetylene and organic hal-

ides”, Grant No. FRES-2026-0010. 

https://doi.org/10.1021/acs.chemrev.4c00524
https://doi.org/10.1021/acs.organomet.3c00400
https://doi.org/10.1107/S0108270103006395


XXV International Conference on Chemical Thermodynamics in Russia 109 

THERMODYNAMIC PROPERTIES OF SUBSURFACE MONOLAYERS  
AND STRUCTURAL ASSIGNMENTS OF BULKY AGGREGATES  

BASED ON DICATIONICS 
Mikhailov V.A. 

L.M. Litvinenko Institute of Physical Organic and Coal Chemistry 
283048, Donetsk, R. Luxemburg st., 70 

 
Dicationic onium salts (DOS) with long alkyl substituents (“tails”) perform excellently 
as surface tension reducers for the air/water and oil/water interfaces emerging as effec-
tive agents for surfactant-enhanced petrol recovery [1] from both nature basins and in-
dustrial reservoirs. Many other possible applications were supposed on a basis of unique 
properties of DOS as ionic liquids, ionic plastic crystals, and non-volatile electrolytes. 
For a task-oriented usage, detailed knowledge of thermodynamics in the fields looks 
needed. Small libraries of DOS encompassing majority of typical heads, spacers and 
counter-ions were constructed [2], their thermal, surface-reducing, and other properties 
were studied and compared with available literature data. Molecular structures of all 
library items were thoroughly inspected, and all usual experimental procedures for 
structure elucidation were maintained. Molecular geometry and electronic structure of 
virtual dications were evaluated with ab initio calculations, some representative exam-
ples were interpreted in a frame of Bader quantum theory of atoms in molecules 
QTAIM, reduced density gradient RDG and independent gradient model IGM ap-
proaches. Dicationic imidazolium halides DIH with short spacers dissociate into free 
ions (behave as strong electrolytes) in diluted water solutions. With a concentration ris-
ing, DIH molecules combine into supermolecular aggregates in bulky volume, and, in 
parallel, migrate to solution/air interface, slowly and far from diffusion control. Surface 
tension and dilatational rheology measurements made simultaneously and inde-
pendently by DuNouy ring and hanging drop dynamical methods identified highly re-
silient layers of DIH on the interface, with extremely large dilatational moduli. Concen-
tration dependences of storage and loss moduli in combination with tension depend-
ences reveal lucid signs of an organized adsorbed layers at a first stage and further dis-
ordering. Highly negative Gibbs energies ΔG of interface layers formation support this 
notion. Specific for DIH models of supramolecular organization in volume and at the 
interfaces have been proposed, their differences from generally accepted Gemini style 
micellization analyzed from structural and thermodynamic point of view.  

1. Mousa N., Abu‐Jdayil B., Zekri A.Y. Recent Advances in the Utilization of Imid-
azolium‐Based Ionic Liquids for Chemical‐Enhanced Oil Recovery: A Comprehensive 
Review. // Chem Rec. 2025. Vol. 25, Nr 12. art. e202500096. 
https://doi.org/10.1002/tcr.202500096 

2. Zabolotniy A.A., Trush E.N., Zarechnaya O.M., Mikhailov V.A. Dicationic bis-
imidazoliums as a platform for ionic liquids: long tails and short spacers // J. Ionic 
Liq. 2022. Vol. 2. Art.1000545. https://doi.org/10.1016/j.jil.2022.100045 
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In this work, we investigated the phenomenon of reaction blocking between mefenamic 
acid (MA) and carbon dioxide (CO2) confined within the pores of a nanocrystalline cel-
lulose (NCC) aerogel. The present work continues a series of our studies devoted to the 
conformational equilibria of MA and its chemical reactivity toward supercritical carbon 
dioxide (scCO2), both in bulk solution and under conditions of aerogel confinement. In 
our recent work [1], we have found that the chemical reaction between MA and CO2 
can proceed via two distinct pathways: in bulk solution — nucleophilic attack by CO2 
on the MA carbonyl oxygen, and under the confined geometry of NCC aerogel pores 
— attack by CO2 on the MA amino-group. In present work we checked if blocking the 
chemical reaction within the aerogel pores can be achieved by increasing the degree of 
pore saturation with the MA instead using the inhibitors. For this we increased the aer-
ogel saturation degree with dopant by its impregnation at higher temperatures. It al-
lowed us increasing the MA concentration retained in aerogel by one order of magnitude 
as compared to that achieved in [1]. A combination of low-temperature nitrogen sorp-
tion and IR spectroscopy revealed that with increasing aerogel saturation, the probabil-
ity of forming an amorphous MA phase inside the aerogel pores increases, while the 
amount of retained CO2 markedly decreases. In turn, the formation of the amorphous 
MA phase within the pores accompanied with arising the intermolecular hydrogen 
bonds between MA molecules – specifically those involving the amino-group. It is pre-
cisely this feature that acts as the key factor blocking the reaction proceeding through 
the amino-group attack. Moreover, we showed that the conformational equilibrium of 
MA released from MA-doped NCC aerogel differs from that observed in bulk 
MA/scCO2 saturated solution. This divergence arises primarily from the combined ef-
fects of confinement within the pores of NCC aerogel and its ability to form hydrogen 
bonds with MA molecules retained inside them. 
 

1. R.D. Oparin, M.A. Krestyaninov, D. V. Ivlev, A.A. Dyshin, M.S. Kuz’mikov, 
M.G. Kiselev, Reaction mechanism between carbon dioxide and mefenamic acid in sat-
urated solution and within the confinement of a nanocrystalline cellulose aerogel, J. 
Mol. Liq. 435 (2025) 128146. https://doi.org/10.1016/J.MOLLIQ.2025.128146 
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Submitted work is part of a major study of water-electrolyte systems containing alkali 
metal acetates. It is devoted to obtaining enthalpy characteristics of the dissolution pro-
cesses of caesium acetate solvates by calorimetry. Recently, the development of chem-
istry of highly concentrated aqueous solutions has received a new impetus – this is due 
both to the search for environmentally friendly electrolytes in new generation batteries 
(water-in-salt WIS systems) and to the intensive study and application of inorganic ionic 
liquids (ionic liquids IL) [1,2]. Salts of alkaline or alkaline earth metals with a non-toxic 
counterion and high solubility in water are ideally suited as objects for creating such 
systems. One of them is caesium acetate. However, CsOAc has an extremely high hy-
groscopicity, which makes it difficult to work with it and prepare mixtures based on it. 
At the same time, CsOAc forms solvates with acetic acid of various compositions, 
which are less hygroscopic and easy to obtain. 

We suppose that systems based on caesium acetate solvates can be considered prom-
ising for creating highly concentrated mixtures with the properties of WIS or IL. Be-
cause the availability of additional acetate ions in such systems promotes the binding of 
free water molecules, which will make it possible to achieve the WIS state at lower salt 
concentrations. 

The physicochemical properties of the known caesium acetate solvates are practi-
cally not represented in the literature. As a result of this work, the thermal effects of the 
process of dissolution of solid caesium acetate and its solvates CsOAc·HOAc, 
3CsOAc·5HOAc in water were obtained: the enthalpy of dissolution, the energy of crys-
talline lattices, and the enthalpy of ions hydration. Using quantum calculations, enthalpy 
characteristics of the intermediate processes of gaseous ions formation were obtained, 
which made it possible to estimate the hydration energy of the hydroxonium ion. The 
resulting thermal effects correlate with the structural features of the solid solvates. 

 
1. Shigang C., Rong L., John H., et al. // Effect of cation size on alkali acetate-based 

‘water-in-bisalt’ electrolyte and its application in aqueous rechargeable lithium battery. 
Applied Materials Today. 20. 2020.  

2. Maria R., Jeremy I., David G., et al. // Concentrated mixed cation acetate “water-
in-salt” solutions as green and low-cost high voltage electrolytes for aqueous batteries. 
Energy Environ. Sci., 2018. 
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Many applications of deep eutectic solvents (DES) require their dilution with water to 
reduce viscosity and improve practical efficiency. However, this raises the question of 
what fraction of water still allows such a ternary mixture to be considered a DES ra-
ther than merely a strongly non-ideal solution, and how these two thermodynamic en-
tities can be distinguished.  

In contrast to sophisticated experimental methods such as NMR, as well as numeri-
cal analyses based on quantum-chemical estimates, it has recently been argued [1] that 
studying the water activity of such ternary systems can serve as a demonstrative indi-
cator when experimental data are compared with the predictions of relatively simple 
thermodynamic models. In the present work, the applicability of the Ross method, 
complemented by the Caurie and Norrish models for the corresponding binary subsys-
tems, can serve as a criterion for assessing the extent to which donor–acceptor interac-
tions between DES components are compromised by the addition of excessive water. 

The validity of the proposed approach is tested with a wide range of systems for 
which corresponding experimental data are available; see some examples in the figure 
below. The results are compared with microstructure-characterizing chemical indica-
tors, and practical rules for testing DES-candidate mixtures are proposed.  

 

 
Examples of systems exhibiting strong, range-limited, and absent properties of deep 

eutectic solvents indicated by the deviation of experimental data on the water activity 
(markers) from a theoretical model for a ternary regular mixture (black curve). 

 
1. Postnikov E.B., Vanina A.S., Wasiak M., Sychev A.V., Chora̧żewski M. Thermo-
dynamic properties of natural deep eutectic solvents and their aqueous solutions ex-
emplified by fructose-citric acid-water mixtures // Molecular Thermodynamics of 
Aqueous Systems: Binary and Ternary Solutions/Mixtures, eds. T. Letcher and 
E. Wilhelm. RSC Press, 2026 (in press). 
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High-entropy alloys (HEAs) have been actively studied in recent years due to their high 
mechanical properties and corrosion resistance. A distinctive feature of these alloys is 
the formation of a solid solution as a result of the relatively high entropy of mixing of 
the components. HEA are promising materials for various industries. Despite this, the 
physical properties of HEA, especially at high temperatures and in liquid state, are prac-
tically unexplored to date. In this work, density, electrical resistivity, viscosity and mag-
netic susceptibility of Al-Ni-Co-Cu-Zr and Al-Ni-Co-Fe-Cr HEAs with different com-
ponent ratios are investigated for the first time. 

Al-Ni-Co-Cu-Zr and Al-Ni-Co-Fe-Cr alloys were obtained from pure initial compo-
nents in an induction furnace at a maximum temperature of 1800 K in a protective he-
lium atmosphere. Density of the alloys was measured on an automated set-up using the 
gamma-absorption method. Electrical resistivity was studied using contact-less method 
in a rotating magnetic field, magnetic susceptibility was studied using the Faraday 
method, and viscosity of the melts was studied using the damped torsional vibrations 
method. All experiments were carried out in a protective helium atmosphere at temper-
atures ranging from 300 up to 1800-1900 K. 

It is shown that the investigated compositions are characterized by a practically lin-
ear decrease in density during heating and in liquid state their density can be described 
by linear functions. The temperature dependence of viscosity of melts can be described 
by the Arrhenius equation at high temperatures. In AlNiCoCuZr alloys, an anomalous 
decrease in electrical resistivity and a corresponding increase in magnetic susceptibility 
were found in the temperature range of 800–1000 K. The results of high-temperature 
diffraction experiments show that these anomalies are associated with structural 
changes in the composition of the alloys. 

The obtained results can be used to optimize the preparation modes of 
Al-Ni-Co-Cu-Zr and Al-Ni-Co-Fe-Cr HEAs for quenching and to obtain finished prod-
ucts based on them. 
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Gallium-based alloys are attracting researchers' attention in recent years and are consid-
ered as promising liquid metal coolants and materials in micro- and nanoelectronics. At 
the same time, data on their physical properties remain limited, which restricts their 
broader application. Moreover, such systems have been shown to exhibit long-term 
changes in their properties at high temperatures [1]. In this work, the physical properties 
(density and viscosity) of gallium melts containing rare-earth metals (REMs) were in-
vestigated, and their behaviour during long-term isothermal exposure at high tempera-
tures was studied.  

Binary Ga-REM alloys (REM: Nd, Sm, Gd, Tb, Ho) with the second component 
present at up to 5 at. % were obtained in a resistance furnace at 1400 K under a protec-
tive helium atmosphere. Density of the alloys was measured using the gamma-absorp-
tion method on an automated setup, kinematic viscosity was investigated using the 
damped torsional vibrations method (Shvidkovskiy method). Experiments were carried 
out under protective helium atmosphere.  

It has been established that Ga-REM melts are characterized by long-term relaxation 
processes, which leads to a discrepancy between density and viscosity values obtained 
during heating and subsequent cooling. It has been shown that melts above the liquidus 
temperature are heterogeneous systems, containing two-scale inhomogeneities associ-
ated with the first intermetallic compounds of gallium with rare earth metals. The tran-
sition of melts to the equilibrium state (relaxation processes) takes tens of minutes and 
is associated with the dissolution of two-scale inhomogeneities. Relaxation processes 
can generally be described by a decay equation, which demonstrates the universal mech-
anism of inhomogeneity dissolution in such melts.  

Results obtained in this study can be used to optimise the processes of preparing 
Ga-REM alloys for practical applications and may provide a basis for further research 
on the melts of these systems. 

 
1. Rusanova A.I., Son L.D., Rusanov B.A., Beltyukov A.L. Long-term non-mono-

tonic relaxation processes in Al- and Ga-based binary alloys with gadolinium and ter-
bium at high temperatures // Journal of Molecular Liquids. 2026. V. 442. 129116. 
https://doi.org/10.1016/j.molliq.2025.129116  
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Amino acid ionic liquids (AAILs) attract special attention among the structurally mod-
ified ionic liquids (ILs) due to their low toxicity and likely biocompatibility. Biocom-
patible chiral AAILs show a high efficiency of extraction of biomolecules and a high 
potential in the chiral ligand-exchange separation. Aqueous biphasic systems (ABSs) 
containing AAILs have been considered as eco-friendly and bio-friendly extraction me-
dia [1]. In context of the counter-ion effects, we have analyzed our data on phase be-
havior of ABSs containing AAILs together with available literature. 

In last decades, polymerized ionic liquids (PILs) have attracted growing interest. 
PILs are water-soluble polyelectrolytes that contain ILs ions as their monomer units. An 
addition of salting-out agents results in the formation of ABSs. For specific applications 
such as extraction of biomolecules, an appropriate choice of ion pairs comprising new 
PILs is required. Thus, ABS with poly(1-butyl-3-vinilimidazolium bromide) and K3PO4 

has a low extraction efficiency towards L-tryptophanate anions in comparison with non-
polymerized ILs. A relationship between reduced extraction efficiency and competitive 
phosphate binding was supported by MD simulations [2]. To enhance the extraction 
efficiency, we studied other amino acid PILs based on poly(diallyldimethylammonium) 
cation as components of ABSs. The counter-ion effect on phase behavior is similar to 
the one in ABSs with non-polymerized AAILs. As found, an affinity of the IL/PIL-rich 
phase towards the model solute (deprotonated in basic media L-tryptophan or vanillin) 
is pronounced for ABSs with amino acid ILs/PILs as compared to halides. 

In this work, we have also considered the counter-ion effects on the micellar aggre-
gation of 1-dodecyl-3-methylimidazolium AAILs in aqueous-salt solutions. Sodium 
chloride, choline chloride and choline chloride+L-proline were chosen as additives. Sur-
face properties, critical micellar concentrations and micellar size distributions are stud-
ied and discussed in terms of salting-out as well as chaotropy/cosmotropy of the ions. 

1. Sadeghi R., Coutinho J.A.P. Advances in amino acid-derived aqueous biphasic 
systems for eco-friendly separation processes. Journal of Molecular Liquids. 2025. Vol. 
439, P. 128904. https://doi.org/10.1016/j.molliq.2025.128904 

2. Korchak P. A. et al. The Effect of Polymerization of Ionic Liquid [C4Vim]Br on 
Phase Behavior and Partitioning of L-Tryptophan: Experimental and Molecular Dynam-
ics Study. Chinese J. Polym. Sci. 2026. In press 

This work was supported by Russian Science Foundation (projects 20-13-00038, 25-

43-01003). The experimental measurements were partially performed at the Research 

Park of St. Petersburg State University (“Center for Magnetic Resonance”, “Center for 

Thermogravimetric and Calorimetric Research”, “Center for Diagnostics of Func-

tional Materials for Medicine, Pharmacology, and Nanoelectronics”). 

https://doi.org/10.1016/j.molliq.2025.128904


116 XXV International Conference on Chemical Thermodynamics in Russia 

RELATIONSHIPS BETWEEN THE STRUCTURE, NANOSTRUCTURE,  
AND PROPERTIES OF IONIC LIQUIDS 

Sedov I.A. 
Kazan Federal University 

420008, Kazan, Kremlevskaya Str., 18 
 

Many ionic liquids (ILs) exhibit a distinct nanoheterogeneous structure, composed of 
interpenetrating polar and apolar domains. Nanoheterogeneity is particularly prominent 
in ILs with longer alkyl chain lengths, which form large apolar domains. Domain seg-
regation can be identified using experimental scattering techniques or from molecular 
dynamics simulations. However, there is no straightforward way to quantify nanoheter-
ogeneity. The scattering peak position only provides an average length scale for both 
polar and apolar domains. When analyzing instantaneous configurations from computer 
simulations, the percolating sponge-like geometry of the domains makes it difficult to 
isolate apolar or polar atom clusters and measure their size. 

In this work, the chord length distribution method was applied for the first time to 
the analysis of domain structure in different ILs. We define an apolar domain as all the 
points of space inside the simulation cell that are closer to the polar than to any apolar 
heavy atom in the liquid. In a polar domain, all the points lie closer to a polar atom. 
Hence, these domains consist of Voronoi cells around apolar or polar atoms. Random 
lines are then generated and the lengths of the line segments cut by the boundaries of 
the polar and apolar domains are determined. The distribution of these segment lengths 
characterizes the sizes and shapes of the clusters of apolar and polar atoms. 

Molecular dynamics simulations of ILs were conducted at 298 K in the NPT ensem-
ble using the OPLS force field in large cells containing 4000 ion pairs. The simulation 
results were validated by comparing the predicted and experimental SAXS curves. The 
instantaneous configurations were analyzed using a program written by the author. 

The results of analysis revealed a number of interesting relationships between the 
structure of the cation and the nanostructure of the IL. Alkylammonium ILs with the 
same number of alkyl groups (mono-, di- or tri-) but with different alkyl chain size show 
very similar distributions of chord lengths in the polar domain. The size of clusters in 
the apolar domain grows up with increasing number of carbons in the alkyl group. At 
the same time, cations with different numbers of the same substituents (e.g. mono-, di- 
and tributylammonium) have almost the same structure of apolar domains and strikingly 
different polar domains. While polar atoms tend to aggregate in monoalkylammonium 
salts, their distribution is much closer to uniform in di- and especially trialkylammonium 
ILs. Similarly, imidazolium ILs with two identical alkyl substituents and those with one 
such substituent form apolar clusters of the same size. The nature of the IL anion also 
affects domain segregation. Large anions can impede apolar aggregation. 

The nanostructure of ILs strongly influences their properties. This is shown by the 
example of solvation properties using experimental free energies of solvation and cal-
culated free energies of cavity formation, which depend on the cluster size distribution. 

The work was supported by RSF project №24-13-00062. 
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The key process that forms the basis of molybdenum enzymes’ operation is oxotransfer, 
i.e. the transfer of an oxygen atom between the enzyme’s active site and the substrate. 
Molybdenum complexes with dithiolene ligands are commonly used as convenient 
models of the active site in molybdenum-containing enzymes. Research on these model 
active sites typically aims to obtain kinetic and electrochemical characteristics of the 
system. Nevertheless, thermodynamic data are essential for identifying the driving force 
behind the oxotransfer process [1]. 

In this study, the molybdenum complex with maleonitriledithiolate ligand (mnt²⁻) of 
the composition (Bu₄N)₂[MoO₂(mnt)₂] was used as a model of the enzyme active center, 
and triphenylphosphine PPh₃ was used as the substrate. The calorimetric study was per-
formed using Calvet-type microcalorimeter (KYV) [2] to obtain data on the change in 
enthalpy during the dissolution processes of the solid sample (Bu₄N)₂[MoO₂(mnt)₂] (a) 
in pure acetonitrile and (b) in acetonitrile containing a portion of PPh₃. Subsequently, 
the total changes in enthalpy upon interaction of the components in the liquid phase 
were calculated.  

By varying the ratio of the complex to the substrate, the values of the total thermal 
effects during the oxotransfer process in this system were obtained. The increase in the 
phosphine quantity in the system leads to a significant increase in total the thermal ef-
fect. These data indicate a catalytic character of the process, which correlates with the 
nature of the synthetic model.  

 
1. Simonova, V. M., Pestova, O. N., Anufrikov, Y. A., Espósito, B. P., Khripun, V. 

D. Oxidation of PPh3 by Oxygen Catalyzed by Biomimetic Tungsten Complex: Oxo-
Transfer Process Thermodynamics. // J Therm Anal Calorim. 2024. Vol. 149, P. 4771-
4781. https://doi.org/10.1007/s10973-024-13065-z 

2. Golubev B.A., Kondratev Yu.V., and Sheitelman B.I. (1985) USSR Inventor’s 
Certificate no. 1283553. 
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In the modern biotechnology industry, natural deep eutectic solvents (NADES) attract 
significant attention as they provide a route toward the transition to “green” extract-
ants. At the same time, the molecular and thermodynamic background of their effi-
ciency is hampered by the lack of kinetic data explaining the relevant intermolecular 
interactions. The situation is complicated by the high viscosity of NADES, which ne-
cessitates significant water dilution, filtration, and centrifugation of the samples to 
make them suitable for conventional spectrophotometry. As a result, this approach 
provides only overall yield data rather than enabling real-time monitoring.  

In this work, we propose an alternative method based on a colorimetric approach 
that processes a time series of samples during short extraction periods. As a case 
study, the extraction of phycocyanin from Arthrospira platensis biomass in a NADES 
system composed of glycerol and glucose is examined, see the figure below. The key 
feature of the method is the monitoring of color trajectories in the device-independent 
CIE Lab* color space under specially developed illumination, filtered in accordance 
with the specific molecular absorption bands of the compounds involved. 

The figure below illustrates that the developed colorimetric approach effectively 
overcomes the analytical challenges posed by the high density and viscosity of eutec-
tic solutions based on sugars and polyhydric alcohols. 

Based on the kinetic parameters obtained during the extraction process for this and 
several other NADES, the implications of the identified interplay between the thermo-
dynamic properties of NADES and their biochemical interactions with plant tissue 
components will be discussed. 
 

 
(A) Example of a solution’s recorded color change during ten minutes  

from the beginning of extraction in NADES. (B) Kinetic extraction curve  
calculated coloimetrcally from these images. 
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This report presents a theoretical study that evaluates thermodynamic and thermophys-
ical properties of high-entropy molten salt mixtures composed of lithium, sodium, and 
potassium fluorides and chlorides. These liquid mixtures of six alkali halide components 
have enhanced thermodynamic stability as a result of the high configurational entropy 
as expected [1]. The equimolar solution, Li1/6Na1/6K1/6F1/4Cl1/4, maximizes configura-
tional entropy with the value of 

12ܴ ln 24 ≈ 1.59ܴ = 13.21 J/mol·K approaches the high-
entropy threshold of Rln5 (13.38 J/mol·K). Such entropy value significantly exceeds 
that of FLiNaK (6.9 J/mol·K). So they can be promising coolants for molten salt reactors 
(MSRs) due to improved thermodynamic stability [2]. Two eutectic compositions with 
reduced lithium content, derived from the phase diagram (melting points 606 °C and 
630 °C), are also analyzed [3]. For example, composition on the phase diagram (point 
B) in which the proportion is LiF (10%) LiCl (10%) NaF (20%) NaCl (20%) KF(20%) 
KCl (20%) has high entropy as well: 

௱ௌconfோ = 1110 ln 2 + 12 ln 5 ≈ 1.57. 
Density, heat capacity, thermal conductivity, and viscosity are calculated from liqui-

dus to 1000 °C using empirical superposition-extrapolation method, thermodynamic 
perturbation theory (TPT), as well as molecular dynamics with machine learning inter-
atomic potentials (MLIP). 

The diversity of high-entropy coolants offers significant flexibility for tailoring com-
positions to specific MSR needs, such as fast-spectrum actinide burning or thermal-
spectrum efficiency. Through such efforts, high-entropy molten salts could enable 
MSRs to achieve a closed nuclear fuel cycle, reduce long-lived radioactive waste, and 
deliver sustainable, carbon-free energy, advancing the goals of Generation IV nuclear 
technology. 
 

1. Tkachev, N. Three compositions of high-entropy melts of lithium, sodium, and 
potassium fluorides and chlorides as promising coolants for molten salt reactors. 
ChemRxiv 2024. https://doi.org/10.26434/chemrxiv-2024-b6j96 

2. Zakiryanov, D. O.; Tkachev, N. K. High-entropy melt of lithium, sodium, and 
potassium fluorides and chlorides as a possible coolant for molten-salt reactors. Radio-
chemistry 2024, 66 (6), 805–809. https://doi.org/10.1134/S1066362224060093 

3. Zakiryanov, D. O.; Tkachev, N. K., High-Entropy Li-Na-K Fluoride-Chloride 
Melts for MSRs, J. Phys. Chem. B, 2025, 129 (47), 12276-12284 
https://doi.org/10.1021/acs.jpcb.5c05076  
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Experimental data on the p, 𝜌,T,x - dependences of 1-propanol + n-octane mixtures at 
various compositions (0.2, 0.5, and 0.8 mole fractions of n-octane) in the temperature 
range of 373.15–623.15 K, density range of 1–680 kg/m³, and pressures up to 56 MPa, 
obtained using a constant-volume piezometer [1], are described by a virial-type thermal 
equation of state by expanding the compressibility factor Z = p/RT𝜌௠ into series in terms 
of reduced density and temperature: ܼ = 𝜌௠ܴܶ/݌ = 1 + ∑ ∑ ܽ௜௝௡೔

௝=0
௠

௜=1 ߱௜/߬௝ , and ݌ = ܴܶ𝜌௠ [1 + ∑ ∑ ܽ௜௝௡೔
௝=0

௠
௜=1 ߱௜/߬௝] 

Here, 𝜌௠ is the molar density (mol/m³); ω = ρ/ρк, τ = T/Tк are the reduced density and 
reduced temperature, respectively; ρc, Tc are the critical density and critical temperature; 
R = 8.314 J/(mol⋅K) is the universal (molar) gas constant. The mean relative deviation 
of the pressure values calculated using the equation from the experimental data is 0.8%. 

Furthermore, based on this equation and thermodynamic relations [2], the principal 
thermodynamic properties of the investigated mixtures were calculated in the liquid, 
gaseous, and supercritical states. The figure illustrates the dependence of the Helmholtz 
energy F on density and temperature T for the composition x = 0.5. 

 

 
 

1. E. A. Bazaev, A. R. Bazaev, T. A.-G. Dzhapparov, and B. K. Osmanova, "Phase 
Transformations and Critical Properties of the C₃H₇OH–C₈H₁₈ System," High 

Temperature, 2025, Vol. 63, No. 3, pp. 368–374. 
2. E. E. Shpilrain and P. M. Kesselman, Fundamentals of the Theory of 

Thermophysical Properties of Substances, Moscow: Energiya, 1977, 248 p. 
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Complex fertilizers containing nitrogen, potassium, and sulfur are currently attracting 
increasing interest. Phase composition of such fertilizer is as important as chemical 
one, affecting how resulted product is hygroscopic, stable to detonation and effective 
in simultaneous release of macronutrients.  

Phase equilibria in reciprocal K+, NH4
+|| SO4

2-
, NO3

- - H2O system are complicated 
due to existence of double salts and solid solutions. Slightest changes in type of granu-
lator and conditions will result in a loss of predictive force of empiric results of phase-
equilibria study. Thermodynamic modeling allows to calculate phase composition at 
any component ratios and conditions within its predictive range. Thus, the goal of the 
work is to obtain all solubility products and develop thermodynamic models of liquid 
and solid solutions in 298 – 373 K temperature range at least up in the ternary subsys-
tems of the reciprocal K+, NH4

+|| SO4
2-

, NO3
- - H2O. 

PSC model [1] was chosen for a liquid phase. Its parameters, along as solubility 
products of two double salts and (NH4)2SO4, NH4NO3 are available for (NH4)2SO4–
NH4NO3–H2O [1]. Solid solutions are absent in this system. PSC model parameters 
proposed in literature for K2SO4–H2O [2] have too complex temperature dependence 
and give an ill extrapolation of luiquid phase properties to supersaturated solutions, 
which result in artifacts at high ionic strength in ternary systems. Therefore, these 
parameters were re-evaluated. New PSC parameters for KNO3–H2O were obtained. 
Ternary parameters for luiquid phase model were added to K2SO4–KNO3–H2O, 
solubility is adequate predicted. 

The (NH4)2SO4–K2SO4–H2O and KNO3–NH4NO3–H2O systems require a solid 
phase model. Redlich-Kister model was chosen for sulfate and nitrate solid solutions. 
For sulfate solid solution, there is an isomorphous substitution for one structure, for 
nitrate solid solutions, there are three separate solid solutions. Phase equilibria were 
calculated without introducing new ternary parameters for luiquid phase model. 
Predicted liquidus and tie lines between solutions agree with experimental ones. 

 
1. Clegg S. L. et al. Thermodynamic model of the system H+− NH4

+− SO4
2-− NO3

-− 
H2O at tropospheric temperatures. // J. Phys. Chem. A. 1998. Vol. 102, Nr 12. P. 2137–
2154. https://doi.org/10.1021/jp973042r 

2. Li D. et al Phase diagrams and thermochemical modeling of salt lake brine systems. 
III. Li2SO4+H2O, Na2SO4+H2O, K2SO4+H2O, MgSO4+H2O and CaSO4+H2O systems // 
Calphad. 2018. . Vol. 60. P. 163 – 176. https://doi.org/10.1016/j.calphad.2018.01.002 
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Synchrotron radiation allows for detail study of complex phenomena including biolog-
ical and biomedical. X-ray crystallography of solid drugs in widely used in drug design 
and pharmacy, defining the kinds of intermolecular interaction. SAXS experiments help 
to understand processes in solution, such as complex formation. Molecular modelling 
helps in further understanding of such process’s mechanisms. 

Ascorbic acid (vitamin C) is one of the most important biologically active com-
pounds, playing a key role in metabolic processes. Due to its reducing properties, it is 
widely used in medicine. However, the main drawback of ascorbic acid (AA) is its high 
chemical instability in aqueous solutions. When exposed to atmospheric oxygen, AA is 
easily oxidized. This process leads to the loss of biological activity of the drug.  

It was shown by our colleagues that picolinic acid inhibits oxidation of AA in solu-
tion. It is intriguing that nicotinic acid despite its close structure has no such effect. The 
drastic difference was also in their influence on bioactivity of AA. A detailed elucida-
tion of this process using is challenging. Traditional methods do not provide insight into 
the causes of stabilization. This study employed an integrated approach combining ex-
perimental data with computer modeling methods: molecular dynamics and quantum 
mechanics. 

Molecular dynamics simulations allowed us to study solution at various pH values 
and identify the most stable complexes possibly responsible for the inhibitory effect. 
Quantum chemical calculations provided a detailed analysis of the process's energetics. 

Modeling showed that picolinic acid forms a stable complex with ascorbic acid via 
two hydrogen bonds. The picolinic acid molecule simultaneously binds to two hydroxyl 
groups of ascorbic acid: the carboxyl group (–COO-) interacts with one hydroxyl group 
(OH), and the nitrogen atom of the pyridine ring (N+H) interacts with the other (O-). 
This "double" bond firmly holds the molecules together, protecting ascorbic acid from 
oxygen and preventing its oxidation. For nicotinic acid, where N atom is shifted by 1 
position in ring, such complementary complexes can not be formed. 

 
This work was supported by the Ministry of Science and Higher Education of the 

Russian Federation within the governmental order for SRF "SKIF" Boreskov Institute 

of Catalysis (FWUR-2024-0040). 
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We present the results of computer simulation of one-component and two-component 
Lennard-Jones fluids in the canonical statistical ensemble using the Monte Carlo 
method [1-2]. The purpose of the study is to analyze the influence of temperature, size 
and composition of the considered systems on their structural and thermodynamic prop-
erties. A one-component system consisting of argon molecules has been simulated in 
the temperature range from 80 to 120 K. The formation of droplets surrounded by the 
vapor phase has been observed during the simulations (see Figure). The dependence of 
the density profile on the temperature at a fixed concentration of argon in the simulation 
cell has been studied. The obtained results are consistent with the data presented by 
other authors [3]. Our calculations show that the density of the vapor phase increases 
and the density of the liquid phase decreases with the increase of temperature. A two-
component system consisting of argon and neon molecules has been also studied. Anal-
ysis of structural properties of the system has revealed the formation of a liquid film 
consisting of neon molecules on a solid core consisting of argon molecules at the tem-
peratures below 60 K (see Figure). The influence of argon and neon concentrations, as 
well as temperature, on the density profiles, energy and heat capacity of the considered 
systems has been studied.     

 

 
Density profiles and snapshots of one-component (argon)  

and two-component (argon and neon) Lennard-Jones fluids 
 

1. Metropolis N. et al. // J. Chem. Phys. 1953. V. 21. No. 6. P. 1087–1092. 
2. Allen M.P., Tildesley D.J. // Computer Simulation of Liquids. 2 ed. Oxford Uni-

versity Press, 2017. 
3. Maruyama S. et. al. // Proc. Int. Heat Transfer Conf. 10. 1994. P. 409–414. 
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Organosulfur compounds act as catalyst poisons for many industrial and automotive 
catalysts. Moreover, together with their combustion products, they are hazardous pollu-
tants. Current environmental standards limit the sulfur content in fuels to ultra-low lev-
els. Extractive desulfurization with polar solvents is a promising method for thorough 
and selective removal of organosulfur compounds, including thiophene and its deriva-
tives, from fuels. Ionic liquids (ILs) are often considered as potential thiophene extract-
ants. The efficiency of the extractive process is assessed based on the parameters of 
solvent selectivity and capacity, which can be determined from the activity coefficients 
at infinite dilution of the substances being separated. 

We have compiled a database of experimental values of the activity coefficients of 
thiophenes and hydrocarbons in ILs taken from literature. We have analyzed the influ-
ence of the structure of the IL cation and anion on these values. Based on these data, we 
have constructed predictive models for limiting activity coefficients, separation selec-
tivities and capacities in various ILs. Furthermore, we have tested the models against 
our own experimental data for certain protic ILs that have been underrepresented in the 
training set. 

 
The work was carried out with support from the grant provided in 2025 by the Sci-

ence and Technology Foundation of the Republic of Tatarstan for conducting funda-

mental and exploratory research in scientific and educational institutions, enterprises, 

and organizations of the real sector of the economy of the Republic of Tatarstan. 
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Ionic liquids are promising solvents for many industrially significant processes, includ-
ing the separation of aromatic and aliphatic hydrocarbons, extractive desulfurization of 
petroleum products, and biomass processing. In addition, ionic liquids containing the 
hydrogen sulfate anion are considered superacidic catalysts for a number of reactions 
such as alkylation of aromatic compounds. Unlike most traditional solvents and cata-
lysts, ionic liquids are thought to be environmentally benign. Processes in which ionic 
liquids may potentially be applied are often associated with the use of high tempera-
tures. In this regard, the studies of the thermal stability of ionic liquids become a critical 
issue. 

In this work, the thermal stability of a series of hydrogen sulfate protic ionic liquids 
with cations based on mono-, di-, and trialkylammonium was investigated. The thermal 
stability was studied using thermogravimetric analysis (TGA) in dynamic mode and FT-
IR spectroscopy. Particular attention was paid to long-term thermal stability, which 
more accurately reflects the real operational properties of ionic liquids. Differential 
scanning calorimetry (DSC) was used to determine the melting temperature. Based on 
the obtained data, the operating temperature ranges in which the studied ionic liquids 
can be used as solvents were determined. The upper operating limit was defined as the 
temperature at which signs of chemical degradation were observed in the IR spectrum. 

 
The research was funded by the Russian Science Foundation, project 24-13-00062. 
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This work presents results of investigations of acid-base interaction processes in aque-
ous solutions of homoserine, cysteine, taurine, asparagine, glutamine, valyl-valine, 
valyl-leucine, valyl-glycine, leucyl-glycine, leucyl-leucine, α-alanyl-leucine, isoleu-
cine, α-alanyl-isoleucine, methionine, norvaline, glycyl-norvaline, glycyl-methionine, 
glycyl-histidine, α-alanyl-histidine, α-alanyl-methionine, α-alanyl-serine, α-alanyl-
glycine, -alanyl-glycine, glycyl--alanine, glycyl-α-alanine, glycyl-valine, glycyl-
leucine, glycyl-serine, glycyl-threonine, glutamic, glycyl-glutamic and glycyl-aspartic 
acids. 

Thermodynamic parameters (log K, G, Н, S) of protolytic equilibria have been 
determined at 298.15 K and at ionic strength values from 0.1 to 1.5 M (KNO3). Step-
wise dissociation constants of these compounds were determined potentiometrically. 
The heat effects of the relevant equilibria were measured calorimetrically. The influ-
ence of “background” electrolyte concentration on the thermodynamic parameters for 
the protolytic equilibria investigated was under consideration. The data obtained were 
extrapolated to the zero ionic strength. The corresponding thermodynamic quantity 
values have been calculated for the standard solution (log Kº, Gº, Нº, Sº). The re-
sults have been compared with the corresponding data on related compounds (amino 
acids, complexones, dipeptides and diamines) investigated in this laboratory earlier 
[1-5]. A plausible explanation of changes in these quantities has been suggested in 
view of the aminocarboxylate structure, its set of functional groups, distance between 
carries of positive and negative charges, solvation features of zwitter ions, presence of 
hydrophilic and hydrophobic fragments (CH2COOH, CH2CONH2, CH2CH2COOH, 
CH2CH2CONH2, CH2OH, CH2C3H3N2, CH(CH3)OH, CH2CH2OH, H, CH3, CH2SH, 
CH(CH3)2, CH2CH2SCH3, CH2CH2CH3, CH2CH(CH3)2, CH(CH3)CH2CH3). 

 
1.  Gridchin S.N. // Russ. J. Gen. Chem. 2015. Vol. 85, No. 4. P. 810–815. 
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2.  Gridchin S.N. // Russ. J. Phys. Chem. A. 2016. Vol. 90, No. 11. P. 2170–2176. 
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3.  Gridchin S.N, Nikol’skii V.M. // Russ. J. Phys. Chem. A. 2023. Vol. 96, No. 8. 
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4.  Gridchin S.N., Nikol’skii V.M. // Russ. J. Phys. Chem. A. 2025. Vol. 99, No. 7. 
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5.  Gridchin S.N. // ChemChemTech. 2026. Vol. 69, No. 2. P. 59–63. 
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Based on the standard values of the heat capacity 𝐶௣,ప°̅̅ ̅̅̅ of an ammonium ion, the values 
of the change in heat capacity during the solvation Δsolv.𝐶௣,௜°  of an ammonium ion in a 
mixed solvent N-methylpyrrolidone (MP)-water at 298.15 K are determined. The mag-
nitude of the ammonium ion is represented as the sum of four contributions: electrostatic Δel.𝐶௣,௜° , cavity formation Δcav.𝐶௣,௜° , structural changes in the solvent Δstr.𝐶௣,௜° , and spe-
cific ion-solvent interactions Δsp.int.𝐶௣,௜° . The values of the contributions are calculated 
based on experimental data and model representations. The calculation results are pre-
sented in the table. 

 
The change in heat capacity during solvation Δsolv.𝐶௣,௜°  of an ammonium ion  
in a mixed solvent MP – water, MP and water at 298.15 K and contributions  

to this value caused by specific interactions, electrostatic interactions,  
cavity formation, and changes in the solvent structure 

J/mol·K 
ХМР 

0,00 0,10 0,33 0,50 0,75 0,90 1,00 Δsolv.𝐶௣,௜°  -62 -78 -80 -41 -17 7 12 Δsp.int.𝐶௣,௜°  30 4 2 -7 -5 -8 -9 Δel.𝐶௣,௜°  -218 -225 -236 -319 -310 -285 -295 Δcav.𝐶௣,௜°  41 82 97 92 109 116 134 Δstr.𝐶௣,௜°  85 60 57 193 189 170 155 

 
The dependences of the obtained values on the composition of the mixture are dis-

cussed in connection with the structure of the mixed solvent. 
 
The research was carried out with the financial support of the Ministry of Science 

and Higher Education of the Russian Federation within the framework of the scientific 

project of the laboratory "Laboratory of Ion Materials" (LIM), project no. FSSM-2024-
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In this work, the heat capacities Cp of solutions of ammonium iоdide in a mixed solvent 
MP-water were measured with high accuracy over the entire range of compositions at 
298.15 K. Heat capacity measurements were performed on the LKB 8700 calorimetric 
unit with an error of 2·10-3 J/g·K. On the basis of the data obtained, the apparent molar 
heat capacities of Фс were calculated, extrapolating the concentration dependences of 
which to the state of infinite dilution the standard partial molar heat capacities of am-
monium iоdide in the mixed solvent MP-water at 298.15 K were determined. To sepa-
rate the values 𝐶௣,2°̅̅ ̅̅ ̅  of ammonium iodide into ionic components, we used our data on 
the iodide ion in MP and MP-water mixtures [1] and the additivity condition of partial 
molar quantities. The values 𝐶௣,ప°̅̅ ̅̅̅ are shown in the table. 

 

Standard partial molar heat capacities 𝐶௣,ప°̅̅ ̅̅̅ of ammonium iоn  
in the mixed solvent MP-water at 298.15 

 ХМР 
0,00 0,10 0,33 0,50 0,75 0,90 1,00 𝐶௣,ప°̅̅ ̅̅̅, J/mol·K 4 -12 -14 25 49 73 78 

 

Compared with alkali metal ions, where the values 𝐶௣,ప°̅̅ ̅̅̅ increase monotonously, the 
dependence on the composition of the mixed solvent for the ammonium ion is extreme: 
at low concentrations of MP, a minimum is observed, and at high concentrations, a 
maximum. In the entire range of compositions of the MP-H2O mixture, the values 𝐶௣,ప°̅̅ ̅̅̅ 
of NH4

+ are higher than those of alkali metal ions, and the inversion of values occurs 
with a lower content of MP. This indicates the complex nature of intermolecular inter-
actions in the studied solutions, which is significantly influenced not only by the prop-
erties of the MP-water binary system, but also by the structural behavior of the ammo-
nium ion. 

 
1. Novikov A. N. // Russ. J. Phys. Chem. A . 2011. Vol. 85, N 9. Р. 1546–1549.  
The research was carried out with the financial support of the Ministry of Science 
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Measurements of the (p,T-p,ρ,T)х - dependences for 1-propanol aqueous solutions with  
compositions of 1-propanol (х = 0.1, 0.2, 0.3, 0.5, 0.8, 0.9 molar fractions), in two-
phase, one-phase (liquid and vapor), and supercritical fluid states over temperatures 
ranging from 373.15 K to 673.15 K, densities between 1.5 kg/m³ and 850 kg/m³, and 
pressures up to 50 MPa have been carried out. The experimental values of (p,T-p,ρ,T)x-
dependencies are described by a thermal equation of state of virial form — an expansion 
of the compressibility factor Z = p/(RTρm) into series of reduced density and tempera-
ture powers [1]. 𝑍 = ௠ߩܴܶ/݌ = 1 + ∑ ∑ ܽ௜௝௡೔

௝=0
௠

௜=1 ߱௜/߬௝ , and ݌ = ௠ߩܴܶ [1 + ∑ ∑ ܽ௜௝௡೔
௝=0

௠
௜=1 ߱௜/߬௝] 

Herein: ρm is the molar density (mol/m3), ω=ρ/ρcand τ=T/Tc are the expressions for 
reduced density and reduced temperature respectively, where ρc and Tc represent criti-
cal density and critical temperature; R=8.314 J/(mol⋅K) is a universal (molar) gas con-
stant. The average relative deviation of calculated pressure values using this equation 
compared to experimental data amounts to 1.2%. 

Based on Equation [1] and thermodynamic relations [2], variations of the main ther-
modynamic properties of the studied solutions were computed. A plot illustrating the 
dependence of internal energy changes (U) on solution composition (x) and density (ρ) 
at a temperature of 623.15 K is presented in the figure. 

 

 
 

1. Osmanova B.K., Bazaev A.R.,  Bazaev E.A. Experimental research of thermody-
namic properties of water+ aliphatic alcohol mixtures in the wide parameters of state // 
Journal of Phisics: Conf.Series 1385 (2019). 

2. Shpilrain E.E., Kesselman P.M. Fundamentals of Theory of Thermophysical Prop-
erties of Substances. Moscow: Energiia Publ., 1977. 248 pp. 
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Preliminary studies conducted with representatives of several phenamates that contain 
an amino group, carboxyl, and aromatic fragments in their molecules, using quantum 
chemistry methods and in situ high-pressure IR spectroscopy, confirm the occurrence 
of a reaction with supercritical carbon dioxide. The presented work found that in a sat-
urated solution of flufenamic acid in scCO₂ at a temperature of 140°C and a pressure of 
500 bar, a chemical reaction occurs between these compounds. The reaction is facili-
tated by the attack of a carbon dioxide molecule on the carboxyl group of flufenamic 
acid. As a result, an amorphous reaction product is formed, which is thermally stable at 
least up to 140°C. Analysis of the product using ATR IR spectroscopy indicates the 
presence of a small amount of unreacted flufenamic acid in the reaction mixture, the 
dominant component of which is the reaction product. However, in the presence of crys-
tallization centers, this compound decomposes under normal conditions within a rela-
tively short period, depending on the morphology of these centers, releasing CO₂ and 
pure flufenamic acid in crystalline form. Through X-ray diffraction analysis of the crys-
talline phase obtained in this manner, it was established that during crystallization from 
the amorphous reaction mixture, a stable third polymorphic modification of flufenamic 
acid is formed, while the crystalline structure of the initial flufenamic acid is the first 
polymorph. Thus, a recrystallization method is proposed which, unlike standard physi-
cal recrystallization, is a chemically mediated process that allows for the production of 
a different polymorphic modification of the same substance. 

 
The work was carried out with financial support from the Russian Science Founda-

tion grant No. 22-13-00257-P. 
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Aerogels possess a number of unique physicochemical properties, such as low thermal 
conductivity, very low density, and high porosity, which make them highly attractive 
for use in various technologies. In pharmaceuticals, aerogels are promising delivery sys-
tems for active pharmaceutical ingredients, among which aerogels based on nanocrys-
talline cellulose have great potential for application. The use of carrier matrices such as 
aerogels makes it possible to increase the bioavailability of an active pharmaceutical 
ingredient through its amorphization in the pores. Furthermore, drug formulations based 
on aerogels allow for the controlled release rate of medicinal compounds. 

This work studies the impregnation of nanocrystalline cellulose-based aerogel with 
etoricoxib, a nonsteroidal anti-inflammatory drug. 

The report discusses molecular dynamics modeling of the impregnation of nanocrys-
talline cellulose-based aerogel with etoricoxib in a supercritical carbon dioxide medium. 
The modeling was performed at various temperatures and carbon dioxide densities equal 
to 1.1 times the critical density of CO₂. The metadynamics method was applied to cal-
culate the free energy of conformers and the entire free energy landscape as a function 
of the dihedral angles of etoricoxib. This method enables accurate calculation of the free 
energy of conformational transitions between states separated by high energy barriers. 
The results of the performed calculations are discussed in the report. 

 
This work was supported by the Russian Science Foundation grant 22-13-00257-P. 
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The active ingredients of drugs are often solid phases. However, the polymorphism in-
herent in molecular crystals necessitates strict control over the polymorphic composi-
tion of active substances during drug production, as different solid forms can vary sig-
nificantly in their physicochemical properties. Precipitation from solution is a widely 
employed method for producing solid pharmaceutical forms, where the formation of 
specific polymorphs primarily depends on the properties of the chosen solvent. Cur-
rently, identifying the crystallization conditions for particular polymorphs remains 
purely empirical. It is generally accepted that the precipitation process involves the for-
mation of molecule clusters that gradually grow into crystal nuclei. The structure of 
these clusters is believed to dictate the architecture of the resulting solid form. 

Molecular dynamics (MD) simulation, is well-suited for investigating processes oc-
curring in solution. MD provides a comprehensive set of atomic coordinates, enabling 
the extraction of detailed information regarding molecular orientation, cluster size and 
morphology, and intermolecular interactions—both within solute clusters and with the 
surrounding solvent. Furthermore, these simulations allow for the calculation of various 
thermodynamic properties. Such data are essential for analyzing of a specific solvent 
influence on cluster architecture and, consequently, the structure of the resulting solid 
phase. 

The antiviral drug Tecovirimat, having six known solid forms, was selected as the 
object of this study [1]. Using MD simulations, we constructed models of Tecovirimat 
solutions in various solvents and at different concentrations. The conformations of in-
dividual Tecovirimat molecules were investigated as well as mutual molecular orienta-
tion. Furthermore, the structure and stability of the resulting molecular associates in 
solution were examined. Finally, a comparative analysis was performed between the 
MD simulation data and experimental X-ray diffraction data for Tecovirimat. The cor-
respondence between the structure of clusters and the precipitated solid form was 
shown. 

 
1. Tyavanagimatt S. R. et al. Polymorphic forms of ST-246 and methods of prepara-

tion: pat. 9339466 USA. - 2016. 
This work was supported by the Ministry of Science and Higher Education of the 

Russian Federation within the governmental order for SRF ""SKIF"" Boreskov Institute 

of Catalysis (FWUR-2024-0040). 



XXV International Conference on Chemical Thermodynamics in Russia 133 

STRUCTURE AND THERMODYNAMICS OF WATER-DIOXANE  
MIXTURES BASED ON MOLECULAR DYNAMICS SIMULATION 

Ved’kal A.V.(1,2), Kadtsyn E.D.(1,2,3) 
(1) SRF "SKIF" 

630559, Koltsovo, Nikolskiy pr., 1 
(2) Novosibirsk State University 

630090, Novosibirsk, Pirogova st., 2 
(3) Voevodksy Institute of Chemical Kinetics and Combustion, SB RAS 

630090, Novosibirsk, Institutskaya st., 3 
 

Thermodynamic data are often used to insight into molecular processes. It is usual to fit 
such parameters as molecular interaction energy or molecular complexes’ structure to 
reproduce observed macroscopic values of enthalpy, heat capacity etc. Structural exper-
iments like X-ray diffraction, SAXS or WAXS measurements can support or deny the 
chosen model. Currently, computer simulation tools such as molecular dynamics (MD) 
help one to combine structural and thermodynamic approaches together. In MD model 
all atomic coordinates in the system are known in every moment, so the model can be 
directly compared with structural data and explain the experimental observations. Be-
cause details of molecular interactions are also known for MD model, one can directly 
extract the thermodynamics data. 

In the work we show the advantage of MD simulation for understanding experi-
mental findings on the example of water-dioxane mixture study. Atomic pair correlation 
functions were compared with experimental SAXS data on the whole range of concen-
trations. Structure factors were calculated. Analysis of partial g(r) and S(q) for individ-
ual components gives better explanation of experimental data, where only total scatter-
ing on the all system atoms can be measured. Analysis showed that mixture is highly 
heterogeneous in the middle concentration range, with spanning clusters of water mol-
ecules formed. The fact explains the very slow changes of thermodynamics parameters, 
such as partial enthalpies, in these concentrations. 

Analysis of hydrogen bonds support also showed slow change in the middle concen-
trations with high number of water-water bonds, what support the suggested structure. 
Additional analysis of intrinsic volumes also supported the picture and explained fea-
tures of solution volumetric parameters, namely a minimum on the water partial volume. 

The work underlined the fruitfulness of MD simulation in understanding structural 
and thermodynamics data and refining the structural model. 

 

This work was supported by the Ministry of Science and Higher Education of the 
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The identification of possible structures of vapor-liquid equilibrium diagrams is funda-
mental importance for evaluating the possibility of using distillation separation of liquid 
mixtures. Based on a qualitative analysis, L.A. Serafimov developed a classification of 
three-component systems, including diagrams with distinguishable deformation of res-
idue curves. These are diagrams in which the course of K = 1 lines (K is the distribution 
coefficient of the component between the vapor and liquid phases) are different, but the 
course of the residue curve is qualitatively the same [1]. Systems belonging to class 
3.0.0–1 [2], were considered as ideal solutions, at the same time the lines of K limit 
values were assumed to be straight, and for this class of systems there were no diagrams 
with distinguishable deformation of residue curves [1]. 

In the basic organic synthesis industry, as is known, a vast majority of mixtures are 
non–ideal solutions, which can be either azeotropic or zeotropic systems. In this regard, 
this work is devoted to the analysis of the course of K = 1 lines in non–ideal systems of 
class 3.0.0–1. Based on the construction of the K surfaces traces on the prism faces, 
corresponding to the binary constituents of the three–component system, we identified 
diagrams with distinguishable deformation of residue curves, characterized, in particu-
lar, by the presence of one-sided K = 1 lines. Applying the method of mathematical 
modeling of vapor-liquid equilibrium, the implementation of one of synthesized dia-
grams corresponding to the benzene – 1,2-dichloroethane – 1,1,2-trichloroethane sys-
tem, which is part of the chlorine–balanced production of vinyl chloride, was confirmed. 

It should be noted that identified K = 1 lines diagrams play an important role in the 
analysis of the evolution of the vapor-liquid equilibrium diagram structures of three-
component systems, especially in the implementation of ternary biazeotropy. 

 
1. Serafimov L.A. Teoreticheskie principy postroeniya tekhnologicheskih skhem 

rektifikacii neideal'nyh mnogokomponentnyh smesej (Theoretical principles of con-
structing technological schemes for the rectification of non-ideal multicomponent mix-
tures) : Dis. ... Doctor of Technical Sciences: 05.00.00. – Moscow, 1968. 373 p. 

2. Serafimov L.A. Thermodynamic and topological analysis of heterogeneous equi-
librium diagrams of multicomponent mixtures // Russ. J. Phys. Chem. 2002. V 76, № 
8. P. 1211–1224. 
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Methanesulfonic acid and its salts are of interest for green hydrometallurgical pro-
cessing routes. Phase diagrams are the key instrument for element separation in such 
processes. Thermodynamic modeling allows to calculate phase composition in com-
plex multi-component systems. At the same time, the literature data for thermodynam-
ic properties of phases in even binary systems containing alkali metal and ammonium 
methanesulfonates remain fragmentary, which hampers the development of a con-
sistent thermodynamic model. 

In the present work, the binary systems H2O–CH3SO3Me (Me = Li, K, NH4) are 
considered. Only for the H2O–CH3SO3NH4 system, solubility data are available in the 
literature [1]. For the H2O–CH3SO3Me (Me = Li, K) systems, solvent activity data at 
298.2 K have been reported [2]. These data require extension to the high-concentration 
region and to other temperatures. The aim of this work is to obtain a new set of exper-
imental data on vapor–liquid and solid–liquid equilibria in these binary systems and to 
provide their thermodynamic description. 

Solubility in the H2O–CH3SO3Me (Me = Li, K) systems was determined by the iso-
thermal solubility method in the temperature range 253.2–323.2 K (u(T)=0.2 K). Me-
thanesulfonate concentrations in saturated solutions were determined by evaporation 
of a sample of the saturated solution followed by weighing of the dry residue 
(ur(w)=0.5%). For these systems, data on the freezing-point depression of ice were 
obtained by DSC (ur(w)=0.5%, u(T)=0.8 K), using NETZSCH DSC 204 F1. Water 
activity of non-saturated liquid solutions was obtained at 298.2 K, 310.7 K and 323.2 
K (u(T)=0.2 K, u(aw)=0.003) using the hygrometer Novacina LabMaster-aw neo. 

Parameters of the Pitzer–Simonson–Clegg (PSC) model were determined for the 
liquid phase. Solubility products and their temperature dependence were evaluated for 
all salts. Phase diagram sections were calculated for the H2O–CH3SO3Me (Me = Li, K, 
NH4) systems. 

1. Kosova D.A. et al. Experimental investigation of the solid – Liquid phase equi-
libria in the water–Ammonium methanesulfonate and in the water–Sodium me-
thanesulfonate systems // Fluid Phase Equilib. 2017. Vol. 443. P. 23–31. 

2. Bonner O.D. Study of Methanesulfonates and Trifluoromethanesulfonates. Evi-
dence for Hydrogen Bonding to the Trifluoro Group // J. Am. Chem. Soc. 1981. 
Vol. 103. No 12. P. 3262–3265. 

The work was carried out using equipment purchased with funds from the Lomono-
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F1). Work was financed on base of "Chemical thermodynamics and theoretical mate-
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Composites creation based on aerogels of various natures with active pharmaceutical 
ingredients (APIs) opens up broad prospects for controlled drug delivery. In this work 
a comparative analysis of the structural changes in the three-dimensional framework of 
aerogels based on nanocrystalline cellulose (NCC) and silica (SiO₂) upon impregnation 
with mefenamic acid (MA) at different temperatures was carried out. The drying and 
impregnation processes were carried out in a supercritical carbon dioxide medium. 

Analysis of nitrogen sorption isotherms for the pristine aerogels showed that both 
types of matrices possess a developed mesoporous structure. The presence of nanoscale 
slit-like pores in the NCC aerogel samples is specifically noted. For such matrices, im-
pregnation at 80°C proceeds without changing the three-dimensional structure. At the 
same time, impregnation at 140°C leads to a restructuring of the cellulose matrix, ex-
pressed in an increase in the number of pores of about 3 nm after the release of MA. 
This is associated with an increase in the concentration of MA, the formation of a bulk 
phase inside the pores, and as a consequence the emergence of disjoining pressure. For 
SiO₂ aerogels, similar studies were conducted in the same temperature ranges. A com-
parison of the behavior of the matrix framework depending on their nature is presented 
in the report. 

Varying the nature of the matrix and the temperature regime of impregnation can 
make it possible to regulate the structural characteristics of the final composites, which 
is a key factor for optimizing the release profiles of poorly soluble APIs. These effects 
are discussed with more detail in the report. 

 
The work was supported by the Russian Science Foundation, grant 22-13-00257-P. 
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Lactic acid esters are low-toxic, biodegradable, nonflammable substances, the synthesis 
of which is relatively simple. They are used in the food industry, pharmaceuticals, 
perfumes, as solvents for nitrocellulose and paints. However, despite widespread use in 
various fields, their solvation properties, for example, the solubility of different 
compounds in these solvents, remain practically unexplored. 

In the work, the activity coefficients at infinite dilution (γ∞) of various organic 
compounds in lactic acid esters, ethyl lactate and butyl lactate, were determined by gas 
chromatographic headspace analysis at 298 K. The obtained values were used to 
calculate the Gibbs energies of solution and solvation of substances, as well as the 
capacity (k = 1/γ∞) and selectivity (S12 = γ1

∞/γ2
∞) parameters for various hydrocarbon 

separation problems. These parameters expand information about the solvation 
properties of lactic acid esters and make it possible to estimate their use as solvents for 
various processes. 

 
The research was funded by the Russian Science Foundation, project 25-73-00291, 
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The thymol–L-menthol system has recently drawn increasing scientific attention as it 
belongs to a rather newly developed class of non-ionic deep eutectic solvents (DES), 
which is called Type V DES. As for the thymol-L-menthol mixture, there are some 
contradictory information on the thermodynamic properties and topology of the phase 
diagram for this mixture, e.g. [1,2], which indicates the necessity of further experimental 
study for more comprehensive observation. 

In this work, density of thymol–L-menthol (see Fig.) and thymol/L-menthol-CCl4 
mixtures was studied in the temperature range 293.15 K – 323.15 K. The experimental 
results were compared with the molecular dynamics (MD) calculations. The molar ex-
cess volume was calculated for the studied mixtures to discuss deviation from ideal so-
lution behavior. The ideal associated solution model was tested to be applied for evalu-
ating association contribution to the non-ideality of the systems. 

 

 
Experimental and calculated (MD) density for the thymol-L-menthol mixtures  

at 293.15 K, 303.15 K 313.15 K and 323.15 K 
 
1. Abranches D.O., Martins M.A.R., et al. Phenolic hydrogen bond donors in the 

formation of non-ionic deep eutectic solvents: the quest for type V DES // Chem. Com-
mun. 2019. Vol. 55, Issue 69. P. 10253–10256. https://doi.org/10.1039/C9CC04846D 

2. Alhadid A., Jamdl Ch., et al. Experimental Investigation and Modeling of Cocrys-
tal Formation in L-Menthol/Thymol Eutectic System // Cryst. Growth Des. 2021. 
Vol. 21, Issue 11. № 6083. https://doi.org/10.1021/acs.cgd.1c00306 
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Potassium and ammonium have close radii, resulting in mutual substitution in their 
salts [1]. Such solid solutions with sulfate ion contain potassium, sulfur and nitrogen 
and can be regarded as perspective fertilizer. It is essential to know a phase diagram to 
obtain a product with a known substitution rate and have a tool to a rapid check of a 
product quality. 

However, phase equilibria with distribution rate between liquid and solid solution 
were studied only at 298.2 K [1] and are limited only to known liquid solution compo-
sition at other temperatures [1]. Thus, the primal goal of the present work was to ob-
tain a phase diagram isothermal cross-section at an elevated temperature (313.2 K) 
and thermodynamic properties of both types of solutions (for further thermodynamic 
modeling).  

Water activity of non-saturated liquid solutions were obtained at 298.2 K and 
313.2 K (u(T)=0.2 K, u(aw)=0.003) by a resistive hygrometer Novacina LabMaster-
aw neo, expanding temperature and compositional range of results of El Guendouzi et 
al [2]. Isothermal cross-section at 313.2 K was obtained using isothermal solubility 
method (u(T)=0.2 K). Solid and liquid solution compositions were determined using 
gravimetric method (total water content in liquid solution, sulfate ion in both types of 
solutions, ur(w)=0.5%), flame photometry (potassium content, ur(w)=5%) and by ion-
selective potentiometric method (ammonium content, ur(w)=5%).  

XRD patterns of solid solutions were obtained using TongDa TD-3700, unit cell 
parameters were refined. For an easier characterization of a solid solution, a depend-
ence of temperature and enthalpy of a low-temperature phase transition of ammonium 
sulfate solid solution from substitution ratio was studied as well. Temperature and en-
thalpy of the transition were determined using NETZSCH DSC 204 F1. 

 
1. Dejewska B. The Distribution Coefficient of Isomorphous Admixtures for KCI-

KBr-H2O, K2SO4–(NH4)2SO4–H2O and KNO3–NH4NO3–H2O Systems at 298 K // 
Cryst. Res. Technol. 1992. Vol. 27, Nr 3. P. 385–394. 
https://doi.org/10.1002/crat.2170270317 

2. El Guendouzi M. et al. Water activities, osmotic and activity coefficients of the 
system (NH4)2SO4–K2SO4–H2O at the temperature 298.15 K // Calphad. 2003. 
Vol. 27, Nr 4. P. 409–414. https://doi.org/10.1016/j.calphad.2004.02.002 
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It is known that a significant part of the developed drugs are poorly soluble in aqueous 
systems, which affects their biological activity and stability. Polymers that are capable 
of self-organization in aqueous solutions with the formation of supramolecular aggre-
gates (micelles) with medicinal preparations are used as systems to compensate for these 
disadvantages. At the same time, the thermodynamic parameters of micelles and gels 
influence the effectiveness of drug delivery. 

In this work, a series of block copolymers (P123, F127, L64, F108) were selected as 
model compounds for studying the process of micelle and gels formation by calorimetry 
of dissolution and rheology. The enthalpies of dissolution of block copolymer solutions 
(P123, F127) in water with their different contents were determined by titration calo-
rimetry of dissolution at T=298.15 and P=101.3 kPa. Methods for estimating the en-
thalpy of micelle formation and the critical concentration of micelle formation (CCM) 
for block copolymer solutions under standard conditions are proposed. The features of 
aggregate formation for polymer solutions are shown, and the differences between block 
copolymers P 123 and F 127 are discussed. 

The role of the concentration of polymers (P123, F127) in the solution on the ther-
mochemical parameters, as well as on the sizes of the aggregates formed in the solution, 
was established using the dynamic light scattering (DLS) method.  

The role of the inclusion of the drug curcumin on the thermochemical and structural 
parameters of micelles is shown. The role of drug interactions with micelles in block 
copolymer solutions was discussed. 

On the other hand, with increasing concentration of block copolymers in aqueous 
solutions, they are capable of forming gels. The role of polymer structure on the tem-
perature and thermochemical parameters of gel formation was studied using the rheol-
ogy method. The influence of hydrophobic-hydrophilic fragments in polymers on the 
studied parameters is shown. The possibility of controlling the thermal parameters of 
gelation due to inclusions has been revealed. A comparison of the studied parameters 
for micelles and gels for block copolymer solutions was carried out. 

 
The research was carried out at the expense of a grant from the Russian Science 
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High-entropy alloys (HEAs) containing aluminum and transition metals have been ac-
tively studied in recent years due to their high functional properties (primarily, mechan-
ical characteristics and corrosion resistance). Information on the physical properties of 
such alloys is a sought-after area in thermophysics and physics of condensed matter. In 
this work, the volumetric characteristics (density, molar volume) of HEAs with  
AlNiCoFeCr compositions have been studied. 

AlNiCoFeCr alloys with different component ratios were prepared from pure initial 
metals (Al – 99.999 %, Ni – 99.5 %, Co – 99.5 %, Fe – 99.8 %, Cr – 99.9 %) in an 
induction furnace at a temperature of 1800 K under a protective helium atmosphere. 
The melting was carried out for half an hour in Al₂O₃ crucibles.  

Density of the samples was studied using the absolute version of gamma-absorption 
method. The samples were investigated in Al₂O₃ crucibles under a protective helium 
atmosphere. The experiments were conducted in the heating and subsequent cooling 
mode at a rate of 5 K/min in solid state and 2 K/min in liquid state. Based on the exper-
imental density data, molar volumes of the melts at high temperatures were calculated. 

From the experimental results, it was established that density of the alloys in solid 
state decreases over the entire investigated temperature range. Melting of the alloys is 
associated with a stepwise decrease in density, and in the liquid state, temperature de-
pendecies of density can be described by a linear functions. 

The results obtained from the conducted experiments can be used for further research 
on high-entropy AlNiCoFeCr alloys, as well as for optimizing the production process 
of new functional high-entropy materials. 
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Ethylenediaminetetraacetic acid (EDTA) is a versatile and widely used complexing 
agent due to its ability to form stable chelate complexes with various metal ions. Stud-
ying the thermodynamics of complexation of ions such as copper, and zinc with EDTA 
is particularly relevant in the context of the development of modern chelated micronu-
trient fertilizers. With a set of experimental data on the true stability constants of com-
plexes, calculations with high predictive power are possible. By parameterizing thermo-
dynamic models with a small number of components and then combining them accord-
ing to the pyramid principle, a thermodynamic model of a complex multicomponent 
system is constructed. 

Despite numerous studies in the field of complexation, the thermodynamic parame-
ters of complex formation of metal ions such as copper, and zinc with EDTA remain 
poorly understood at temperatures different from room temperature. 

Experimental studies of complex formation were carried out using potentiometric 
titration at temperatures of 288.15 K and 298.15 K by using a TitroMatic 1S autotitrator 
and an ESK-10604 combined glass electrode. A metal-to-ligand concentration ratio of 
1:1 or 1:2 was considered at different concentration levels. To accurately determine the 
content of metal ions in solutions, complexometric titration was carried out using stand-
ard methods with indicators. 

To determine the protonation constants of the EDTA acid residue at a given temper-
ature and ionic strength, a series of titrations of EDTA solution were carried out in the 
absence of metal cations. 

The obtained potentiometric curves were processed using the AUTOEQUIL soft-
ware package. 

The obtained experimental data expand the database for modeling multicomponent 
systems containing chelated complexes. The established patterns of temperature influ-
ence on the stability of the complexes allow us to predict the behavior of chelated forms 
of micronutrients under real-world conditions. 

 
1. Евсеев А.М., Николаева Л.С. Математическое моделирование химических 

равновесий Приложение 3. Кирьянов Ю.А., Николаева Л.С., Евсеев А.М. Автома-
тизированная система математического моделирования химических равновесий с 
учетом кинетики баланса масс (AUTUEQUIL) // Издательство Московского уни-
верситета, 1988, 146-186. 
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The choice of methods for liquid mixtures separation is determined by their phase equi-
librium diagram structure and its evolution upon variation of external parameters. An 
important role in the analysis of vapor–liquid equilibrium diagram evolution is played 
by the mutual course of temperature dependencies of saturated vapor pressure (P = f(T) 
dependencies) of components and azeotropes as well as information about the pres-
ence/absence of Bancroft points of different kinds on these dependencies. The latter 
makes it possible to identify the presence of different azeotropes in the systems and to 
determine the concentration ranges of their existence [1]. 

The work is devoted to the analysis of vapor–liquid equilibrium diagram evolution 
of the methyl ethyl ketone (MEK) – isopropyl alcohol (IPA) – n-heptane (H) system on 
the basis of the P = f(T) dependencies of components and azeotropes. 

The P = f(T) dependencies of the components and azeotropes of the MEK–IPA–H 
system were obtained and analyzed in this work. The characteristics of Bancroft points 
of different kinds were identified, which made it possible to conclude that the system 
satisfies the condition for the mandatory presence of a ternary azeotrope. In a computa-
tional experiment, we established its type (unstable node), which is consistent with the 
data [2]. On the basis of P = f(T) dependencies the full concentration range of its exist-
ence was determined and an analysis of the phase diagram evolution over a wide pres-
sure range was carried out, confirmed by means of mathematical modeling.  

It was found that increasing or decreasing the pressure relatively to the atmospheric 
value reduces the number of separation regions and, consequently, simplifies the distil-
lation flowsheet. The MEK–H azeotrope, according to the P = f(T) dependencies exist-
ing over a wide range of external parameters, imposes restrictions on the complete sep-
aration of the mixture at any pressure. This necessitates special separation methods 
based on the principle of redistribution of concentration fields. The results of the carried 
out analysis are the basis for the further development of separation flowsheets of MEK–
IPA–H industrial mixture. 

It should be noted that either a ternary azeotrope of the unstable node type or two 
ternary azeotropes of the saddle and unstable node types may be implemented in sys-
tems with a set of Bancroft points and an order of their achievement similar to the MEK–
IPA–H system, maintaining the same sequence of formation and disappearance of bi-
nary azeotropes [3]. 

 
1. T.M. Kushner et al., Theor. Found. Chem. Eng. 1998, 32 (1), 28. 
2. C. Ma et al., J. Chem. Technol. Biotechnol. 2022, 97 (9), 2557. 
3. T.V. Chelyuskina, D.O. Tabakov, Theor. Found. Chem. Eng. 2026, 60 (2). 
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Liquid crystals (LCs) have found a wide application in various fields of modern tech-
nology, primarily in display technologies. The development of new materials requires 
data on the nature of intermolecular interactions between components in systems con-
taining LCs. 

Binary systems based on nematic and smectic–nematic phenylbenzoates R1-C6H4-
COO-C6H4-R2 (R = n-alkyl-, alkoxy-) and the nematic compound C4H9OCOO-C6H4-
COO-C6H4-OC2H5 (H-23) with nonmesogens were studied by thermal analysis methods 
(DTA, visual polythermal analysis, and the solubility method). 

T–x diagrams of H-23 systems with butyl acetate and 1-propanol were obtained. Pol-
ytherms of LC solubility in solvents of different classes were investigated; the enthalpy, 
entropy, and Gibbs energy of LC dissolution (ΔdissolH, ΔdissolS, ΔdissolG) were calculated 
according to the scheme [1]. In almost all systems, the calculated enthalpies of dissolu-
tion exceed the melting enthalpy of LC (for H-23 – 25.1 kJ/mol). The largest positive 
deviations from ideality were observed in LC systems with n-alkanes. For H-23 sys-
tems, ΔdissolH increases with increasing alkyl chain length: with n-alkanes - from 43.8 
(n-hexane) to 64.4 kJ/mol (n-octane), and with alcohols - from 41.9 (ethanol) to 57.6 
kJ/mol (1-propanol). Phase demixing is observed in H-23 systems with alcohols and 
alkanes, which is confirmed by differences in Hildebrand solubility parameters and the 
Teas triangle diagram [1]. 

Activity coefficients of LC components were calculated using the Hildebrand and 
Hansen solubility parameters [2] (for LCs calculated by the group contribution method) 
and the UNIFAC equation. 

The best agreement between calculated and experimental solubility polytherms was 
obtained using the UNIFAC equation (Dortmund modification). 

 
1. Guo F., Ren Y., Sha J. Solubility, molecular simulation, Hansen solubility param-

eter and thermodynamic properties of citiolone in thirteen organic pure solvents at dif-
ferent temperatures // J. Chem. Thermodyn. 2022. Vol. 164, 106624 

2. Hansen solubility parameters. A user’s Handbook. 2 Ed. / ed. Hansen C.M. Boca 
Raton: CRC Press, 2007. 544 p. 
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The study of VLE diagrams of multicomponent systems is a rather difficult task. Well-
known methods involve the graphical construction of a boundary or complete phase 
space, the construction and analysis of adjacency and reachability matrices. In some 
cases, this procedure can be simplified; in particular, when azeotropes relative to the 
constituents of the same component number are nodal points [1-2]. 

The initial information is data on the boiling points (BP) of all singular points. Let's 
illustrate specifics mentioned and stages of VLE diagram analysis using the example of 
a methanol (M) + ethanol (E) + ethyl acetate (EA) + toluene (T) + hexane (N) system. 
BP, type and Poincare index (PI) are given in the tables. 

 
Boiling points and types of singular points (N(un)st – (un)stable node, S – saddle) 

Sing. point M E EA T H M+H 
BP, °C 64.53 78.31 77.20 110.68 68.73 50.98 

Type (PI) S (0) Nst (+1) S (0) Nst (+1) S (0) Nun (+1) 
 

Sing. point M+T E+H EA+H E+EA M+EA E+T 
BP, °C 63.60 58.37 65.37 72.02 62.52 76.96 

Type (PI) S (0) S (0) S (0) S (0) S (0) S (-1) 
 
There are 4 edges adjacent to the vertex of each singular point, comparing the boiling 

points, it is possible to determine the type of points at the vertex (table). There will 
always be one unstable node in systems of type considered; it is azeotrope M+H. By 
solving the following equation [2], the number of binary saddles with a nonzero Poin-
care index can be determined: 2 5ܰ+ + 4ܰ+ − −4ܥ + 3ܰ+ + +3ܥ + 2ܰ+ − −2ܥ + 1ܰ+ = 2 

The terms 5ܰ+, 4ܰ+, ,−4ܥ 3ܰ+, +are equal to zero due to the absence of such points, 2ܰ +3ܥ = 1, 1ܰ+ = 2, so 2ܥ− = 1. The system contains one binary azeotrope of the saddle 
type with index -1 that can be formed only by points of pure components of the stable 
node type, i.e. azeotrope E+T. The latter will generate an internal separatric hypersur-
face of the third dimension (SH3). The remaining singular points are saddles with zero 
index. Such binary azeotropes will generate separatric manifolds, but of a smaller di-
mension, which will form a boundary surface of SH3. SH3 separates diagram into two 
distillation regions. Thus, the complete structure of the composition pentatope is deter-
mined only based on qualitative analysis.  

 
1. A.V. Frolkova. Theor. Found. Chem. Eng. 2024, 4, 1017. 
2. A.V. Frolkova, etc. Theor. Found. Chem. Eng. 2025, 3, 23. 
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Deep eutectic solvents (DES) are a highly promising and environmentally friendly al-
ternative to existing extraction methods; however, there is currently a significant deficit 
of fundamental thermodynamic data and theoretically grounded models capable of pre-
dicting extraction efficiency without the need for expensive and time-consuming exper-
iments. 

This work aims to perform quantum chemical modeling of the Sudan dyes extraction 
process using DES based on menthol/thymol and and carboxylic acids (C6-C10) to an-
alyze the efficiency and accuracy of the chosen models in comparison with existing 
experimental data [1]. 

Molecular geometries were optimized using the ORCA 6.0.1 package at the B3LYP 
level of theory. Two distinct modeling variants were implemented. The first variant in-
volved the evaluation of three competing complexation processes in the solution: the 
self-association of DES components (terpene-acid interaction) and the formation of 
complexes between the dye and individual DES components (dye-terpene and dye-
acid), with their respective Gibbs free energies calculated. The second variant utilized 
the openCOSMO-RS package to calculate solvation free energies.  

Both complex formation energies and solvation energies demonstrate high agree-
ment with experimental extraction trends. For Sudan I, the calculated ∆ܩ௦௢௟௩values in-
creased from -68,86 kcal/mol (C6) to -66,61 kcal/mol (C10), following the experimental 
drop in extraction efficiency. Analysis of the calculated Gibbs free energies of complex 
formation enabled a detailed evaluation of extraction feasibility and helped identify the 
specific DES component responsible for dye recovery. 

The extraction process was successfully modeled using two complementary ap-
proaches, providing insights into both the molecular complexation mechanism and bulk 
phase behavior. The results confirm that evaluating Gibbs free energies of complex for-
mation is a reliable method for determining the role of each DES component in the 
extraction process. This modeling framework allows for the efficient prediction of sol-
vent performance and can be used to tailor DES compositions for specific analytical 
requirements in the future. 

 
1. A. Shishov et al., "Deep eutectic solvents with low viscosity for automation of 

liquid-phase microextraction based on lab-in-syringe system: Separation of Sudan 
dyes," Talanta. – 2023. – Vol. 255., Apr. 2022,                              
https://doi.org/10.1016/j.talanta.2022.124243 

https://doi.org/10.1016/j.talanta.2022.124243


 

THERMODYNAMICS OF HETEROGENEOUS SYSTEMS, 

SURFACES, INTERPHASE AND MEMBRANE 

PROCESSES, AND NANOSCALE SYSTEMS 

ТЕРМОДИНАМИКА ГЕТЕРОГЕННЫХ СИСТЕМ, 
ПОВЕРХНОСТНЫХ ЯВЛЕНИЙ,  

МЕЖФАЗНЫХ И МЕМБРАННЫХ ПРОЦЕССОВ, 
СВОЙСТВА НАНОСИСТЕМ  



 

 

 



XXV International Conference on Chemical Thermodynamics in Russia 149 

STRUCTURE-PROPERTY RELATIONSHIPS AS A PRIMARY TOOL  
FOR ASSESSING THE CVD PRECURSOR PROPERTIES 

Zherikova K.V.(1,2), Zheravin A.A.(2) 
(1) Nikolaev Institute of Inorganic Chemistry SB RAS 

630090, Novosibirsk, Lavrentieva ave., 3 
(2) Meshalkin National Medical Research Centre 
630055, Novosibirsk, Rechkunovskaya st., 15 

 
Chemical vapor deposition (CVD) has an undeniable priority when geometrically com-
plex objects should to be covered conformally. The efficiency of the CVD processes 
can be significantly increased by incorporating quantitative data on sublimation/vapor-
ization (p-T dependences) and the thermal behavior in the condensed phase (thermal 
stability, phase transitions) of the initial metal-containing compound (precursor). 
Clearly, these temperature-dependent parameters are largely determined by the structure 
of the compound. Therefore, identifying any structure-property relationships, whether 
qualitative or quantitative, can significantly facilitate the effective design of a precursor 
possessing the desired set of properties. This is especially important in cases where ex-
perimental data is unavailable. One of the few effective CVD precursors, (hexafluoroa-
cetylacetonato)(cyclooctadiene-1,5)silver, [Ag(cod)(hfac)]2, will be discussed as an ex-
ample of compound with thermal properties which data are hardly-to-access on [1]. An-
other output of structure-property relationships is the validation of obtained and/or al-
ready existing thermodynamic data on solid-gas, liquid-gas, and solid-liquid phase tran-
sitions. This diagnostic benefit will be addressed by applying our original approach to 
a set of copper(II) β-diketonates [2,3]. Both metal compounds are used in CVD of Ag- 
or Cu-containing agents (nanoparticles/clusters/films) as a component of complex anti-
bacterial biocompatible materials on the surfaces of cancer implants [4]. 
 

1. Zherikova K.V., Trubin S.V., Pishchur D.P., Morozova N.B. // Russ. J. Phys. 
Chem. A, 2024, 98, 57. 

2. Zherikova K.V., Verevkin S.P. // RSC Adv., 2020, 10, 38158 
3. Makarenko A.M., Zaitsau D.H., Zherikova K.V. // Coatings, 2023, 13, 535 
4. Sergeevichev D.S., Dorovskikh S.I., Vikulova E.S. et al. // Int. J. Mol. Sci., 2024, 

25, 1100  
This work was supported by Russian Science Foundation (grant № 25-15-00328). 
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α -, β - and γ-cyclodextrins (CDs) are unique macromolecules that have a hydrophobic 
inner cavity and a hydrophilic outer surface. They are so-called molecular containers 
that are able to hold the molecules of the "guest" substance in their inner cavity forming 
inclusion complexes with a variety of organic and inorganic molecules or fragments of 
molecules. Cyclodextrins in the complex protect the "guest" molecule from damage by 
various reactive molecules and this contributes to their wide application in the pharma-
ceutical industry to increase the solubility of substrates and create long-acting drugs; in 
the food industry to stabilize low-stable molecules and protect the "guest" molecules 
from oxidation, steric rearrangements, hydrolysis, racemization and enzymatic degra-
dation. The solid phase of cyclodextrins is almost always a hydrate, and therefore the 
formation of inclusion complexes is a process of complete or partial replacement of 
water molecules in CDs hydrates with guest molecules. Thus, quantitative thermody-
namic characteristics of dehydration processes (ΔdehH°, ΔdehS°, ΔdehG°), which are 
practically absent in the literature by now, are very relevant for obtaining a variety of 
CDs inclusion complexes. 

A new approach to the study of dehydration processes is proposed, which is mainly 
performed in closed volume by a static method with a membrane-gauge manometers 
[1], which previously showed its promise in the study of supramolecular compounds 
[2]. The pH2O–T-x (molar fraction of water in CD hydrate) dependences obtained under 
equilibrium conditions provide information about the available phase transitions and the 
composition of the phases involved in them. The thermodynamic characteristics of the 
dehydration processes calculated from the experimental data will be used to quantify 
the binding energies of water molecules with the CD-framework.  

As a result of this work, general patterns and specific differences in the chemical 
bonds of water with the frameworks of α-, β- and γ-cyclodextrins were revealed, which 
is valuable information for the targeted synthesis of new materials. 

 
1. Davydova E.I., Sevastianova T.N., Suvorov A.V., Timoshkin A.Y. // Coord. 

Chem. Rev. 2010. V. 254. P. 2031–2077. https://doi.org/10.1016/j.ccr.2010.04.001 
2. Zelenina L.N., Chusova T.P., Sapchenko S.A., Gelfond N.V. // Russian Journal 

of Inorganic Chemistry. 2023. V. 68. P. 174-180. 
https://doi.org/10.1134/S0036023622602343 

This work was supported by Russian Science Foundation (grant № 24-23-00237). 
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Proteins and fibrils obtained from them have recently been frequently used as stabilizers 
of foams and emulsions. They reduce the surface and interfacial tension by forming 
viscoelastic layers around oil droplets in water and air bubbles in foam thereby prevent-
ing coalescence. At the same time, the relatively high concentrations of native proteins 
are often required for effective stabilization of foams and emulsions. The use of fibrils 
makes it possible to reduce the total protein concentration in the system and thus reduce 
the cost of the products obtained. The determination of surface properties in particular 
the surface tension and surface viscoelasticity provides information on the structure of 
adsorption layers and helps to develop effective stabilizers of foams and emulsions. 

In this work, the methods of surface rheology are applied to the adsorption layers of 
worm-like ovalbumin (OVA) fibrils on the surface of water in order to determine the 
mechanism of their formation and their structure. The morphology of the fibril layers as 
well as the shape and size of the fibrils were determined by atomic force microscopy. It 
has been shown that short worm-like OVA fibrils form a continuous loose adsorption 
layer on the water surface consisting of clusters of fibrils of different sizes and individ-
ual fibrils and is characterized by significantly lower values of the surface elasticity and 
surface pressure as compared with native protein layers. The admixtures of polypeptides 
formed as a result of the hydrolysis of OVA during the synthesis of fibrils cannot be 
completely removed by single purification of the dispersion by centrifugation. In addi-
tion, the centrifugation and the subsequent re-dispersion of the ovalbumin fibrils lead to 
the destruction of large OVA fibrils with high persistence and contour length. After the 
twice purification, a significant induction period appears on the kinetic dependences of 
the surface properties after which the properties change slower than in the case of native 
protein solutions due to an increase in the average size of kinetic units in the system. 
Thus ovalbumin belongs to a group of relatively rare proteins for which the native mol-
ecules can be better stabilizers of liquid-phase systems than fibrils. At the same time, it 
can be assumed that flexible and relatively short OVA fibrils will effectively interact 
with oppositely charged polyelectrolytes leading to the formation of complexes with 
high surface activity. 

 
This study was financially supported by the Russian Science Foundation, grant 

№ 24-13-00261. 
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Electrolytes confined in nanoporous structures are heterogeneous systems in which in-
terfacial phenomena govern electrical properties. The electric double layer (EDL) 
formed at the electrode–solution interface plays a central role, while nanoconfinement 
enhances surface interactions through EDL overlap, causing significant deviations from 
bulk electrolyte behavior [1]. 

We theoretically investigate the effect of zwitterionic osmolytes on thermodynamic 
properties of electrolytes confined in charged slit nanopores with conducting walls. The 
analysis employs a modified Poisson–Boltzmann framework accounting for finite par-
ticle size, dipolar solvent and osmolyte molecules, and field-dependent dielectric per-
mittivity, with equilibrium states obtained via grand potential minimization [2]. 

Increasing osmolyte concentration restructures the EDL and increases differential 
capacitance due to preferential accumulation and orientation of dipolar molecules near 
charged surfaces, enhancing local dielectric response and interfacial charge storage. Os-
molytes also increase the disjoining pressure between pore walls through reduced ionic 
screening and an additional osmotic contribution arising from their accumulation in na-
nopores, strengthening electrostatic repulsion between interfaces. 

These results show that zwitterionic osmolytes enable control of interfacial processes 
in nanoconfined systems. The simultaneous enhancement of differential capacitance 
and disjoining pressure suggests improved energy storage performance and mechanical 
stability of nanoporous electrodes without increasing electrolyte concentration, high-
lighting the key role of dipolar additives in tuning EDL properties and interfacial inter-
actions in heterogeneous nanosystems. 

1. Derjaguin B. V. Theory of the stability of strongly charged lyophobic sol and of 
the adhesion of strongly charged particles in solutions of electrolytes //Acta phys. chim. 
URSS. 1941. T.14. C.633 https://doi.org/10.1016/0079-6816(93)90013-L 

2. Kornyshev A. A. Double-layer in ionic liquids: paradigm change? //The Journal 
of Physical Chemistry B. 2007. Т. 111. №. 20. С. 5545-5557. 
https://doi.org/10.1021/jp067857o 
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pacitance was partly supported be the Ministry of Science and Higher Education of the 

Russian Federation. 

https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1021/jp067857o


XXV International Conference on Chemical Thermodynamics in Russia 153 

MODELING OF ADSORPTION LAYERS ON NANOPARTICLES  
IN AQUEOUS SOLUTIONS OF NONIONIC SURFACTANTS 

Sorina P.O., Victorov A.I. 

Saint Petersburg State University 
199034, Saint Petersburg, Universitetskaya emb., 7-9 

 
Adsorption on solid nanoparticles is at the heart of many advanced technologies, includ-
ing drug delivery, nanoreactor engineering and separation of chemicals. Of key im-
portance is knowledge of structure of the adsorbed layers because it provides the insight 
in the molecular mechanisms that control adsorption and desorption in dependence on 
the characteristics of the nanoparticles and external conditions. 

The major limitation of the well-known theoretical approaches proposed for adsorp-
tion systems [1,2] is that they do not take into account correlations between interacting 
functional groups of molecules, even though such correlations definitely play an im-
portant role in many cases, e.g., in aqueous and other hydrogen bonding fluids. 

In this work, we apply the multilayer quasilattice model (MQuM) [3,4] to describe 
the details of local structure for adsorption layers on solid hydrophilic or hydrophobic 
particles submerged in aqueous mixtures that contain amphiphilic chainlike molecules. 
Within MQuM, the correlations between interacting functional groups are described 
within the Guggenheim quasichemical approximation; spatially nonuniform fluid 
around a spherical particle is represented by concentric spherical layers that accommo-
date segments of chainlike molecules in different orientations. Apart from mimicking 
adsorption in model systems, we also apply MQuM to a number of real aqueous solu-
tions using the model interaction parameters estimated from vapor-liquid equilibrium 
data. We discuss the model predictions for the structure of solution around hydrophilic 
and lipophilic solid particles of varying curvature. We conclude by summarizing the 
advantages and limitations of MQuM. 

 
1. Fleer, G. J.; Scheutjens, J. M. H. M.; Cohen Stuart, M. A. Colloids Surf., 1988, 

31, 1−29. 
2. Nap, R. J.; Szleifer, I. J Chem. Phys., 2018, 16, 149. 
3. Sorina, P. O.; Victorov, A. I. Langmuir, 2024, 40 (3), 1577–1593.  
4. Sorina, P. O.; Victorov, A. I. J. Molecular Liquids, 2024, 414, 126229 
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Co-oxide thin films exhibit semiconducting properties, rendering them relevant for ap-
plications in optics and electronics as well as for secondary electron emission composite 
materials. To obtain these films using chemical vapor deposition (MOCVD), active de-
velopment of volatile precursors is underway. Cobalt(II) β-diketonate complexes could 
be promising precursors provided that mononuclear derivatives are stabilized by addi-
tional neutral ligands to precise control the vapor mass-transport during deposition pro-
cess. However, the library of such complexes is limited, and even for known precursors 
like Со(tmeda)(hfac)2 and Со(tmeda)(acac)2 (tmeda = N,N,N',N'-tetramethylethylenedi-
amine, hfac = 1,1,1,5,5,5-hexafluoropentane-2,4-dionato, acac = pentane-2,4-dionato) 
there is a lack of quantitative data on thermochemical properties. 

Here, the library of mixed ligand cobalt β-diketonate complexes Co(tmeda)(L)2 for 
MOCVD application has been supplemented by three new fluorinated derivatives 
(L = pfpac (5,5,6,6,6-pentafluorohexane-2,4-dionato), hfbac (5,5,6,6,7,7,7-heptafluoro-
heptane-2,4-dionato), ofhac (3H,3H-octafluorohexane-2,4-dionato)). The structural fea-
tures and thermochemical properties of these complexes and their closed analogues 
Co(tmeda)(hfac)2 and Co(tmeda)(acac)2 have been studied. The structures of 
Co(tmeda)(hfbac)2, Co(tmeda)(ofhac)2 and one new phase of Со(tmeda)(hfac)2 have 
been revealed. The information on the condensed phase transitions for Со(tmeda)(L)2 
has been obtained. A characteristic feature of the complex with L = pfpac is its retarded 
crystallization and glass-forming ability.  

The temperature dependence of saturated vapor pressure for Со(tmeda)(hfac)2 was 
determined allowing us to develop MOCVD process of Co oxide films with controlled 
mass transport of precursor at the evaporator temperature range 333-353 K. This pro-
vides the optimal conditions for growth hexagonal CoO or Co3O4 films. The Co oxide 
films exhibit a minimal impurity level on C, F elements and no traces of N that makes 
them appropriated for different applications. The Со(tmeda)(acac)2 has been tested to 
obtain Co3O4 films without F impurities. The influence of the oxygen flow rate and dep-
osition temperatures parameters on the composition, morphology and thickness of Co 
oxide films deposited from these precursors has been determined. 

 
This work was funded by the Russian Science Foundation (RSF, research project 
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Spiropyrans are organic photochromic compounds used to create multifunctional mate-
rials such as optical filters, photoswitches, biosensors, and other hybrid materials. In 
this work thermodynamics parameters were studied at heterogeneous equilibrium for 
1,3,3-trimethyl-6'-methoxy-spiro[indoline-2,2'-2H-chromene] (SP-22), 1,3,3-trimethyl-
8'-methoxy-spiro[indoline-2,2'-2H-chromene] (SP-23), and 1,3,3-trimethyl-5'-meth-
oxy-spiro[indoline-2,2'-2H-chromene] (SP-24). 

The Knudsen effusion mass spectrometry was employed to obtain saturated vapor 
pressure and sublimation enthalpy. Since difference of structure of the compounds is 
the position of the methoxy group, the mass spectra of all spiropyrans are identical and 
has following main peaks: 159, 292, 307. The peak at m/z 307 corresponds to the mo-
lecular ion (М+), 292 to (М-CH3)+, and the ion at m/z 159 results from the cleavage of 
the molecule at the spiro-atom. The vapor is monomolecular since dimers and trimers 
were not discovered in the mass spectrum. 

Above the solids the saturated vapor pressures were determined by the Knudsen ef-
fusion method, which, in combination with mass spectrometric data, allow us to recom-
mend the following equations for the temperature dependence of pressure for each of 
the compounds: 

SP-22: ln(p, Pa) = (-15.95±0.19)·1000/T+(41.42±0.52), ΔT = 328-373 K 
SP-23: ln(p, Pa) = (-14.59±0.19)·1000/T+(38.25±0.57), ΔT = 322-348 K 
SP-24: ln(p, Pa) = (-14.13±0.09)·1000/T+(36.83±0.26), ΔT = 330-372 K 
The sublimation enthalpy was found using the second-law method of thermodynam-

ics for the experimental temperature and recalculated to 298.15 K according to [1]. 
 

The thermodynamic data of sublimation 
 ΔT, K Thm, K ΔsubH°(Thm), kJ·mol–1 ΔsubH°(298.15), kJ·mol–1 

SP-22 328-373 350 132.4±2.2 136.2±3.5 
SP-23 322-348 335 121.3±2.1 124.1±2.9 
SP-24 330-372 351 117.5±1.5 121.2±3.0 

 

The first sample, in which the methoxy group is in the 6’- position, has the highest 
sublimation enthalpy. It correlates with the highest melting enthalpy and the lowest 
pressure among samples studied. The properties of SP-23 and SP-24 are similar. 

 
1. Acree W.Jr., Chickos J.S. J Phys. Chem. Ref. Data. 2016. 45. 033101. 
This work was supported by the Ministry of Science and Higher Education of the 

Russian Federation in the framework of Government order (project № FZZW-2026-

0005). 
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620016, Ekaterinburg, Amundsena st., 101 
(2) Federal State Budgetary Institution of Forensic Expertise  

of the Federal Fire Service "Test Fire Laboratory for the Sverdlovsk Region" 
620036, Ekaterinburg, E. Savrjva st., 53 

 
Using the TERRA and ThermoCalc software, thermodynamic modeling of self-fluxing 
powder materials based on nickel was carried out in the temperature range of 300-6000 
K in an atmosphere of various plasma-forming gases: argon, nitrogen, air and mixtures 
"92 vol. % air + 8 vol. % propane" at a total pressure of P = 105 Pa. The initial compo-
sition of the simulated systems corresponded to the composition of nickel-based powder 
self-fluxing materials (wt. %): Ni – 79.3, C – 0.5, Cr – 15, Si – 3.2, B – 2 (PG-SR2), 
Ni – 74.3, C – 1, Cr – 17, Si – 4.1, B – 3.6 (PG-SR4). When preparing the initial data 
for modeling, the average technological parameters of the plasma spraying unit were 
taken into account: plasma gas consumption - 1 l/s, powder consumption – 1 g/s, 5 g/s 
and 10 g/s. The modeling took into account the possibility of the existence of elements, 
ions, compounds (oxides, carbides, silicides, and others) in condensed and gaseous 
states. 

The temperature dependences of the components of the condensed and gaseous 
phases are calculated. It is revealed that the distribution of the components of the con-
densed and gaseous phases changes significantly with variations in the initial content of 
the powder material in the working fluid and the composition of the plasma-forming 
gas. 

The temperature dependences of integral thermodynamic characteristics - enthalpy 
(I) and entropy (S) – for the PG-CP2 (PG-CP4) + gas (gas – Ar, N2, air, air + propane) 
systems are constructed. It is shown that an increase in the consumption of powder ma-
terial leads to an increase in enthalpy and a decrease in entropy for both systems. These 
trends become more pronounced at high temperatures (T > 3000 K), when active evap-
oration of the main components of the system occurs and a sharp increase in the partial 
pressures of the components of the gas phase is observed. A comparison of the temper-
ature dependences of the condensed and gas phases and the thermodynamic character-
istics shows that there is a correlation between them: kinks in the graphs are observed 
at the same temperatures. This can be explained by the phase transformations that occur 
in the condensed and gaseous phases, in particular, melting and evaporation. 

 
The work was carried out according to the state assignment of the IMET UB RAS. 



XXV International Conference on Chemical Thermodynamics in Russia 157 

SURFACE TENSION OF VAPOUR PHASE NUCLEI  
IN OXYGEN–NITROGEN SOLUTIONS 
Kaverin A.M., Andbaeva V.N., Pankov A.S. 

Institute of Thermal Physics UB RAS 
620016, Ekaterinburg, Amundsen st., 107a 

 
The decomposition of a homogeneous liquid phase, superheated beyond the phase 
equilibrium temperature, occurs as a result of the formation and the subsequent growth 
of critical bubbles. At high superheatings, the characteristic sizes of such bubbles are 
several nanometers. The properties of bubbles depend on their size. 

We have investigated the kinetics of spontaneous nucleation in oxygen-nitrogen so-
lutions in experiments measuring the expectation time for boiling-up [1]. Liquid vol-
umes of 70–80 mm3 were superheated in glass cells. Entry into the metastable region 
was accomplished by sharply reducing the pressure at fixed values of temperature and 
solution composition. Experiments were conducted on isobars of p = 0.5 and 1.0 MPa 
in the temperature range T = 106 – 138 K over the entire range of nitrogen concentra-
tions x. From classical nucleation theory at a rate of J = 107 m-3s-1, using experimental 
data on the temperatures of attainable superheating, the surface tension σ at the critical 
bubble – solution boundary was determined.  

The values of σ are compared with data on the surface tension of the solution at a 
flat interface σ∞ [2]. The differential capillary rise method was used to determine σ∞. 
Measurements were performed on an assembly of three glass capillaries. The surface 
tension of critical bubbles of pure liquids is 4–5% less than σ∞ (x = 0). The ratio be-
tween σ and σ∞ changes with changes in the solution composition. In the concentration 
range of 0.1–0.9, σ > σ∞. Near the equimolar composition, the discrepancy reaches 
3-5%. It is assumed that it is associated with the curvature of the interface. 

A similar relationship between σ and σ∞ is given by the van der Waals capillarity 
theory [3]. However, according to this theory, the value of σ exceeds that of σ∞ over a 
narrower concentration range and by a smaller amount. At T = 132 K, the maximum 
value of (σ – σ∞)/σ∞ is 0.3% for bubbles with a radius of 45 nm and a concentration of 
x = 0.73. The report also discusses some factors that can lead to changes in the surface 
tension of critical bubbles. 

 
1. Baidakov V.G., Kaverin A.M., Andbaeva V.N. Kinetics of nucleation in super-

heated liquid oxygen–nitrogen solutions. 1. Experiment and classical homogeneous 
nucleation theory // J. Phys. Chem. B. 2022. Vol. 126, Nr 51. P. 10907-10912. 
https://doi.org/10.1021/acs.jpcb.2c06157 

2. Baidakov V.G., Kaverin A.M., Andbaeva V.N. The liquid–gas interface of oxy-
gen–nitrogen solutions. 1. Surface tension // Fluid Phase Eguilib. 2008. Vol. 270. 
P. 116-120. https://doi.org/10.1016/j.fluid.2008.06.016 

3. Baidakov V.G., Andbaeva V.N. The liquid–gas interface of oxygen–nitrogen so-
lutions. 2. Description in the framework of the van der Waals gradient theory // Fluid 
Phase Eguilib. 2009. Vol. 286. P. 175-181. https://doi.org/10.1016/j.fluid.2009.09.001 

https://doi.org/10.1021/acs.jpcb.2c06157
https://doi.org/10.1016/j.fluid.2008.06.016
https://doi.org/10.1016/j.fluid.2009.09.001
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SUBLIMATION THERMODYNAMICS  
OF SOME PHENYL-SUBSTITUTED PORPHYRINS 
Kaplin A.S., Motalov V.B., Korobov M.A., Dunaev A.M. 
Ivanovo State University of Chemistry and Technology 

153000, Ivanovo, Sheremetevskiy ave., 7 
 
Porphyrins belong to a broad class of tetrapyrrole macrocyclic compounds with unique 
properties, such as the ability to form complexes with most chemical elements, high 
chemical stability, etc. Materials based on porphyrins are used to create active layers 
for sensors, photo- and electrocatalysts, solar cells, etc. 

Thermodynamic parameters of porphyrin evaporation, such as saturated vapor pres-
sure and sublimation enthalpy, are of interest due to the possibility of forming thin films 
of functional materials by vapor deposition methods. 

In this work, the thermodynamic parameters of sublimation of 5,15-diphenylporphy-
rin (H2DPhP) and 5,10,15,20-tetrakis(4-methylphenyl)porphyrin (H2T(4-MePh)P) 
were determined by the Knudsen effusion mass spectrometry method. Sublimation of 
porphyrins was carried out in the temperature ranges of 443-527 K for H2DPhP and 
542-620 K for H2T(4-MePh)P. The mass spectra of both compounds contain two main 
peaks corresponding to the M+ and M++ (M is the monomer molecule).  

The saturated vapor pressures of porphyrins were determined using the Knudsen ef-
fusion method in combination with mass spectrometric measurements of ion currents. 
The obtained data are described using the following linear equations: 

ln(p/Pa) = –(20.24±0.19) 103/Т + (35.80±0.39), H2DPhP, 443-527 K; 
ln(p/Pa) = –(27.50±0.22) 103/Т + (41.85±0.37), H2T(4-MePh)P, 542-620 K. 

The sublimation enthalpy at the harmonic mean temperature (Thm) of measurements 
was found from the slope of the temperature dependence of vapor pressure and recalcu-
lated to 298.15 К in according to [1]. 

The values determined in this work and in [2] are listed in Table and show an in-
crease in enthalpy with increasing complexity of molecular structure of the considered 
structural analogs. 

 
Sublimation enthalpy, ΔsubH°(T) / kJ∙mol–1 

Compound ∆T / K Thm / K ΔsubH°(Thm) ΔsubH°(298.15 K) 
H2DPhP 443-527 487 168 ± 2 183 ± 8 

H2TPhP [2] 490-615 557 195 ± 2 220 ± 12 
H2T(4-MePh)P 542-620 583 227 ± 2 263 ± 17 
 
1. Acree W.Jr., Chickos J.S. J Phys. Chem. Ref. Data. 2016. 45. 033101. 
2. Kudin L. S., Dunaev A. M., Motalov V. B., Cavallo L., Minenkov Y. J. Chem. 

Thermodyn. 2020, 151. 106244. 
This work was supported by the Ministry of Science and Higher Education of the 

Russian Federation in the framework of Government order (project no. FZZW-2026-

0005). 
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EFFECT OF THE MONOLAYER FORMATION ON THE pKa  
OF CARBOXYLIC ACIDS AT THE AIR/WATER INTERFACE  

WITHIN QUANTUM CHEMICAL APPROACH 
Kartashynska E.S. 

L.M. Litvinenko Institute of Physical Organic and Coal Chemistry 
283048, Donetsk, R. Luxemburg st., 70 

 
Acid-base properties of a substance are crucial in biology, organic synthesis, etc. The 
ionization degree of a compound affects its solubility in various media, which is espe-
cially important for studying its behavior at different interfaces. Computational meth-
ods have also been added to experimental ones for estimation of the acidity index 
(pKa) with the development of modern computers and computational algorithms. 

The purpose of this work was to identify the dependence of the dissociation con-
stant of monolayers for saturated carboxylic acids CnH2n+1COOH (n=6-16) and their 
perfluorinated counterparts at the air/water interface on their chain length using a 
quantum chemical approach developed and successfully tested earlier when describing 
the film formation of more than ten classes of nonionic surfactants. The proposed 
model includes the calculation of the Gibbs energies of acid formation and dimeriza-
tion in neutral and ionized forms, as well as the corresponding monomers, in the aque-
ous and gaseous phases. The approach does not require the construction of any ther-
modynamic cycles. The calculations were performed using semi-empirical quantum 
chemical methods PM3 and PM6 within the frameworks of the conductor-like screen-
ing model COSMO.  

It is shown that the minimum Gibbs energy of clusterization corresponds to associ-
ates with the degree of dissociation α=0.5. A relationship has been derived between 
the values of surface and bulk pKa. It follows that, unlike the bulk pKa, the value of the 
surface pKa depends on the surfactant chain length, which is due to the difference in 
the solvation energy of the hydrocarbon tails of the corresponding neutral and dissoci-
ated monomer. Thus, the calculated data showed that the elongation of the carboxylic 
acid chain by one CH2 fragment leads to an increase in the surface pKa by 0.43 units, 
and by 0.50 per CF2 for perfluorinated ones. The obtained results are in good agree-
ment with the available experimental data. [1, 2]. 

 
1. Vysotsky, Yu. B.; Kartashynska, E. S., Vollhardt, D.; Fainerman, V. B. Surface 

pKa of Saturated Carboxylic Acids at the Air/Water Interface: A Quantum Chemical 
Approach // J. Phys. Chem. C. 2020. Vol. 124, Nr. 25. P. 13809-13818. 
https://doi.org/10.1021/acs.jpcc.0c03785 

2. Kartashynska E. S. Clustering Impact on the Acidity of Perfluorinated Carbox-
ylic Acids at the Air/Water Interface Assessed within Semiempirical Quantum Chemi-
cal Approach // Theor. Chem. Acc. 2026. Vol. 145, Nr. 4. P. 35. 
https://doi.org/10.1007/s00214-026-03285-x 

The study was carried out in the frameworks of the budget assignment FRES-2026-

0015. 
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The work presents the results of a study of low-volatile proteinogenic amino acids L-
histidine, L-aspartic acid, L-asparagine, L-glutamine, L-glutamic acid, L-lysine, and L-
arginine using Knudsen effusion mass spectrometry. There are no sublimation 
thermodynamics data for these compounds. Commercial samples (Aladdin, Macklin; 
mole fraction 0.99) were loaded into a Knudsen cell (Mo; an evaporation-to-effusion 
area ratio of ~400) coupled with a MI1201 single-focusing magnetic mass spectrometer. 

The main task of the study was to select experimental conditions (temperature range, 
heating duration) for congruent sublimation. The thermal stability of the substances was 
monitored using IR spectroscopy and visual observation. Most of the studied amino 
acids were found to decompose at any conditions. Only L-histidine (L-His) and L-
aspartic acid (L-Asp) could be sublimed congruently in the limited temperature and time 
ranges. Due to these limitations, the saturated vapor pressure could not be determined 
by classical Knudsen effusion method. Therefore, the pressure was obtained by a mass 
spectrometric method of ion current comparison; L-methionine [1] was used as a 
standard. The vapor pressures for L-histidine and L-aspartic acid were fitted by 
equations presented in Table. 

 

Saturated vapor pressure equations ln(p, Pa), temperature range ∆T, K,  
enthalpy of sublimation ΔsubH°, kJ·mol–¹ at 298.15 K 

 

Sublimation enthalpy was obtained by the methods of the second and third laws of 
thermodynamics; see Table. The data obtained by the independent approaches agree 
within the uncertainties. The third law values were used in further derivation of the 
formation enthalpies for the gaseous amino acids: −283.2 ± 5.0 kJ·mol–¹ (L-His), and 
−791.1±4.6 kJ·mol–¹ (L-Asp); they agree reasonably with the corresponding values 
from [2]: −289.4 ± 4.0 kJ·mol–¹ (L-His) and −796.8 ± 4.0 kJ·mol–¹ (L-Asp), obtained 
by isodesmic reaction approach. 

 
1. Motalov, V. B.; Korobov, M. A.; Dunaev, A. M.; Dunaeva, V. V.; Tyunina, E. Y.; 

Kudin, L. S. J. Chem. Eng. Data 2022, 67, 1326–1334. 
2. Dorofeeva, O. V.; Ryzhova, O. N. J. Phys. Chem. A 2014, 118, 3490–3502. 
This work was supported by the Russian Science Foundation (Pr. № 25-23-00080). 

Subst. 
ln p = –a/T+b 

∆T 
ΔsubH°(298.15 K) 

a b 2nd law 3rd law 

L-His 21983 ± 485 42.411 ± 1.029 448-480 184.7 ± 4.4 183.5 ± 4.2 

L-Asp 22350 ± 600 43.757 ± 1.351 420-450 186.8 ± 5.2 183.2 ± 3.6 
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443086, Samara, Moskovskoye shosse st., 34 

 
The ability of cyclodextrins to form inclusion complexes with molecules of various na-
tures determines their widespread use in sorption and separation technologies. A press-
ing issue is the study of the thermodynamic aspects of sorption and complexation by 
cyclodextrins to understand the mechanisms of enantioselective recognition. 

This paper summarizes the results of studies on the sorption of organic compounds 
of various classes by systems based on β-cyclodextrin and its derivatives dissolved in 
various initial matrices. Polymeric, liquid-crystalline, and ionic liquid matrices were 
used. Using inverse gas chromatography, the thermodynamic characteristics of sorption 
and complexation were determined, and Infinite dilution activity coefficient were cal-
culated. The selectivity of the studied cyclodextrin-containing phases with respect to 
structural and optical isomers of organic compounds under gas chromatographic condi-
tions is examined. The patterns of influence of orientational, solvophobic and associa-
tive effects on the formation of “guest – host” complexes in the studied systems were 
revealed. 

 
The study was carried out using funds from the state assignment of the Ministry of 

Science and Higher Education of the Russian Federation, project code FSSS-2026-0007 



162 XXV International Conference on Chemical Thermodynamics in Russia 

STUDY OF THE CHEMICAL POTENTIAL OF WATER  
IN SMECTITE CLAYS 
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The chemical potential of water in montmorillonite pores is studied using molecular 
dynamics simulations. Thermodynamic integration (TI) was employed as this method 
enables precise calculation of free energy differences between alchemical states and is 
well-established for studying hydration thermodynamics in layered materials. While 
Grand Canonical Monte Carlo (GCMC) simulations are commonly used to determine 
water adsorption isotherms and equilibrium water uptake in clays, TI offers the ad-
vantage of directly yielding the chemical potential at fixed hydration states, which is 
essential for systematic comparison of temperature effects and cation types[1]. 

Montmorillonite is described with the ClayFF force field, which is flexible and 
non-polarizable. Its structure consists of an octahedral layer sandwiched between two 
tetrahedral layers. Models with Ca²⁺ and Na⁺ interlayer cations are considered. 

Water is modeled using the TIP4P force field, in which the charge of the oxygen 
atom is displaced by 0.14 Å along the bisector of the hydrogen-bond angle. Coulomb 
interactions are treated with the particle-particle particle-mesh method. The model im-
poses rigid bonds and angles. 

The system is brought to the target conditions and equilibrated for 1 ns. Subse-
quently, thermodynamic integration is performed. The interaction between one water 
molecule and the rest of the system is gradually decoupled. First, the Coulomb term is 
linearly ramped down with the coupling parameter over 12 steps. Then, the van der 
Waals term is switched off. Each trajectory at a given value of the coupling parameter 
is run for 500 ps, which exceeds the time required for the studied molecule to diffuse 
between the montmorillonite layers. The chemical potential is computed using 32 dis-
tinct values of the coupling parameter. 

The temperature dependence of the chemical potential is investigated. A comparison 
between the Na+ and Ca2+ forms reveals distinct temperature dependent behaviors, 
which are interpreted in terms of differences in interlayer structure and cation hydration. 

 
1. Teich-McGoldrick, S.L. et al. Cygan Swelling Properties of Montmorillonite and 

Beidellite Clay Minerals from Molecular Simulation: Comparison of Temperature, In-
terlayer Cation, and Charge Location Effects // J.Phys.Chem.C. 2015. Vol. 119, Nr. 36. 
P. 20880-20891.  https://doi.org/10.1021/acs.jpcc.5b03253. 

The work is supported by the RSF grant №25-29-01548. 
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Polyelectrolyte complexes (PECs) formed via the interaction of natural polycations and 
polyanions are of interest both from a fundamental standpoint and because of the pos-
sibility of creating new functional materials on their basis. One of the promising systems 
is the lignosulfonate (LS) – chitosan (CS) pair, in which intermolecular binding is gov-
erned by a combination of electrostatic interactions, hydrogen bonding, and cooperative 
effects, leading to the formation of water-soluble associates and water-insoluble PECs. 
The aim of this work was to study interpolymer reactions and phase behavior in the 
LS – CS system using aspartic acid as the medium for chitosan dissolution. 

Potentiometric titration of chitosan solutions (0.025 – 0.100 wt%) with lignosul-
fonate solutions (0.025 – 0.100 wt%) was carried out, and the onset of turbidity was 
monitored as the beginning of macrophase separation. The resulting precipitate was 
characterized by FTIR spectroscopy, SEM, and thermal analysis (TGA). 

It was found that in all systems the addition of LS causes a gradual increase in pH 
without a pronounced jump, indicating the progressive nature of the interpolymer inter-
action. The onset of phase separation was observed at [~(NH3

+)]/[~SO3
−] ratios ranging, 

depending on the composition, from 0.015 to 0.566. The position of the cloud point 
depends on the initial concentration of CS and reflects changes in the conditions gov-
erning the transition from soluble interpolymer associates to a water-insoluble PEC. In 
all cases, macrophase separation begins in the region of excess cationic groups of chi-
tosan.  

The FTIR spectra of the insoluble PECs indicate the involvement of hydroxyl, 
amino, carboxyl, and sulfonate groups (3400, 1600, 1380, and 1080 cm⁻¹) in complex 
formation. According to SEM data, the PEC is characterized by a pronounced plate-
like, layered morphology, indicating the formation of ordered aggregates during co-
agulation of the complex from solution.  

The thermal behavior of the PEC differs from that of the initial chitosan: the complex 
exhibits different ratios of the low-temperature and main mass-loss stages, confirming 
the formation of a new interpolymer structure rather than simple mechanical mixing of 
the components. 

The results obtained are of interest for the further thermodynamic description of 
complexation processes and for the targeted design of biopolymer materials based on 
natural polyelectrolytes. 

 

This work was supported by the Russian Science Foundation, Project № 26-29-

20260.  
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Volatile metal β-diketonates are widely used as MOCVD precursors in the production 
of various functional materials. Successful implementation of gas-phase processes re-
quires reliable data on the saturated vapor pressure, enthalpies and entropies of subli-
mation or vaporization of these compounds, but the data available in the literature, as a 
rule, have a significant scatter [1, 2]. In this regard, we have developed a methodology 
for checking the reliability of thermodynamic data using the example of tris-β-diketo-
nates of various metals [1-3], the essence of which is to establish the relationship be-
tween the composition and the corresponding properties in a series of isoligand chelates. 
The condition for its successful application is the availability of reliably determined 
standardized thermodynamic data for a series of complexes of one metal (the base se-
ries) and at least one compound of the tested series.  

The next vector of development of the technique is the transition to β-diketonate 
complexes of metals of a different valence. In this work, we focused on copper(II) com-
pounds, since, on the one hand, this is the most extensive series of complexes with ex-
isting literature thermodynamic data (more than 20 compounds), and on the other hand, 
they are synthetically and economically available, which makes them convenient ob-
jects of study. In addition, the extension of the method to heteroligand metal β-diketo-
nate complexes is of particular interest. We selected magnesium bis-β-diketonates with 
tetramethylethylenediamine as the test series [4]. 

As a result of a systematic study, a standardized array of thermodynamic character-
istics of copper(II) and magnesium(II) complexes was obtained, with the help of which 
we extended the technique to β-diketonate complexes of metals(II), and also demon-
strated the possibility of its application to heteroligand compounds. 

 
1. Makarenko A.M. et al. // Coatings. 2023. V. 13, № 3. P. 535. 
2. Makarenko A.M. et al. // Coatings. 2023. V. 13, № 8. P. 1458. 
3. Zherikova K.V. et al. // J. Therm. Anal. Calorim. 2022. V. 147. P. 14987. 
4. Vikulova E.S. et al. // J. Therm. Anal. Calorim. 2019. V. 137. P. 923. 
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Design and operation of a molten salt reactor (MSR) directly depend on the selection 
of structural materials working in contact with the fuel salt. The operation of such a 
reactor is complicated by high corrosive activity of fluoride fuel salts. In addition to 
the aggressiveness of fluoride melts, tellurium, being a typical product of uranium and 
plutonium fission in MSRs, causes intergranular fracture of metals along grain 
boundaries, which leads to deterioration of mechanical properties and intensification 
of corrosion processes. To understand the causes of such interaction, it is necessary to 
study the thermodynamic characteristics of compounds, which tellurium forms with 
typical d‑block metals, i.e. nickel, iron, chromium and molybdenum. The aim of this 
work was obtaining the thermodynamic characteristics of binary compounds formed in 
tellurium–nickel, tellurium–iron, tellurium–chromium, and tellurium–molybdenum 
systems, as well as comparing their formation energies. 

The research methodology was based on measuring the potentials of tellurium–
metal alloys relative to pure metals. Measurements were carried out using two 
methods – polarization and chronopotentiometry – at temperatures of 500, 600, and 
700 °C in the melt based on the eutectic mixture of sodium, potassium and cesium 
chlorides. 

The experiments revealed that the interaction of iron, chromium, nickel and 
molybdenum with metallic tellurium exhibited significant deviations from ideality and 
substantial energy effects. In terms of the Free Gibbs energy change of interaction 
with tellurium, the studied transition metals can be arranged in the following order: 
chromium, iron, nickel, molybdenum. Thus, tellurium–chromium system showed the 
maximum deviation from ideality, while tellurium–molybdenum binary system 
exhibited relatively weak interaction. Formation of the alloys between tellurium and 
chromium, iron, and molybdenum can occur even without direct contact: the driving 
force of such interaction is the transport phenomenon caused by disproportionation 
reactions. Disproportionation is characteristic of tellurides or compounds of tellurium 
in intermediate oxidation states. 

Thus, the obtained thermodynamic characteristics allow predicting the corrosion 
behavior of structural materials under molten salt reactor operating conditions and 
justify the selection of the most resistant alloys. 
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It is frequently discussed that the animal proteins can be replaced by cheaper and more 
ecologically friendly proteins of plant origin in many applications. This replacement is 
not always simple because the functional properties of plant proteins are usually worse 
than those of their animal counterparts; in particular, they are usually characterized by 
low solubility in water and lower surface activity. At the same time, although the surface 
properties of protein solutions are the most important for many applications, for exam-
ple, for the stabilization of foams and emulsions, their intensive investigation have been 
started only recently. Special attention in these studies is paid to the dilational dynamic 
surface elasticity because just this quantity determines the stability of liquid disperse 
systems. In this work we analyzed the dynamic surface properties, especially the dy-
namic surface elasticity, of solutions of a number of plant proteins and compare them 
with the data for aqueous dispersions of their aggregates, mainly amyloid fibers. It 
proved that the kinetic dependencies of the dilational dynamic surface elasticity of the 
solutions of some proteins can have a local maximum, which is followed by a local 
minimum. The analysis of the protein primary structure allowed to discover in this case 
rather long intrinsically disordered fragments of the protein chains and thereby to find 
correlations between the protein structure and the properties of the protein aqueous so-
lutions. The kinetic dependencies of the dynamic surface elasticity of the dispersions of 
plant protein fibrils proved to be always monotonic. At the same time, the modulus of 
the dynamic surface elasticity of the fibril dispersions proved to be significantly higher 
than that of the most native protein solutions. This result indicates that the plant protein 
nanofibrils can be successfully applied for the stabilization of foams and emulsions in-
stead of native proteins with a lower surface activity. 
 

This study was financially supported by Russian Science Foundation, grant № 24-

13-00261. 
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4,7-Diphenyl-2,1,3-benzothiadiazole (P-BTD) and its derivatives (R-P-BTD) are 
thermo- and chemically stable luminophores featuring a large Stokes shift and effi-
cient emission in both solutions and crystals. Consequently, they are in demand for a 
wide range of applications in photonics and electronics [1]. Crystalline materials based 
on these compounds, both in bulk and thin-film form, are of particular interest. How-
ever, according to recent studies, conformational crystal polymorphism is frequently 
observed in the R-P-BTD family of compounds [1,2], which is of great interest for 
elucidating structure–property relationships. This work discusses the results of a study 
on the polymorphism of crystals of R-P-BTD-type compounds bearing trimethylsilyl 
(TMS-P-BTD) [2] and phenyl (P-P-BTD) terminal substituents (see Figure). 
 

TMS-P-BTD 

 

P-P-BTD 

 
Chemical structural formulas of the compounds studied 

 

Using single-crystal X-ray diffraction, three polymorphic forms were identified for 
TMS-P-BTD: I – monoclinic (sp. gr. P2₁/c, Z/Zʹ = 32/8), II – orthorhombic Pnaa (sp. 
gr. Pnaa, Z/Zʹ = 12/1.5) and III – triclinic (sp. gr. P-1, Z/Zʹ = 8/4) [2]. For P-P-BTD, 
two polymorphic forms were established: α – triclinic (sp. gr. P-1, Z/Zʹ = 2/1; 
a=10.1065(2), b=10.5274(2), c=10.7378(2) Å; α=91.106(1)°, β=98.363(1)°, 
γ=103.839(1)°) and β – monoclinic (sp. gr. C2/c, Z/Zʹ = 16/2; a=23.0533(2), 
b=27.5264(10) c=18.9876(12) Å; β=127.159(1)°). The thermodynamic and kinetic 
aspects of phase transitions in the studied polymorphic systems are discussed. 

 
1. Echeverri M. et. al. Stimuli-Responsive Benzothiadiazole Derivative as a Do-

pant for Rewritable Polymer Blends // ACS Appl. Mater. Interfaces. 2020. Vol. 12. P. 
10929−10937. https://doi.org/10.1021/acsami.9b21209 

2. Postnikov V.A. et. al. Conformational Polymorphism of 4,7-Bis(4-
(trimethylsilyl)phenyl)- 2,1,3-benzothiadiazole Crystals // Molecules. 2026. Vol. 23. 
P. 884. https://doi.org/10.3390/molecules31050884 
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Polylactide is one of the most widely used bioresorbable polymers in orthopedics and 
dentistry, serving as a matrix for implants and drug delivery systems. During its biodeg-
radation, lactic acid is locally released, leading to a decrease in pH in the near-surface 
layer and initiating the dissolution of the mineral component of bone tissue [1]. Fluo-
rapatite (Ca10(PO4)6F2, FAP) is a key inorganic constituent of tooth enamel and a prom-
ising material for implant coatings due to its high chemical stability. However, the ther-
modynamic aspects of its interaction with lactic acid under physiological conditions 
remain insufficiently understood [2]. 

Based on experimental data on the partial dissolution of fluorapatite in lactic acid 
solutions as a function of pH, and on the complete inhibition of dissolution at pH = 3.8, 
a thermodynamic model for the interaction between these compounds was developed. 
The model is based on the stoichiometric equation: 

Ca10(PO4)6F2 + 6HL → 6CaHPO4 + CaF2 + 3Ca2+ + 6L−, 
where HL denotes lactic acid and L⁻ denotes the lactate ion. 

The developed thermodynamic model was experimentally validated and enables pre-
diction of FAP behavior in acidic and neutral environments arising during polylactide 
biodegradation and carbohydrate metabolism. It was established that the key factors 
limiting FAP dissolution are the formation of a passivating CaF2 layer and the protona-
tion of fluoride ions with the formation of HF. Further research in the field of kinetics, 
consideration of multicomponent media, and experimental validation of the model will 
enable the transition to the design of biomaterials with tailored properties. 

 
1. Zaaba N. F., Jaafar M. A review on degradation mechanisms of polylactic acid: 

Hydrolytic, photodegradative, microbial, and enzymatic degradation // Polymer Engi-
neering & Science. 2020. Vol. 60. No. 9. P. 2061-2075 
https://doi.org/10.1002/pen.25511 

2. Tõnsuaadu K. et al. A new perspective on fluorapatite dissolution in hydrochloric 
acid: Thermodynamic calculations and experimental study // Inorganics. 2021.  Vol. 9. 
No. 8. P. 65. https://doi.org/10.3390/inorganics9080065 
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This work presents an experimentally informed molecular simulation study of wettabil-
ity at feldspar–fluid–fluid interfaces under reservoir conditions. Contact angles at the 
three-phase contact line are evaluated as a function of temperature, pressure and brine 
salinity for feldspar–oil–brine, feldspar–oil–methane, and feldspar–brine–methane con-
tact lines. Both K+ and Na+ feldspar (orthoclase and albite) are considered. Solid–fluid 
interaction parameters are quantitatively validated against available ambient-condition 
contact-angle measurements for water–decane–feldspar systems, and the validated 
models are transferred to reservoir conditions. 

Crude oil is represented as a real-component mixture of alkanes and arenes based on 
chromatographic and distillation experimental data, with special attention to methane 
present at reservoir conditions [1]. Contact angles are computed using a robust, adjust-
able protocol [2]. 

The resulting dataset enables sensitivity analysis of feldspar wettability to reservoir 
conditions and composition. The simulation results are parameterized with multivariate 
linear regression, providing a compact predictive correlation for contact angle as a func-
tion of temperature, pressure, gas content, and brine salinity for feldspar-containing rock 
formations. 

 

 
(left) Snapshots of molecular configurations at orthoclase – oil – water contact line 

(right) dependence of the contact angle on brine salinity at fixed T and p 
 
1. Khovental P., Kopanichuk I., Kevorkyants R., Maerle K., Yurchenko A., Vish-

nyakov A. Reservoir oil interface with brine studied with real-component molecular 
model // Journal of Molecular Liquids. 2025. Vol. 424. Art. 127019. 

2. Semenchuk A.A., Kondratyuk N.D., Kopanichuk I.V. PANDA: Predicting angle 
from nanoscale density analysis // Coll. Surf. A. 2025. Vol. 708. Art. 135994. 
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Planar and curved liquid interfaces occur in many different systems such as micellar 
solutions, mixtures of oil with water, microemulsions and other partially miscible liq-
uids. The interfacial properties of such systems play crucial role in many fields, includ-
ing oil-recovery, drug delivery, micellar catalysis, etc. Engineering applications of these 
spatially nonuniform systems need understanding of thermodynamic behavior that re-
quires knowledge of the structural details of the interfacial boundaries. Most theoretical 
approaches proposed for such systems are limited to weakly interacting functional 
groups of molecules, as they do not take into account the correlations between interact-
ing species [1, 2]. For nonuniform fluids that contain chainlike and associating species, 
most powerful instruments to predict structural details are computer simulations and 
iSAFT [3]; however, their application is rather involved computationally.  

In this work, the description of local structure for liquid interfaces is performed with 
the aid of the multilayer quasichemical model (MQuM) [4, 5]. The model takes into 
account specific interactions between functional groups and connectivity of chainlike 
molecules. Correlations between interacting groups are described within the Guggen-
heim quasichemical approximation. The local structure of the interface is presented by 
the concentration profiles of the molecular segments, the profiles of orientations of the 
functional groups and chemical bonds of molecular chains in three directions. Within 
the model, we calculate the profiles of normal and tangential pressure and the interfacial 
tension for amphiphile-oil-water, alcohol-water, alkane-water and other organic-water 
systems. We also demonstrate the effect of chain branching on the structure and ther-
modynamic properties of fluid interfaces. 

 
1. Fleer, O. J.; Scheutjens, J. M. H. M. Journal of colloid and interface science, 1986, 

111(2), 504-515. 
2. Poser, C. I.; Sanchez, I. C. Macromolecules, 1981, 14(2), 361-370. 
3. Jain, S.; Dominik, A.; Chapman, W. G. The Journal of chemical physics, 2007, 

127(24). 
4. Sorina, P. O.; Victorov, A. I. Langmuir, 2024, 40 (3), 1577–1593.  
5. Sorina, P. O.; Victorov, A. I. J. Molecular Liquids, 2024, 414, 126229. 
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Polymer nanocomposites consist of two phases: a polymeric matrix phase and an inor-
ganic filler phase. The creation of multicomponent filled polymer composites is aimed 
at forming new materials with the combined properties of a polymer matrix and a dis-
perse filler. 

Recent decades have seen a considerable growth of interest in filled composites ow-
ing to the development of nanotechnologies and the use of nanodispersed fillers. With 
an increase in the degree of dispersion of the filler, the fraction of the polymer at the 
interface tends to increase and the interfacial effects become more pronounced. A con-
siderable number of studies have indicated that the energetics of interfacial interactions 
plays the decisive role in the description of properties of composite polymer materials 
and phenomena occurring at the interface. Thus, structuring of the polymer at the inter-
facial layer, formation of adsorption layers, densification or loosening of the polymer 
matrix, and the effect of polymer reinforcement in the presence of fillers are usually 
attributed to the manifestation of interfacial interactions. 

The experimental investigation of interfacial phenomena in the condensed multi-
phase superfine system is a complicated problem. One of the approaches to solving this 
problem includes measurement of increments for basic thermodynamic functions of the 
system during introduction of the filler into it and formation of corresponding structures 
linked to the interfacial layer. 

The enthalpy of mixing of composites based on a glassy polymer matrix filled with 
particles was estimated by calorimetric method. The alternating sign pattern of the en-
thalpy of mixing was established. This parameter assumed negative values in the case 
of composites with a high content of the polymer and positive values at a high content 
of the filler. It was suggested that the alternating sign pattern of the concentration de-
pendence of the enthalpy of mixing is related to superposition of the effects of adhesion 
interfacial interaction on the filler surface and the effect of additional vitrification of the 
polymeric matrix in the filled composite. To account for these two processes, the equa-
tion for the dependence of the enthalpy of mixing of the polymer with the filler on the 
composite composition was proposed. Application of this equation to a range of glassy 
polymers in combination with nanodispersed fillers demonstrated that the model good 
corresponds to experiment. 

Calorimetric screening using the proposed model allows us to solve the following 
problems in the of glass polymer composites: the influence of the polymer nature, the 
efficiency of filler surface modification, particle aggregation, and the influence of par-
ticle shape and size on interfacial interaction. 
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Partition coefficients may be of interest when considering equilibrium in multiphase 
systems. Lipophilicity of ions governs partitioning of electrolytes and ion exchange. 
There are several methods which can be applied to measure corresponding equilibrium 
constants. The shake-flask method [1] and calculation from solubility data [2] are ap-
plicable to both ionic and non-ionic substances, while ion exchange constants can also 
be determined voltammetrically [3] and potentiometrically [1]. However, consistency 
between different methods is not always observed [1,2], and each technique is suitable 
for a specific range of partition coefficient values. 

In our study we estimated partition coefficients of ions between an aqueous phase 
and plasticized poly(vinyl chloride), a typical matrix for ion-selective sensors. Both hy-
drophilic inorganic and lipophilic organic ions were of interest. The shake-flask method 
and potentiometry (Fig. a) were employed as techniques typically used for such systems. 
To our knowledge, voltammetry was applied for the first time to a system with a poly-
meric matrix to obtain the ratios of partition coefficients (Fig. b). 

 

 
Experimental data used to obtain ratio of partition coefficients: 

a) potentiometric, b) voltammetric 
 

Molecular dynamics offers access to properties difficult to obtain experimentally. 
For partition coefficients far from unity, free energy calculation methods are required. 
We used umbrella sampling with the Weighted Histogram Analysis Method to obtain 
partition coefficients of electrolytes between water and nonpolar organic solvents. 

 
1. Siamionau A.V., Egorov V.V., Membranes, 2022, 12(10) 
2. Samec Z., Langmaier J., Trojánek A., J. Electroanal. Chem., 1996, 409(1–2) 
3. Scholz F., Komorsky-Lovrić Š., Lovrić M., Electrochem. Commun, 2000, 2(2) 
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Various sorption models are used to study surface phenomena in the preconcentration 
of rare earth metals. In this work, sorption theories are applied to the preconcentration 
of Sm(III), La(III), Er(III) with a copolymer of polyvinyl alcohol, formaldehyde and 
urea (PVF-U). 

The PVF-U sorbent quantitatively extracts (recovery rate > 98%) REM from aque-
ous solutions at pH 4-7. The sorption capacity of the sorbent is relative to La(III), 
Sm(III), Er(III) is 0.086, 0.078, and 0.057 mmol/g, respectively. 

The experimentally obtained sorption isotherms were analyzed by the sorption mod-
els of Langmuir, Freundlich, Dubinin-Radzhdankevich, Temkin (see the table). 

 
Parameters of La(III), Sm(III), Er(III) sorption isotherms with PVF-U sorbent 

Sorption theory Characteristics La(III) Sm(III) Er(III) 
Langmuir aмах, mmol/g 0.085 0.074 0.057 

KL, l/mmol 3.0 2.0 3.4 
RL 0.15–0.94 0.23–0.94 0.19–0.95 
r 0.952 0.951 0.944 

Freundlich aмах, mmol/g 0.061 0.058 0.048 
1/n 0.44 0.62 0.48 
n 2.3 1.6 2.1 
r 0.995 0.954 0.989 

Dubinin-
Radzhdankevich 

aмах, mmol/g 0.047 0.027 0.059 
KD, mmol 2/ kJ2 0.0042 0.0061 0.0043 
E, kJ/mol 10.9 9.1 10.8 
r 0.982 0.971 0.972 

Temkin AT, l/g 63 35 69 
B, J/mol 0.016 0.017 0.011 
r 0.912 0.962 0.900 

 
The REM sorption corresponds to the Langmuir model, which indicates the sorption 

of metals on an energetically homogeneous surface. The values of the separation coef-
ficient (RL) according to the Langmuir model and 1/n according to the Freundlich model 
are in the range 0-1, which indicates a high adsorption capacity of the sorbent in relation 
to recoverable REM ions. The calculated free energy of adsorption (E) according to the 
Dubinin-Radostkevich model indicates the chemical mechanism of sorption, and the 
energy according to the Temkin model (B) indicates the exothermic process. 
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Interactions between macromolecules and lipids influence on the processes occurring 
on the surface of living cells and the functional properties of cell membranes. For in-
vestigations of these interactions, a lipid monolayer on the surface of a liquid is used 
usually as a model system instead of a lipid bilayer of the cell membrane. 
In this work, the interactions of polyelectrolytes and proteins (beta-lactoglobulin (BLG) 
and lysozyme) with a lipid monolayer were investigated by the methods of surface rhe-
ology, microscopy and spectroscopy under conditions close to physiological. In this 
case monolayer contains a mixture of zwitterionic and anionic lipids, which is the basis 
of cell membranes. The presence of polyelectrolyte with positively charged functional 
groups under the lipid monolayer leads to a change in the phase state of molecules in 
the surface layer due to electrostatic interactions. Both an increase in temperature and 
the presence of an oppositely charged polyelectrolyte in the sublayer leads to a disorder 
in the structure of the lipid monolayer and prevents the transition of the monolayer from 
a liquid-expanded to a liquid-condensed state. The effect of macromolecules on the sur-
face layer increases with increasing concentration of negatively charged lipid in the 
monolayer. It was previously shown that positively charged BLG macromolecules at 
pH 2 have a significant effect on the properties of a negatively charged lipid monolayer 
due to both electrostatic and hydrophobic interactions [1]. At a pH of 7.4, BLG has a 
negative charge, and lysozyme has a positive charge, which significantly increases ef-
fect of lysozyme on the structure of the negatively charged lipid monolayer. Lysozyme 
strongly reduced the dynamic surface elasticity of the lipid monolayer, while BLG had 
practically no effect. Probably, the presence of both electrostatic and hydrophobic in-
teractions between lysozyme macromolecules and the lipid monolayer contributes to 
the bactericidal activity of this protein against gram-negative bacteria.  

 
1. Bykov, A. G., Tsyganov E. A., Tulin D. V., Akentiev A.V., Milyaeva O.Yu., Lo-
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Layers of a Lipid With a Protein or Its Fibrils. // Langmuir. 2025. 41: 18126–18133. 
https://doi.org/10.1021/acs.langm uir.5c02103 
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Using the «marching cubes» algorithm, the visualization of datasets representing com-
position – excess Gibbs energy for four-component systems methanol (M) – tetrahydro-
furan (THF) – acetonitrile (ACN) – ethylene glycol (EG) and methanol (M) – acetoni-
trile (ACN) – water (W) – glycerol (GL) was performed at a pressure of 101.32 kPa. 
Calculations were carry out using the Non Random Two Liquid (NRTL) model, which 
allows describing the concentration dependencies of GE in binary systems with different 
deviations from ideal behavior, аs well as structures of GE diagrams with several inner 
singular points [1]. 

In figure, the arrangement of iso-manifolds of excess Gibbs energy (GE) is shown in 
concentration tetrahedrons of four-component systems. For the GE structures of the ter-
nary diagrams, the conditions of topological verification are satisfied for the complete 
systems: 2E3 + E2 + E1 = 2H3 + H2 + 2, where E – elliptic point; H – hyperbolic point; 
1, 2, 3 – the number of components in singular point. Furthermore, the condition holds 
for the boundary contour: E2

max + H2
max + E1

max = E2
min + H2

min + E1
min, where the num-

bers of binary singular points with maximum (max) and minimum (min) values of GE 
on the binary systems are equal [1,2]. 

The application of the marching cubes algorithm allows determining the composi-
tions of GE for four-component singular points, which significantly simplifies the anal-
ysis of GE diagrams when studying solution structure and extractive agents selectivity 
for separating ternary mixtures with multiple azeotropes. 

 

  
 

The iso-manifolds of the excess Gibbs energy (J/mol) of M-THF-ACN-EG and M-
ACN-W-GL mixtures at a pressure of 101,32 kPa 
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(3). Р. 221-232. 
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To improve the electrical parameters of integrated circuits, modifications to the circuit 
architecture are essential, including reductions in the size of metal lines. In this case 
replacing traditional Cu with other conductive materials such as Ru and Co is required. 
Atomic layer deposition (ALD) is the method of choice for producing such films due to 
the most precise possibilities of thickness control and conformality. 

To be applied to ALD, the metal precursors must be highly volatile, thermally stable, 
and highly reactive towards to surface groups of the substrate and gas-co-reagent. Liq-
uid precursors as Ru(EtCp)2 and Co(CO)2Cp (Cp is cyclopentadienyl, EtCp is ethylcy-
clopentadienyl), are effective for obtaining metal layers. Data on their thermal proper-
ties are limited. For Ru(EtCp)2, the available volatility data were measured indirectly 
while the gas phase composition was not controlled [1]. For Co(CO)2Cp there are only 
data on vapor pressure in a single point [2]. To supply and verify these data, the current 
work was devoted to the comprehensive thermodynamic of Ru(EtCp)2 and Co(CO)2Cp 
ALD precursors. 

According to DSC, both compounds are thermally stable in the condensed phase 
over wide temperature ranges up to 393 K and 473 K for Co(CO)2Cp and Ru(EtCp)2, 
respectively. The thermodynamic characteristics of melting were first determined to be: 
m.p. = 256.4±0.5 K, ΔmeltHm.p. = 12.7±0.6 kJ/mol for Co(CO)2Cp and m.p. = 274.2±0.5 
K, ΔmeltHm.p. = 22.9±0.5 kJ/mol for Ru(EtCp)2. The saturated vapor pressures over the 
liquid precursors have been measured by the static method with a membrane-gauge ma-
nometer within wide temperature intervals: 293–399 K for Co(CO)2Cp and 369–462 K 
for Ru(EtCp)2. Also, the thermodynamic parameters of precursor’s evaporation were de-
termined: ΔvapH346 = 44.4±0.3 kJ/mol, ΔvapS346 = 98.4±0.9 J/mol∙K for Co(CO)2Cp and 
ΔvapH420 = 59.3±0.9 kJ/mol, ΔvapS420 = 103.5±2.3 J/mol∙K  for Ru(EtCp)2. Unsaturated 
vapor pressure measurements confirmed the monomolecular nature of the vapor com-
position. Thus, the obtained data provide a suitable basis for selecting evaporation tem-
perature parameters in ALD processes. 

 

1. Website of Kojundo Chemical Laboratory CO., LTD: official website. URL: 
https://www.kojundo.co.jp/dcms_media/other/Ru_EtCp_2_EN.pdf 

2. Kaloyeros A.E., Y. Pan, J. Goff, B. Arkles. Cobalt Thin Films: Trends in Pro-
cessing Technologies and Emerging Applications // ECS J. Solid State Sci. Techn. 2019. 
Vol 8(2). P119-P152. 

This work was supported by the Ministry of Science and Higher Education of the 

Russian Federation (state assignment to NIIC SB RAS, No. 125040404830-7). 
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123458, Moscow, Tallinskaya st., 34 
 

We investigate the phase behavior of zwitterionic polymer solutions confined within 
attractive slit-like nanopores. Extending a previous mean-field model for bulk self-co-
acervation [1], we incorporate chain connectivity, excluded volume, electrostatic di-
pole-dipole correlations, and adsorbing pore walls. Using a thermomechanical approach 
based on Noether's theorem [2], we compute disjoining pressure, which characterize the 
underlying phase behavior. 

The results show that strong electrostatic correlations, combined with preferential 
wall adsorption, can induce capillary-driven liquid-liquid phase separation within the 
pore — a “capillary-induced self-coacervation”. This leads to the formation of a dense 
coacervate film bridging the opposing walls, which subsequently ruptures upon increas-
ing pore width, producing highly non-monotonic disjoining pressure curves. 

A key finding is the crossover between two distinct film formation mechanisms de-
pending on the strength of polymer-wall attraction. In the weak adsorption regime, 
bridging by single chains dominates, with the critical pore width scaling as ܪ௖ ∼ ܰ1/2, 
reflecting the chain size. In the strong adsorption regime, the system enters a cohesion-
dominated regime, where the critical pore width saturates to an ܰ-independent plateau, 
indicating that film formation is driven by a confinement-induced shift of the local bi-
nodal that stabilizes a cohesive coacervate phase even when the bulk is supercritical. 

 
1. Budkov Y. A., Brandyshev P. E., Kalikin N. N. Theory of self-coacervation in 

semi-dilute and concentrated zwitterionic polymer solutions // Soft Matter. – 2023. – 
V. 19. – N. 18. – P. 3281-3289. 

2. Budkov Y. A., Kalikin N. N., Brandyshev P. E. Thermomechanical approach to 
calculating mechanical stresses in inhomogeneous fluids and its applications to ionic 
fluids // Journal of Statistical Mechanics: Theory and Experiment. – 2024. – N. 12. – 
Article 123201. 
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PHASE EQUILIBRIA  
OF THE SYSTEM NH4

+, K+ || SO4
2−, NO3

− ‒ H2O 
Belova E.V., Solovey A.R., Kurdakova S.V. 

Moscow State University 
119991, Moscow, Leninskie Gory, 1 

 
Nitrates and sulfates of potassium and ammonium are widely used in the chemical 
industry and agriculture, including the production of fertilizers. Phase diagrams of 
water – salt systems allows us to reduce the time and material costs in a search for 
optimal fertilizer composition. Phase composition of a fertilizer affects storage 
conditions, detonation stability and macronutrient uptake ratios in a soil. 

Although data on solubility in all limiting ternary systems (NH4NO3 – (NH4)2SO4 − 
H2O, K2SO4 – KNO3 – H2O, KNO3 − NH4NO3 – H2O, K2SO4 – (NH4)2SO4 – H2O) are 
avialable in the literature [1], information about solubility in the reciprocal system 
NH4

+, K+ || SO4
2–, NO3

– – H2O at 298.2 K is limited. 
Experimental data on solubility of the NH4

+, K+ || SO4
2–, NO3

– – H2O system were 
obtained by isothermal solubility method at 298.2 K. The saturated solution was 
analyzed using classical gravimetry (sulfate ion and water content), flame photometry 
(potassium content), and potentiometry (ammonium content). Saturated solution 
compositions form liquidus surface. To verify the obtained results on solubility, the 
Allan method was used for samples with single solid phase in equilibria with a 
solution. 

Solid phases were separated from a saturated solution, their phase composition was 
determined by X-ray phase analysis (XRD) using a TongDa TD-3700 
diffractometer (China). Phase transition studies in these solid mixtures were carried 
out on a DSC 204 F1 Phoenix® calorimeter (Germany, NETZSCH) in the temperature 
range of  –80 – 140°C.  

Existence of solid solutions requires additional experiment on solidus. Solidus data 
were obtained by slow evaporation of water from a mixture of a known composition 
until reaching a dry precipitate at 298.2 К. The resulting solid phase mixtures were 
analyzed by XRD and DSC. 

As a result, a fragment of the liquidus and solidus projection of the NH4
+, K+ || 

SO4
2–, NO3

– – H2O system was constructed in Jenneke coordinates at 298.15 K. The 
stability region of solid solutions based on ammonium nitrate, ammonium sulfate, and 
the double salts 3AN·AS and 2AN·AS was discovered. 

 
1. Kogan V.B. Handbook of solubility, Kogan [In 3 volumes], Vol. 3. Ternary and 

multicomponent systems formed by inorganic substances L.: Nauka, 1970. 1219 p. 
Work was financed on base of "Chemical thermodynamics and theoretical material 

study" 121031300039-1. The work was carried out using equipment purchased with 

funds from the Lomonosov MSU Development Program (NETZSCH DSC 204 F1). 
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One of the challenges in the production of multilayer metal-ceramic packages based 
on high-temperature ceramics for integrated circuits is the formation of a vacuum-tight 
monolithic structure of the ceramic package containing metallized traces. Monolithici-
ty and vacuum tightness are achieved by using a paste to bond several layers of the 
ceramic wafer and subsequent firing. The paste must have good adhesion properties to 
the unfired ceramic material. Therefore, in this study, we analyzed the surface wetting 
process with solutions used as lamination pastes for multilayer metal-ceramic integrat-
ed circuit packages. The pastes studied were three-component solutions consisting of 
nitrocellulose as a binder, butyl acetate as a solvent, and dibutyl phthalate as a plasti-
cizer.  

An equation was proposed that describes the dynamic contact line during the 
spreading of a solution droplet on the surface of a glass substrate as a function of time 
(Fig. 1): 

r(t) = r∞ – p1·exp(-α1· t1/2) – p2·exp(-α2· t1/2) (1) 
The proposed empirical equation is the sum of two exponential functions, each de-

pendent on the square root of time, which may correspond to a diffusion process 
(Fig. 2). The relationship between droplet height and radius during spreading is 
shown, which for these solutions can be described by a logarithmic function. An ex-
perimental relationship between the dynamic contact angle and capillary number is 
presented. 
 

 
Figure 1. Time dependence of the droplet 

radius vs. time. Horizontal line  
corresponds to the equilibrium radius at 
t→∞. Solis line corresponds to Eq. (1). 

 
Figure 2. The procedure of decomposition 

of the original time dependence r(t) on 
two exponential components according to 

Eq. (1). 
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In gas chromatography, ionic liquids (ILs) are successfully used as stationary phases in 
capillary columns, mainly due to a number of properties such as high thermal stability, 
high melting temperatures, vapor pressure from low to negligible even at high temper-
atures, viscosity from moderate to high, as well as tunable selectivity. Recently, many 
papers have been published related to the combination of cyclodextrin and ILs. It has 
been recognized as a universal tool in analytical methods, for example, in separation 
studies, since the functional group of the ionic liquid is able to improve the efficiency 
of cyclodextrin extraction. 

The aim of the work was to study the thermodynamics of sorption from the gas phase 
of organic compounds of different classes by fixed phases based on the ionic liquid 1-
butyl-3-methylimidazolium bromide with macrocyclic addition, as well as to establish 
the possibility of the formation of “sorbate-macrocycle” complexes. heptacys(2,6-di-O-
methyl)-β-cyclodextrin and β-cyclodextrin were used as macrocyclic additives. 

The temperature dependences of the retention of different classes of waste by sta-
tionary phases were constructed and studied. It is shown that the introduction of a mac-
rocyclic component into an ionic liquid can lead to a decrease or increase in retention, 
depending on both the nature of the organic matter and the structure of the macrocycle. 
Based on the experimental data obtained, the thermodynamic characteristics of sorption 
(changes in internal energy and entropy), as well as the activity coefficient at infinite 
dilution, were calculated. The Hansen solubility parameters were determined to evaluate 
the interactions of organic compounds in mixed "ionic liquid-macrocycle" systems. It 
was found that the contribution of various types of intermolecular interactions, esti-
mated using Hansen solubility parameters, correlates with the enthalpy and energy char-
acteristics of the sorption process. 

It is proved that “ILs-macrocycle” systems exhibit structural and enantioselectivity 
under gas chromatography conditions. 
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ORGANOPHOSPHORUS EXTRACTION MIXTURES 

Nechkin M.A., Skripchenko S.Yu., Rychkov V.N., Titova S.M., Nalivaiko K.A. 
Ural Federal University 

620062, Ekaterinburg, Mira st., 19 
 

Currently, the processing of radioactive waste (RW) is an important and widely dis-
cussed topic. The decline of waste volumes will reduce the potential radioactive con-
tamination of environment and allow the return of uranium to the nuclear fuel cycle. 
One effective method for processing uranium-containing waste is uranium leaching 
with sulfuric acid, followed by liquid extraction. However, several factors complicate 
this approach: the heterogeneity and complex composition of the waste and, conse-
quently, of the pregnant leach solutions (PLS), as well as the temperature and duration 
of the process. The efficiency of the extraction stage directly depends on these factors. 
Thus, the aim of this work was to study the behavior of uranium under varying temper-
ature and phases contact time during extraction using di-(2-ethylhexyl)phosphoric acid 
(D2EHPA) diluted in an inert diluent Shellsol D60 from pregnant solutions after sulfuric 
acid leaching of uranium from RW. 

The study was conducted using both model and real pregnant solutions of uranium 
leaching. The real PLS were characterized by high concentrations of components,  
g L-1: 0.53 – U; 3.4 – Fe; 2.9 – Mg; 2.8 – Ca; up to 9.2 – F-; 50 – H2SO4. The model 
solutions (MS) contained, g L-1: 0.5 – U and 50 – H2SO4. The extraction process was 
carried out at an organic and aqueous phases ratio of 1:5. 

The effect of temperature on uranium extraction efficiency was investigated in the 
range of 20 to 80 ℃. The experimental results revealed that an increase in process tem-
perature led to a decrease in uranium recovery from both the MS (from 85.77 to 
60.02 %) and the real PLS (from 61.93 to 1.91%). The change in Gibbs free energy in 
the former case increased from -8.3 to -5.9 kJ mol-1, while in the latter this value in-
creased from -5.1 to 6.8 kJ mol-1, indicating a decrease in the reactivity of the system.  

Based on the results of the previous experiment, extraction kinetics were studied at 
20 ℃ over a range of 1 to 60 minutes. From the kinetic curves of uranium extraction 
from the MS, it was established that equilibrium in the "MS – D2EHPA" system was 
reached within the first 3 minutes and kept constant throughout the remaining time, with 
uranium recovery reaching 88.66% and ∆G equal to -8.9 kJ mol-1. Subsequent experi-
ments with real PLS yielded, as expected, different results: uranium recovery reached 
77.6 % during the first 3 minutes, but decreased to 31.21 % over the remaining time due 
to the competitive extraction of impurity elements and the displacement of uranium 
from organic phase. The ∆G value over the considered time interval varied from -6.9 to 
-2.0 kJ mol-1. 

 
The work was supported by the Russian Science Foundation, project No. 25-29-

01057 (https://rscf.ru/en/project/25-29-01057/). 
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The densest and coldest parts of the interstellar medium, called dense molecular clouds 
or dense cores, have temperatures as low as 10 K and pressures of 10-13–10-11 Pa. These 
clouds consist mostly of gaseous H2 and microscopic dust particles. Such Most of mol-
ecules (except H2) in these clouds condense on dust grains forming icy mantles. regions 
are cradles of young stars, which form after the gravitational collapse of dense cores. 
The two main components of icy mantles in these regions are H2O and CO. The former 
forms amorphous icy structure on dust surfaces, while the latter forms in the gas phase 
and then partially condenses. It is believed that rapid CO condensation upon a temper-
ature decrease leads to the formation of a separate CO-rich ice layer above the H2O-rich 
layer. Recent findings have shown that CO molecules are sufficiently mobile to form 
equilibrium crystals on the surface of H2O ice even at temperatures close to 10 K. The 
thin-film mode of CO crystal growth is the equilibrium Stranski–Krastanov mode, 
where a CO adsorbate layer wets the surface of H2O ice and then segregated CO crys-
tallizes, forming the -CO phase [1]. 

Molecular nitrogen, though not detected but likely present in molecular clouds, ex-
hibits gas–grain interaction behaviour similar to that of CO, and the CO–N2 binary sys-
tem forms a continuous series of solid solutions. Thus, N2 should be involved in the 
equilibrium between the adsorbate layer, CO segregates, and the -CO phase, as we 
assume in this study. 

The recent launch of the James Webb Space Telescope has allowed the investigation 
of dangling OH (dOH) features of H2O ice, which have been detected but not yet studied 
in detail. These features correspond to free OH groups that are not hydrogen-bonded, 
carrying information about the composition of apolar molecules in the bulk of H2O ice 
and on its surface. In this study, we grew a series of H2O ices at 10 K and then separately 
deposited on it a CO–N2 mixture with specified CO:N2 molecular ratios (1:0, 1:0.5, 1:1, 
1:2, 1:4) at 20 K; the latter temperature is required to reach equilibrium within timescale 
of laboratory experiment. We recorded the infrared spectra of the resulting layered ices. 
We traced the CO:N2 ratio in CO-rich crystals through the dependence of the CO band 
position on N2 content, which was preliminary obtained, and determined this ratio on 
the H2O ice surface via the dOH features of dOH–CO and dOH–N2 clusters. The results 
allowed us to determine how N2 distributes between adsorbate and CO crystals in con-
ditions of thermodynamic equilibrium. This study may help to determine N2 abundances 
in interstellar ices through the analysis of interstellar dOH features. 

1. Kouchi, Akira, et al. "Formation of chiral CO polyhedral crystals on icy interstel-
lar grains." Monthly notices of the royal astronomical society 505.1 (2021): 1530-1542. 
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Accurate prediction of interfacial tension (IFT) between reservoir fluids across broad 
ranges of temperature, pressure, salinity, and gas composition is essential for planning 
upstream processes, in particular for CO2 mineralization. However, reservoir-condition 
IFT data is scarce and often inconsistent, especially for concentrated multicomponent 
brines (Na+, K+, Mg2+, Ca2+, Cl−, SO4

2−, HCO3
−) and vapors (CH4, CO2, H2S). High-

pressure measurements for H2S-rich vapors are very laborious and expensive due to 
safety concerns. This work reports experimentally informed molecular simulation stud-
ies of brine—vapor interface at ambient and reservoir conditions. The effects of brine 
and vapor composition, pressure and temperature are systematically examined. Good 
agreement with experiments is achieved for most of the system of interest, and system-
atic correction are proposed for sulfates and carbonates. Experimental data and simula-
tions are applied in parameterization of a thermomechanical model [1], in which surface 
tension is obtained from the mismatch of normal and tangential stresses derived from 
the grand thermodynamic potential of an inhomogeneous Coulomb fluid. The theory is 
fitted to diverse systems using a minimal number of physically interpretable parameters 
related to the structural characteristics of the interfacial layer obtained in molecular 
modeling. The final outcome is a compact predictive model (with uncertainty bounds 
reflecting experimental scatter) suitable for reservoir-scale workflow integration. 
 

 
(a) Snapshot of the aqueous MgSO4 solution–air interface at m = 0.64 mol kg-1, 

(b) dependence of the interfacial tension on brine salinity for MgCl2 
 

1. Budkov Y.A., Kalikin N.N., Brandyshev P.E. Surface tension of aqueous electro-
lyte solutions. A thermomechanical approach // J. Chem. Phys. 2024. V. 160. № 164701. 
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High-entropy alloys (HEAs) consist of five or more elements in near-equiatomic ratios 
to achieve maximum configurational entropy of mixing. This concept allows design-
ing a wide variety of compositions and can assist in obtaining materials with unique 
characteristics. It is known that AlxCoCryNiNbz type HEAs exhibit an optimal combi-
nation of strength and ductility and can be used to produce critical components for 
shipbuilding or aerospace industries [1]. For aerospace applications, the parts are con-
stantly exposed to elevated temperatures. Therefore, niobium-containing HEAs are of 
particular interest for research into high-temperature oxidation resistance. 

Thermodynamic modeling of the high-temperature oxidation process of alloys can 
optimize and significantly contribute to research in this field. This modeling is per-
formed using the Calphad methodology, for which we applied the FactSage software 
package (version 7.3). We used data from the SGTE (2011) database to model the me-
tallic phases, and the FToxid database, supplemented by FactPS data, to model the 
oxide phases. An example of the results of this calculation is shown in the figure be-
low. 

 

 
Results of thermodynamic modeling of high-temperature oxidation  

of AlCoCrNiNb0.2 HEA at 1100 °C 
 

1. Pan B., Xu X., Yang J., Zhan H., Feng L., Long Q., Yao Q., Deng J., Cheng L., 
Lu Z., Zhou H. Effect of Nb, Ti, and V on wear resistance and electrochemical corro-
sion resistance of AlCoCrNiMx (M=Nb, Ti, V) high-entropy alloys // Mater. Today 
Commun. 2024. Vol. 39. P. 109314. https://doi.org/10.1016/j.mtcomm.2024.109314 

The study was supported by the Russian Science Foundation and the Government 
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The demand for greener chemistry that implies sustainability via renewable, biode-
gradable and eco-friendly chemicals is rapidly growing. Of particular interest are for-
mulations of aggregates in bio-derived solvents because such systems may provide re-
action media with enhanced reaction rates, solubilization capacity, and a potential for 
the aggregate-mediated separation of the products. Micellar solutions and microemul-
sions, among others, have been widely used in micellar catalysis, nanoreactor engineer-
ing, controllable drug release and micelle-mediated separation. Recently, a number of 
bio-derived solvents have emerged, including natural deep eutectic solvents (NADES) 
and renewable solvents derived from biomass. The surface-active ionic liquids, partic-
ularly, the amino acid ionic liquids (AAILs), are of a high potential as bio-based surfac-
tants [1]. It is well known that the aggregation behavior of surfactants in mixed solvents 
depends substantially on the specific chemistry of the constituent substances. 

In this work, we study aggregation behavior of 1-dodecyl-3-methylimidazolium 
AAILs in aqueous-salt solutions. Sodium chloride, choline chloride and choline chlo-
ride+L-proline (components of NADES) were chosen as modulators of micellar aggre-
gation. The aggregation characteristics, including critical micelle concentration (CMC), 
surface tension and aggregate size are determined using tensiometry, photon correlation 
spectroscopy, and conductometry techniques. Structural characteristics of the aggre-
gates are also examined by molecular dynamics simulation. Our study combines exper-
iment and computer simulation with development and application of a molecular ther-
modynamic aggregation model that takes into account both the coulombic and the spe-
cific interactions in the aggregating fluid.  
 

1. D. G. Hayes, G. A. Smith. Biobased Surfactants: Overview and Industrial State of 
the Art. In: Biobased Surfactants (2d Edition), Synthesis, Properties, and Applications. 
Elsevier. 2019. P. 3-38. https://doi.org/10.1016/B978-0-12-812705-6.00001-0 

2. Basu M., Hassan P.A., Shelar S.B. Modulation of surfactant self-assembly in deep 
eutectic solvents and its relevance to drug delivery-A review. Journal of Molecular Liq-
uids. 2023. Vol. 375, P. 121301. https://doi.org/10.1016/j.molliq.2023.121301 
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The use of theoretical sorption models makes it possible to describe the equality in the 
system and calculate the physico-chemical characteristics to optimize the conditions and 
understand the mechanisms of interaction. In this work, the application of sorption the-
ories to the preconcentration of cefoperazone (Cefoper) with silica modified with poly-
dimethyldialammonium (PDDA), polyhexamethylene guanidine (PGMG) and polyeth-
ylenimine (PEI) was studied. 

Cefoper is quantitatively (98%) extracted from aqueous solutions with sorbents 
SiO2-PDDA, SiO2-PGMG at pH 3-6. The experimentally determined sorption capacity 
of SiO2-PDDA, SiO2-PGMG, and SiO2-PEI according to Cefoper is 0.118, 0.087, and 
0.104 mmol/g, respectively. The experimental sorption isotherms are satisfactorily de-
scribed by the Langmuir model (see the table). The adsorption equilibrium constant KL 
decreases with the transition from SiO2-PDDA and SiO2-PGMG to SiO2-PEI, which is 
associated with the greater strength of the interaction of Cefoper with PGMG and 
PDDA, and this is confirmed by experimental data. The values of the coefficients RL 
of the Langmuir model and n of the Freundlich model indicate active sorption. The 
energy of interaction between Cefoper and sorbent polyamines decreases as the surface 
is filled. The free energy according to the Dubinin-Radostkevich model E < 8 kJ/mol 
indicates the physical mechanism of sorption, the energy according to the Temkin (B) 
model indicates the exothermic nature of the process. 

 
Parameters of theoretical models of Cefoperazone sorption 

The sorption model Parameter SiO2- PDDA SiO2- PGMG SiO2- PEI 

Langmuir 

amax, mmol/g 0.134 0.104 0.192 
KL, l/mmol  11.0 9.28 1.91 
RL 0.1-0.9 0.1-0.9 0.3-1.0 
R2 0.993 0.994 0.757 

Freundlich 
KF, mmol/g 0.258 0.162 0.211 
1/n 0.662 0.617 0.888 
R2 0.933 0.963 0.943 

Dubinin-
Radostkevich 

amax, mmol/g 0.129 0.098 0.121 
K, mol2/kJ2 0.017 0.017 0.032 
Е, kJ/mol 5.36 5.44 3.92 
R2 0.984 0.987 0.995 

Temkina 
АТ, l/mg 209 165 54 
B, kJ/mol 23.5 18.4 27.7 
R2 0.922 0.937 0.934 

 



 

NEW APPROACHES, METHODS AND GOALS  

IN THERMODYNAMIC MODELING.  

THERMODYNAMIC DATABASES 

НОВЫЕ ПОДХОДЫ, МЕТОДЫ И ЗАДАЧИ В ОБЛАСТИ 
ТЕРМОДИНАМИЧЕСКОГО МОДЕЛИРОВАНИЯ.  

БАЗЫ И БАНКИ ДАННЫХ  
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(2) Institute of Silicate Chemistry named after I.V. Grebenshchikov 

199034, Saint Petersburg, Makarova Emb., 2 
 

Progress in high temperature technologies such as microelectronics, the nuclear, space, 
aviation and optical industries as well as metallurgy requires of development of ad-
vanced materials which have to be stable under operation during long high-temperature 
impacts up to the temperature 3000 K. During increasing the temperature, as a rule, the 
complex changes of physicochemical properties of materials may be observed as the 
result of processes available in the condensed and gaseous phases. At present the ther-
modynamic data bases for modeling of phase diagrams of multicomponent systems at 
high temperatures are widely used abroad in the frame of CalPhad (Calculation of Phase 
Diagram) approach. However the similar thermodynamic data bases are absent in Rus-
sia. Development and approbation of new additional thermodynamic semi-empirical 
and statistical thermodynamic approaches for calculation of thermodynamic properties 
and phase equilibria in multicomponent oxide systems containing hafnium, zirconium 
and rare earth oxides were illustrated and recommended for the application in the Na-
tional thermodynamic data base. The availability of such National data base will al-
lowed to predict and to prevent the ecological accidents at high temperatures with the 
participation of inorganic materials as well as to develop and to apply in industry ultra 
high-temperature materials for ensuring of national interests in the variety of the high-
temperature adaption areas [1, 2].  

 
1. Stolyarova V.L. Mass spectrometric thermodynamic studies of oxide systems and 

materials. // Russian Chemical Reviews. 2016. Vol. 85, N 1. P. 60-80. 
https://doi.org/10.1070/RCR4549 

2. Stolyarova V.L. High temperature chemistry of oxide systems and materials. Saint 
Petersburg. Saint Petersburg University Publishing House. 2025. 404 p. 

The study was supported by the Russian Science Foundation (project N 23-13-

00254), https://rscf.ru/en/project/23-13-00254/ 
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NEW APPROACH TO THE THERMODYNAMIC ANALYSIS  
OF POLYMORPHIC SYSTEMS 

Bolmatenkov D.N., Nizamov I.I., Romashova A.A., Notfullin A.A., Yagofarov M.I. 

Kazan Federal University 

420008, Kazan, Kremlevskaya st., 18 
 

The polymorphic state of compound defines its practically important properties, such as 
stability, bioavailability, solubility, dissolution rate. Characterization of the thermody-
namic relationships between two crystal polymorphs is usually based on experimental 
melting or solubility data [1]. Due to experimental features and neglecting the heat ca-
pacity correction results of these methods may differ significantly.   

In this work, we proposed an algorithm for simultaneous treatment of the fusion, 
solubility and related data to get self-consistent phase diagram for polymorphic com-
pounds. The method combines melting temperatures, enthalpies of fusion, crystalliza-
tion, dissolution, and solid-solid transitions, equilibrium solubilities, dissolution rates, 
vapor pressures, and the heat capacity data to achieve their mutual agreement and access 
G-T and H-T diagrams over a wide temperature range. 

 

 
Thermodynamic characteristics of phase transitions between crystalline I, crystalline 
III and liquid carbamazepine. Symbols represent different types of the experimental 

data used to calculate the diagram. 
 
The proposed approach was tested using our and literature experimental data on sev-

eral polymorphic systems (see figure). Its ability to distinguish between the reliable and 
erroneous data make it valuable instrument in the thermodynamic analysis of polymor-
phism, fusion, and crystallization. 

1. L. Yu, Inferring thermodynamic stability relationship of polymorphs from melting 
data, Journal of pharmaceutical sciences, 84 (1995) 966-974. 

This work was supported by the Russian Science Foundation, Project No 25-73-

20073. 
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The Sr-La-Fe-O system is a promising base for multicomponent oxide materials that are 
essential for various applications, e.g., cathodes and electrolytes in solid oxide fuel cells, 
oxygen separation membranes, catalysts for high-temperature processes, and oxygen 
sensors [1, 2]. However, the development of new materials based on the Sr-La-Fe-O 
system is hindered by a lack of reliable information on the phase equilibria. This is the 
primary rationale for the present study, which deals with the calculation of the phase 
diagram of the SrO-La2O3-Fe and SrO-La2O3-Fe2O3 systems and comparison of the re-
sults obtained with the information available in the literature [2, 3]. 

Modeling of the phase equilibria in the Sr-La-Fe-O system was carried out using the 
NUCLEA database and GEMINI2 calculation software [4]. In the system under study, 
eight isothermal sections of the phase diagram were calculated, revealing how phase 
relations change with temperature and component contents. The equilibria were shown 
to involve only pure components and binary compounds. No ternary phases containing 
Sr, La, and Fe were observed. Two eutectic points were identified, establishing the max-
imum application temperature for materials in the SrO-La2O3-Fe system. The reasons 
for the discrepancies with the literature data [2, 3] were analyzed. 

 
1. Galenda A., Natile M.M., Krishnan V., Bertagnolli H., Glisenti A. LaSrCoFeO 

and Fe2O3/LaSrCoFeO powders: synthesis and characterization // Chemistry of Materi-
als. 2007. Vol. 19, N 11. P. 2796–2808. https://doi.org/10.1021/cm062742i 

2. Fossdal A., Einarsrud M.A., Grande T. Phase relations in the pseudo‐ternary sys-
tem La2O3-SrO-Fe2O3 // Journal of the American Ceramic Society. 2005. Vol. 88, N 7. 
P. 1988–1991. https://doi.org/10.1111/j.1551-2916.2005.00356.x 

3. Gavrilova L.Y., Aksenova T.V., Cherepanov V.A. Phase equilibria and crystal 
structures of complex oxides in systems La-M-Fe-O (M= Ca or Sr) // Russian Journal 
of Inorganic Chemistry. 2008. Vol. 53, N 6. P. 953–958. 
https://doi.org/10.1134/S0036023608060235 

4. Bakardjieva S., Barrachin M., Bechta S. et al. Improvement of the European ther-
modynamic database NUCLEA // Progress in Nuclear Energy. 2010. Vol. 52, N 1. P. 
84–96. https://doi.org/10.1016/j.pnucene.2009.09.014 
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Voskov A.L. 

Lomonosov Moscow State University 
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Multicomponent systems often include non-stoichiometric phases that require complex 
thermodynamic models based on sublattices, ions, associates etc. In this case phase 
models often have internal degrees of freedom, i.e. number of independent components 
is less than the number of species. And computation of Gibbs energy of phase requires 
its minimization. It may require specialized approaches, especially in the case of the 
convex hull method. And the aim of this work is to suggest such methods for further 
usage during further development in the Laboratory of Chemical Thermodynamics of 
Lomonosov MSU.  

Each phase can be characterized by molar fractions of independent components (𝑥⃗) 
and species (⃗ݕ). The 𝑥⃗ vector can be unambiguously calculated from 𝑥⃗ as  𝑥⃗ =  (ݕ⃗)݂
where f is a model-specific function. But if internal degrees of freedom are present and 
f is not bijective then computation of ܩ(𝑥⃗) will require the solution of the next nonlinear 
minimization problem: ܩ(𝑥⃗) = min௬⃗⃗ (ݕ⃗)ܩ ; 𝑥⃗ =  (ݕ⃗)݂

In the case of convex hull method that is used for robust search of an initial approx-
imation two approaches were suggested: 

1) Solve the G minimization problem at each point of the grid used by the convex 
hull method during the Gibbs energy discretization. It makes the method not 
derivative free. 

2) Monte Carlo approach with generation of large amounts of ⃗ݕ pseudorandom or 
quasi-random vectors with their further projection to 𝑥⃗ coordinates. The proce-
dure is continued until the ܩ(𝑥⃗) with the desired discretization step is stabilized. 
It may be computationally extensive but doesn’t require derivatives. 

Both methods allow to reduce the number of dimensions in the convex hull method; it 
is important because it may slow down at grids with more than 4 components. 

In the case of phase equilibria computation based on an explicit minimization of G, 
e.g. by means of Lagrange multipliers method, the minimization procedure can either 
directly integrate ⃗ݕ into the problem or assume optimization of ⃗ݕ vectors inside thermo-
dynamic models of phases. Both variants require the analytical ߲ܩ ⁄௜ݕ߲  and ߲2ܩ ⁄௝ݕ௜߲ݕ߲  derivatives, especially for sublattice models. Their addition to the devel-
oped software complex allowed us to increase numerical stability. 

 
The author gratefully acknowledges the financial support of the Program “Chemical 

Thermodynamics and Theoretical Material Science” (№ 121031300039-1), Lomonosov 

MSU. 
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FOR LOHC AND BIOSYNTHETIC FUEL TECHNOLOGIES 

Vostrikov S.V., Verevkin S.P. 

Samara State Technical University 
443100, Samara, Molodogvardeyskaya st., 244 

 
Conventional group-additivity (GA) methods often fail for complex cyclic and polycy-
clic molecules because ring strain and substitution effects are difficult to parametrize. 
To address this, we present the “centerpiece” approach — a refined GA variation that 
utilizes a well-characterized experimental “core” molecule to mimic the target structure, 
followed by the addition or removal of precisely calibrated fragments. 

The reliability of this method is demonstrated across several key LOHC and biofuel 
families: 

• Aromatic & Naphthenic Carriers: Dicyclohexylmethane and perhydro-diben-
zyltoluene (errors ≤ 1–2 kJ·mol⁻¹). 

• N-Heterocycles: 6,7-benzindole and its perhydrogenated (8H- and H₁₂-) 
forms, including methyl-substituted decahydroquinolines. 

• Oxygenated Biomass Derivatives: Methoxy- and ethoxy-derivatives of bicy-
clohexane, decalin, indane, and benzofuran. 

In all cases, the calculated enthalpies of formation (gas/liquid), vaporization, and 
sublimation align with both experimental data and high-level G4 quantum-chemical re-
sults within combined uncertainties. The approach effectively resolves literature con-
tradictions and provides the precise hydrogenation/dehydrogenation enthalpies required 
for LOHC screening. 

The “centerpiece” method is a “pen-and-paper” fast-prediction tool that requires 
only reliable data for the core molecule. Its integration with quantum chemistry creates 
a robust hybrid toolbox for the rapid, low-cost design of next-generation hydrogen stor-
age and sustainable fuel technologies. 

Keywords: chemical thermodynamics, group additivity, centerpiece approach, 
LOHC, enthalpy of formation, hydrogen storage, renewable fuels. 
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Polychlorinated biphenyls (PCBs) are persistent organic pollutants. The development 
of effective approaches for their neutralization through a sequence of chemical modifi-
cation and thermolysis methods is a relevant task. The aim of this study is to perform 
thermodynamic modeling of electrophilic substitution reactions in a series of PCBs, us-
ing the nitration processes of tri- and tetrachlorobiphenyls as an example. 

The nitration process was modeled by the HSC software package (0.001 mol PCB, 
0.005–0.11 mol HNO3:H2SO4 (1:1), T = 100–200°C). It was found that with a small 
excess of the nitrating mixture (0.005 mol), the conversion of the initial PCBs is incom-
plete, with the residual concentration of the parent congener being higher for trichloro-
biphenyl than for tetrachlorobiphenyl. Increasing the amount of nitrating mixture to 0.11 
mol leads to the complete absence of the initial PCBs in the products, which are repre-
sented exclusively by deep nitration products – penta-, hexa-, and heptanitro derivatives. 

However, experimental data indicate that as the number of chlorine atoms in the 
biphenyl structure increases, the proportion of deep nitration products decreases. For 
2,4,5-trichlorobiphenyl, a mixture of di- (78%) and trinitro derivatives (22%) was ob-
tained, while for 2,5,3',4'-tetrachlorobiphenyl, a mixture of mono- (15%) and dinitro 
derivatives (85%) was obtained, contradicting the thermodynamic calculations. This 
discrepancy is explained by kinetic limitations: thermodynamically permitted reactions 
may proceed at a slow rate. It is likely that increasing the reaction time would bring the 
experimental results closer to the thermodynamic equilibrium, and for tetrachlorobi-
phenyl, the proportion of deeper nitration products would increase, becoming compara-
ble to that for trichlorobiphenyl. 

Thus, the modeling confirms the principal feasibility of exhaustive PCB nitration 
with an excess of the nitrating mixture, taking into account the kinetic factors of the 
chemical process. The obtained thermochemical data can be used to predict the behavior 
of other PCB congeners in electrophilic substitution reactions. 

 
This study was supported by a grant from the Russian Science Foundation № 25-23-
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Thermodynamic properties of adsorption monolayers are determined by the nature of 
intermolecular interactions. Most theoretical studies are restricted to pairwise intermo-
lecular potentials. The reason is the computational complexity of models with many-
body interactions. 

On the other side, quantum chemical calculations show the substantial contribution 
of many-body interactions in some cases [1]. These interactions can even lead to quali-
tative changes in the system behavior [2]. 

We have developed a unified tensor (UT) algorithm for lattice gas models of adsorp-
tion layers. This algorithm efficiently incorporates many-body interactions up to the 
third nearest neighbor in adsorption monolayers. In contrast to classical methods (Monte 
Carlo, transfer matrix), where accounting for such interactions is challenging, the tensor 
network approach affects only the tensor network construction stage. This opens up 
possibilities for the thermodynamic analysis of complex quasi-2D systems.  

The UT algorithm was applied to the model metal-organic layer of 1,3,5-tris(4-
pyridyl)benzene (TPyB) and copper on the Au(111) surface. This system is of interest 
for the fabrication of metal-organic nanostructures. The interaction energies were cal-
culated using density functional theory. It was shown that these energies cannot be re-
duced to combinations of pairwise interactions. 

Adsorption isotherm calculations revealed both quantitative and qualitative differ-
ences in the phase behavior of the system when many-body interactions were taken into 
account. The stability regions of ordered phases shift along the chemical potential (or 
gas phase pressure) axis. Qualitatively, several types of changes occur. Low-density 
phases disappear, while the thermal stability of dense ordered structures, such as the 
"superflower" phase, can be significantly reduced. Many-body interactions lead to dis-
ordered configurations with increased layer density. It is driven by the filling of the 
surface with copper atoms. 

The proposed approach demonstrates high efficiency in studying complex adsorp-
tion systems with many-body interactions. The developed algorithm can be used to pre-
dict the thermodynamic properties of new molecular and metal-organic monolayers, 
which are promising for catalysis, nanoelectronics, and sensing. 

1. Sergienko A.V. [et al.] Influence of the simplest type of multiparticle interactions 
on the example of a lattice model of an adsorption layer // CRM. 2024. Vol. 16, Nr 2. 
P. 445–458. https://doi.org/10.20537/2076-7633-2024-16-2-445-458 

2. Ibenskas A., Tornau E.E. Statistical model for self-assembly of trimesic acid mol-
ecules into homologous series of flower phases // Phys. Rev. E. 2012. Vol. 86, Nr. 5. P. 
051118. https://doi.org/10.1103/PhysRevE.86.051118 

https://doi.org/10.20537/2076-7633-2024-16-2-445-458
https://doi.org/10.1103/PhysRevE.86.051118


196 XXV International Conference on Chemical Thermodynamics in Russia 

MODELING OF THE OXIDE MELT STRUCTURE:  
GLASS TRANSITION VS CRYSTALLIZATION 

Koroleva O.N.(1), Fedyaeva M.A.(1,2), Lepeshkin S.V.(2,3) 
(1) South Urals Federal Research Center of Mineralogy and Geoecology UB RAS 

456317, Miass, Ilmensky Nature Reserve 
(2) Vernadsky Institute of Geochemistry and Analytical Chemistry RAS 

119991, Moscow, Kosygina st., 19 
(3) Skolkovo Institute of Science and Technology 

121205, Moscow, Bol'shoy bvd., 30 
 

Due to the increasing demand for the quantitative description and investigation of vari-
ous processes in oxide systems, the creation of models of multicomponent melts, 
glasses, and their crystallization products is an extremely relevant task. Although 
glasses possess an unusual combination of properties that are in many ways closer to 
liquids than to true solids, on a human timescale they also demonstrate hardness, elas-
ticity, and even fracture like solids. Given that crystalline materials preserve their inter-
nal structure and external configuration even for an infinitely long time and do not un-
dergo plastic deformation at low temperatures under the influence of gravity, they are 
considered as real solids. 

The present work is based on a thermodynamic description of the melt phase, which 
allows us to determine the conditions of the melting and differentiation processes, as 
well as to develop various methodologies for use in materials science and geological 
research. Using the quasicrystalline approximation based on the assumption that melts 
are composed of ideal associated solutions, the thermodynamic characteristics of crys-
talline silicates can be applied to describe the melt structure in terms of the distribution 
of Qⁿ units. It is known that silicate melts contain disordered polymerized anions which 
form the structural units of glasses and crystalline silicates. These consist of silicon–
oxygen tetrahedra Qⁿ, which differ in the number of non-bridging and bridging oxygen 
atoms (n), with a central silicon atom and four oxygen atoms 

The thermodynamic modeling method, which has proven highly effective for mod-
eling melts at different temperatures, is used for the calculation of glass structure in this 
work. Since the melt and glass crystallization model is still under development, we used 
DFT analysis calculations. The structure of oxide melts, glasses, and crystals lends itself 
well to analysis using Raman spectroscopy. Since calculations of structure or chemical 
composition must be validated experimentally, this study demonstrates the potential of 
computational methods in comparison with experimental results. A qualitative compar-
ison between theory and practice glass formation and crystallization of silicate melts 
containing equal amounts of lithium and potassium, with a total content of 33, 40, and 
50 mol % was carried out using the methods of spectroscopy and X-ray diffraction. 
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In the contemporary landscape of computational materials science, the complexity of 
multicomponent systems necessitates a rigorous architectural distinction between ther-
modynamic models and the numerical algorithms employed to solve them. Inspired by 
the C++ Standard Template Library (STL), where the separation of algorithms and data 
structures serves as a cornerstone of efficiency and flexibility, this report proposes a 
similar approach for thermodynamic databases and corresponding software. 

The crucial part of this methodology is usage of the TDB (Thermodynamic Data-
base) text format. While the TDB format is traditionally used as a static repository for 
Gibbs free energy parameter, we also demonstrate that the TDB format can serve as a 
universal, high-level abstraction layer. For example, it has object-oriented features, 
which are inherently useful for definition of parameters of phases utilizing diverse ther-
modynamic models in a structured, hierarchical manner.  

TDB format provides means for seamlessly merging of multiple sub-databases while 
maintaining strict human-readability. Being just plain text files, it enables seamless in-
tegration with version control systems, essential for tracking of the evolution and high-
lighting differences of thermodynamic assessments. 

This report introduces specific software features of our developed suit, focusing on 
the parsing and internal representation of TDB files as dynamic data structures. We 
discuss how these technical choices directly translate into a superior User Experience 
(UX). Treating the TDB file not just as a flat data source but as a modular codebase 
enables advanced search capabilities, support for language extensions for setting addi-
tional settings of computational environment, and a streamlined workflow for the as-
sessment and refinement of thermodynamic data. 
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During molten salt reactor (MSR) operation, fuel salt composition changes continuously 
because of burn-up, fissile make-up, accumulation of soluble fission products, removal  
of gaseous and volatile fission products to the gas-off system, deposition of insoluble 
phases on in-circuit components, and ingress of corrosion products from container ma-
terials to the molten salt mixture. These changes modify the physicochemical state of 
the fuel salt and cause tight coupling between neutronic, thermochemical, corrosion, 
and thermal-hydraulic phenomena in the reactor circuit. Therefore, proven   MSR cal-
culations require a unified thermodynamic and thermophysical database [1-4]. 

At the National Research Centre "Kurchatov Institute", an extensible database of 
thermodynamic and thermophysical properties  for applicable molten salt mixtures  is 
being developed within the MULTIMSR calculation complex, which can be used by the 
thermal-hydraulic, neutronic, and corrosion modules of the package [1] and follows cur-
rent international approaches to special thermochemical and thermophysical databases 
for multiphysics analysis of  MSR. 

For molten 0,73LiF-0,27BeF2-AnF3 and 0,66LiF-0,34BeF2 salt mixtures, considered 
as the fuel salt and intermediate coolant for test and full-scale MSRs, recommended 
values of liquidus temperature, heat of fusion, density, volumetric thermal expansion 
coefficient, heat capacity, thermal conductivity, and viscosity have been determined in 
the temperature range from the liquidus  to 750-800 °C. Thermodynamic constants re-
quired for modeling mainly chromium corrosion, have also been evaluated and justified. 
The database accounts for changes in thermophysical properties throughout the reactor 
campaign due to fuel burn-up, as well as accumulation of soluble fission and corrosion 
products. 

 
1. Kupriyanov K.S. et al. Multiphysics modeling of molten salt reactors // Voprosy 

Atomnoy Nauki i Tekhniki. Ser. Nuclear Reactor Constants. 2025. No. 1. P. 109-123. 
[In Russian]. 

2. Walker S.A. et al. Depletion-driven thermochemistry of molten salt reactors: re-
view, method, and analysis // Front. Nucl. Eng. 2023. Vol. 2. Art. 1214727. 

3. Tano M.E. et al. Coupled neutronics, thermochemistry, corrosion modeling and 
sensitivity analyses for isotopic evolution in molten salt reactors // Prog. Nucl. Energy. 
2025. Vol. 178. Art. 105503. 

4. Ard J.C. et al. Development of the Molten Salt Thermal Properties Database - 
Thermochemical (MSTDB-TC), example applications, and LiCl-RbCl and UF3-UF4 
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Understanding the thermodynamic properties of vaporization for organic compounds is 
necessary for industrial applications such as separation, synthesis and for developing 
theoretical models of intermolecular forces and solubility. Despite there being over 20 
million known organic compounds, thermodynamic data exists for only about 0.1% of 
them. This fact is due to the substantial time and resources required for experimental 
measurement of saturated vapor pressures and vaporization enthalpy. 

Chemical databases like Reaxys and SciFinder hold a large number of boiling point 
data (usually collected during substance identification in synthesis studies); these values 
often contain significant errors due to equipment limitations or sample impurity. Con-
sequently, thermodynamics specialists have rarely used this data. 

This study presents a methodology to process such existing data to model the tem-
perature dependence of saturated vapor pressure in a wide range. Testing on five refer-
ence compounds showed that the method determines vapor pressure with up to 20% 
error and vaporization enthalpy with up to 2.0 kJ/mol error, which is comparable with 
the precision of many experimental techniques [1]. 

The procedure was successfully applied to over 100 compounds, yielding vapor pres-
sure and enthalpy dependencies. For several substances, this data is novel; for others, it 
corroborates existing literature or helps resolve discrepancies through critical analysis 
[2]. Given the sheer volume of data in chemical databases, this approach can be scaled 
to analyze thousands of substances lacking high-precision studies and serves as a tool 
for validating uncertain literature values. 

 
1. Nizamov I. I., Bolmatenkov D. N., Yagofarov M. I., Solomonov B. N. // J. Mol. 
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Sergeeva A.V.(2), Levin A.V.(1), Gorokhov A.P.(1) 
(1) Branch of RN-GIR LLC in Krasnoyarsk 

660098, Krasnoyarsk, 9 Maya st., 65d 
(2) Institute of Volcanology and Seismology FEB RAS 

683023, Petropavlovsk-Kamchatsky, Piipa bvd., 9 
 

The sedimentary cover of the Siberian Platform contains chloride brines with a high 
content of lithium and other valuable components (Rb, Cs, Br). Such brines are thermo-
dynamically nonequilibrium systems with a complex composition. They are character-
ized by high mineralization and density, which makes them similar in properties to 
melts. The study of salt crystallization processes under changes in temperature and pres-
sure is an important practical task.  

Crystallization in the temperature range of 0... -22 °C and a pressure of 1 bar was 
simulated using the Selector software package based on minimizing Gibbs energy [1]. 
Cambrian brines from the Siberian Platform (Nepsky Dome). Brines are acidic - pH 
(3.8), the content of the main components (in g/l): Ca 153.9; Mg 13.2; Na 2.9; K 15.7; 
Li 0.2; Cl 334.0. The model contains about 500 probable components (components of 
the aqueous phase, minerals, gases).  

As a result of the modeling, it was found that the beginning of stable ice formation 
(freezing of brines) occurs at a temperature of -12 °C. At a temperature of -10 °C, chlo-
rides begin to crystallize, their composition and quantity are shown in the table. 

 
Properties of brine and mineral phases during brine crystallization, in g per 1 kg of 

brine 
T, 
°C pH TDS 

(g/kg) 
KMgCl3  
(H2O)6 

KCl NaCl  
(H2O)2 

NaCl CaCl2  
(H2O)6 

MgCl2  
(H2O)6 

-10 3.6 524.9 15.91 1.01 0.16 0.07 0.03 0.01 
-12 3.6 548.4 37.07 1.89 0.38 0.17 0.07 0.02 
-14 3.7 663.9 66.47 2.49 0.84 0.38 0.14 0.03 
-16 3.8 779.0 83.81 2.24 1.27 0.56 0.18 0.03 

-22 4.2 1116.2 105.08 0.90 2.39 1.04 0.23 0.03 
 
The first generalized model of strong Cambrian brines has been obtained, which can 

be used to study phase transitions in the Ca-Mg-Na-K-Li-Cl-H2O system as the basis 
for the well production cycle of this type of raw material. 

 
1. Chudnenko, K. V. Thermodynamic modeling in geochemistry: theory, algorithms, 

software, applications. Novosibirsk: Geo, 2010. – 287 p. 
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THE FORMATION ENTHALPIES OF INTERMETALLIC COMPOUNDS  
IN SYSTEMS (Ni,Pd,Pt)–(Al,In,Sn) BY pySIPFENN SOFTWARE TOOL 

Pavlenko A.S., Kabanova E.G., Kuznetsov V.N. 

Moscow State University 
119991, Moscow, Leninskie Gory, 1 

 
First-principles calculations based on density functional theory (DFT) serve as an im-
portant source of input data for calculations using the CALPHAD method. They not 
only complement experimental results for stable phases but also provide data on meta-
stable and virtual phases required for such calculations. 

DFT calculations are resource-intensive and complex, so deep neural network 
(DNN) models have been increasingly used in recent years to determine formation en-
ergies. An example of a DNN-based tool is pySIPFENN [1]. 

The performance of pySIPFENN was assessed for the calculation of formation en-
thalpies of the compounds formed by transition metals from 10th group with p-metals 
from groups 13 and 14. Published structural data in the CIF format were used as initial 
data. In Figure 1(a), the calculation results are compared with OQMD data [2], while 
Figure 1(b) presents a comparison with available experimental values. In most cases, 
the pySIPFENN results agree with DFT calculations within the mean absolute error 
(MAE) of 0.028 eV/atom declared by the pySIPFENN developers. For two isostructural 
compounds, Pd₈Al₂₁ and Pt₈Al₂₁, unsatisfactory results were obtained. A comparison 
with experimental data reveals that pySIPFENN predictions exhibit a systematic shift 
of approximately 0.073 eV/atom (∼7 kJ/mol) and a root-mean-square deviation of 0.092 
eV/atom (∼9 kJ/mol). This accuracy is sufficient to use pySIPFENN for estimating for-
mation enthalpies of phases or end‑members. 

 

 
Comparison of pySIPFENN forecast results with (a) OQMD and (b) experimental data 

 
1. Krajewski A. M. et al. // Computational Materials Science. 2022. Vol. 208, Nr 

111254. https://doi.org/10.1016/j.commatsci.2022.111254 
2. Saal J. E. et al. // JOM. 2013. Vol. 65, Nr 11. P. 1501–1509 
The present research work was financially supported by Russian Science Foundation 

(RSF) grant No. 25-23-00992. 

https://doi.org/10.1016/j.commatsci.2022.111254


202 XXV International Conference on Chemical Thermodynamics in Russia 

CHEMICAL SEPARATION OF AMERICIUM AND CURIUM  
IN MOLTEN SALTS. THERMODYNAMIC MODELING 

Potapov A.M., Zaykov Yu.P. 

Institute of High Temperature Electrochemistry UB RAS 
620066, Ekaterinburg, Akademicheskaya st., 20 

 
Americium and curium are completely artificial elements. They are formed in reactors 
during the irradiation of nuclear fuel. They are highly radioactive, making their separa-
tion during spent nuclear fuel reprocessing a very complex problem, as they destroy 
almost everything—water, ion-exchange resins, and so on. Molten salts exhibit signifi-
cant radiation resistance. Currently, the molten LiCl-KCl eutectic is most often used as 
a medium for reprocessing spent nuclear fuel. 

In the molten LiCl-KCl eutectic, the most stable form of americium is AmCl2, while 
curium is always trivalent - CmCl3. Available literary data on their equilibrium poten-
tials are collected in [1]. The potentials are so close (-2.87 ± 0.05 V vs. Cl2/Cl-) that it 
is impossible to determine which is more positive and which more negative. The use of 
active cathodes shifts the deposition potentials of these metals by almost the same 
amount. Therefore, the feasibility of their electrochemical separation is questionable.  

At the same time, the properties of di- and trivalent ions (Am2+ and Cm3+) differ 
significantly. For example, if quartz wool is immersed in a melt of (LiCl-KCl)eut. + 
AmCl2 + CmCl3, americium will precipitate as a silicate, while curium will remain in 
the melt: 

AmCl2 + 0.5SiO2 = 0.333AmSiO3 + 0.667AmCl3 + 0.167Si, G = -86 kJ 

CmCl3 + 1.25SiO2 = 0.5Cm2SiO5 + 0.75SiCl4(g), G = +229 kJ 
Instead of SiO2, other oxides, TiO2, SnO2, can also be used: 

SnO2 + 0.5AmCl2 + 0.5Zn = 0.5AmSnO3 + 0.5SnO + 0.5ZnCl2, G = - 33.8 kJ 
Another approach involves selectively precipitating curium with lithium nitride or 

oxide, while americium remains in the melt as AmCl2 + AmCl3. Other trivalent ions, 
U3+ and Pu3+, are also precipitated along with curium. 

CmCl3 + Li3N = CmN↓ + 3LiCl(l), G = -430 kJ 

CmCl3 + 1.5Li2O = 0.5Cm2O3↓ + 3LiCl(l), G = -234 kJ (500 °C) 
Thus, the work proposes a thermodynamic justification for several methods of sep-

arating americium and curium in LiCl-KCl melt using the difference in the chemical 
properties of Am2+ and Cm3+ ions. 

 
1. Filatov A.A., Vlasov M.I., Potapov A.M., Zaikov Yu.P. Possible electrochemical 

imitators for AmCl2 and CmCl3 in the molten LiCl–KCl eutectic. Russian Metallurgy 
(Metally) (2023) № 2, pp. 244-247. 



XXV International Conference on Chemical Thermodynamics in Russia 203 

VERIFICATION OF THE ENTHALPIES OF FORMATION  
OF ORGANIC COMPOUNDS: A REFINEMENT STRATEGY  
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199034, St. Petersburg, Universitetskaya Embankment, 7-9 

(2) Samara State Technical University 
443100, Samara, Molodogvardeyskaya str., 244 

 
Prediction and verification of thermochemical properties are central to assessing the 
feasibility, selectivity, and efficiency of chemical processes. In industrial practice, the 
majority of transformations occur in the liquid phase, making standard enthalpies of 
formation and entropies in the condensed state key parameters for reliable thermody-
namic modeling. However, for complex and multifunctional organic compounds, the 
availability of consistent and experimentally validated data remains limited, which sig-
nificantly constrains accurate process design. 

Traditional estimation methods, such as group additivity approaches and structure–
property correlations, often fail to provide sufficient accuracy for condensed systems 
and require extensive calibration against reliable datasets. At the same time, quantum 
chemical thermochemistry offers significant predictive capabilities, but widely used ap-
proaches – atomization methods and well balanced reaction schemes – suffer from sys-
tematic errors, dependence on reference compounds, and methodological ambiguity in 
reaction selection. 

To address these challenges, a hybrid GAQCC (Group Additivity with Quantum 
Chemical Calibration) approach is proposed for the calculation and verification of gas-
phase standard enthalpies of formation. The method is based on decomposition of mo-
lecular energy into two contributions: an additive term associated with transferable 
structural fragments and a non-additive term reflecting specific intramolecular effects, 
including conjugation, steric strain, and electronic interactions. 

In contrast to conventional group contribution methods, the additive parameters are 
not purely empirical but are calibrated using high-level quantum chemical calculations 
(G3MP2) in combination with critically evaluated experimental thermochemical data. 
The quantum chemical calculations are primarily used to determine the non-additive 
contribution, which is significantly smaller than the total molecular energy and therefore 
less sensitive to residual methodological errors. 

The proposed approach eliminates the need for constructing balanced reaction 
schemes, reduces systematic uncertainties, and ensures internal consistency of the re-
sults. As a consequence, GAQCC provides a robust and reproducible framework for 
validation, refinement, and extension of thermochemical databases, enabling more reli-
able thermodynamic analysis and design of chemical processes. 

This work was supported by the Ministry of Science and Higher Education of the 

Russian Federation (theme No. FSSE-2025-0006) as part of the state task of the Samara 

State Technical University (creation of new youth laboratories). 
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METHOD FOR DETERMINING INFORMATIVE PARAMETERS  
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The problem of approximating the temporal evolution of a hydrogen–oxygen mixture 
using a neural network is considered. A fully connected network with 5 layers and 
LeakyReLU activation was used, trained with Adam (lr = 0.01, 100 epochs) on MSE. 
Both the input and output of the neural network are  vectors comprising the time step 
Δt, the system temperature, and the molar concentrations of 11 chemical species, with 
relevant parameter ranges: 𝑇 ∈ [250, 5000] K, ݌ ∈ [104, 2 × 107] Pa, and Δݐ ∈[10−10, 10−5] s. 

Analysis of the test trajectories revealed significant heterogeneity in the error. For 
the groups with minimal and maximal errors, the spectrum of the Jacobian of the origi-
nal system was studied. It was found that the key difference is associated with the min-
imal eigenvalues: for well-approximated trajectories, ߣmin is on the order of 104, while 
for poorly approximated ones, ߣmin ranges from 10−2 to 101. Small ߣmin values are 
caused by slow reactions (small ݇), low concentrations, and quasi-steady-state balanc-
ing of forward and reverse reactions. Therefore, the model error is determined by the 
regimes of the predicted profiles. 

Based on this identified relationship, a modification of the loss function is proposed. 
In addition to the standard MSE term, an additional term is introduced that accounts for 
the discrepancy between predicted and true values of the logarithms of reaction rate 
constants, computed using the Arrhenius formula from the predicted temperature.  

Comparison of different training variants shows: baseline model: MSE = 1.374 × 10−3, STD = 2.183 × 10−2; using all rate constants: MSE = 6.554 × 10−2, 
STD = 8.211 × 10−2; using the selected subset of constants associated with the for-
mation of the slow modes of the system: MSE = 6.482 × 10−4, STD = 9.308 × 10−3. 

It is shown that the inclusion of a physically informed term in the loss function is 
effective only with a targeted selection of reactions. Using all constants leads to a dete-
rioration of model quality, whereas considering the reactions that determine slow modes 
results in more than a twofold reduction in error compared to the baseline approach.  

Thus, spectral analysis of the Jacobian can serve as a tool for identifying informative 
kinetic parameters in neural network modeling of chemical kinetics. 

 
The work was carried out within the framework on the topics FNEF-2024-0001 and 

FNEF-2024-0002. 
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A pyrochemical process for reprocessing spent nuclear fuel (SNF) is currently being 
developed in the Russian Federation. One of the objectives is to create thermodynamic 
models for each stage of SNF reprocessing. Spent nuclear fuel has a complex composi-
tion, and reliable thermodynamic data are not available in the literature for all com-
pounds, even the most important ones. 

The aim of this study is to evaluate thermodynamic data on NdPd, NdPd3, and 
Nd3Pd4 intermetallic compounds, which are formed during the electrolytic reduction of 
spent nuclear fuel. Accounting for these intermetallic compounds is important for the 
proper distribution of rare earth and noble metal flows. 

The enthalpies of formation of NdPd and NdPd3 are available in [1]. The enthalpy 
of formation of Nd3Pd4 was estimated as Hf (Nd3Pd4) = 1.036·Hf (NdPd) based on the 
general trend of similar palladium alloys [2]. The entropy and heat capacity were esti-
mated using the Neumann–Kopp rule. The heat capacity was approximated by the gen-
erally accepted equation: 𝐶௣(ܶ) = ܣ + ܶܤ10−3 + 105𝐶ܶ−2 

The obtained data on the enthalpy of formation and entropy, as well as the coeffi-
cients of the heat capacity equation are given in the table. 

 
Thermodynamic properties of Nd and Pd intermetallic compounds 

Intermetallic 
compound 

H 0, kJ/g-
atom 

H 0, 
kJ/mol 

S0,  
J/(mol·K) 

Coefficients of the equation 
A B C 

NdPd -77.2 [1] -154.4 108.91 38.942 32.709 4.479 
NdPd3 -73.3 [1] -293.2 184.56 87.5 44.263 4.479 
Nd3Pd4 -80.0 -560 364.55 141.106 103.905 14.437 

 
The data obtained are used in thermodynamic modeling of processes for the pyro-

chemical technology being developed for spent nuclear fuel reprocessing. 
 

1. Guo Q., Kleppa O.J. Standard enthalpies of formation of neodymium alloys, Nd 
+ Me (Me - Ni, Ru, Rh, Pd, Ir, Pt), by high-temperature direct synthesis calorimetry. 
Metall Mater Trans. (1995) 26B pp. 275–279. 

2. Colinet C., Pasturel A. Thermodynamic properties of metallic systems. Ch. 134 
in: Handbook on the Physics and Chemistry of Rare Earths, 1994 Vol. 19, pp. 479-647. 
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In the report it will be discussed a new rapidly developing area that has shown its ef-
fectiveness in increasing the photocatalytic activity of oxide materials – using the pie-
zoelectric properties of oxides and achieving a synergy of light and mechanical effects 
to enhance catalytic activity.  

An overview of both the history of the development of the research area and the re-
sults of recent years for various classes of materials will be presented. 

The approach to increasing photocatalytic activity is based on the introduction of 
an external field to reduce carrier recombination and accelerate their separation and 
migration [1,2]. In this case, the use of photoactive ferroelectric semiconductors opens 
the way for synergetic catalysis – piezophotocatalysis.  

The report focuses on thermodynamic criteria for the possibility of photo– and pie-
zophoto-catalytic processes of oxidation of organic pollutants in water and the produc-
tion of hydrogen from water and aqueous solutions of organic substances including 
plant biomass derivatives. 

Thermodynamic criteria use data on the band structure of a semiconductor oxide 
and data on the reduction potentials of semi-reactions involving ions and radicals par-
ticipated in the photocatalytic process as a whole.  

The main attention will be devoted to the prospects of perovskite-like materials, 
most of which contain bismuth cations, for piezophotocatalysis. As an example will be 
considered the Aurivillius phase of Bi3NbTiO9 and the results of testing their piezo-
photocatalytic activity under simultaneous exposure of light and ultrasound. It is 
shown how an internal piezoelectric field, suppressing the rapid recombination of 
charge carriers, activates additional pathways for the formation of superoxide anion 
radicals that are inaccessible under photocatalytic conditions, resulting in a pro-
nounced synergistic effect when exposed to light and ultrasound simultaneously. 

 
1. H. Zheng, Y. Wang, J. Liu, K. Yan, K. Zhu. Recent advancements in the use of 

novel piezoelectric materials for piezocatalytic and piezo-photocatalytic applications. 
Appl. Catal. B: Environ. V.341 (2024) 123335.  

2. Z. Ye, R. Zheng, S. Li, Q. Wang, R. Zhang, C. Yu, J. Lei, X. Liu, D. Zhang. 
A review: Recent advances of piezoelectric photocatalysis in the environmental fields. 
Nanomaterials. V.14 (2024)1 641.  

3. F. Orudzhev, A. Magomedova, S. Kurnosenko, V. Beklemyshev, W. Li, 
C. Wang, I. Zvereva. Tuning of Photocatalytic and Piezophotocatalytic Activity of 
Bi3TiNbO9 via Synthesis-Controlled Surface Defect Engineering. Molecules. V. 30 
(2025) 4136. 

This work was supported by the Russian Science Foundation grant 25-23-00145. 
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INVESTIGATION OF THE THERMODYNAMIC STABILITY  
OF ULTRASTABLE GLASSES BY SOLUTION CALORIMETRY AND DSC 
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An ultrastable glass is a nonequilibrium amorphous state of matter corresponding to a 
deep minimum on the potential energy landscape [1] and therefore exhibiting anoma-
lously high thermodynamic stability. Quantitative assessment of this stability still relies 
mainly on an indirect parameter, the fictive temperature ( fܶ), determined by differential 
scanning calorimetry (DSC) [2]. 

In the present work, a direct approach to determining the relative thermodynamic 
stability of glasses at 298.15 K is proposed and experimentally implemented. 

1,3,5-Tris(α-naphthyl)benzene and N,N′-diphenyl-N,N′-bis(3-methylphenyl)benzi-
dine were selected as model compounds. The glasses were prepared by slow physical 
vapor deposition onto substrates held at controlled temperature and by rapid quenching 
of the melt. 

The relative thermodynamic stability was evaluated as the difference in Gibbs free 
energy between the glassy states at 0ܶ  =  298.15 K using the Gibbs equation. The ex-
perimental Δܪ values were obtained from solution calorimetry in benzene. In addition, 
these results were compared with estimates based on the Kirchhoff relation. The entropy 
difference, Δܵ, was evaluated analogously using the fictive temperature. 

 ∆ ௚,ூூ௚,ூܪ = ∆ ௚,ூ௟ܪ − ∆ ௚,ூூ௟ܪ = ∆ ௚,ூ௦௢௟௡ܪ − ∆ ௚,ூூ௦௢௟௡ܪ = ∫ ∆ ௣,௠݀ܶ௚௟0்ܥ
்೑(ூ) − ∫ ∆ ௣,௠݀ܶ௚௟0்ܥ

்೑(ூூ)  

 
Here, Δܪ is the enthalpy change, Δܥ௣,௠ is the change in isobaric heat capacity, 0ܶ =  298.15 K, and ( fܶ) is the fictive temperature. The subscript (l) refers to the liquid, (g,  II) to the vapor-deposited glass, (g,  I) to the melt-quenched glass, and (soln) to the 

infinitely dilute solution. 
A method is proposed that, for the first time, enables a quantitative comparison of 

the thermodynamic stability of glasses prepared by different methods at a fixed temper-
ature. The crystallization behavior of the glasses was also studied and correlated with 
their structural and thermodynamic parameters. 

 
1. Rodriguez-Tinoco C., Gonzalez-Silveira M., Ramos M.A. et al. // Riv. Nuovo 

Cim. 2022. Vol. 45, P. 325–406. https://doi.org/10.1007/s40766-022-00029-y 
2. Moynihan C.T., Easteal A.J., De Bolt M.A., Tucker J. // J. Am. Ceram. Soc. 1976. 

Vol. 59, P. 12–16. https://doi.org/10.1111/j.1151-2916.1976.tb09376.x 
The study was supported by the Russian Science Foundation, project № 25-73-

20073. 
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Cyclodextrins (CDs) are applied to encapsulate drugs, food additives, dyes, essential 
oils and many other target guests used in various applications. Typically, such 
encapsulation is performed in solid mixtures, slurries or paste-like systems where there 
is not enough water to fully dissolve cyclodextrin and guest. Such systems require a 
different approach than the classical CDs’ complexation in aqueous solutions.  

The key feature of guest inclusion in solid state is phase transition from solid CD to 
solid inclusion compound. This process involves a complex interplay between the size 
exclusion effect for guest inclusion, the cooperative activation of this process by a third 
component such as water (or organic solvent) additive, and the competition between the 
guest and water for the space inside CD cavity. As an additional factor, the newly 
discovered polymorphism of natural CDs can be used [1]. All these processes can be 
analyzed using classical thermodynamics.  

To make a fair comparison of solid state and solution processes, they were analyzed 
using a thermodynamic activity scale [2]. This approach allowed us to estimate the 
quantitative contribution of the hydrophobic effect and other important factors affecting 
the stability of complexes, such as the shape of guest molecules, H-bonding, and 
repulsion of «high-energy» water molecules. 

Fast scanning calorimetry (FSC) is state-of-the-art method which allowed to find the 
melting points and enthalpies for the natural CDs [1]. The obtaining of such data is 
possible due to extremely high heating rates up to 2,400,000 K/min, enabling a study of 
processes that are ‘hidden’ for the conventional methods of thermal analysis. Such data 
are essential for understanding structure-property relationships; for calculations on the 
energy of the crystal lattice for CD polymorphs, which has a crucial effect on inclusion 
properties; for evaluation of the temperature limits during modification of drug 
complexes by fast heating and cooling. Such data also give the innovative possibility to 
determine thermodynamic parameters of CDs liquid state which is essential for the 
understanding and the molecular modeling of guest inclusion by CDs. 

 
1. Gatiatulin A.K. et al. Fusion thermodynamics of native cyclodextrins // Therm. 

Acta. 2025. Vol. 753, 180115. https://doi.org/10.1016/j.tca.2025.180115 
2. Gatiatulin A.K., Ziganshin M.A., Gorbatchuk V.V. Guest inclusion by native 

cyclodextrins in solid state and solutions: A review // Carbohydr. Polym. 2025. 
Vol. 349, 122962. https://doi.org/10.1016/j.carbpol.2024.122962 

This work was funded by the subsidy allocated to Kazan Federal University for the 

state assignment in the sphere of scientific activities, № FZSM-2026-0026. 

https://doi.org/10.1016/j.tca.2025.180115
https://doi.org/10.1016/j.carbpol.2024.122962


212 XXV International Conference on Chemical Thermodynamics in Russia 

FORMATION THERMODYNAMICS  
FOR IPRONIAZID MULTICOMPONENT CRYSTALS  

WITH DIHYDROXYBENZOIC ACIDS 
Drozd K.V., Ramazanova A.G., Shmukler L.E., Perlovich G.L. 

G.A. Krestov Institute of Solution Chemistry RAS 
153045, Ivanovo, Akademicheskaya st., 1 

 
The rational design of pharmaceutical multicomponent crystals has emerged as a key 
strategy for tailoring the physicochemical properties of drug substances without com-
promising their therapeutic efficacy. While structural characterization provides essen-
tial insights into molecular recognition patterns, a fundamental understanding of for-
mation thermodynamics (Gibbs energy, enthalpy, and entropy) is crucial for predicting 
stability and guiding the selection of optimal solid forms for pharmaceutical develop-
ment. This work focuses on the quantitative thermodynamic characterization of five 
iproniazid multicomponent crystals with 2,3-, 2,5-, 2,6-, 3,4-, and 3,5-dihydroxybenzoic 
acids. 

The Gibbs energy of formation (ΔGf) for the studied multicomponent crystals was 
determined using a solubility-based method in acetonitrile within the temperature range 
of 20 to 40 °C, which directly probes the equilibrium between the solid phase and the 
solution. The negative values of ΔGf confirm that the formation of all investigated sys-
tems is a spontaneous process, ensuring their thermodynamic stability relative to the 
pure components. The temperature dependence of the solubility products allowed for 
the calculation of the enthalpies and entropies of formation. The results reveal that the 
process of multicomponent crystal formation between iproniazid and dihydroxybenzoic 
acids is primarily enthalpy-driven, indicating the dominant role of strong intermolecular 
interactions, such as hydrogen bonding, in the stabilization of the crystal lattice. 

 
This work was supported by the Russian Science Foundation (№ 22-13-00031-P). 
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Cyclotriphosphazenes (N₃P₃X₆) represent a versatile class of phosphorus–nitrogen het-
erocycles whose remarkable chemical stability and tunable electronic properties make 
them promising building blocks for advanced functional materials1, 2. However, the fun-
damental origin of their stability and the role of substituents in controlling their thermo-
dynamic and electronic behavior remain insufficiently understood. 

DFT calculations were performed to show that ring formation is strongly exergonic, 
whereas substitution reactions are enthalpy-controlled and substituent-dependent. No-
tably, SCN derivatives are thermodynamically unfavorable, while NCS analogues re-
main stable (see figure). 

 

 
Thermodynamics of Cyclotriphosphazenes Substitution;  

eg is ethylene glycol; en is ethylenediamine; ea is 2-aminoethanol 
 

Despite substituent variation, the P₃N₃ framework remains structurally invariant, 
with constant P–N bond lengths and polarized closed-shell interactions (QTAIM). In 
contrast, P–X bonding varies significantly, reflecting substituent-dependent polarity. 

Overall, the obtained results establish a thermodynamic framework for understand-
ing and predicting the behavior of cyclotriphosphazenes. The combination of calculated 
reaction energetics and electronic structure descriptors enables rational assessment of 
substituent effects on both stability and reactivity. In particular, the revealed polariza-
tion-driven stabilization of the P₃N₃ ring provides a unifying explanation for its excep-
tional robustness and substituent tolerance. These findings demonstrate that targeted 
modification of substituents can be employed as an effective strategy for tuning ther-
modynamic properties and guiding the design of phosphazene-based functional materi-
als with predictable performance. 

 
1. C. Gholamrezazadeh et al. J. Mol. Struct. 1312 (2024) 138526. 
2. R. F. Weitkamp et al. Chem. Eur. J. 27 (2021) 10807. 
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Ethers of ethylene glycol and C1-C10 alcohols of various structures have found wide 
application in modern high-tech industries: they are employed in absorption processes 
for the purification of natural gases from acidic impurities; they are used as components 
of hydraulic and brake fluids; and they serve as effective co-solvents and transdermal 
conductors in pharmaceuticals and cosmetology. 

Such a wide range of applications for representatives of this series of compounds is 
due to their high thermodynamic stability and low volatility, as well as the possibility 
of varying other physicochemical properties through targeted modeling of the chemical 
structure when creating symmetrical or asymmetrical ethers. 

The determining parameter for considering the applicability of ethylene glycol ethers 
in a particular area is the enthalpy of evaporation, on the basis of which it is possible to 
evaluate intermolecular interactions in organic liquids or thermodynamic compatibility 
with materials for various purposes. 

The diversity of ethylene glycol ethers (both symmetrical and asymmetrical in na-
ture) imposes experimental limitations on the determination of the enthalpy of vapori-
zation values by direct or indirect methods (mass transfer, ebulliometry, etc.) due to the 
labor-intensive nature of the synthesis and isolation of compounds. 

As alternative approaches in world practice, empirical correlation dependencies of 
the enthalpy of evaporation on chromatographic retention parameters or physical/struc-
tural quantities (boiling temperatures, enthalpies of solution, number of homologous 
elements, etc.) are used, as well as high-level quantum-chemical calculations based on 
gas-phase enthalpies of formation. 

This paper validates available literature data on the enthalpies of vaporization of eth-
ylene glycol ethers and C1-C10 alcohols of varying structure and symmetry. Correlations 
between the enthalpies of vaporization and the above-mentioned arguments (in the form 
of structural or thermophysical parameters) are demonstrated for a wide range of ethers. 
The obtained values are compared with those obtained through quantum-chemical cal-
culations. An array of enthalpy of vaporization values is proposed and substantiated for 
a number of the ethers considered. 
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VNIIM has completed development and type approval of the sets of certified reference 
materials (CRMs) for phase transition temperatures in the range of +40 to +250 °C: 
1st GSO 12820/12822-2025 and 2nd GSO 13150/13152-2025. The sets comprising sev-
eral types of melting point CRMs based on high-purity organic substances: benzophe-
none, benzoic acid, caffeine (1st set) and acetanilide, biphenyl, benzoguanamine (2nd 
set). 

Development of the new set of CRMs was necessary due to solve several issues with 
the current tools and procedures used for of melting point measurement of organic ma-
terials. Current state revealed the absence of a unified approach to determine the metro-
logical characteristics of measuring instruments, including procedures for their verifi-
cation and calibration. This issue appears from different interpretation of the melting 
temperature definition as a thermodynamic property of a substance when using different 
measurement methods. Significant discrepancies in experimental data obtained by var-
ious techniques (particularly at different heating rates) were also noted, along with dif-
ficulties in interpreting both the obtained data and the observed discrepancies. 

These factors adversely affect measurement uniformity in this field. Consequently, 
a novel approach was implemented in the development of the CRMs, anticipated to 
reduce the effects of these shortcomings. 

The certified value of the developed CRMs was determined through direct measure-
ments using the State Working Standard of Temperature (Grade 2) in the range of 
+40 °C to +250 °C (3.1.ZZB.0453.2024), in accordance with Part 2 of the State Verifi-
cation Scheme for Temperature Measuring Instruments. The standard setup consists of 
two precision thermometric systems: one implementing the melting process in a custom-
designed cell under constant heat flux, and the other using a dry-block thermostat with 
direct contact between the temperature sensor and the substance. 

In the author’s opinion a generalized method- and instrument-independent definition 
of melting point should be used, described as the temperature at which thermodynamic 
equilibrium between the solid and liquid phases of a substance can be achieved, pro-
vided that the liquid phase retains its initial composition and the amount of solid-phase 
crystals tends to zero. 

The certified property of the CRMs is a melting point. It was determined as the tem-
perature corresponding to the local minimum of the first derivative (or the point where 
the second derivative changes sign) within the two-phase region (melting plateau) when 
the liquid fraction is getting closer to 1.  

The experiments were conducted under near-equilibrium conditions, with a heating 
rate in the range (0.2 ‒ 1.0) °C/min, and temperature measurements were performed 
using a temperature sensor in direct contact with the substance (traceable to ITS-90). 
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Recently, increased attention has been paid to the scrolling of crystalline layers of var-
ying chemical compositions, which occurs due to internal or external factors, as well as 
a combination of both. Unlike the more widely known nanotubes, the scrolled nature of 
the layer allows for extensive morphological modification: scrolling at various angles, 
scrolling with a variable radius of curvature, and response to changing external condi-
tions. Partial loss of translational symmetry by the layer are also of fundamental interest 
in connection with the applicability, in this case, of the classical definition of the ther-
modynamic phase of matter. 

Despite the wide diversity of compositions and structures, the class of nanoscrolls is 
currently presented in the literature more as a collection of disparate studies than as a 
unified whole. In this regard, the first part of the report formulates the fundamental 
equations of the energy theory of scrolling and attempts to apply them (at a qualitative 
level) to various currently known cases of scrolls formation from graphene, C3N4, 
MXenes, chalcogenides, oxides, layered double hydroxides, and other compounds. The 
second part focuses on the objects fundamental to this theory – phyllosilicates [1,2]. The 
following cases are considered: 

– Correlation of the energy effect of scrolling and Calvet calorimetry data for 
Mg3Si2O5(OH)4 with the chrysotile structure; 

– Isovalent and heterovalent substitution in the structure of phyllosilicates as a 
method for controlling morphology; 

– Comparison of the energetic and thermodynamic factors of the formation of the 
distribution of substituting cations over a layer of variable curvature; 

– Prediction of the scrolling potential and dimensional characteristics of na-
noscrolls of 2:1 layered silicates (with talc and montmorillonite structures). 

 
1. Krasilin A.A., Khrapova E.K., Maslennikova T.P. Cation Doping Approach for 
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Alloys consisting of elements with a low melting point play an essential role in the 
development of next-generation low-temperature fusion technologies in microelectron-
ics. This group of alloys, for the most part, are lead-free solders. Currently, publications 
have appeared on the production of wind turbines from low-melting elements [1]. In 
such alloys, a major role is played not by hardness or wear resistance, but by resistance 
to fatigue loads, plasticity, and adhesion to other metallic materials. 

In the present work, the synthesis of the AlBiZnSnGa alloy is carried out, where the 
gallium content was 2 at.%, and the remaining components were taken in an equiatomic 
ratio (24.5 at.% each). When studying the microstructure of this sample, pronounced 
needle-like phases are found in the alloy structure. The microhardness of the alloy av-
erages 34.747 kg/mm². According to the XRD results, the main component of the alloy 
is Bi (33.4 wt.%). The content of tin and zinc is approximately the same: 20.9 and 20.1 
wt.%, respectively. The aluminum content is 8.4 wt.%, gallium – 0.8 wt.%. In addition 
to pure metals, the intermetallic compound AlSn (3.0%) and the oxides Sn₃O₄ (4.0%), 
SnO₂ (4.4%) and ZnO (5.0%) are formed. 

Simultaneous thermal analysis (STA) was performed in an argon medium in the tem-
perature range of 20–700°C, with a heating and subsequent cooling rate of 10 K/min, in 
Al₂O₃ crucibles. On the DSC heating curve, the beginning of melting of the sample is 
characterized by an endothermic peak at 123°C. At a temperature of 140°C, the melting 
of more refractory compounds begins. The crystallization of the alloy begins at a tem-
perature of 129°C. Several endothermic and exothermic peaks are observed on the heat-
ing and crystallization curves, the presence of which may be due to the formation of 
phases and the occurrence of eutectic, peritectic or monotectic reactions. The change in 
the mass of the sample during the study was 0.15%. The results of the analysis allow us 
to conclude that the melting point of the resulting alloy is significantly lower than that 
of all the initial components, except gallium. 

 
1. Liu Y., Pu L., Yang Y., He Q., Zhou Z., Tan C., Zhao X., Zhang Q., Tu K.N. A 

high-entropy alloy as very low melting point solder for advanced electronic packaging 
// Materials Today Advances. September 2020. 7:100101. 
https://doi.org/10.1016/j.mtadv.2020.100101 
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When using the hydrothermal synthesis method, the stabilization of the crystalline phase 
occurs at low temperatures (100 – 200 °C), which means that it is primarily due to the 
enthalpic contribution to the change in Gibbs energy (ΔG = ΔH – TΔS), while the influ-
ence of the entropic term is minimized. 

Compounds of variable composition with pyrochlore structure in the                       
Bi2O3–Fe2O3–WO3 system, obtained under hydrothermal conditions (T = 90 – 200 °C, 
P ≤ 7 MPa), are enthalpically stabilized phases [1], since they are unstable at tempera-
tures above ~725 °C [2]. The study of these compounds is of particular interest because 
their properties may reveal features that are not typical of compounds in which the en-
tropy factor plays a significant role in the change in Gibbs free energy. 

In this work, the concentration limits of the stability field of                      
(BizVac2-z)(Fe2-yWy)O6O`δ compounds (where Vac is a cation vacancy) with pyrochlore 
structure (T = 200 °C and P ~ 7 MPa: 0.60 ≤ z ≤ 1.35; 1.32 ≤ y ≤ 1.96; δ ~ 1) were 
determined and it was shown that they are several times higher than those for pyrochlore 
phases obtained in most other oxide systems using the solid-phase synthesis method. 
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Modeling the electrical double layer at a metal electrode–electrolyte interface remains 
a fundamental challenge due to the coupled electrostatic, steric, and chemical interac-
tions operating across different length scales. We present a self-consistent field theory 
incorporating key physical components neglected in classical models: short-range spe-
cific interactions, ion hydration, dielectric saturation of the solvent, and excluded vol-
ume effects. By solving a modified Poisson–Boltzmann equation derived from the grand 
thermodynamic potential, with parameters informed by quantum chemistry calcula-
tions, we accurately reproduce the differential capacitance of aqueous electrolytes at 
silver electrodes. The approach was first validated on the Ag(100) face for systems 
without specific adsorption (KPF6, NaClO4) [1], then extended to account for specific 
adsorption and partial charge transfer in the Ag(100)/NaF system [2]. A Morse potential 
for adsorption energy and explicit charge transfer yielded fitted parameters in good 
agreement with quantum chemical and ab initio molecular dynamics estimates. We fur-
ther apply the model to Ag(111) and Ag(110) faces in NaF electrolyte, obtaining face-
dependent adsorption energies, potential range parameters, and partial charge transfer 
coefficients that reveal how ion–surface and water–surface interactions vary with sur-
face structure. These results explain the experimentally observed ordering of fluoride 
adsorption strength across the three low-index silver faces and establish a pathway for 
incorporating electrode crystallography into continuum EDL modelling, with direct ap-
plications in supercapacitors and electrochemical energy storage. 
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Collagen and chitosan are promising materials because of their unique biological and 
manufacturing properties. Chitosan can affect the self-assembly process of collagen 
through electrostatic interactions. Chemical crosslinking provides new opportunities for 
obtaining biodegradable materials with well-defined microarchitecture and mechanical 
properties. In this work we apply this approach based on the simultaneous use of chi-
tosan, collagen type I, and glutaraldehyde (GA) as a cross-linker for obtaining thin lay-
ers at the air–water interface with controlled morphology. The properties of the layers 
were studied using the oscillation ring method, ellipsometry, and atomic force micros-
copy (AFM). The properties of the composite films strongly depend on the ratio between 
components, pH, and the presence of the cross-linker. At pH 2, both chitosan and col-
lagen possess a positive charge and almost do not interact. The dynamic surface elastic-
ity, dynamic surface tension, and the adsorbed amount for the mixed systems change 
from the values typical for one component to those typical for the other, regardless of 
the presence or absence of GA. However, AFM images demonstrate various types of 
morphology and a significant impact of GA on the layer structure. When chitosan dom-
inates, one can see numerous islands consisting of short rods. They can transform into 
a coral-like structure with a clearly noticeable center of growth under the influence of 
GA. When the main component is collagen, numerous dots are observed. At a ratio of 
1:1, the surface layer consists of aggregates of complex shape, which turn into a struc-
ture resembling roof tiles when GA is added. 

At pH 6, both chitosan and collagen separately demonstrate relatively weak surface 
activity. However, the complexes of collagen and chitosan show a significant surface 
activity. At a ratio of 1:1, the dynamic surface tension reaches about 57 mN/m at equi-
librium, as compared to 71 and 70 mN/m for pure chitosan and collagen, respectively. 
The dynamic surface elasticity of the mixtures is in between the values for pure compo-
nents and ranges from 20 to 30 mN/m, depending on the component ratio. GA addition 
at a concentration of 0.2 mg/ml results in a significant increase in the dynamic surface 
elasticity, up to 200 mN/m, and thge film thickness, up to 30 nm. On the basis of AFM 
data, we can expect the formation of a continuous structure where both components are 
connected into a single network. Probably the elementary building blocks of this net-
work are the collagen microfibrils, which were observed for collagen–chitosan mixtures 
without GA. It can be suggested that the addition of the cross-linker allows the for-
mation of a chitosan shell on the surface of the fibrils, connects them, and thus improves 
the mechanical properties of the adsorption layer. 

 

This research was funded by the Russian Science Foundation, grant № 24-13-00261. 



XXV International Conference on Chemical Thermodynamics in Russia 221 

THE ESTIMATION OF Ni-BASED SUPERALLOYS  
THERMODYNAMIC CHARACTERISTICS 

Movenko D.A., Zaycev D.V., Gulyaev A.I. 
 The National research center «Kurchatov institute» 

105005, Moscow, Radio st., 17 
 

This paper presents the results of a thermodynamic calculation of the structural and 
phase characteristics of VZhM1 (generation III), VZhM4 (generation IV) and VZhM8 
(generation V) alloys. The lattice parameters of the γ and γ' phases, the γ' solvus tem-
perature, the interfacial energy at the γ/γ' phase boundary and the antiphase boundary 
energy were determined. 

Negative misfit (aγ > aγʹ) contributes to an increase in creep resistance. It is shown 
that the VZhM8 alloy exhibits the highest negative misfit (−0.27% at 20 °C and −0.41% 
at 1200 °C), while the VZhM1 alloy has a positive misfit (0.07% at 20 °C and 0.14% at 
1200 °C), which is due to the absence of ruthenium in its composition. The γ'-solvus 
temperature is a critical parameter for thermal stability. The highest γ'-solvus tempera-
ture (1322 °C) is observed in the VZhM8 alloy due to its high ruthenium content (6%) 
and optimal balance of W (4.2%) and Ta (6%). VZhM1 and VZhM4 have similar 
γ'-solvus temperatures (1299.3 and 1294.5 °C, respectively). 

The interfacial energy at the γ/γ' boundary determines the morphology of γ' particles: 
low energy promotes uniform particle distribution, increasing the alloy's strength. The 
lowest interfacial energy at the γ/γ' boundary at 1200 °C was found in the VZhM4 alloy 
and is 32.8 mJ/m². In the VZhM1 and VZhM8 alloys, the interfacial energies are 37.1 
and 37.7 mJ/m², respectively. 

The antiphase boundary energy affects the microstructure's resistance to degradation. 
The highest energy value was observed in the VZhM1 alloy (238.9 mJ/m² at 1200 °C), 
while in the VZhM4 and VZhM8 alloys it was lower (200.3 and 203.6 mJ/m²), which 
is due to the ruthenium content. 

An analysis of the dependence of the calculated values of the structural-phase char-
acteristics on the alloy composition showed that rhenium, tantalum, and tungsten in-
crease the γ'-solvus temperature, slowing down atomic diffusion and stabilizing the 
γ'-phase; chromium and cobalt reduce thermal stability by reducing the solubility of 
aluminum in the γ'-phase; Ruthenium, when present in the alloy at a content of up to 
6-7%, increases the γ'-solvus temperature, but when present in excess, causes lattice 
distortions, worsening the properties. 
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Recent advancements in ionic liquid (IL) research are driven by their application as 
electrolytes in various technological applications due to their specific and tunable prop-
erties. Special attention is attributed to IL behavior in the confinement because of phe-
nomena such as overscreening and the superionic state. To understand the mechanisms 
governing confined IL behavior, current research mainly examines the role of IL prop-
erties, while the impact of confining material properties is not less important. 

We have analyzed recent theoretical and simulation findings, which reveal the con-
tribution of substrate material properties and suggest possible extensions required to 
improve our understanding in this field (see Figure). Particularly, we cover the impact 
of surface morphology and multiscale nanoporous geometry on the capacitance proper-
ties of confined IL and ion diffusion. Then we provide a literature background on me-
chanical properties and deformation for the system of confined IL between two surfaces. 
Additionally, we addressed the influence of confining material chemical composition 
on confined IL properties, covering ionophobicity, polarizability, and quantum capaci-
tance issues [1]. Overall, this work emphasizes the critical role of surface material prop-
erties in confined IL research and identifies key gaps for future investigation. 

 

 
a) Differential capacitance variation near electrodes with different structures, b) Stress 
tensor components for flat and rough confinement, c) the impact of the chemical com-

position of the confining surface on the differential capacitance profile 
 
1. Nesterova I. et al. The role of surface material properties on the behavior of ionic 
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The search for new compositions and design of complex oxide materials is an attractive 
scientific area with enormous opportunities and potential for technological applications. 
In this framework, crystalline solids contribute many branches, such as energy, super-
conductors, electronics, catalysis, medicine, and others. Nowadays, studies are greatly 
assisted by computational and data-driven approaches for accelerating new materials 
discovery and searching for composition−structure−property relations. Particular atten-
tion is paid to the strategies that aim to predict new stable and metastable crystalline 
materials. To achieve this goal, different heuristics comprising the density functional 
theory (DFT) calculations and high-throughput screenings of modern data collections 
were developed. Moreover, such combinations of methods provided reliable infor-
mation on the processes in solids, such as ionic transport and deintercalation and syn-
thesis condition effects. 

REE manganites contribute significantly to the current demand for high-perfor-
mance functional materials. Such phenomena as colossal magnetoresistance and mag-
netocaloric effects have also been discovered in them. To speed up the the design of 
optimal compositions, comprehensive studies of the production methods, phase compo-
sitions, structure, and properties of compounds known from the literature have been 
conducted. However, to date, very few compositions have been comprehensively stud-
ied, and for those that have been studied, experimental data are presented in various 
forms, creating difficulties in processing. 

Fortunately, the possible space groups and unit sell parameters corresponding to the 
manganite structures have been determined, and experimental preparation of com-
pounds using various methods is possible to verify the calculated data. Existing evolu-
tionary algorithms are, in principle, capable of varying the chemical composition, cre-
ating new compounds/phases, and choosing the most promising candidates based on the 
energy landscape exploration. In practice, their computational cost is low enough to 
enable comprehensive modeling of the complex oxides. 

In this work we developed and applied the hybrid DFT/data-driven approach for 
searching for new stable doped lanthanum manganite. Theoretical predictions of new 
stable complex oxides, their structural properties, and compositions were made and the 
theoretical predictions were tested experimentally. This model will allow the possibility 
of predicting the structure and properties to be extended to a wide range of perovskite-
like materials. 
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At present more than 100,000 compounds forming mesophases are synthesized [1]. 
However, for the majority of them (98 %) only temperatures and enthalpies of phase 
transitions are known. To enlarge of industrial application areas, it is necessary to 
have a complete set of data on physical and thermodynamic properties of individual 
mesogens and mixtures [2]. For property evaluation, a scheme based on the minimum 
experimental information (molecular structure) is used. The normal boiling tempera-
ture is selected as the key property. Applicability of the group-contribution methods 
has been first tested on p-substituted "model substances", (i.e. compounds having a 
structure typical for calamitic mesogens, for which a set of physical properties had 
been well studied). Methods, that gave the minimum difference between the estimated 
and experimental data, have been tested on liquid crystalline substances. Scheme for 
the estimation of density, surface tension, thermodynamic properties in mesophase and 
in isotropic state, is proposed. Precision is enough for engineering calculations. Exist-
ing prediction methods for temperatures and enthalpies of phase transitions are ana-
lyzed. Different correlation dependencies have been tested on a large volume of exper-
imental data from [3].  

It is also demonstrated applicability of the group-contribution methods for mixture 
properties estimations. It is possible to calculate physical properties for mixtures and 
phase diagrams of binary and ternary systems containing liquid crystals basing on the 
activities of components (the UNIFAC-Dortmund method). 
 

1. S. Pestov, V. Vill. Liquid Crystals. / In: Springer Handbook of materials data. 
/eds.: W. Martienssen, H. Warlimont. Springer, Berlin, 2018. P. 955-988. 

2. M.G. Tomilin, S.M. Pestov. Properties of liquid crystalline materials. Polytech-
nika, St.-Peterbourg, 2005. 296 p. (in Russ.)  

3. S.M. Pestov. Physical properties of liquid crystals. / ed.: V. Vill / Landolt-

Boernstein. New Series. VIII/5A. Springer, Berlin, 2003. 492 p. 
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Due to the formation of stable and durable interfacial films silk fibroin can be consid-
ered as an alternative to many traditional emulsifiers and surface modification agents in 
various branches of industry, from pharmacy to cosmetic industry [1]. Propensity of this 
protein to form different types of aggregates may expand the diversity of 2D fibroin-
based materials. The influence of self-assembled structures of native silk fibroin, amy-
loid-like fibrils obtained by thermal treatment of native protein solution and their com-
posites on dynamic surface properties was studied in this work. The difference in the 
behavior of silk fibroin in different forms at the air-water interface was determined using 
a combination of dilatation surface rheology, ellipsometry, and atomic force micros-
copy. 

The high dynamic surface elasticity of native silk fibroin solutions (>220 mN/m) is 
due to the formation of a thick, dense, interconnected network at the interface. The prop-
erties of adsorbed and spread layers of silk fibroin fibrils differ significantly from those 
of the native protein and turns out to be similar to the amyloid fibrils of globular pro-
teins. For fibril dispersions purified from unreacted molecules, the dynamic surface 
elasticity can reach only 140 mN/m due to the presence of a thin layer (7-15 nm) of 
intertwined aggregates on the surface, which do not form a continuous network. 

In mixed systems, silk fibroin fibrils prevent the formation of supramolecular struc-
tures in the surface layer. Neither the adsorption of unreacted protein molecules in the 
unpurified fibril dispersion nor the addition of fibroin to a preformed fibril layer results 
in the formation of films with mechanical properties similar to native fibroin. Thus, the 
fibroin fibrils act as structural modifiers that suppress the interfacial self-organization 
of fibroin molecules, leading to thinner, less resilient but stable surface layers. Control-
ling the properties of the surface layer by combining different forms of fibroin at the 
interface may allow the creation of functional materials with desired properties. 

 
1. Qiao, X.; Miller, R.; Schneck, E. Biocompatible Emulsions Stabilized by Natural 

Silk Fibroin. Colloids and Interfaces 2026, 10, 1–15,                       
https://doi.org/10.3390/colloids10010013 

The work was financially supported by Russian Science Foundation (project № 24-

13-00261). 
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Fe-Ni-B-Nb and Fe-Ni-B-Si-Nb alloys in a disordered condensed state (in the form of 
amorphous ribbons and bulk amorphous rods) have been actively studied in recent years 
due to their unique electrical and magnetic properties. Such alloys in an amorphous state 
are beginning to be used as promising materials in industry. In this work, the crystalli-
zation of amorphous Fe-Ni-B-Nb and Fe-Ni-B-Si-Nb alloys with different component 
contents is investigated for the first time. 

Fe-Ni-B-Nb and Fe-Ni-B-Si-Nb alloys were obtained in the form of ribbons with a 
width of 2-3 mm and a thickness of up to 45 μm by spinning (planar flow casting) 
method in a protective argon atmosphere. Crystallization processes were studied using 
differential scanning calorimetry (DSC) at various heating rates and X-ray diffraction. 

Based on the results of diffraction experiments with Fe-Ni-B-Nb and Fe-Ni-B-Si-Nb 
ribbons, it was established that all obtained samples are X-ray amorphous. It has been 
shown that the crystallization processes of amorphous Fe-Ni-B-Nb and Fe-Ni-B-Si-Nb 
alloys are multistage (1-3 crystallization stages depending on the alloy composition). 
Based on the DSC data, the activation energy of the various crystallization stages was 
calculated using the Kissinger method, and the kinetic parameters and Avrami index 
were determined using the Kolmogorov-Jones-Mehl-Avrami (KJMA) model in the var-
iant for non-isothermal crystallization. It is shown that after the first stage of crystalli-
zation of amorphous Fe-Ni-B-Nb and Fe-Ni-B-Si-Nb alloys, the main phase is the met-
astable (Fe,Ni)23B6 phase with partial replacement of iron and nickel atoms by niobium 
atoms. 

The obtained results can be used for further research into the physical and chemical 
properties of amorphous and partially crystallized Fe-Ni-B-Nb and Fe-Ni-B-Si-Nb al-
loys, as well as for their practical application in industry. 

 
The reported study was funded by the Russian Science Foundation, project number 

25-23-00049, https://rscf.ru/project/25-23-00049/ 
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Carbon nanostructures are widely used as electrode materials for energy storage and 
accumulation devices. Graphene, a single layer of sp2-hybridized carbon atoms, is one 
of the most promising carbon allotropes. Various approaches have been developed to 
improve the performance of graphene-based materials. In particular, the introduction of 
heteroatoms into their composition alters their electrochemical properties [2]. In the 
present study, N-, P-doped graphene nanoflakes (GNFs) were obtained. 

Electrode charge-discharge processes, involving the transformation of chemical 
compounds into others, entail changes in thermodynamic functions: the free Gibbs en-
ergy ΔG, entropy ΔS, and enthalpy ΔH. Knowledge of these parameters allows for the 
prediction of electrochemical processes occurring in the system [3]. However, the ther-
modynamics of lithium intercalation into the GNFs structure have not been addressed 
in the literature. 

In this study, we analyzed the thermodynamic functions of lithium intercalation into 
the -N, -P structures of GNF in a 1 M LiPF6 solution in a 1:1 mixture of ethylene car-
bonate and diethylene carbonate, EC + DEC. The measurements were carried out in 
coin-cells using galvanostatic intermittent titration technique and OCV measurements 
in the temperature range of 20-50°C. The parameters were evaluated using known equa-
tions [3]: 

ܩ∆  = ை஼௏ܧܨ݊− , ∆ܵ = ܨ݊− ை஼௏߲ܶܧ߲ . 
 

1. Wang H., Maiyalagan T., Wang X. Review on Recent Progress in Nitrogen-Doped 
Graphene: Synthesis, Characterization, and Its Potential Applications // ACS Catal. 
2012. Vol. 2, № 5. P. 781–794. 

2. Reynier Y. F., Yazami R., Fultz B. Thermodynamics of Lithium Intercalation into 
Graphites and Disordered Carbons // J. Electrochem. Soc. 2004. Vol. 151, № 3. 
P. A422–A426. 

3. Allart D., Montaru M., Gualous H. Model of Lithium Intercalation into Graphite 
by Potentiometric Analysis with Equilibrium and Entropy Change Curves of Graphite 
Electrode // J. Electrochem. Soc. 2018. Vol. 165, № 2. P. A380–A387. 
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Bulk metallic glasses (BMG) are the objects with unique magnetic, mechanical, and 
anticorrosive properties. They significantly exceed crystalline analogues and can be 
used in chemically aggressive environments and in difficult climatic conditions. For 
example, iron-based metallic glasses have excellent soft magnetic characteristics (the 
saturation induction reaches Bmax = 1 T at a coercive force Hc = 1 A/m; for the same 
alloys in crystalline state Bmax = 0.2 T at Hc > 100 A/m). In addition, these BMGs are 
characterized by ultra-high values of fracture resistance at the level of 4250-4450 MPa 
and plastic deformation of 0.6-1.3% (for crystalline analogs, these parameters are 4-5 
times lower). However, the widespread use of BMG is limited by the instability of the 
amorphous state, which can crystallize under certain external influences. 

In this paper we studied temperature dependences of physical properties (density, 
viscosity, electrical resistivity and magnetic susceptibility) of Fe-Ni-B-Si-Nb alloys, 
and investigated the influence of chemical composition and regimes of melts prepara-
tion for quenching on properties and stability of the alloys in amorphous state. Some 
parameters of electronic structure of the alloy were calculated from the experimental 
data: the effective magnetic moment per atom μeff, the paramagnetic Curie temperature 
θ and the density of electron states at Fermi level N(EF). 

The combination of the obtained data on volumetric (density and viscosity) and elec-
tronic (electrical resistivity and magnetic susceptibility) characteristics, as well as the 
discovered temperature ranges in which anomalies in density and electrical resistivity 
curves for iron-based melts were observed, became the basis for the creation of several 
regimes for melts heat treatment before amorphization. It was established, in particular, 
that crystallization occurs in one or two stages depending on chemical composition of 
the sample. The decreasing of nickel content in the samples increases both the crystal-
lization onset temperature and the peak temperature of the second stage. An increase in 
boron content has a similar effect, i.e. the most stable amorphous state was in the sample 
containing 20 at.% boron. However, this sample has the lowest Curie temperature. 

 
The reported study was funded by the Russian Science Foundation, project № 25-
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Operational safety is the foremost criterion in the design of nuclear power plants (NPPs). 
Modern NPPs employ a defense-in-depth strategy aimed at preventing the release of 
radioactive material into the environment. An indispensable step in the safety assess-
ment of any NPP is the simulation of accident scenarios, including severe accident se-
quences involving core meltdown, and the development of measures for managing and 
mitigating the consequences of hypothetical severe accidents. Knowledge of high-tem-
perature material properties and phase equilibria among the constituent phases plays a 
central role in the modelling and prediction of severe accident scenarios in nuclear re-
actors. 

The challenge of incorporating plutonium and minor actinides into the nuclear fuel 
cycle requires the advancement of fast neutron reactor technology. Alongside sodium-
cooled fast reactor technology (BN-800, BN-1200M), lead-cooled fast reactor technol-
ogy is currently under active development. The Russian BREST-OD-300 reactor project 
employs a lead coolant, with steel as the fuel cladding material. A novel materials engi-
neering solution is the use of mixed uranium–plutonium nitride (MNUP) as the fuel. 
Compared with conventional oxide fuel, nitride fuel offers several advantages, includ-
ing higher density and thermal conductivity. A drawback of nitride fuel is its thermo-
chemical instability at elevated temperatures, which complicates the investigation of its 
high-temperature properties. 

To address the scarcity of thermodynamic data on the high-temperature thermody-
namic properties of UN and PuN, the high-temperature heat capacities of these nitrides 
were modelled on the basis of defect formation contributions and correlations with the 
properties of uranium and plutonium oxides and carbides. The properties of the nitrides 
in the liquid state were modelled by exploiting the relationship between heat capacities 
and coefficients of thermal expansion. The resulting data enabled the calculation of 
phase equilibria in the quasi-binary UN-PuN system, and its phase diagram was con-
structed for the first time. Using experimental melting data, the phase diagram of the 
UN-Fe system was calculated, and the model was subsequently extended to the PuN-Fe 
system. On the basis of the binary subsystem models, the phase diagram of the ternary 
UN-PuN-Fe system was calculated. The present work demonstrates that phase equilib-
ria in the UN-PuN-Fe system play a key role in analyzing the thermochemical stability 
limits of nitride fuel pins with steel cladding. 
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Esters based on fatty acids and neopentyl glycol (NPG) are used as base oils and can 
also serve as one of the components of synthetic lubricants.  

In this work, a series of esters of neopentyl glycol and octanoic, 2-ethylhexanoic, 
decanoic, and dodecanoic acids was synthesized (see Figure). 

 

 
Structure of Neopentyl Glycole Diesters 

 

Esters of neopentyl glycol and fatty acids of the C8-C12 series were obtained by es-
terification in a self-catalytic mode in the presence of a solvent n-decane. The purity of 
the samples was determined by gas chromatography. The purity of the samples was 
more than 98% by weight. The values of sorption enthalpies, vapor pressures, and evap-
oration enthalpies were determined for the obtained samples. 

The value of the change in internal energy ΔsorpŪ (kJ/mol) and sorption enthalpy 
ΔsorpН (kJ/mol) at an experimental temperature was determined from the dependencies: ln(݇/ܶ) = ܥ − ∆sorpŪܴܶ  ; ∆sorpܪ = ∆sorpŪ − ܴܶ and ݇ = ோݐ − ெݐெݐ , 
where tR– adjusted retention time of the esters, min; tM - retention time of nonsorbing 
substance (n-hexane), min. 

The vapor pressures of NРG esters were determined by the transpiration method. 
The obtained p-T-dependences were described by the equation of the form: ܴ ln ( ܲܲ௔௪) = ௙ܣ − ௙ܶܤ + ∆ж௡0݌ܥ ln ( ܶܶ௔௪), 
where ܲ – is the vapor pressure at T; ௔ܲ௪ – is the vapor pressure at the average temper-
ature of the study ௔ܶ௪; ܣ௙ and ܤ௙ are empirical coefficients obtained by processing p-T 
data by the least squares method; ∆ж௡0݌ܥ – the difference between the molar heat capac-
ities of the gas and liquid phases [1]. ∆vapܪ௠0 (298,2) = ௙ܤ− + 298.2 ∆ж௡0݌ܥ. 

1. E. L. Krasnykh and S. V. Portnova. Journal of Structural Chemistry. 2017, 58, 4, 
706 
The research was funded by the Russian Science Foundation (project №. 26-23-

20231). 
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In recent decades, lithium-ion batteries have increasingly been used for efficient elec-
trical energy storage. Solutions based on lithium salts and organic ether solvents are 
volatile, flammable, and unstable during long-term use. To address the challenges asso-
ciated with lithium-metal batteries, several researchers have considered the use of elec-
trolyte solutions based on glycol diesters, also known as "glymes" [1]. 

Glymes possess physicochemical properties that address the key challenges associ-
ated with lithium-metal batteries: liquid state over a wide temperature range, high chem-
ical and thermal stability, relatively low vapor pressure, and low toxicity. This is partic-
ularly true for polyglycol diesters. 

A challenge has been the lack of experimental thermodynamic data for long-chain 
glymes. Only the first four compounds in the homologous series have been thoroughly 
studied. Therefore, filling in these missing data is a priority for this study. Various ap-
proaches were used, including a combination of empirical methods (correlations using 
Kovacs indices, correlations with enthalpies of solution, etc.) and high-precision quan-
tum chemical calculations (G3MP2, B3LYP with CREST conformational analysis) to 
predict enthalpies of vaporization, heat capacities, and Gibbs energies. 

Experimental enthalpies of vaporization for a homologous series of ethylene glycol 
ethers were collected and validated using empirical methods: correlations using en-
thalpies of solution, the number of -[O-CH2-CH2]- units in the glyme molecule, Kovacs 
indices, surface tensions, boiling points, and Hildebrandt solubility parameters. The en-
thalpies and entropies of formation in the gas phase of ethylene glycol ethers were ob-
tained using high-precision quantum chemical calculations. Using the enthalpies and 
entropies of formation in the gas phase and the enthalpy of vaporization, the enthalpies 
and entropies of formation in the liquid phase were calculated. 

This yielded reliable thermodynamic data that were used to calculate the lower flam-
mability limit, flash point, adiabatic temperature rise, and decomposition temperature. 
These parameters help evaluate the decomposition reaction and the thermal stability of 
glymes. The results suggest that glymes offer high safety and are promising electrolytes 
for batteries. 

 
1. Brouillette D., Perron G., Desnoyers J. E. Apparent Molar Volume, Heat Capacity, 

and Conductance of Lithium Bis(trifluoromethylsulfone)imide in Glymes and Other 
Aprotic Solvents // J. Solution Chem. 1998. Vol. 27, P. 151–182. 
https://doi.org/10.1023/A:1022609407560 
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Alkaline earth metal borosilicates are used in modern technologies, particularly in the 
creation of low-temperature ceramic materials, liquid crystal matrices, sensors, and 
glass ceramics. The introduction of boron oxide in varying concentrations imparts mul-
tifunctionality to borosilicate glasses. Boron-containing compounds are also used in 
medical practice, the construction industry, and in magneto-optical components of de-
vices. 

This work is devoted to a comparative analysis of experimental and theoretical ther-
modynamic constants, the correlation of IR frequencies with the structure of oxides and 
composites based on them. The theoretical values of the studied systems were calculated 
by the ion increment method [1], and also obtained using the quantum-chemical soft-
ware package Gaussian16 and methods of electron density functional theory and semi-
empirical approximation [2]. 

By studying the bifurcation of the Na2SiO3 - B2O3 components, the composition of 
a new composite was determined: Na2O - 41.2%, SiO2 - 42%, B2O3 - 16.8%, the formula 
of which was assumed to be Na4Si2O6·B2O3. This composite was synthesized using the 
solid-phase method at a temperature of 900 °C. The resulting glass was X-ray amor-
phous and transparent. The composition of the obtained substance was analyzed by IR 
spectroscopy. The thermodynamic data of the composite, according to the ion increment 
and quantum chemistry methods, are as follows: 

 

Formula Calculation 
method 

-∆fH0
298, 

kJ/mol 
-∆fG0

298, 
kJ/mol 

S0
298, 

J/mol∙K 
Cp

0
298,  

J/mol∙K 

Na4Si2O6·B2O3 
Ion increment 3985.55 4132.90 281.14 312.59 

PM3MM 3575.14 3758.03 613.49 276.55 
 
The methods used show good agreement between the results obtained, with the ex-

ception of entropy, which, according to the semi-empirical method, indicates that the 
system under consideration is twice as disordered. 
 

1. Aldabergenov M.K., Balakaeva G.T., Ospanova A.S., and Chekimbaev A.F. Cal-
culation of the Standard Thermodynamic Functions of Borosilicates // Russian Journal 
of Physical Chemistry A. 2000. Vol. 74, Nr. 8. P. 1368. 

2. Frisch M.J., Trucks G.W., Schlegel H.B., et al. Gaussian16, Revision A.03, Wall-
ingford: CT, 2016. 
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Compounds of the argyrodite family and related phases are of considerable interest as 
environmentally safe, multifunctional materials exhibiting thermoelectric, 
photovoltaic, and optical properties, as well as high ionic conductivity.  

In this work, the thermodynamic properties of the Ag7BIVSe5I compound and solid 
solutions Ag8-xBIVSe6-xIx(BIV-Ge, Sn) were studied for the first time using the EMF 
method with a solid Ag+ conducting electrolyte Ag4RbI5. 

The compounds Ag8GeSe6, Ag8SnSe6, Ag7GeSe5I, and Ag7SnSe5I were 
synthesized by co-melting stoichiometric mixtures of high-purity elemental substances 
(Ag-rod, 99.997%; Ge-ingot, 99.999%; Sn-ingot, 99.999%; Se-granules, 99.999%; 
I2-powder, 99.999%) in evacuated (10-2 Pa) sealed quartz ampoules. Considering the 
high saturated vapor pressures of iodine (Tb = 457 K) and selenium (Tb = 958 K) at the 
melting temperatures, the syntheses were performed in a two-zone inclined furnace. 

The phase purity of all synthesized parent compounds was confirmed by X-ray 
diffraction (XRD) and differential thermal analysis (DTA), and the results were 
consistent with literature data. For the investigations, alloys of various compositions 
were prepared from the presynthesized and identified compounds.  

EMF measurements were performed using concentration cells of the type 
(-) Ag (solid) | Ag4RbI5 (solid) | (Ag – in alloy) (+) 

Linear temperature-dependent EMF equations were obtained in the temperature 
range of 300–390 K based on the experimental data. For the EMF measurements, a 
high-impedance digital voltmeter Keithley 2100 6½, with an input resistance of 109 Ω, 
was used. Analysis of the EMF data for electrochemical cells of type (1) showed that, 
within the studied temperature range, the EMF isotherms are linear functions of tem-
perature. Using the obtained equations for the temperature dependence of the EMF, 
the partial thermodynamic functions of silver in the alloys were calculated. Based on 
the solid-phase equilibria data in the Ag2Se-AgI-BIVSe2 system, a fragment of the qua-
ternary phase diagram of the Ag-BIV-Se-I system was constructed. This diagram was 
used to formulate the equations of the potential-forming reactions corresponding to the 
synthesized alloys. Based on these reactions, the standard thermodynamic functions of 
formation and the standard entropies of the Ag7BIVSe5I compound and the solid solu-
tions Ag8-xBIVSe6-xIx (x = 0.2, 0.4, 0.6, 0.8) were calculated. 
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Tetradymite-type layered materials have attracted considerable attention because of 
their unique structural and electronic properties and their potential for thermoelectric 
applications, phase-change functionality, and topological insulator behavior. Among 
these materials, the A-BV-Te systems (A = Mn, Ge, Sn, Pb; BV = Sb, Bi) are of partic-
ular interest because they include a wide range of compounds with layered crystal 
structures and diverse functional properties A characteristic feature of these com-
pounds is their layered crystal structure with covalently bonded sheets separated by 
weak van der Waals gaps. Understanding their thermodynamic behavior is therefore 
essential for clarifying phase stability, guiding controlled synthesis, and supporting the 
design of materials for advanced electronic and energy applications. 

In the present work, the thermodynamic properties of manganese-bismuth tellu-
rides and germanium-antimony tellurides were investigated by electromotive force 
measurements under standard conditions. The solid-phase equilibria in the           
MnTe-Bi2Te3-Te and GeTe-Sb2Te3-Te systems were studied to identify the relevant 
heterogeneous regions and to select suitable electrode compositions for reliable elec-
trochemical measurements. It was found that all telluride phases in these systems are 
connected by tie-lines with MnTe in the manganese-containing system and with ele-
mental tellurium in the germanium-containing system. Based on these results, concen-
tration cells of the type (-) MnTe (GeTe) (solid) | glycerol-KCl | alloys (solid) (+) were 
assembled. EMF measurements were performed in the temperature range 300-450 K 
and exhibited linear temperature dependences. Assuming a linear relationship between 
EMF and temperature, the experimental data were analyzed using the least-squares 
method, and the relative partial molar functions of manganese or germanium in the 
alloys were subsequently determined. Taking into account the stability of the coexist-
ing phase compositions in the investigated phase regions, the standard integral ther-
modynamic functions of the ternary compounds were then calculated using the virtual-
cell reaction approach. The obtained thermodynamic data satisfy internal consistency 
criteria and are consistent with the established phase relations, confirming their com-
patibility with the Mn-Bi-Te and Ge-Sb-Te phase diagrams. 
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Ural Institute of the State Fire Service EMERCOM of Russia 
620062, Ekaterinburg, Mira st., 22 

 
The largest amount of reactor graphite is found in RBMK power reactors, the mass of 
graphite masonry in one unit is about 1800 tons. The total amount of irradiated reactor 
graphite in Russia reaches 60 thousand tons. The available technologies for processing 
graphite nuclear waste are based on the principle of isolation from the environment, 
which in turn cannot provide a significant reduction in volume.  

Currently, incineration is the most promising way to handle spent graphite materials. 
To study the temperature conditions of processing and physico-chemical processes oc-
curring in the atmosphere (O2 : N2 = 1.0 : 3.3), it is necessary to conduct a thermody-
namic analysis. 

The calculation of thermodynamic modeling of the behavior of uranium radionuclide 
was carried out in the TERRA program. In the temperature range from 300 to 3600 
degrees Kelvin (K) in increments of 100 K, at a pressure of 0.1 MPa. The paper presents 
the results of an analysis of the behavior of uranium radionuclides in the air atmosphere. 

 

 
Distribution of uranium: 1 – UO2(к.); 2 – UOCl2(к.); 3 – UOCl(к.); 4 – UCl4; 5 – UO3; 

6 – CaUO4(к.); 7 – UO3
–; 8 – UO2

+; 9 – UO2 

 
When the temperature rises from 400 to 2000 K, uranium compounds in the con-

densed phase are observed in the form of (UO2(к.), UOCl2(к.), UOCl(к.), CaUO4(к.)). As the 
temperature increases from 1000 K to 3600 K, uranium compounds enter the ionized 
phase (UO3

–, UO2
+) and the gaseous phase (UO2, UO3, UCl4). 
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THERMODYNAMIC PROPERTIES AND THERMAL EXPANSION  
OF “HEAVY” RARE-EARTH DITITANATES AT HIGH TEMPERATURES 

Gavrichev K.S., Gagarin P.G., Guskov V.N., Guskov A.V., Betenev G.I. 

Kurnakov Institute of General and Inorganic Chemistry RAS 
119991, Moscow, Leninsky prospect, 31 

 
Rare-earth dititanates, RE2Ti2O7, with a cubic structure are promising components in 
the design of catalysts, solid-state fuel cells, optical and laser materials, protective coat-
ings and matrices for the disposal of radioactive waste. 

Previously, the heat capacity of RE2Ti2O7 was measured systematically in the low-
temperature region, and the results obtained are in satisfactory agreement (e.g., [1, 2]), 
while the measurements in the high-temperature region were carried out fragmentarily. 
Data on the enthalpies of formation of rare-earth dititanates of the yttrium subgroup are 
presented in [3]. 

In this study, RE2Ti2O7 titanates (RE=Tb-Lu) were synthesized by reverse precipi-
tation followed by stepwise calcination to 1500°C. The samples were characterized by 
X-ray diffraction (phase composition and lattice parameters) and SEM with EDX spec-
troscopy (particle size, element composition).  

The heat capacity of rare-earth dititanates was determined in the temperature range 
of 300–1850 K by differential scanning calorimetry using the ratio method. Based on 
the obtained values and literature data, Gibbs energies were calculated to assess the 
stability of rare-earth dititanates towards action of high temperature and of CMAS ox-
ides. 

Crystallographic parameters of RE dititanates were studied by X-ray diffraction at 
high temperatures and thermal expansion coefficients were calculated. 

 
1. Bissengalieva M.R., Knyazev A.V., Bespyatov M.A., et al. // J. Chem. Thermo-

dyn. 2022. V. 165. P. 106646. https://doi.org/10.1016/j.jct.2021.103346 
2. P.G. Gagarin, A.V. Guskov, V.N. Guskov, et al. // Russ. J. Inorg. Chem. 2024. 

V. 69. P. 1438–1449. https://doi.org/10.1134/S0036023624602046 
3. K.B. Helean, S.V. Ushakov, C.E. Brown, et al. // J. Solid State Chem. 2004. 

V. 177. P. 1858–1866. https://doi.org/10.1016/j.jssc.2004.01.009 
This work was performed under the State Assignment of Kurnakov Institute of Gen-

eral and Inorganic Chemistry, Russian Academy of Sciences. 

https://doi.org/10.1016/j.jct.2021.103346
https://doi.org/10.1134/S0036023624602046
https://doi.org/10.1016/j.jssc.2004.01.009
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Goryunova P.E., Sarmini Yu.A., Smirnova N.N., Fukina D.G., Markin A.V. 

Lobachevsky State University of Nizhny Novgorod 
603950, Nizhny Novgorod, Gagarina Prospect, 23 

 
Complex metal oxides are of great interest to researchers due to their ferroelectric, cat-
alytic, optical, ionic or electronic conductivity, and other important properties. These 
properties make them promising materials for use as capacitors, superconductors, sem-
iconductors, and in piezoelectric devices. The series of compounds based on the perov-
skite, fluorite, pyrochlore, corundum, rutile, and other stable mineral structures are dis-
tinguished among such complex oxides. The changeable elemental composition of com-
pounds in a series while the overall crystal structure is maintained offers a way to tailor 
various useful properties of the compounds. 

The studied β-pyrochlore oxides are of interest in the context of this task, as their 
structure is stable, their composition can be varied over a wide range, and accordingly, 
their photocatalytic activity-associated physical properties, such as the bandgap width, 
can be controlled. 

The heat capacity of complex oxides with β-pyrochlore structure: CsTeMoO6, 
CsV0.625Te1.375O6, RbTe1.5W0.5O6, Rb0.95Nb1.375Mo0.625O5.79, CsMo0.25W1.75O6, 

CsSn0.25W1.75O6  was investigated by adiabatic vacuum and differential scanning calo-
rimetry in the temperature range of T = (6 – 640) K. The standard thermodynamic func-
tions: heat capacity, enthalpy [H°(T)−H°(0)], absolute entropy [S°(T)] and the Gibbs 
energy [G°(T)−H°(0)] for the range from T → 0 to 640 K were calculated based on the 
obtained experimental data. The low-temperature (T < 50 K) heat capacity dependence 
was analyzed on the basis of multifractal model and chain-layered structure topology of 
the studied compounds was established.  

The thermodynamic properties of the studied complex oxides with β-pyroclore 
structure were compared and analyzed. 

 
The research was carried out with financial support via State assignment in Re-

search scientific laboratory of "Chemistry of natural products and their synthetic ana-

logues", grant number FSWR-2024-0002. 
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Gracheva A.V., Gubin V.Yu., Nigmatullin I.K.,  

Morozov N.S., Klyukova K.E., Khachatryan E.G. 

Moscow State University 
119991, Moscow, Leninskie Gory, 1 

 
Graphite foil (GF) is a unique material with high chemical resistance to most aggressive 
substances uses as a gasket materials or heat spreader. Thus, it is widely used in the oil 
and gas, energy, aerospace, instrumentation manufacturing and other industries. A pure 
GFs have high oxidation rate in air at elevated temperatures, carbon losses being up to 
15-20 mass%/h at 670°С. Different methods of GF modification are used to reduce ox-
ygen influence and extend service life of graphite material. The aim of the work is to 
identify the composition of the additives and methods of their addition to the develop-
ment of a modified material with high temperature resistance based on the natural flake 
graphite (NG). 

GF is obtained by pressure treatment of thermally expanded graphite (TEG) pro-
duced by reduction-oxidation with fuming nitric acid and heat treatment of NG. Phos-
phorous insertion in the graphite matrix structure results in oxidation decrease. Modify-
ing agents are considered to be phosphorus compounds: polyphosphoric acid (PPA) 
Hn+2PnO3n+1 (~115% H3PO4 basis) and monosubstituted zinc phosphate 
Zn(H2PO4)2‧2H20 (ZP). PPA was added into the oxidation solution with different con-
centration. PPA content increase was shown to reduce GF oxidation noticeably 
(0% - 15±2 mass%/h, 10 % - 2,3±0,2 mass%/h, 40% - 1,0±0,3 mass%/h). 

Carbon loss reduction method with ZP-based precursor during NG hydrolysis oxi-
dized with 5% PPA was also investigated. Oxidation was 3,0±0,2 mass%/h without the 
ZP and – 1,9±0,1 mass%/h with it. Energy-dispersive X-ray spectroscopy paired with 
SEM was used to examine residual phosphorous and zinc contents in GF samples (with-
out ZP additive: P = 600 ppm; with it: P = 1800 ppm, Zn = 5000 ppm). Since oxidized 
graphite undergoes heat treatment it is obviously that these elements are impregnated 
into the graphite, where they help passivate active sites and lattice defects formed during 
heat treatment. 
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STRONTIUM FERRITES SUBSTITUTED WITH GALLIUM 
Zhivulina N.A.(1), Zhivulin V.E.(1), Vinnik D.A.(1,2,3) 
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(3) St. Petersburg State University 
199034, Saint Petersburg, Universitetskaya emb., 7–9 

 
Synthesis of samples of the composition SrFe₁₂₋ₓGaₓO₁₉ was carried out using the solid-
phase reaction method, with iron oxide (Fe₂O₃), gallium oxide (Ga₂O₃), and strontium 
carbonate (SrCO₃) as starting components. Sintering of the stoichiometric mixture was 
performed at a temperature of 1400 °C for 5 hours. X-ray phase analysis showed that 
the samples have a single crystalline phase belonging to the magnetoplumbite structure. 
Electron microscopy and EDS analysis confirmed the homogeneous distribution of ele-
ments throughout the sample volume. 
 

 
Temperature dependences of heat capacity 

 

Measurements of the temperature dependence of heat capacity (Cₚ) were carried out 
using a Netzsch differential scanning calorimeter, model STA 449 C. The heat capacity 
was calculated by comparison with a standard (single-crystal Al₂O₃). From Figure 1, it 
can be seen that for the SrFe₁₂O₁₉ sample, two thermal effects are observed. The exo-
thermic effect is associated with the ferrimagnet–paramagnet transition (denoted as Tс). 
For the SrFe₉Ga₃O₁₉ and SrFe₆Ga₆O₁₉ samples, no thermal effect associated with the 
magnetic phase transition is observed; however, these samples are ferrimagnets and 
have Curie temperatures above room temperature (indicated by arrows in Figure). The 
nature of the second thermal effect (endothermic), observed for all samples except 
SrGa₁₂O₁₉, is unknown. It has been suggested that it is related to the redistribution of 
Fe³⁺ cations over crystallographic positions. 

The study was carried out with financial support from the Ministry of Education and 

Science of the Chelyabinsk Region through a grant in the form of a subsidy № 184/3 

dated December 25, 2024, for the establishment of a regional youth laboratory. 
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194021, Saint Petersburg, Politekhnicheskaya st., 26 

 
It is known that the luminescent properties of phosphor nanoparticles depend on the 
crystal structure, morphology, and particle dimensions of the matrix into which the 
phosphor ion is incorporated [1]. In addition, the concentration of the alloying agent and 
the symmetry around the luminescent ion are strongly influenced. In this context, REE 
orthophosphates (REEPO4) have garnered significant interest among researchers due to 
their electron configuration and several properties, including the capacity for isomor-
phic substitution of other REE, low toxicity, elevated refractive index, superior quantum 
yield of luminescence and high chemical and thermal resistance [2]. An important as-
pect of obtaining nanomaterials based on REEPO4 is the potential to form various crys-
talline phases (matrices) with rhabdophane, monazite and xenotime structures using 
"soft chemical" methods. This allows for the purposeful synthesis of nanoparticles with 
different structures, compositions, shapes, and properties. Therefore, this research to 
investigate the relationship between the chemical composition of phosphors, the struc-
tural and morphological characteristics of nanoparticles composed of multicomponent 
REE orthophosphates with Eu3+ doping ions, and the luminescent properties of the ma-
terial. 

Nanoparticles with the structures of rhabdophane, monazite and xenotime based on 
the LaPO4–GdPO4–YPO4–(H2O) quasi-ternary system with the addition of Eu³⁺ ions, 
have been synthesized. The molar fraction of Eu³+, which is a part of the (La, Gd, Y)PO₄ 
matrix, varied over a wide range, depending on the crystalline structure of the matrix. 
The samples were prepared by precipitation, followed by hydrothermal treatment 
(Т = 230 ºС, Р ≈ 10 МПа, рН ≈ 1). The synthesis time ranged from 2 hours to 5 days, 
depending on the luminoform composition. 

Based on the findings of the research, emission bands that are characteristic of the 
Eu³⁺ ion were observed in all luminescence emission spectra. These emission bands 
correspond to intra-configuration f-f transitions from 5D0 → 7FJ levels. 

 
1. Zou J., Zhu Q., Li X. J. Alloys Compd., 2021, 870, 159380. 
2. Achary, S.N, Bevara S., Tyagi A.K. Coord. Chem. Rev., 2017, 340, 266. 
The work was carried out with the financial support of the Russian Science Founda-

tion project 24-13-00445. 
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BY THERMAL AND SPECTRAL ANALYSIS METHODS 

Karezin K.I., Belova O.A., Popova E.I., Lazareva O.L., Nevskiy R.E., Sokovishin A.V. 

Dukhov Automatics Research Institute 
127030, Moscow, Sushchevskaya st., 22 

 
3D-printing with polymer filaments has become an integral part of modern electrical 
engineering, especially in the field of creating housings and insulation elements. Tradi-
tional thermoplastics, such as polyethylene terephthalate, ABS, or polyamide-6, have 
excellent dielectric properties, which allows manufacturing reliable enclosures for elec-
tronic devices, terminal blocks, and fastening elements of complex geometry.  

Domestic manufacturers have established production of 3D-printing materials from 
a wide range of polymers. However, technical specifications generally do not provide 
information on physical-chemical parameters important for their application. More-
over, the physical-chemical constants inherent in the base polymer do not always cor-
respond to the filament based on it. Therefore, it seemed important to evaluate the prop-
erties of the most common 3D-printing materials using thermal and spectral analysis 
methods, and to compare the results obtained with data known from the literature. 

Studies were carried out using IR-Fourier spectroscopy with attenuated total reflec-
tance, thermogravimetric analysis, and differential scanning calorimetry. Data on phase 
transitions, thermal stability, and spectral characteristics were obtained for a large num-
ber of materials of different brands with polymer bases presented in the table: 

 
Polymer Base of Investigated 3D Printing Materials 

Polymer Base Type Material Brand Manufacturer 
Polylactide REC PLA LLC «REC» 

Polymethyl methacrylate PMMA CAST LLC «REC» 
Polyether ether ketone  PEEK  LLC «REC» 

Polysulfone PSU LLC «REC» 
Polycarbonate PC AVIA LLC «REC» 
Polyurethane TPU Soft Bestfilament 

Polystyrene HIPS Bestfilament 
Poly(acrylonitrile-styrene-acrylate) ASA  Bestfilament 
Poly(Acrylonitrile-butadiene-styrene) ABS Bestfilament 

Polyethylene terephthalate, glycol-
modified 

PETG "Avatar" «FDplast» 

Polyamide-6 PА-6 Ecc Market  
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Gels, belonging to the class of soft condensed matter, are popular research objects owing 
to their high potential for application in various technologies. Alongside physical gels, 
supramolecular gels are being actively studied; they demonstrate biocompatibility, bio-
degradability, and the possibility of fine-tuning their properties, representing an envi-
ronmentally friendly alternative to conventional synthetic polymers. 

Cyclic dipeptides, derivatives of 2,5-diketopiperazines, are promising low-molecu-
lar-weight gelators capable of self-assembly into supramolecular structures through hy-
drogen bonding and van der Waals interactions. Gel materials based on them possess 
unique physicochemical properties and can be used in biomedical applications as deliv-
ery systems for active pharmaceutical ingredients, as well as in optoelectronics and ca-
talysis. Despite the growing number of studies devoted to the gelation of cyclic dipep-
tides, the literature still lacks any established regularities describing these processes, 
and the general methodology for preparing such gels remains undefined. 

In the present work, a comprehensive investigation of the gelation of a series of cy-
clic dipeptides: cyclo-(Phe-Phe), cyclo-(Phe-Leu), cyclo-(Phe-Ala), cyclo-(Leu-Val), 
cyclo-(Leu-Ala), and cyclo-(Val-Ala), was carried out in systems with organic solvents 
of various classes, both in the presence and in the absence of water. A search for a 
correlation between the ability of cyclic dipeptides to gel and the physicochemical pa-
rameters of these compounds, as well as the medium used, was carried out. 
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SYNTHESIS AND CHARACTERIZATION OF ZnO/g-C3N4 COMPOSITES  
FOR PHOTOCATALYTIC APPLICATIONS 
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Low-temperature formation of carbon nitride from supramolecular precursors provides 
a model system for studying kinetically controlled structure formation and defect or-
ganization. In this work, ZnO/g-C3N4 composite materials were synthesized via thermal 
treatment of mechanically mixed precursors (melamine–thiobarbiturate supramolecular 
complexes[1] and zinc hydroxide) in an inert atmosphere using a low-temperature syn-
thesis approach for g-C3N4[2]. 

Differential scanning calorimetry (DSC) analysis was performed to determine the 
optimal synthesis temperature. The results showed that the optimal synthesis tempera-
ture for the composite is 316 °C, which is higher than that of pure g-C3N4 (305 °C), 
indicating modification of the condensation pathway and effective energy landscape of 
condensation due to ZnO incorporation. The supramolecular structuring of the precursor 
system enables a preorganized condensation pathway leading to reduced structural ran-
domness and non-random defect distribution, allowing a reduction of the synthesis tem-
perature by approximately 200 °C compared to conventional g-C3N4 synthesis. The for-
mation of the composite structure was confirmed by X-ray diffraction (XRD) and Fou-
rier-transform infrared spectroscopy (FTIR), demonstrating the coexistence of both 
ZnO and g-C3N4 phases without formation of secondary phases. 

Morphological analysis using scanning electron microscopy (SEM) revealed that at 
low ZnO content, ZnO particles are uniformly distributed on the layered g-C3N4 surface, 
forming a developed interface. With increasing ZnO content, particle agglomeration 
becomes dominant, leading to structural changes in the composite. Energy-dispersive 
X-ray spectroscopy (EDX) confirmed the presence of all key elements, including sulfur, 
indicating successful doping and preservation of the modified structure. 

Optical properties were investigated using UV–Vis spectroscopy and Tauc plots. 
The obtained bandgap values lie between those of pure ZnO and g-C3N4. 

Electron paramagnetic resonance (EPR) analysis revealed the presence of stable de-
fect states. In addition to the characteristic signal of g-C3N4 (g ≈ 2.003), an additional 
signal at g ≈ 2.01 was detected, associated with sulfur-related defect centers stabilized 
at the ZnO/g-C3N4 interface. 

It is shown that ZnO particles can serve as growth centers in g-C3N4 crystals, influ-
encing defect formation and structural organization. The results indicate that the for-
mation of ZnO/g-C3N4 composites is governed by supramolecular preorganization and 
kinetically controlled condensation, leading to structural inheritance and stabilization of 
sulfur-related defect centers at the heterointerface. 

 
The work was supported by the Russian Science Foundation (project № 24-13-

00355). 
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Currently, the development of ways to increase the bioavailability of poorly water-sol-
uble drugs is actively underway. It is known that an increase in the bioavailability of the 
drug is possible when it is encapsulated in a gel matrix, which can be both polymer and 
supramolecular gels. Supramolecular gels with a high water content, hydrogels, have a 
high potential for use. 

Short-chain oligopeptides, in particular, Fmoc-substituted linear dipeptides that form 
gels due to intermolecular interactions, can act as a low-molecular-weight gelating 
agent. Such gels have high stability, mechanical strength, they are biocompatible and 
non-toxic. In combination with bioactive molecules, such materials can be used to treat 
life-threatening diseases such as cancer, in the development of non-invasive drug deliv-
ery systems, and can also promote the healing of soft and hard tissues. 

In this work, we propose a method for obtaining hydrogels based on Fmoc-FF with 
encapsulated active pharmaceutical ingredients (API) belonging to the class of antibiot-
ics and antitumor drugs. The strength of a pair of interactions between dipeptide mole-
cules and API in the systems studied is evaluated. The structural and mechanical prop-
erties of the hydrogels were characterized using IR spectroscopy, rheology, and powder 
X-ray diffractometry. The effect of API on the kinetics of gelation was studied by NMR 
spectroscopy. The features of the structural organization of xerogels containing APIs 
have been demonstrated by atomic force microscopy. 

 

The work is supported by subsidy provided to the Kazan Federal University to fulfill 

the state assignment in the field of scientific activity № FZSM-2026-0026. 
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Chalcohalides of the arsenic subgroup elements and the phases on their basis have re-
cently attracted considerable attention from researchers due to their functional proper-
ties, including thermoelectric, optical, etc., as well as Rashba-type semiconducting char-
acteristics. These properties enhance the potential of such materials for application in 
various devices in the fields of quantum computing and spintronics [1, 2]. 

In this work, the thermodynamic properties of the BiS27(1-x)Se27xI and BiS1-xSexI solid 
solutions formed in the Bi2S3-Bi2Se3-BiI3 system is investigated. 

At the initial stage, experimental studies of solid-phase equilibria in the 
Bi₂S₃-Bi₂Se₃-BiI₃ system were carried out. To this end, the relevant binary and ternary 
compounds were synthesized in advance. The synthesis was conducted in a two-zone 
inclined furnace to accommodate the high vapor pressures of elemental iodine, sulfur, 
and selenium. To prepare alloys of various compositions in the studied system, the syn-
thesized and identified starting compounds were melted at 850 K in evacuated quartz 
ampoules. The alloys were subsequently homogenized by stepwise annealing at 650 K 
for 300 hours and 370 K for 100 hours. Differential thermal analysis (multichannel de-
vice based on a TC-08 thermocouple recorder), powder X-ray diffraction technique 
(Bruker D2 PHASER), and electromotive force measurements (Keithley 2100 6½-digit 
multimeter) were employed to systematically characterize of all the alloys. 

For thermodynamic investigations the following type concentration cells: 
(−) Bi (solid) / liquid electrolyte, Bi3+ / (Bi in alloy) (solid) (+) 

were composed and their EMF was measured over the temperature range 300-370 K. 
An ionic liquid (morpholine formate) containing BiCl₃ was employed as the electrolyte. 
Analysis of the experimental data revealed a linear dependence of EMF on temperature 
for all samples. The data were processed using the least-squares method, yielding linear 
E–T relationships. Based on these equations, the partial molar functions of bismuth in 
the alloys were calculated at 298 K. By integrating the Gibbs–Duhem equation, the 
standard thermodynamic functions of formation (ΔfG°, ΔfH°, ΔfS°) and standard entro-
pies for the BiS1-xSexI and Bi19S27(1-x)Se27xI solid solutions were calculated. 

 
1. B. Peng, K. Xu, H. Zhang, et al., Adv. Theory Simul, 2018, 1(1), 1700005. 
2. G. Landolt, S.V. Eremeev, Y.M. Koroteev, et al., Phys. Rev. Lett, 2012, 109, 

116403.  
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Argyrodite-type compounds are complex copper and silver chalcogenides that are envi-
ronmentally benign and exhibit a wide range of functional properties. Many of these 
phases attract interest due to high thermoelectric performance in the intermediate tem-
perature range, as well as photoelectric and optical properties, which make them prom-
ising multifunctional energy materials. Argyrodite compounds undergo polymorphic 
phase transitions at relatively low temperatures (≤530 K). The low-temperature modifi-
cations crystallize in ordered structures with lower symmetry, whereas the high-temper-
ature modifications adopt a cubic lattice. In high-temperature phases, Cu⁺ and Ag⁺ cat-
ions are statistically distributed over several crystallographic sites, resulting in high 
ionic mobility and increased configurational entropy. Simultaneous substitution in both 
the cation (Aᴵ) and anion (X) sublattices increases structural disorder in the crystal lat-
tice and enhances configurational entropy, leading to the formation of thermodynami-
cally stable single-phase solid solutions based on argyrodite-type high-entropy alloys. 

The aim of the present work is to investigate phase equilibria in the Cu₈SiS₆–
Ag₈SiSe₆ system and to identify possible high-entropy phases. For this purpose, the 
Cu₈SiS₆ and Ag₈SiSe₆ compounds were first synthesized. The synthesis was carried out 
by co-melting high-purity elemental components in evacuated quartz ampoules using a 
two-zone heating regime. After synthesis and identification of the initial compounds, 
the Cu₈SiS₆–Ag₈SiSe₆ alloys were prepared by co-melting of parents compounds in var-
ious proportions. The obtained alloys were annealed at 800 K for 500 hours. The syn-
thesized samples were investigated by differential thermal analysis (DTA) and X-ray 
diffraction (XRD). DTA measurements were performed using a NETZSCH 404 F1 Peg-
asus instrument, while XRD patterns were recorded on a Bruker D2 PHASER diffrac-
tometer (CuKα₁ radiation). The obtained diffraction patterns were analyzed using the 
Topas V3.0 Software (Bruker), and the lattice parameters of alloys were calculated.  

Based on the DTA and XRD results the phase diagram of the title system was plotted. 
It was established that the Cu₈SiS₆–Ag₈SiSe₆ system forms a continuous series of solid 
solutions based on the high-temperature cubic modifications of the initial compounds, 
whereas only limited solid-solution regions are observed for their low-temperature mod-
ifications. The formation of solid solutions leads to a decrease in the polymorphic tran-
sition temperatures of the initial compounds. As a result, all alloys in the Cu₈SiS₆–
Ag₈SiSe₆ system within the 10–90 mol % Ag₈SiSe₆ composition range are single-phase 
and crystallize in a cubic structure (Sp. Gr. F-43m). Samples containing 34–66 mol % 
Ag₈SiSe₆ of this phase can be considered as high-entropy alloys. 
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Modern materials science is confronted with the challenge of developing novel struc-
tural materials that combine low density, high strength, significant ductility, and chem-
ical resistance, which are in demand in the aerospace, transportation, and energy sectors. 
In this context, Light High-Entropy Alloys (LHEAs) are considered particularly prom-
ising. However, the LHEAs developed to date are predominantly aluminum-based and 
contain a large quantity of brittle intermetallic compounds, which limits their practical 
application. 

The core scientific problem lies in the development of fundamentally new ap-
proaches for the design and synthesis of aluminum-free LHEAs, capable of minimizing 
the formation of phases that degrade mechanical properties and ensuring an optimal 
balance of hardness, strength, ductility, and corrosion resistance. 

This study addresses the following interrelated tasks: performing thermodynamic 
modeling of phase equilibria in (Ca,Sr,Ba)MgLi systems to substantiate optimal com-
positions; optimizing melting techniques to minimize the loss of low-melting-point 
components; conducting a comprehensive investigation of the phase and chemical com-
position of the obtained samples using X-ray diffractometry, electron microscopy, and 
EDS analysis; determining mechanical properties and corrosion resistance; and formu-
lating recommendations for the creation of new LHEAs for high-tech industries. 

A key objective of the project is the thermodynamic modeling of phase equilibria in 
the selected systems using modern algorithms (CALPHAD). This approach enables the 
prediction of probable phases, their composition, and relative fractions at various tem-
peratures and component concentrations. 

This work utilizes the capabilities of the FactSage 8.0 software package, within 
which a proprietary user database is being developed to describe the investigated Mg-
Ca-Li-based systems. Phase diagrams of the simulated systems have been constructed. 
Furthermore, the Scheil-Gulliver model is employed to simulate the solidification be-
havior of the melts in the studied systems. 

This modeling serves as the foundation for the well-founded selection of experi-
mental compositions and the optimization of synthesis conditions. 

 
The research was supported by the Russian Science Foundation, project № 25-29-

01559, https://rscf.ru/project/25-29-01559/ 
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Using the thermodynamic–diagrammatic analysis method, the optimal compositions of 
complex ferro-silicon–aluminum–nickel alloys were determined, along with the con-
struction of phase relationship diagrams for individual sections in the Fe–Si–Al–Ni sys-
tem [1, 2]. 
 

 
Phase diagram of the Fe–Si–Al–Ni system 

 
In the Fe–Si–Al–Ni system, it can be seen that in order to produce ferrosilicoalumi-

nonickel with the highest nickel content, it is necessary to aim for the region of the Si–
Fe₂Al₅–NiAl–Al tetrahedron, which has the largest volume (0.2978). The optimal alloy 
composition is: Fe = 9–10%; Al = 17.21%; Si = 65–68%; Ni = 0.5–4%. 
 

1. Baisanov S., Tolokonnikova V. V., Narikbayeva G. I. Korsukova I. Ya. Thermo-
dynamic substantiation of compositions of silicon aluminium alloys with increased al-
uminium content in Fe-Si-Al system // Complеx Use of Mineral Resources. – 2022. – 
Vol. 321, No 2. – P.31–37.  

2. Baisanov S. // Proceedings of the thirteenth international ferroalloys congress «Ef-
ficient Technologies in Ferroalloy Industry» INFACON XIII. – Almаty, 2013. – Vol. II. 
– Р. 60-620. 

This research was funded by the Science Committee of the Ministry of Science and 

Higher Education of the Republic of Kazakhstan (Grant № AP26194293). 
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The research is aimed at the synthesis and investigation of the structure, stability, and 
properties of novel oxide ultrahigh-entropy phases, whose compositions correspond to 
the formulas A2Zr2O7, A2Hf2O7, A2Ti2O7, A2Ce2O7, A2Pr2O7, and A2Sn2O7, where A 
represents a high-entropy sublattice composed of 12–13 rare-earth elements (excluding 
Ce, Pr, and Pm). 

Experimental samples are synthesized using solid-state sintering at temperatures of 
1500–1600 °C, as well as via a modified Pechini method. The composition and structure 
are characterized using SEM, EDS, and XRD. The results demonstrate various fluorite-
type structures (fluorite, defect fluorite, pyrochlore). The coefficients of thermal expan-
sion and thermal conductivity of the obtained materials are studied. Additionally, elec-
trochemical properties are investigated due to their potential relevance for the use of 
these substances as catalysts in various chemical processes. 

Special attention is given to the study of the phase stability of the synthesized mate-
rials over a wide temperature range using differential thermal analysis. The obtained 
results indicate that the studied phases exhibit high structural stability. 

As part of the research, a thermodynamic description of the new high-entropy oxide 
phases is developed, based on the analysis of literature data and our own experimental 
results (primarily data on the temperature and concentration stability limits of solid so-
lutions in the studied systems). Expressions correlating the Gibbs energy of such phases 
with their composition and temperature have been derived. 

These studies employ modern thermodynamic modeling techniques implemented in 
contemporary specialized software (the FactSage 8.0 software package, in which a pro-
prietary user database has been developed based on the results of this work). 

The analysis of the obtained experimental data will allow the formulation of general 
trends governing the formation of high-entropy oxide phases, which should include cri-
teria for the structural stability of such phases. 
 

The research was supported by the Russian Science Foundation and the government 

of the Chelyabinsk region, project № 24-13-20009, https://rscf.ru/project/24-13-20009/ 
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Most recent research has been focused on the search for new energy sources. In this 
regard, the development of hydrogen energy holds great promise. High‑purity hydrogen 
can be produced by electrolysis of alkaline electrolyte solutions. Monopolar electrolyz-
ers with high energy consumption are used for water electrolysis. To reduce the cell 
voltage, it is necessary to select an electrode material that simultaneously acts as a cat-
alyst for the hydrogen evolution reaction (HER) and exhibits low cathodic overpoten-
tial. Nickel has a low overpotential for HER and is less expensive compared to precious 
metals. Adding molybdenum to nickel facilitates the HER: molybdenum improves 
charge transfer, while nickel ensures the structural integrity of the coating. 

The study compares Ni‑Mo coatings obtained by galvanostatic and pulsed electrol-
ysis. At a constant quantity of electricity (300 C), deposits were obtained at 80 and 
150 mA/cm2. In pulsed electrolysis, deposits were obtained at a peak current density of 
400 mA/cm2, with pulse/pause alternation in different ratios: 3 ms/7 ms (6000 cycles), 
5 ms/5 ms (3600 cycles), and 7 ms/3 ms (2571 cycles) on various substrates: AISI 304 
steel, a nickel plate, and AISI 304 steel with a nickel coating. The electrolyte used for 
deposition contained NiSO4, Na2MoO4, and Na3C6H5O7. Energy-dispersive X-ray dif-
fraction (EDX) was used to determine the composition of the resulting coatings, includ-
ing their nickel and molybdenum content. Increasing the growth pulse duration in-
creased the molybdenum content in the deposit. 

Catalytic properties were evaluated by analyzing the polarization curves of hydrogen 
reduction from a 1 mol/L NaOH solution, which were converted into coordinates of the 
Tafel equation. The coating with the smallest value of the constant a in the Tafel equa-
tion was recommended as the electrode material. 

The HER is a heterogeneous chemical reaction, so high catalytic properties will be 
demonstrated by a coating with a larger active surface area. The catalytic surface area 
was estimated from the shift in the polarization of the hydrogen bonds on the smooth 
surface and on the coating at a current density of 200 mA/cm2 (Sact), and from the cyclic 
voltammogram (CVA) analysis near the equilibrium potential (SECSA). The electrochem-
ically active surface area (SECSA) was always greater than Sact due to the abundant hy-
drogen evolution, which resulted in the shielding of part of the electrode surface. 

Under constant current, coatings obtained at 150 mA/cm2 exhibit higher catalytic 
activity. In pulsed electrolysis on all substrates, the constant a is lower at a pulse/pause 
ratio of 3 ms/7 ms. Coatings obtained under galvanostatic conditions at 150 mA/cm2, 
and those deposited by pulsed electrolysis onto a steel substrate at a pulse/pause ratio of 
3 ms/7 ms, have a larger electrochemically active surface area. 
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Oxidation process of molybdenum disilicide MoSi2 powders is very complex and 
strongly depends on synthesis technology. Stable results are obtained only at high tem-
peratures (above 1300 °C) or long holdings (tens of hours), after the solid and homoge-
neous layer of SiO2 is formed on the surface. But great phase and volume changes occur 
at initial stages of oxidation, complicated by volatility of forming MoO3. Experimental 
information for this range shows significant scatter and needs clarification.  

In this study, commercial MoSi2 powder was annealed in a furnace in an air atmos-
phere for up to 6 hours at 800 and 900 °C and up to 4 hours at 1000 and 1100 °C.  

SEM investigation of powder annealed for 2 hours at 1000 °C revealed a heteroge-
neous diffusional zone on the surface that had chemical composition significantly dif-
ferent from initial disilicide (Fig. 1; dark areas indicate decreased molybdenum content, 
about 3 wt. % according to electron probe microanalysis). X-ray diffraction of oxidized 
powder showed the presence of -SiO2 (cristobalite), MoSi2, Mo5Si3 and MoO3 with 
weak peaks of MoO2 and SiO2 in quartz and tridymite modifications.  

The change of the mass of the powder at all temperatures passed through a maximum 
(see Figure 2). The reason of initial increase of mass was the reaction 
MoSi2

 + (7/5) O2
 → (1/5) Mo5Si3

 + (7/5) SiO2, and that of subsequent decrease was 
(1/5) Mo5Si3

 + (21/10) O2
 → (3/2) SiO2

 + MoO3, since MoO3 is volatile and evaporates. 
At 900, 1000 and 1100 °C fast decrease of mass slowed down after formation of con-
tinuous layer of SiO2 on the surface that prevented MoO3 from leaving the particles.  

Kinetics of the first two stages of oxidation (before formation of SiO2 layer) can be 
described by a power law m(t)/m0 = (A1t)1 – (A2t)3/2 where A1 = 0.043 exp(–6540/T) and 
A2 = 0.14 exp(–8140/T) s–1.  

 

 
Figure 1. SEM microstructure of MoSi2  
powder oxidized for 2 hours at 1000 °C 

 
Figure 2. Relative change of mass  

of the powder at 1000 °C 
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The concept of high-entropy materials, originally developed for metallic alloys, has 
been actively extended to ceramic compounds over the past decade. A key role in the 
stabilization of such complex multicomponent systems is played by the configurational 
entropy of mixing, which makes it possible to obtain single-phase solid solutions even 
from components that do not exhibit mutual solubility under ordinary conditions. De-
spite advances in the synthesis of high-entropy oxides and carbides, research on high-
entropy fluorides (HEFs) is still in its initial stages. From a thermodynamic perspective, 
it is critically important to understand how variations in the cationic composition affect 
the stability of the crystal lattice, the defectiveness of the structure, and, consequently, 
the macroscopic properties of the material. The aim of this work was to establish the 
fundamental “composition – structure – property” relationship for novel HEFs with a 
fluorite-type structure. 

In this study, three compositions of high-entropy fluorides were synthesized using 
the co-precipitation method followed by annealing with NH4F as a flux: HEF1 
(CaSrBaPbCeF11), HEF2 (CaSrBaPbLaF11), and HEF3 (CaSrPbCeLaF12). X-ray dif-
fraction analysis showed that all samples crystallize into a single-phase cubic fluorite 
structure (space group Fm-3m), despite significant differences in the ionic radii of the 
elements. 

It was found that the composition of the cation sublattice significantly affects the 
lattice parameters, with Pb2+ making the dominant contribution to the formation of the 
framework, as its lattice parameter is the closest to the obtained values. The most inter-
esting and thermodynamically significant result is a sharp decrease in the band gap Eg 
of the synthesized materials compared to the dielectric binary fluoride constituents. Fur-
thermore, the cationic composition directly determines the morphology and surface en-
ergy of the particles, which range from nanoporous to dense micron-sized structures. 

Thus, the ability to purposefully tune the band gap and morphology by varying the 
cationic composition opens up broad prospects for the thermodynamic design of novel 
functional materials. The obtained HEFs may find applications as visible-light photo-
catalysts, sensitizers in solar cells, and active supports or coatings in heterogeneous ca-
talysis, where controlled porosity plays a key role. 

 
The research was supported by the Russian Science Foundation grant № 24-73-

10181, https://rscf.ru/project/24-73-10181/ 
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As stated in a lately accepted definition, “Thermal analysis (TA) is the study of the 
relationship between a sample property and its temperature as the sample is heated or 
cooled in a controlled manner” [1]. Due to the diversity of the types of studied samples 
and their measurable properties, a broad range of experimental techniques is currently 
employed in TA, with new methods continuously developing alongside scientific and 
technological progress. 

Obtaining reliable measurement results, that are suitable for reasonable interpreta-
tion, requires performance evaluation for both methods and instrumentation. From a 
metrological perspective, it requires a well-defined traceability chain, established pro-
cedures, and appropriate reference standards. However, such means of metrological as-
surance are not available for some TA and calorimetric techniques, particularly for re-
cently developed or rapidly evolving methods. 

The goal of this study is to evaluate the current state of metrological assurance in TA 
and calorimetry, highlighting known issues, perspectives for development and available 
alternative tools in modern knowledge-intensive fields of TA application. 

An overview of TA and calorimetric techniques is presented, covering both classical 
methods, such as thermogravimetric analysis (TG), bomb calorimetry, and differential 
scanning calorimetry (DSC), and more recent or specialized approaches. 

As expected, largest deficits in metrological assurance are observed for newer tech-
niques (i.e. Chip Calorimetry). Metrological assurance for classical methods is mostly 
well established, although for some well-known techniques such as Thermomechanical 
Analysis (TMA) and Dynamic Mechanical Analysis (DMA) a shortage of suitable ref-
erence materials and standardized procedures is observed. Similar issues are reported 
for classical methods operating near the limits of measurement ranges (e.g., low-tem-
perature DSC, microcalorimetry, high-temperature dilatometry) [2,3]. Some cases 
where reliability of measurement results is negatively affected by the lack of metrolog-
ical assurance are presented in detail.  

Based on the analysis, general recommendations are formulated for performance 
evaluation in thermal analysis and calorimetry. Where available, official means of met-
rological assurance are presented, provided by metrology institutes in Russia and inter-
nationally. In addition, non-certified reliable sources, such as IUPAC recommendations, 
are considered when relevant. Current limitations in metrological assurance are summa-
rized and identified as priority areas requiring further development. 

 
1. Lever T. et al., Pure Appl Chem., 2014, 86(4), 545–553 
2. Ashton G. et. al,, Thermochimica Acta, 2021, 698 
3. Medoz Z. et. al., Analytical Biochemistry, 2024, 694 
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One of the goals of the educational process is to help students acquiring practical skills 
in their chosen field. In this regard, the importance of various practical training sessions, 
demonstration and laboratory work, research activities, educational research projects, 
etc. cannot be overestimated. The level and feasibility of all these activities are largely 
determined by the state of the educational institution's resources, i.e., the availability 
and condition of existing instruments and equipment. 

Considering thermal analysis as a broad area of expertise, it is regrettable to note that 
in most cases, student experiences in this field are limited to constructing cooling curves 
for alloys, which is typically included in laboratory practical training for general courses 
of physical chemistry. Some time is provided for teaching modern calorimetry and ther-
mal analytical equipment in various specialized courses, but to a much extent this re-
mains largely theoretical. Practical and (most importantly) independent training on 
modern instruments is usually limited and not widespread. This is largely due to their 
high cost and limited resources for spare parts and repairs, and recently, in some cases, 
the impossibility of such repairs due to geopolitical reasons. Therefore, a pressing task 
is the development and creation of training instruments that are as close as possible to 
full-featured professional instruments in their capabilities, characteristics, software, and 
operating features, while being significantly less expensive. 

This report will present the results of the development of such an educational instru-
ment – the Kolibri-1.1 heat flux differential scanning calorimeter. The device is de-
signed for thermal analysis and measurements of thermodynamic characteristics (tem-
perature and enthalpy of phase transitions, heat capacity) of solid, powdered, and liquid 
materials, as well as for constructing phase diagrams. The calorimeter is a benchtop 
laboratory instrument consisting of a heating furnace, a three-position calorimeter cell, 
a cooling system, an analog-to-digital converter combined with an amplifier and data 
acquisition system and is controlled by an external computer. The design of the three-
position calorimeter cell allows for the simultaneous measurement of two samples rel-
ative to a single reference sample. 

The operating temperature range is 25–200 °C, the heating rate range is 0.5–
10 °C/min, the DSC sensor sensitivity is 110 μV/mW, the resolution is 0.01 mW, the 
noise level (RMS for 1 hour at 100 °C) is 0.045 mW, and an emergency protection 
system is available in case of overheating of the measuring unit. 

A practical course on thermal analysis was implemented using the manufactured cal-
orimeter prototypes; the laboratory work on melting diagrams was modernized as part 
of the general course in physical chemistry; and laboratory work on thermal analysis 
was conducted at the Sirius Educational Center as a part of the thermodynamics educa-
tional program. 
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Fast scanning calorimetry (FSC) is an advanced development of the widely used differ-
ential scanning calorimetry (DSC) technique. It allows rapid heating and cooling (up to 
10⁶ K/s and above) of nanogram-scale samples. Rapid heating and cooling enable the 
probing of processes and states on much shorter time scales than conventional DSC and 
provide significant advantages. These include the prevention of thermal degradation in 
thermally labile compounds, the suppression of reorganization during heating, the inhi-
bition of crystallization during cooling, and many others. 

The application of FSC has allowed, for the first time, the measurement of melting 
temperatures, enthalpies, and heat capacities in the supercooled liquid state for various 
compounds. These range from small organic molecules to biological polymers, includ-
ing metastable polymorphs. Tremendous progress has been achieved in studying the 
properties of supercooled amorphous phases and the processes occurring within them, 
including their associated thermodynamic parameters. Other applications of FSC in 
thermodynamics include measuring vaporization and sublimation parameters, accessing 
the thermodynamics of folding intermediates, and evaluating the effects of confinement 
and surfaces on thermodynamic properties, among others. 

However, like any instrument, FSC has its own limitations. These include the im-
possibility of direct sample mass measurement, the need to account for thermal gradi-
ents, the avoidance of unwanted vaporization, and size effects. 

This presentation outlines the experience gained from applying FSC at Kazan Fed-
eral University, as well as recent developments reported in the literature. 

 

The work was supported by RSCF project No. 25-73-20073. 



258 XXV International Conference on Chemical Thermodynamics in Russia 

THERMOELECTRIC MODULES FOR CRYOSCOPIC ANALYSIS:  
EMPLOYING PELTIER ELEMENTS AS BOTH HEAT FLUX SENSORS  

AND THERMAL ACTUATORS 
Mukhin K.A., Pestova O.N. 

Saint Petersburg State University 
198504, St. Petersburg, Peterhof, Universitetskii prospect, 26 

 
Thermoelectric modules are widely employed in modern instrumentation for diverse 
purposes, including thermal management via the Peltier effect when an electric current 
is passed through the modules, as well as heat flux sensing based on the Seebeck ef-
fect [1]. 

In turn, the use of low-cost “Peltier modules” enables the development of a device 
that combines both the Seebeck and Peltier effects, as demonstrated in this work through 
an instrument designed for extended or synchronous cryoscopic analysis. By connecting 
high-power thermoelectric modules via a reversible semiconductor H-bridge, the meas-
urement zone can be both heated to +60 °C and cooled down to –30 °C. 

The heat flux to and from these modules passes directly through differentially con-
nected small-scale Peltier modules characterized by a high Seebeck coefficient, allow-
ing the detection of thermal effects associated with phase transitions in liquid and solid 
samples, as well as dilution and dissolution effects, with a resolution on the order of 
milliwatts. Temperature control and monitoring are implemented using a microcontrol-
ler-based circuit equipped with digital semiconductor sensors. The study also presents 
examples of polythermal studies conducted on selected binary systems using this setup. 
Results of test measurements indicate that the proposed device is well suited for wide-
spread use in standard laboratory conditions. 

 
1. Huang, L., Zheng, Y., Xing, L., & Hou, B. (2023). Recent progress of thermoe-

lectric applications for cooling/heating, power generation, heat flux sensor and potential 
prospect of their integrated applications // Thermal science and engineering pro-
gress, 45, 102064. https://doi.org/10.1016/j.tsep.2023.102064 

https://doi.org/10.1016/j.tsep.2023.102064
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The study of the thermodynamic properties of pharmaceutical compounds is one of the 
most essential tasks in modern pharmaceuticals. The thermodynamic parameters of 
phase transitions significantly influence key physicochemical characteristics of com-
pounds, such as solubility, stability, and bioavailability. However, a great number of 
pharmaceutical drugs is thermally unstable, which complicates their investigation. 

To address this issue, a wide range of direct and indirect experimental methods have 
been proposed so far, as, for example, differential scanning calorimetry, solubility meas-
urements, and solution calorimetry. In the context of thermally unstable compounds, 
fast scanning calorimetry is particularly interesting [1,2,3]. Due to the small sample size 
required for measurements, fast scanning calorimetry enables the study of the thermo-
dynamic properties of compounds at high (up to 10000 K s-1) scanning rates. This allows 
for the investigation of previously inaccessible thermodynamic parameters of sub-
stances by suppressing kinetically controlled processes, including decomposition, crys-
tallization, and polymorphic transitions, and improving sample volatility for vapor pres-
sure measurements. 

In this work, we conducted a comprehensive study of the thermodynamic parameters 
of phase transitions for several pharmaceutical and model compounds using fast scan-
ning calorimetry in combination with differential scanning calorimetry, solution calo-
rimetry, and computational methods. As a result, a consistent set of thermodynamic data 
was obtained: the vapor pressure over the liquid and crystalline phases, the heat capac-
ities of the ideal gas, liquid, and crystalline phases, and the enthalpies of fusion, vapor-
ization, and sublimation over a wide temperature range. 

 
1. Bolmatenkov D. N., Nizamov I. I., Sokolov A. A., Notfullin A. A. et al. "Poly-

morphism and Phase-Transition Thermodynamic Properties of Phenazone (Antipy-
rine)." Molecules 30.13 (2025): 2814. https://doi.org/10.3390/molecules30132814 

2. Bolmatenkov D. N., Nizamov I. I., Sokolov A. A., Notfullin A. A. et al. "Phase 
transition thermodynamics of carbamazepine below its decomposition temperature." 
Journal of Thermal Analysis and Calorimetry (2025): 1-15. 
https://doi.org/10.1007/s10973-025-15139-y 

3. Notfullin A.A. et al. "Phase-Transition Thermodynamics of Hydrazide Drugs: Iso-
niazid and Iproniazid." Thermochimica Acta (2026): 180277. 
https://doi.org/10.1016/j.tca.2026.180277 
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RESEARCH AND DEVELOPMENT  
OF PHASE TRANSITION TEMPERATURE REFERENCE MATERIAL  

FOR MEASURING INSTRUMENTS IMPLEMENTING THERMAL  
ANALYSIS METHODS METROLOGICAL SUPPORT 

Shipitsyn A.P. 

UNIIM – a "VNIIM named after D. I. Mendeleyev" branch 
620075, Ekaterinburg, Krasnoarmeyskaya St., 4 

 
Thermal analysis (TA) is a group of methods in which the physical properties of a 
substance are measured as a function of temperature or time while the substance is 
subjected to a program of controlled temperature changes. The most common methods 
are differential thermal analysis (DTA) and differential scanning calorimetry (DSC) 
[1], the detailed classification of the main methods is given in [2]. In addition to the 
above methods, others are being developed [3]. In turn, achieving the required metro-
logical characteristics of TA devices is impossible without providing them with refer-
ence material (RM). 

More than 100 types of measuring instruments (MI) TA have been entered into the 
state register of MI. The temperature range (TR) of MI is from minus 150 °C to plus 
2000 °C. Until recently (2022), the list of RM for metrological support of the above SI 
consisted of 6 types of RM, covering TR from plus 30 °C to plus 770 °C. At UNIIM - 
a branch of the FSUE "VNIIM named after D. I. Mendeleyev" continues research and 
development of phase transition temperature RM for metrological support of MI im-
plementing TA methods. Currently, the list of RM comprises 23 types and covers TR 
from plus 30 °C to plus 1600 °C. Future developments include expanding of the TR 
(from minus 150 °C to plus 1800 °C), expanding the range of RM compatibility with 
various crucible types, and increasing the accuracy of approximation during calibra-
tion of MI TA. 
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MEASUREMENT UNCERTAINTY  
IN ISOTHERMAL TITRATION CALORIMETRY 

Mishina K.A., Korchagina E.N. 

D.I. Mendeleyev Institute for Metrology, Russia 
190005, Saint Petersburg, Moskovskiy pr., 19 

 
Isothermal Titration Calorimetry (ITC) has a wide range of application in chemical and 
biochemical research. This method is based on the measurement of the heat effects of 
the studied process and allows to simultaneously determine several thermodynamic pa-
rameters in a single experiment. Several issues were previously reported in literature 
concerning metrological aspects of ITC [1], and more recent research [2] still empha-
sizes calibration and uncertainty evaluation in ITC as an ongoing problem.  

 In 2023 VNIIM calorimetry lab finished a project on improvement of the State Pri-
mary Standard of heat quantity in the field of solution and reaction calorimetry GET 
133. A new calorimetric complex including a standard titration microcalorimeter (TMC) 
and a NanoITC SV microcalorimeter-comparator was developed that allowed to imple-
ment the ITC method and broaden the measurement capabilities of the GET 133 Pri-
mary Standard to the microcalorimetry range.  

The goal of current work was to study and evaluate the uncertainty contributions 
based on the measurement model developed for the TMC considering its operating prin-
ciple, which consists in determining the energy equivalent of the calorimeter ε in sta-
tionary mode and measuring the amount of heat Q released during the titration process. 
The contributions studied included instrumental sources from the characteristics of the 
measuring equipment and methodological sources from the experiment design, data 
analysis and interpretation. 

The standard GUM approach [3] and the Monte Carlo method [4] were used to esti-
mate combined standard and expanded uncertainties for determining the energy equiv-
alent and measuring the amount of heat. As a result of microcalorimeter studies, the 
capability of realizing the unit of heat quantity in a range from 100 μJ  to 5000 μJ with 
an expanded uncertainty from 1.2 % to 8.6 % was confirmed. 

Our uncertainty estimates obtained using the “bottom-up” approach basing on the 
uncertainty components were compared with the “top-down” estimate based on the in-
terlaboratory study results described in [1]. 

In perspective, the results of this study can be adapted to get more reliable uncer-
tainty estimates for heat effects measured by commercial measuring instruments.  
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4. JCGM 101:2008. Evaluation of measurement data — Supplement 1 to the “Guide 

to the expression of uncertainty in measurement” — Propagation of distributions using 
a Monte Carlo method, 1st ed., JCGM (2008) 
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