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ABSTRACT
Report of 62 p., 15 fig., 11 tab., 32 sources, 3 appendixes.
SELF-ASSOCIATION, SOLVATION, INTERMOLECULAR EFFECTS, DENSITY FUNCTIONAL THEORY, MESOGENIC COMPOUNDS, SPECTROSCOPICAL, TERMODYNAMIC, ANISOTROPIC PROPERTIES. 
Project title: Investigation of intermolecular effects of self-association and solvation of molecules as property-forming factors in mesogenic nanosystems.
Research objects: mesogenic aromatic compounds – substituted diphenyls, diarylethylenes, diarylacetylenes, Schiff bases, azobenzenes.            
Project goal: Study of the influence of intermolecular interactions, determining the physicochemical properties and occuring during self-association and solvation of mesogenic molecules, on spectroscopic, thermodynamic and anisotropic properties to develop an effective approach, based on quantum-chemical molecular modeling of aromatic compounds, to solving the problem of the formation mechanism of mesomorphic properties.
The research methodology: computer modeling of associates of mesogenic molecules, vibrational quantum chemical calculations, processing, analysis and interpretation of the obtained results.    

Received results include:
- the role of electronic effects of substituents in the process of creating associates was identified; 
- the change of molecules under the influence of intermolecular forces was estimated; 
- the degree of influence of spontaneous association and solvation of molecules on the spectroscopic, thermodynamic and anisotropic properties of aromatic compounds was determined; the "structure-property" relationship is defined;

- abstracts, article, monograph are published.            
Importance of work: the obtained results complement the fundamental knowledge about the relationship between the structure and physicochemical properties of substances, including mesogenic ones; they will be introduced into the educational process within the disciplines "Molecular Modeling", "Applied Quantum Chemistry", "Computer Nanochemistry".
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LIST OF ABBREVIATIONS AND DESIGNATIONS
The following abbreviations and designations are used in this research report:
 АО – atomic orbital
 B3LYP - Bekke-Li-Yang-Parr 3rd parametrical exchange functional 
 cc-pVTZ – ‘correlation-consistent polarized' basis set, valence-only, triple-zeta
 DPA - diphenylacetylene
         HOMO - the highest occupied molecular orbital
         LC - liquid crystal
 IR – infrared (spectrum)
 MBBA - methoxybenzylidenebutylaniline
 IMI – intermolecular interaction
 IPCM – the Isodensity PCM Model
 MO - molecular orbital
 LUMO - lower unoccupied molecular orbital
 NLC - nematic liquid crystal
 PCM - Polarizable Continuum Model
 PDA - propoxydiphenylacetylene
 PES - potential energy surface
 XRD – X-ray diffraction analysis
 SCF – self-consistent field  

         SCIPCM - the Self-Consistent Isodensity PCM model
         SCRF - self-consistent reaction field method (=PCM)
 DFT - density functional theory
 CDA - cyandiphenylacetylene
 EBBA - ethoxybenzylidenebutylaniline
         6-31G* (6-31G (d)) - a valence-split basis with polarization functions on non-hydrogen atoms 
INTRODUCTION
This research report is the final report on the topic "Investigation of the intermolecular effects of self-association and solvation of molecules as property-forming factors in mesogenic nanosystems". Below is a summary of the results of the previous phase, completed in 2020. (Report: Inventory No. 0220RK01709). The following are the results of studies carried out in 2021 on the study of self-association and solvation of molecules by quantum-chemical methods of molecular modeling.

During the first stage of work on the project, molecular models of the minimum energy configurations of mesomorphic substituted diphenyls, diarylethylenes, Schiff bases, diarylacetylenes and azobenzenes were built, obtained as a result of multiple calculations of the probable conformations of molecules. The resulting structures were identified as stationary points (minima on the potential energy surface). Test molecules were used to select calculation methods. Vibrational infrared spectra and an array of numerical data on the thermodynamic and anisotropic properties of reference and studied molecules were calculated using the GAUSSIAN 16 quantum-chemical program. The analysis and interpretation of the obtained data, comparison with the available experimental data and prognostic assessment of the properties in the absence of the latter were carried out. The research results were approved at an international conference (Nur-Sultan) [1] (Appendix A).

The second stage of the project is devoted to the study of self-association and solvation of mesogenic molecules, the resulting intermolecular interactions and their influence on spectroscopic, thermodynamic and anisotropic properties.

The role and significance of intermolecular forces in nature can hardly be overestimated. Suffice it to say that the very existence of liquids and solids is due to intermolecular interactions (IMI) [2-4]. In the absence of intermolecular interactions, our world would be a homogeneous ideal gas. Knowledge of the physical nature of intermolecular interactions is required when solving a wide class of problems in physics, chemistry, and biology. The thermodynamic properties of gases and liquids, their kinetic characteristics are determined by the nature of the IMI. Intermolecular forces also largely determine the properties of crystals, in particular, their equilibrium structure, binding energy, etc. Intermolecular interactions cause the formation of complex chemical complexes such as charge transfer complexes and complexes with hydrogen bonds. Interactions play a decisive role in the manifestation of liquid crystal structures [5-8]. The study of various types of interactions at the molecular level is necessary when analyzing the nematic nature of compounds, which are the objects we study, in terms of molecular movements and forces responsible for mesomorphism.

It should be especially noted that intermolecular forces are not directly measured in any experiment. Only such characteristics can be measured as the deflection angle in scattering experiments, transfer coefficients, etc., that is, quantities functionally related to intermolecular forces. This explains the importance of a theoretical study of intermolecular interactions.

About 90 years ago, the basic concepts of the quantum-mechanical theory of intermolecular forces were formulated [9-11]. Nevertheless, a rapid increase in the number of studies on the IMI was noted only in the last 4-5 decades. This is due to the fact that, first, there is a general development of quantum-chemical methods for calculating the electronic structure of molecules, partly due to the availability of high-performance computers and the use of more sophisticated mathematical methods. Second, more sophisticated experimental methods have emerged to test theoretical predictions. Therefore, it seems necessary to establish a connection between the features of intermolecular interaction, which manifests itself, in particular, in the orientational ordering of molecules, its change and the properties of molecules, using a quantum-chemical calculation of the energy of intermolecular interaction. The latter will also make it possible to study the shifts of lines and bands in the spectra of molecules resulting from intermolecular interaction, how the structural and thermodynamic properties change, and how the IMI affects the anisotropy of the properties of substances during self-association and solvation. Since liquid crystal materials are known for their anomalous physical properties near the phase transition, and phase transitions of liquid crystals (LCs) are primarily determined by intermolecular interactions between several molecules, and also taking into account their ability to associate in the form of dimers, dimeric ensembles of mesogenic molecules of the studied objects. The interaction effects were estimated based on the analysis of quantum-chemical data obtained as a result of calculations using the density functional theory method. Density functional theory (DFT) is currently the main approach of theoretical physics of condensed matter, successfully used to calculate a number of properties of both molecular and crystal structures [12]. Also, some researchers suggest that to describe the state of mesogens in the isotropic liquid and mesomorphic states, it is preferable to use quantum-chemical molecular parameters rather than X-ray data for crystalline samples. To describe intermolecular interactions, two- and three-exponential basis sets are used, extended by including polarization and diffusion functions for heavy atoms and for hydrogen atoms.

The relevance of these studies is determined by the above regarding the objects, the subject of research and the applied theoretical and computational apparatus. In the declared Project, systematic quantum-chemical studies of compounds with a mesophase were planned using an integrated approach combining, on the one hand, a comparative study of several classes of compounds of aromatic nature, and, on the other hand, their spectroscopic, thermodynamic and anisotropic properties, together and the influence on them self-association and solvation. To perform computer calculations of the structure and properties of molecular associates, it was planned to use the method of quantum chemistry and the basis set of atomic orbitals (AO) found adequate to the task at the first stage of the project.

Purpose of the work: to study the effect of intermolecular interactions, which determine the physicochemical properties of compounds and arise during spontaneous association and solvation of molecules of mesogenic compounds, on their spectroscopic, thermodynamic and anisotropic properties in order to develop an effective approach to solving the problem of the mechanism of formation of mesomorphic properties based on computer quantum-chemical molecular modeling of aromatic compounds. 
The results of the 1st stage, completed in 2020, were given, as stated above, in the Report of Inventory No. 0220RK01709. In order to implement the Project, the 2nd stage of work was planned:

1. Modeling the associates of mesogenic molecules of the studied compounds, quantum-chemical assessment of the nature of intermolecular forces and revealing the influence of self-association on spectroscopic, thermodynamic and anisotropic properties.

Expected results at this stage: Establishment of the role of electronic effects of substitutents in the process of formation of associates; assessment of changes in molecules under the influence of intermolecular forces; determination of the degree of influence of self-association of molecules on the spectroscopic, thermodynamic and anisotropic properties of aromatic compounds; definition of the relationship "structure-property".

To accomplish this task, a work schedule was developed (Appendix B), according to which the following were planned:

- modeling of associates of molecules with different types of interaction, quantum-chemical vibrational calculations of the structure and properties of associates of mesogenic molecules;

- comparative analysis of the spectra of individual molecules and associates, assessment of the influence of the association of molecules on their physicochemical properties.

The implementation of this task: performing quantum-chemical calculations for various types of molecular interactions in order to identify the most effective of them, elucidating the influence of self-association and intermolecular effects on physicochemical properties and assessing changes in molecules under the influence of intermolecular forces, is necessary to solve the following problem and approximation to the expected results of the project.

2. Taking into account solvation effects in quantum-chemical calculations of the structure and properties of individual molecules and associates of aromatic compounds.

Expected results at this stage: determination of the degree of influence of solvation of molecules on the spectroscopic, thermodynamic and anisotropic properties of aromatic compounds. Revealing the role of intermolecular interactions as property-forming factors in mesogenic nanosystems.

To accomplish the task, a work schedule was also developed (Appendix B), according to which the following were planned:

- DFT calculations of molecules and associates in a solvent medium for the studied aromatic compounds;

- study of the effect of the solvent on the spectral, thermodynamic and anisotropic properties of substituted aromatic compounds.

Implementation of the task: carrying out computer calculations taking into account the solvent to determine the degree of its influence on the change in the structural, electronic-energy and other properties of liquid crystal compounds listed above.

From the above, it follows that the scientific novelty and fundamental difference of this project from similar studies lies in a holistic approach to the study of mesogenic substances, namely:

- study of several classes of organic compounds, united by a common structural feature;

- the combined study of the properties of substances - spectroscopic, thermodynamic and anisotropic;

- interpretation and prognostic assessment of vibrational infrared spectra of molecules and associates of the studied mesogens. The main part of the research report presents the results of a quantum-chemical study of mesogenic compounds by the density functional theory method using a split-valence basis set with polarization functions on non-hydrogen atoms.
MAIN PART OF THE RESEARCH REPORT

1 Modeling associates of mesogenic molecules of the compounds under study, quantum-chemical assessment of the nature of intermolecular forces and revealing the influence of self-association on spectroscopic, thermodynamic and anisotropic properties

The mesomorphic state of substances is fluid, therefore, despite its inherent properties of the solid state, it is characterized by short-range order. In the isotropic and nematic phases, the short-range order is approximately the same. For example, molecules of thermotropic nematic liquid crystals (NLC) (the class we are studying) are mainly located parallel to each other, while the centers of gravity of individual molecules are chaotically [13, 14]. The molecules of a substance are held near each other due to intermolecular forces, which can be significant between two molecules or between molecules of adjacent layers. The specific physical properties of liquid crystals are also determined by the nature of the intermolecular interaction. Van der Waals forces between neutral molecules are known to manifest themselves in several forms: dispersion, orientation, and induction forces [2, 3]. The contribution of the orientational and induction forces increases with an increase in the dipole moment of the molecules. A molecule, being an electron-nuclear system, obeys the laws of quantum mechanics. In the Schrödinger equation, interactions between electrons and nuclei of one molecule with nuclei and electrons of another are described by Coulomb forces. In the experimentally determined properties of a substance, an averaged interaction is manifested, which depends on the distance between molecules, their mutual orientation, structure and physical characteristics (dipole moment, polarizability, etc.).

The polarity of the molecules of substituted diphenyls, diarylethylenes, diarylacetylenes, Schiff bases and azobenzenes predetermines the type of interaction: orientational, or dipole-dipole. However, other forces are also possible, since the molecules can orient themselves relative to each other in different ways. There are several types of intermolecular orientation: terminal, planar and stacking. The strength of the interaction depends on the geometry of the arrangement and the polarity of closely spaced molecules. From the most general characteristics of the liquid state, such as poor compressibility and preservation of its volume, it follows that the potential energy of interaction of molecules exceeds the average kinetic energy of their motion, therefore, self-association of molecules can occur.             
1.1 Modeling of associates of molecules with a different type of interaction, quantum chemical vibrational calculations  of  the structure and properties of associates of mesogenic molecules
A feature of polar mesogens is their ability to associate in the form of dimers with partial overlapping of the cores and antiparallel orientation of the dipole moments. Therefore, we have considered the aforementioned types of orientation for a pair of molecules. The terminal type is defined primarily as a head-to-tail orientation of the molecules; different polar groups are usually located at the ends of the molecules. Other terminal interactions will lead to repulsive potential. The planar type assumes the arrangement of two molecules in the same plane. Both of these options are possible when placing molecules in one layer. In turn, stacking interaction, or lateral, can exist when molecules are arranged in different planes, or in different layers (layer by layer). In the following paragraphs, models of the molecules of the studied mesogens associated in the form of dimers and the results of quantum-chemical calculations of their structure and properties are presented.             

1.1.1 Modeling of associates of mesogenic molecules
            The objects of investigation are polar molecules with electron-donor (alkyl and alkoxy) and electron-withdrawing (nitrile group) terminal substituents. Molecular models of dimeric associates of the studied compounds were constructed using the GaussView 6.0 visualization program [15] based on the optimized geometry of isolated molecules obtained at the first stage of the project. In particular, previously optimized cyanoderivatives of diphenyl: 4-n-pentyl-4'-cyanodiphenyl and 4-pentoxy-4'-cyanodiphenyl, vinyl-p-phenylbenzoate and p-diphenylacrylate, substituted diarylethylenes: 4-methoxy-4'-cyanodiarylethylene and 4-propyl-4'-methoxydiarylethylene. Optimized structures were also obtained for methoxybenzylidene-p-butylaniline (MBBA) and ethoxybenzylidene-p-butylaniline (EBBA), representatives of azobenzenes and diarylacetylenes, respectively, 4-cyanazobenzene, 4-methoxy-4'-cyanazobenzene and 4-propyl-4'-cyanodiarylacetylene, 4-methoxy-4'-cyanodiarylacetylene. Figures 1-10 show model molecular associates and crystal structures for some compounds (available in the literature and due to the limited scope of the report). For all types of interactions, the antiparallel packing of molecules was considered as the most characteristic of polar LCs. The atoms of chemical elements in the figures are designated as follows: carbon - gray, hydrogen - white, nitrogen - blue, oxygen - red.
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a) 4-n-pentyl-4'-cyanodiphenyl, b) p-diphenylacrylate, c) vinyl-p-phenylbenzoate

Figure 1 - Terminal orientation of diphenyl molecules in a dimer
            Figure 1 shows the most probable configuration of the dimers - terminal, "head to tail", where the end group of one molecule is directed to the side of an excellent other than the polarity of another group of molecules. One of the molecules in the pair was fixed along the X axis, the other was located at a distance of 6-8Å from the fixed molecule. This value is the distance between the atoms of the terminal substituents of the molecule, the greater the amount of van der Waals radii of the atoms of nitrogen and carbon (3.21-3.38Å), nitrogen and hydrogen (2.66-2.75Å), carbon and hydrogen (2.87-2.97Å) [16] and found a minimization of energy when varying the distance in the range of 3 - 20Å. The distance between the centers of the molecule - in the range of 20Å. The double angle between the planes of the phenyl ring in the replaced biphenyls is 36-37°. Another arrangement of a molecule in a pair is a so-called planar, or flat, when two molecules are in the same plane. In a pair of molecules one is attached to the XY plane, interacting with it molecules are arranged in parallel at distances of 6.0 - 7.0Å from the predominant (distance between the proposed gravity centers of molecules) and approximately 3.0Å between the closest hydrogen atoms (the sum of the van der Waals radii of hydrogen atoms is 2.31 - 2.34Å) along the axis Y. Intermolecular interaction occurs between the sides of the molecule. The sum of the radii of van der Waals atoms of oxygen and hydrogen is equal to 2.45 - 2.61Å, oxygen and carbon - 3.0 - 3.32Å, carbon-carbon - 3.42 - 3.60Å [16].
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a) p-diphenylacrylate, b) vinyl-p-phenylbenzoate

Figure 2 - Planar orientation of the molecule of substituted diphenyls in dimers
And, finally, the third type of mutual orientation of the molecule - stacking, in which both molecules are arranged in different planes. The arrangement of the molecule is antiparallel, the layout is "step" to "fall".
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a) p-diphenylacrylate, b) vinyl-p-phenylbenzoate

Figure 3 - Stacking-orientation of the molecule of substituted biphenyls in dimers

One of the molecules is fixed in the XY plane, the other molecule is placed at a distance of 6.0-8.0Å along the Z axis is relatively fixed. 
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Figure 4 - Terminal, planar and stacking dimers of diarylethylene molecules
Examples of the following compounds possessing the nematic phase are 4-methoxybenzylidene-4'-butylaniline and 4-ethoxybenzylidene-4'-butylaniline - aromatic amines widely used in experiments. They are used together as classical nematic mixtures and matrices for mixtures of liquid crystalline compounds, as well as in organic synthesis as analytical reagents and stabilizers of polymers. It is practically interesting that there are nematogens in low temperature regions of 20-47ºC (MBBA) [7] and 35.5-77.5ºC (EBBA) [17]. The structure and properties of these compounds are studied experimentally and theoretically [18-21]. Ignoring the fact that these compounds differ from each other only in the length of the alcoholic radical, there is a real difference between them. EBBA is present in the crystal in the form of a single conformation (Fig. 6) [22], then in MBBA there is a sufficiently rare occurrence of contact conformity [23], i.e. several symmetrically non-equivalent molecules are realized in the crystalline cell (Fig. 5) [24]. Figure 5 shows the arrangement of the MBBA molecule in the elementary cell of the crystal lattice, a fragment of the three molecules and the crystal structure itself of methoxybenzylidene-p-butylaniline. Associates for the Shiff bases MBBA and EBBA were modeled, relying on these methods of diffraction of X-ray beams, available in the literature [22, 24]. In the elementary cell of the monoclinic spatial group P21, three independent molecules have an E-configuration and their pair in the next layer, with which are antiparallel oriented and removed from each other at a distance of 4-12 Å. Even if they are symmetrically non-equivalent molecules, they have a very close structure and are distinguished by the conformation of the central fragment and/or terminal substituent (Fig. 5). The packaging of the MBBA molecule [24] is similar to the layered packaging of smectic liquid crystals. "Smectic" layers of MBBA are parallel (001). Each subsequent layer shifts relative to the previous one so that the molecules are tightly placed in the gaps of the previous layer on the parquet motif.
The triclinic spatial group P-1 (a = 5.673 Å, b = 8.546 Å, c = 17.858 Å) [22] with two molecules in an elementary cell (single crystal) is molecular (single crystallographic). The structure is characterized by acoplanar between it with phenyl rings and unusual, with the point of view of stereoelectronic requirements of a stable configuration, gt (gosh-trans -) - the configuration of the terminal C4H9-replacement. Azometin bridge, ethoxybenzylidene and aniline ring form a single system with p, π- and π, π-coupling. Coupled bonds and benzene rings give stiffness to molecules of mesomorphic compounds. Conversely, the presence of bridge groups and terminal substitutents affects the conformational state of their molecule: the isolated molecule EBBA is a conformational impurity.
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Figure 5 - Crystal structure of MBBA according to XRD data [24]
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Figure 6 - Crystal structure of EBBA according to XRD data [22]
Two forms of butylanilines are known: cis- (Z- or syn-form) and trans- (E- or anti-form). In the latter, the azomethine group and aromatic rings, when coplanar, can form a single conjugated system. In the syn isomer, this will be prevented by steric hindrances due to the close arrangement of the rings and the repulsion of the σ-electrons of the C-H bonds. Structural studies of benzylideneanilines have established non-planar conformation of molecules in the solid, gas phases and in solution. The non-planarity of molecules is associated with the nonzero values ​​of two parameters that determine the molecular conformation: the angles of rotation relative to the N-phenyl and C- phenyl:     
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, where R = OAlkyl, R’ = Alkyl.
In this study, the conformations of the trans-isomers of anilines are considered, since, firstly, the elongated shape is characteristic of NLC, and secondly, it is this shape that is realized in the crystal. Due to the anisotropy of the shape, the MBBA and EBBA molecules of the E-configuration have C1 symmetry and are conformationally non-rigid due to the presence of a terminal alkyl substituent and a bridging group.

All three types of dimers (Fig. 7, 8) were constructed based on the crystal structure of these compounds. As you know, the liquid state (including the mesomorphic state) is close to the solid state (quasi-crystallinity) in a number of important indicators: the intermolecular distances in the liquid are close to those in the solid, the energy of intermolecular interaction in the liquid and in the solid differs slightly, the heat capacity of the substance at melting changes very little, i.e. it is close for both of these states. Hence, it follows that the nature of the motion of particles in a liquid is close to that in a solid [25]. 
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Figure 7 - Terminal, planar and stacking dimers of MBBA molecules (hydrogen atoms are omitted for clarity)
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Figure 7 - Terminal, planar and stacking dimers of EBBA molecules 
Since no experimental information was found for the rest of the considered compounds, the corresponding associates were constructed by analogy with the previous ones.
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Figure 9 - Terminal, planar and stacking interactions of substituted azobenzene molecules
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Figure 9 - Terminal, planar and stacking interactions of substituted diarylacetylene molecules 
Thus, we have modeled the structures of various dimeric associates for substituted diphenyls, diarylethylenes, Schiff bases, azobenzenes, and diarylacetylenes.
1.1.2 Quantum chemical vibrational calculations  of  the structure and properties of  

associates
The specific physical properties of liquid crystals are determined by the nature of the intermolecular interaction. Therefore, it seemed necessary to establish a connection between the features of intermolecular interaction, which manifests itself in particular in the orientational ordering of molecules, its changes and properties. Based on the analysis of the calculated data carried out at the first stage of the project, it was concluded that the 6-31G(d) basis set with polarization functions on non-hydrogen atoms was used in further calculations. In this regard, the quantum-chemical characteristics of the spectral, thermodynamic, and anisotropic properties of the associates of the studied compounds were calculated by the DFT method with the Becke 3 Lee Yang Parr (B3LYP) correlation functional [12, 26, 27] in the valence-split moderate 6-31G basis with d -orbitals for elements of the second period using the GAUSSIAN16 program [28]. The thermodynamic properties of molecules are calculated taking into account the contribution to the indicated properties of vibrations and rotations of molecules. All characteristics are obtained for optimized molecular configurations and are shown in the following Tables 1-3. The specification of the optimization procedure was determined by the default program; therefore, the search for the optimal geometry of the associates was carried out using the Berny algorithm [29].
Table 1 - Comparative energy characteristics of dimers of mesomorphic molecules
	Dimer
	Characteristic (B3LYP/6-31G(d))


	
	Electronic
energy, a.u.
	Zero-point energy, a.u.
	HOMO energy, a.u.
	LUMO energy, a.u.

	4-n-Pentyl-4'-cyano-diphenyl (term.)
	-1504.244431
	0.645919
	-0.22659
	-0.06365

	p-Diphenylacrylate (term.)
	-1458.517249
	0.457398
	-0.21829
	-0.06251

	Vinyl-p-phenylbenzoate (term.)
	-1458.522936
	0.458150
	-0.23184
	-0.06460

	4-Methoxy-4'-cyano-diarylethylene (term.)
	-1494.581158
	0.497390
	-0.19713
	-0.07815

	4-Propyl-4'-methoxy-diarylethylene (term.)
	-1545.984191
	0.670974
	-0.18884
	-0.04218

	MBBA (term.)
	-1657.068855
	0.699673
	-0.19674
	-0.05032

	MBBA (planar)
	-1657.071696
	0.700011
	-0.20115
	-0.05675

	MBBA (stacking)
	-1657.071426
	0.700598
	-0.19726
	-0.04711

	4-Methoxy-4'-cyan-azobenzene (stacking)
	-1559.063804
	0.445703
	-0.22326
	-0.09996


In Table 1, the electron energy represents the total energy (in atomic units) of a dimer of molecules in the ground state as an eigenvalue of the electron Hamiltonian, which includes the kinetic energy of electron motion and all types of potential energy (energies of interaction of electrons with each other, interactions of electrons with nuclei, interactions of nuclei together). The energy of zero-point vibrations is considered as an additional energy of vibrations at absolute zero. Taking into account the latter gives a more accurate value of the total energy. Boundary orbitals are represented by the higher occupied molecular orbital (HOMO) and the lower unoccupied MO (LUMO), the energies of which characterize the energy of intermolecular interactions for molecules remote from each other.
Table 2 - Electrical properties of dimers of mesogenic molecules (method B3LYP/6-31G(d))
	Dimer
	The values of the components of the dipole moment, D
	Total dipole moment, D
	Polarizability, a.u.

	
	µx
	µy
	µz
	
	

	4-n-Pentyl-4'-cyano-diphenyl (term.)
	12.2596
	1.0025
	1.5678
	12.40
	426.499333

	Vinyl-p-phenylbenzoate (term.)
	-4.5211
	-3.0629
	1.0778
	 5.57
	352.838333

	p-Diphenylacrylate (term.)
	0.7748
	-0.2542
	-1.3141
	1.55
	343.352333

	4-Methoxy-4'-cyano-diarylethylene (term.)
	-16.3768
	-1.8926
	 0.0492
	16.49
	464.968667

	4-Propyl-4'-methoxy-diarylethylene (term.)
	1.1211
	2.9302
	-0.0283
	3.14
	470.688333

	MBBA (term.)
	0.3533
	  -0.4574
	-0.7180
	0.92
	480.574000

	MBBA (planar)
	  -1.1599
	3.0028
	-0.3984
	3.24
	463.114000

	MBBA (stacking)
	0.1619
	3.4907
	-2.1625
	4.11
	460.209000

	4-Methoxy-4'-cyan-azobenzene (stacking)
	  -0.1309
	1.7320
	3.6288
	4.02
	433.096333


Table 3 - Thermodynamic properties of representatives of mesogenic dimers (method B3LYP/6-31G(d))

	Dimer
	Property

	
	Gibbs free energy, a.u.
	Enthalpy,
a.u.
	Entropy, cal/mol*K 
Translational

Rotational

Vibrational
	Heat capacity,

cal/mol*K 

	p-Diphenylacrylate (term.)
	-1458.130204
	-1458.028525
	214.002
44.189

39.252

      130.561
	115.987

	Vinyl-p-phenylbenzoate (term.)
	-1458.135046
	-1458.033563
	213.588
44.189

39.225

      130.174
	115.699

	4-Methoxy-4'-cyano-diarylethylene (term.)
	-1494.161678
	-1494.049215
	236.700
44.332

39.004

      153.364
	123.842

	4-Propyl-4'-methoxy-diarylethylene (term.)
	-1545.403416
	-1545.273208
	      274.044
        44.541

        39.790

      189.713
	142.762

	MBBA (term.)
	-1656.441899
	-1656.332929
	229.345
44.713

40.220

      144.412
	138.390

	MBBA (planar)
	-1656.451162
	-1656.332291
	250.184
44.713

39.473

      165.998
	145.846

	MBBA (stacking)
	-1656.458907
	-1656.328825
	273.780
44.713

39.133

      189.934
	151.711

	4-Methoxy-4'-cyan-azobenzene (stacking)
	-1558.692361
	-1558.584199
	227.645
44.357

38.241

      145.047
	121.682


Table 2 gives a comparative characteristic of the electrical properties of the systems under consideration, such as the electric dipole moment and its anisotropic components - projections on the x, y, z axes, as well as the polarizability of molecular structures, which determines the ability of the system to acquire an induced dipole moment under the action of an electric field. The components of the dipole moment in the molecular coordinate system are linear functions of the components of the field strength. Table 3 gives an idea of ​​the main thermodynamic functions of the state of dimers of some of the studied molecules, such as the Gibbs free energy, enthalpy, entropy, calculated through the sums over the states. A discussion of the results obtained is given below in clause 1.2.2.
1.2 A comparative analysis of the spectra of individual molecules and associates, an assessment of the association of molecules effect on their physicochemical properties
1.2.1 A comparative analysis of the spectra of individual molecules and associates
Quantum-chemical vibrational calculations make it possible to obtain not only the values ​​of the thermodynamic properties of molecular structures, but also the vibrational infrared spectrum, its frequencies, intensities, force constants, the form of normal vibrations, etc. The use of quantum-chemical methods makes it possible to increase the information content of spectroscopic studies, to reveal the basics empirically established regularities connecting spectra with various physical and chemical properties of molecules, to find out the nature of the mutual influence of functional groups in complex compounds, based on the concept of the interaction of electrons and nuclei. However, it should be emphasized that the results of quantum-chemical calculations cannot yet characterize the force field of the molecule and predict the frequencies of normal vibrations with the accuracy of the experiment; nevertheless, they are very useful for assigning lines, and the combination of calculation and experimental data leads to a more complete and reliable description of the spectrum. In this case, the calculated relative values ​​are more reliable and can help in the interpretation of relatively small differences in the frequencies of similar molecules, which is not always possible to do with other methods.

Vibrations in molecules are associated with changes in the dipole moment and electronic distribution. Changes are observed during substitution and particle association and are manifested in the infrared spectrum. Calculations of spectra, harmonic vibrational frequencies, intensities of IR absorption bands of molecules and forms of normal vibrations were performed by the density functional method with the correlation functional Becke 3 Lee Yang Parr (DFT/B3LYP) (basis set of atomic orbitals 6-31G(d)), the accuracy of which exceeds the known ab initio methods for calculating the vibrational spectra of compounds. To achieve the best agreement of theoretical values ​​of vibration frequencies with experimental ones (if any), a scaling factor equal to 0.9613 (6-31G(d) basis) was used [30]. Below are some theoretically calculated spectra, scaled values ​​of vibration frequencies and intensities of IR bands (Fig. 11, 12, Tables 4-6).
[image: image30.png]IR Spectrum

3000

2500

2000 1500

Frequency (cm)

1000





a
[image: image31.png]IR Spectrum



[image: image32.png]r
3500

T
3000

T
2500

2000 1500
Frequency (cm™?)

T
1000




b
a) p-Diphenylacrylate (upper - spectrum of free molecule, lower - associate), b) vinyl-p-phenyl- benzoate (upper - spectrum of free molecule, lower - dimer)
Figure 11 - Theoretical vibrational infrared spectra of substituted diphenyls, calculated by the DFT/B3LYP/6-31G(d) method) (in the coordinates absorption coefficient - wavenumber, or frequency)

As can be seen from the above spectra, noticeable changes are observed for both substituted diphenyls: frequency shifts have occurred, the vibration intensity has changed, some lines have leveled out, or new ones have appeared. In both cases, in the low-frequency region of the spectrum (˂ 400 cm–1), the association of molecules led to a strong damping of vibrations.
Table 4 - Theoretical (method B3LYP/6-31G(d)) frequencies and intensities of stretching, medium-frequency vibrations in the terminal dimer of p-diphenylacrylate
	Mode
	 Frequency, cm-1
	Scaled frequency, cm-1
	Intensity, km/mol


	54
	712.14
	684.58
	32.93

	59
	775.67
	745.65
	32.54

	60
	775.89
	745.86
	42.10

	70
	859.17
	825.92
	39.36

	71
	902.05
	867.14
	65.91

	87
	1020.07
	980.59
	121.08

	90
	1028.92
	989.10
	212.64

	93
	1042.19
	1001.85
	128.01

	101
	1159.89 (1206.56)1
	1115.00 (1159.87)2
	775.40 (248.96)3

	107
	1220.02
	1172.81
	124.07

	108
	1220.16
	1172.94
	80.33

	109
	1261.24 (1276.64)
	1212.43 (1227.23)
	862.96 (485.45)

	125
	1452.88
	1396.66
	65.91

	129
	1526.04
	1466.99
	218.99

	137
	1645.29
	1581.62
	48.87

	138
	1645.31
	1581.64
	75.47

	139
	1648.16
	1584.38
	48.52

	140
	1648.19
	1584.41
	93.00

	143
	1712.64
	1646.36
	75.03

	144
	1712.66
	1646.38
	63.49

	151
	3207.23
	3083.11
	46.49

	158
	3215.93
	3091.47
	41.61

	Notes 

1 The value of the vibration frequency in an isolated molecule.

            2 The value of the scaled vibration frequency in an isolated molecule.

            3 The value of the vibration intensity in an isolated molecule.


In an isolated molecule in this region, pendulum vibrations of methylene and other groups were active, changes in the bond angles between carbon-carbon bonds, and the rocking of the entire skeleton of the molecule were noticeable. Table 4 shows the main vibration modes with frequencies and non-zero intensities. The most intense modes are 109 and 101, the first of which corresponds to stretching vibration - stretching-contraction of the valence single bonds C= - O (carbon atom of the carbonyl group - oxygen atom) in both molecules of the terminal dimer. Mode 101 belongs to the stretching vibration CAr - O (benzene ring carbon - oxygen). 
Table 5 - Theoretical (method B3LYP/6-31G(d)) frequencies and intensities of stretching, medium-frequency vibrations in the terminal dimer of vinyl-p-phenylbenzoate
	Mode
	 Frequency, cm-1
	Scaled frequency, cm-1
	Intensity, km/mol



	54
	711.39
	683.86
	41.23

	58
	759.86
	730.45
	107.55

	89
	1020.31
	980.82
	101.68

	91
	1034.30
	994.27
	102.89

	93
	1060.16
	1019.14
	115.90

	95
	1067.36
	1026.06
	272.37

	101
	1162.79 (1203.58)1
	1117.79 (1157.00)2
	1127.86 (522.80)3

	105
	1207.35
	1160.62
	46.18

	108
	1214.33
	1167.33
	75.38

	109
	1278.15 (1296.09)
	1228.68 (1245.93)
	842.02 (431.35)

	139
	1652.78
	1588.82
	220.47

	142
	1664.15
	1599.75
	174.11

	143
	1689.84
	1624.44
	379.46

	144
	1689.99
	1624.59
	38.26

	158
	3218.21
	3093.67
	39.34

	159
	3225.16
	3100.35
	37.60

	            Notes 

            1 The value of the vibration frequency in an isolated molecule.

            2 The value of the scaled vibration frequency in an isolated molecule.

            3 The value of the vibration intensity in an isolated molecule.


The next vibrations in intensity (modes 90 and 129) belong to the area of "fingerprints" (below 1500 cm-1), that is, to skeletal and bending vibrations of atoms of molecules: bending vibrations of cycles (rocking), plane bending vibrations of C – H, pendulum vibrations of CH2 - groups. Vibrations of adjacent groups, interacting, give mixed oscillations, and individual bands are superimposed on each other, forming a band with weakly pronounced maxima. 
For the dimer vinyl-p-phenylbenzoate, p-diphenylacrylate isomer, the same modes (101 and 109) have the highest intensity (Table 5). An extremely intense vibration is observed  at 1117.79 cm–1 (mode 101), which corresponds to stretching – contraction of C= – O bonds. The second mode also corresponds to the C= - O stretching vibration, since there is no CAr - O bond in the discrete molecule of this compound. Mode 143 belongs to the stretching vibrations of the C = C bonds of the terminal vinyl group. Another intense band (95) manifests itself during plane bending vibrations - the rocking of the entire skeleton of molecules. During transition from molecules to dimers, the spectra show a frequency shift towards lower values, and the vibrations occur with a doubled intensity.

Figure 12 shows the vibrational IR spectra of methoxybenzylidenebutylaniline: the experimental spectrum recorded for liquid-phase MBBA [31], theoretical and calculated spectra of an isolated molecule, a planar dimer, and the spectrum of a stacking dimer. Comparing the calculated spectra with each other, it can be seen that the spectra of associates have more similarities than differences, and the pattern of both spectra differs significantly from the spectrum of a free molecule. It also turned out that the picture of the spectrum of a planar dimer is comparable with the experimental spectrum. The explanation for this, apparently, is that in the liquid phase the molecules move in a flow, the layers are chaotic, short-range order is characteristic, and this is more consistent with the arrangement of molecules in the plane.

The most intense vibrations, their frequencies and intensities of the bands of planar and stacking MBBA dimers in comparison with the experimental values ​​are summarized in Table 6. In the experimental IR spectrum of the compound, strong absorption bands are observed in the range of 2800-3000 cm-1, related to the symmetric and asymmetric stretching vibrations of C-H at saturated carbon atoms of CH3-, CH2-groups. The presence of a double bond is additionally indicated by the characteristic ν=CH band in the region of 3000-3100 cm-1. The ν=CH vibrations of the benzene ring appear as a group of bands of medium intensity in the region of 3020–3100 cm–1. Stretching vibrations of the C – C bonds of the benzene ring give bands of moderate intensity in the range of 1300-1600 cm-1 with superimposed ring rocking. The area of ​​"fingerprints" (below 1500 cm-1) includes skeletal and deformation vibrations of molecular atoms. Stretching vibrations of C-C bonds, changes in bond angles COC, scissor vibrations of CH2 groups, symmetric and asymmetric bending vibrations of CH3 groups, bending vibrations of cycles (swing) are observed in the range of 1500-600 cm-1. Non-characteristic bands appear in the region 400–1000 cm–1, where there are numerous stretching vibrations of C – C and other bonds, which are difficult to assign, as well as bending vibrations.
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a) experimental [31], b) upper - spectrum of an isolated molecule, middle - spectrum of planar dimer, lower - spectrum of stacking dimer

Figure 12 - Vibrational infrared spectra of MBBA
Table 6 - Theoretical scaled frequencies and intensities of stretching, medium-frequency vibrations in planar and stacking MBBA dimers
	Mode
	Frequency, cm-1/ Intensity, km/mol



	
	Planar dimer
	Stacking dimer
	
Exp. [31]

	114/1131
	1027.64 / 63.92
	1033.73 / 74.23
	1107 / 41

	128
	  1150.75 / 301.66
	  1153.51 / 240.92
	1181 / 28

	140
	1233.94 / 74.38 
	1232.25 / 17.44
	            1253 / 5

	142/143
	  1246.19 / 309.11
	  1250.27 / 536.99
	1303 / 25

	144
	  1262.55 / 315.68
	  1252.13 / 273.41
	1311 / 21

	155
	1311.11 / 89.02
	1313.42 / 33.15
	1365 / 86

	187
	  1502.48 / 106.79
	  1503.73 / 138.53
	1464 / 27

	188
	  1505.65 / 142.06
	  1504.56 / 100.02
	            1512 / 4

	193
	  1580.71 / 211.61
	  1590.80 / 219.95
	1576 / 13

	194
	  1592.26 / 241.82
	1591.24 / 62.50
	            1598 / 6

	195/196
	  1603.48 / 212.36
	  1606.10 / 195.91
	            1606 / 9

	198
	  1641.77 / 157.56
	  1637.26 / 104.18
	            1626 /14

	205
	2913.35 / 68.16
	2911.43 / 74.75
	2931 / 13

	206
	2914.28 / 67.33
	2913.17 / 41.28
	2957 / 15

	207
	2918.39 / 88.57
	2917.60 / 48.11
	3000 / 49

	219/221
	2986.33 / 64.15
	2989.42 / 73.84
	3023 / 63

	Note - Vibration in a planar dimer / in a stacking dimer.


Modes 142/143 and 144, corresponding to the stretching vibration of the C – O bond of the methoxy group, have high intensity in MBBA dimers. The calculated intensity is much higher than the experimental one, since the calculation was performed for structures in vacuum. Nevertheless, comparison of the spectra showed satisfactory convergence of the results, which can be explained by the appearance in dimers of intermolecular interactions such as weak hydrogen bonds C-H, NC-H… π-system, as in real many-particle systems. Studies have also confirmed that for computer modeling of the IR spectrum and adequate comparison with experiment, or for predictive assessment, the minimum size of the system should include not one isolated molecule, but two molecules, i.e. dimer. Similar analysis and interpretation of the spectra were carried out for the rest of the studied compounds, the spectra of which are given in Appendix C.
1.2.2 The assessment of the association of molecules effect on their physicochemical properties
The influence of the association of molecules on the internal structure of molecules, according to calculations, is insignificant. A significant effect could be expected in the case of modeling molecular layers, which are observed, for example, in the real crystal lattice of anilines (Figs. 5, 6). Crystalline forces primarily change the conformation, that is the softest geometrical parameters which are torsion angles. An analysis of X-ray diffraction data [22, 24] showed that “hard” parameters, such as internuclear distances and bond angles, also differ for crystallographically independent molecules.

However, the calculations showed the manifestation of intermolecular effects in molecular properties, which was expected. Comparative energy characteristics of representatives of dimers for various interactions are given above in Table 1. Comparison of the effect of molecular interaction on properties can be carried out for different series, for example, among compounds of the same class or between isomers, or for a single molecule - dimer system. Consider diphenyls, for example. From disubstituted diphenyl to monosubstituted, the energy gap between the boundary orbitals, the energies of which are very sensitive to changes in the chemical structure, increases. Comparison of two isomeric structures - p-diphenylacrylate and vinyl-p-phenylbenzoate - showed a broadening of the gap upon going from the first to the second, more energetically stable isomer. In a comparative analysis of a free molecule and a dimer, for example, for 4-methoxy-4'-cyanodiarylethylene, molecular association promotes an increase in the HOMO energy and a decrease in the LUMO energy (Table 1) (-0.20714 a.u. and -0.07148 a.u., respectively, in a molecule), which means a decrease in the ionization potential and an increase in the electron affinity. Earlier, for isolated molecules, it was found that the energy of the upper occupied molecular orbital increased upon the introduction of polar groups. A similar change in the energy of HOMO is noted for the case of association of molecules.

Comparison of various intermolecular interactions of one compound, for example MBBA, shows an increase in the absolute values ​​of the energies given above in Table 1, upon going from terminal interaction to planar. This can be explained, apparently, by the greater number of interactions between the atoms of discrete molecules in a planar arrangement as compared to the terminal arrangement. The considered MBBA dimers are constructed in accordance with the experimental data, in particular, the planar dimer includes two different conformations, while the stacking dimer includes the same. This is obviously related to the increase in the total electronic energy of the stacking dimer. 
The anisotropic components of the electrical properties of the considered compounds, such as the components of the dipole moment and polarizability, namely, their scalar quantities, contribution and direction, as well as the total quantities, change significantly. Thus, the dipole moment of an isolated 4-methoxy-4'-cyanodiarylethylene molecule is 7.21D, the absolute contributions of the x- and y-components are 5.12 and 5.08D, respectively, while for the dimer the dipole moment is 16.49D, and the contributions - 16.38 and 1.89D (Table 2), and the torque vector deviates from the original direction. A similar effect of the association of molecules is observed for other compounds.

The data on polarizability (Table 2) indicate the importance of the bridging fragment in molecules: from compounds without a bridge - diphenyls - to compounds with a bridged bond, the polarizability values ​​increase. In this case, for the more energetically stable p-diphenylacrylate, the polarizability is lower than that of its isomer, and when passing from molecules with a homonuclear bridging bond to molecules with a heteronuclear bridge, it increases. As is known, polarizability largely determines the dielectric properties of substances, the magnitude of the dipole moments induced on bonds by intramolecular electric fields created by the set of charges of the molecule. In many cases, the effect of electron-withdrawing and electron-donating substituents on the physicochemical properties of molecules is also primarily due to polarizability. If for comparison we take compounds of the same class, but with different substituents, it turns out that comparable in strength electron-donor and acceptor groups, as in the terminal dimer of 4-methoxy-4'-cyanodiarylethylene, weaken the polarizability, and the presence of two electron donors enhances it (4-propyl-4'-methoxydiarylethylene). Analysis of the dipole moments and their components in the case of dimers of a single compound, for example, methoxybenzylidenebutylaniline, shows that the smallest value of the total moment and an almost equiprobable distribution of the x, y, z-components are observed at the terminal arrangement of the molecules. The alternative arrangement of molecular structures increases the dipole moment and the fraction of individual components. 
Table 3 shows the comparative values of the thermodynamic properties of associates. To calculate the thermodynamic functions, a complete set of vibrational frequencies was required, which was calculated by the B3LYP/6-31G(d) method. The theoretical calculation correctly conveys the algebraic value of the Gibbs free energy. Of the two substituted diphenyls isomeric to each other, the more energetically stable terminal dimer has a more negative free energy, which does not contradict expectations. However, in the case of MBBA, the stacking dimer with the lowest Gibbs energy is not the most stable. The enthalpy of the corresponding associates, on the contrary, increases from the terminal to the stacking structure. For diphenyls, the values ​​of electronic energy, zero-point energy, Gibbs energy and enthalpy are in accordance with each other. The entropy and vibrational component increase with an increase in the number of atoms in the system, but with a change in the mutual arrangement of molecules in the dimer, they also increase, as can be seen in the example of methoxybenzylidenebutylaniline dimers. In this case, the translational and rotational components of the entropy are practically constant for all the above associates, regardless of the number of effective atoms, the arrangement of molecules, and the electronic nature of the substituents.

Association, or self-association of molecules leads to the emergence of intermolecular forces of different types, such as London dispersion forces, dipole-dipole interactions, hydrogen bonds, which affect the physicochemical characteristics of systems, including spectral ones. In this regard, we studied associates with minimal composition - dimers, in which intermolecular interactions are already manifested. Modeling of vibrational infrared spectra of compounds showed satisfactory convergence of the results with experimental spectra (if any) and confirmed the need to consider not a monomer, but at least a dimer containing two discrete molecules with weak intermolecular interactions. When passing from molecules to dimers, the spectra exhibit a frequency shift towards lower values, broadening and splitting of lines, the appearance of bands with multiple maxima, and an increase in the vibration intensity.
2 Accounting for solvation effects in quantum chemical calculations of the structure 

and properties of individual molecules and associates of aromatic compounds
Since gas-phase calculations idealize the behavior of molecules and, accordingly, their characterizing properties, a molecular model is needed that takes into account, in addition to intermolecular interaction, an isotropic continuous medium created not only by surrounding molecules, but also by a solvent. In this case, it is possible to take into account solvation effects when studying the structure and physicochemical properties of molecular structures. To take this into account, the self-consistent reaction field (SCRF) method is used, which includes several models. The simplest of them is the Onsager model, in which the influence of the medium (solvent or condensed phase) is reduced to the electrostatic interaction of a molecule placed into a hypothetical spherical cavity inside the condensed phase, with polarized medium at the boundaries of the cavity. On the latter under the influence atomic charges of a molecule are generated by bound charges that create the electric field inside the cavity, in turn, leading to the redistribution of atomic charges in the molecule. However, the method has its drawbacks, such as an arbitrary dependence on the size of the cavity, which makes the Onsager model inconvenient for calculations. A much more accurate and rigorous theory is the Polarizable Continuum Model (PCM), as well as its varieties IPCM and SCIPCM [32]. In the PCM model, a cavity is selected by describing spherical cavities around the atoms with radii equal to the van der Waals radii of the atoms. The resulting cavity of a complex size describes the contacts between the environment and the molecule much more correctly. In this regard, we used the model of the solvent as a polarizable continuum with a dielectric constant (PCM).
2.1 DFT calculations of molecules and associates in the solvent environment for the studied aromatic compounds
The results of previous calculations served as the basis for a DFT study of the structure and physicochemical properties of mesogenic compounds taking into account the solvent. Further, by the example of molecules of substituted diarylacetylenes, the influence of the continuous medium on their characteristics is shown. Above, the numerical and graphical data of studies were given for aromatic two-ring compounds without a bridging fragment - diphenyls - and with a bridging fragment, both homonuclear (C ≡ C, N = N, C = C) and heteroatomic (C = N). The diarylacetylenes under consideration have a homonuclear C ≡ C bridging bond and substituents of various strengths: electron-donating and electron-withdrawing. For comparative characterization of the compounds, unsubstituted diarylacetylene and monosubstituted diarylacetylenes were studied:
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Propoxydiphenylacetylene
Benzene, which is a non-interacting and non-mesogenic solvent, was chosen as the dielectric medium. The following tables (Tables 7-9) show the structural parameters of solvated and unsolvated diarylacetylene molecules. As can be seen from Table 7, the effect of the solvent on the internal coordinates of the diphenylacetylene molecule is not significant, but a definite trend is observed. The lengths of chemical bonds are reduced in the presence of a solvent, both carbon-carbon and carbon-hydrogen. The internuclear distances of the acetylene bridge and adjacent bonds are unchanged. The bond angles (between chemical bonds) of a molecule in benzene also generally undergo compression. As indicated above, in the model of the polarizable continuum, the contact of a molecule with the environment is described taking into account the van der Waals radii of atoms, which explains the observed changes in the geometry of the molecule.
Table 7 - Geometric parameters (method B3LYP/6-31G(d)) for unsolvated and solvated diphenylacetylene molecules
	Bond
	R, Å
	Bond angle
	Value, degree

	
	In vacuum
	In benzene
	
	In vacuum
	In benzene

	C(1)-C(2)
	1.395
	1.393
	С(1)-C(2)-C(3)
	120.37
	120.32


	C(1)-C(6)
	1.397
	1.397
	C(2)-C(1)-C(6)
	120.30
	120.29


	C(2)-C(3)
	1.410
	1.409
	C(3)-C(4)-C(5)
	120.37
	120.32


	C(1)-H(7)
	1.088
	1.088
	C(1)-C(2)-H(8)
	120.48
	120.45


	H(9)-C(4)
	1.088
	1.087
	C(3)-C(4)-Н(9)
	119.14
	119.23


	C(12)-C(3)
	1.409
	1.409
	C(3)-C(12)-C(13)
	179.998
	179.996


	C(12)≡C(13)
	1.216
	1.216
	С(13)-С(14)-С(15)
	120.56
	120.51


	C(15)-C(17)
	1.397
	1.393
	С(14)-С(16)-Н(20)
	115.14
	119.24


	H(20)-C(16)
	1.088
	1.087
	С(16)-С(19)-H(23)
	119.63
	119.62



However, for the cyanodiphenylacetylene molecule, the opposite is observed: upon going from vacuum to medium, the interatomic distances increase, which indicates the decisive role of a strong electron-withdrawing substituent. It should be noted that the bonds farther from the CN-group remained the same length, while those closer to it experience the force of the inductive effect of the group. The bond angles, as in the case of unsubstituted diphenylacetylene, mainly decrease in benzene. In the molecule of propoxy-substituted diphenylacetylene, the electronic effect of the donor substituent also prevails: the bonds are mostly stretched. On the contrary, the angles between bonds, as in the previous molecules, become smaller when the solvent is taken into account. 

On the whole, taking into account the medium has an insignificant effect on the parameters describing the geometric configuration of molecules, although a certain tendency has been identified. According to the calculation data for associated molecules, taking into account the solvent during the dimerization of molecules also has an insignificant effect. A similar comparative analysis was performed for other classes of the studied compounds.

Table 8 - Geometric parameters (method B3LYP/6-31G(d)) for unsolvated and solvated cyandiphenylacetylene molecules
	Bond
	R, Å
	Bond angle
	Value, degree

	
	In vacuum
	In benzene
	
	In vacuum
	In benzene

	C(1)-C(2)
	1.392
	1.393
	С(1)-C(2)-C(3)
	120.29
	120.19


	C(1)-C(6)
	1.397
	1.397
	C(2)-C(1)-C(6)
	120.28
	120.27


	C(5)-C(6)
	1.397
	1.397
	C(3)-C(4)-C(5)
	120.29
	120.19


	C(2)-C(3)
	1.410
	1.409
	C(1)-C(2)-H(8)
	120.53
	120.47


	C(3)-C(12)
	1.424
	1.429
	C(3)-C(4)-Н(9)
	119.19
	119.34


	C(12)≡C(13)
	1.217
	1.216
	C(3)-C(12)-C(13)
	179.97
	179.99


	C(24)≡N(25)
	1.164
	1.164
	С(13)-С(14)-С(15)
	120.61
	
120.46


	C(15)-C(17)
	1.387
	1.389
	С(14)-С(16)-Н(20)
	119.20
	119.37


	C(21)-C(24)
	1.432
	1.433
	С(16)-С(19)-H(23)
	120.32
	120.34



Table 9 - Geometric parameters (method B3LYP/6-31G(d)) for unsolvated and solvated propoxydiphenylacetylene molecules
	Bond
	R, Å
	Bond angle
	Value, degree

	
	In vacuum
	In benzene
	
	In vacuum
	In benzene

	С(1)-C(2)
	1.386
	1.386
	C(6)-C(1)-C(2)
	120.37
	120.38


	C(2)-C(3)
	1.412
	1.412
	C(3)-C(2)-C(1)
	120.91
	120.86


	C(1)-C(6)
	1.404
	1.405
	C(5)-C(4)-C(3)
	121.37
	121.35


	C(11)≡C(12)
	1.216
	1.217
	O(24)-C(6)-C(1)
	115.74
	115.74


	C(12)-C(13)
	1.429
	1.430
	C(3)-C(11)-C(12)
	179.99


	179.99



	C(6)-O(24)
	1.362
	1.362
	C(12)-C(13)-C(14)
	120.61
	120.57


	C(25)-O(24)
	1.427
	1.430
	C(6)-O(24)-C(25)
	118.97
	118.97


	C(1)-H(7)
	1.086
	1.087
	O(24)-C(25)-C(26)
	107.78
	107.79



2.2 Studying the influence of a solvent on the spectral, thermodynamic, and anisotropic properties of substituted aromatic compounds

In the PCM model, it is assumed that the charges of the solute generate an electric field in the solvent, which changes the structure and characteristics of the solute molecule in the solvent compared to those without taking into account the solvent. As has already been revealed, the structural parameters of the molecules change insignificantly, although some regularity in the changes can be noticed. In contrast to geometric parameters, physicochemical characteristics are more sensitive not only to internal, including chemical, rearrangements, for example, changes in conformation, configuration, substitution of atoms, but also to external ones. The redistribution of atomic charges in a molecule under the influence of an electric field induced in the solvent changes the vector of the dipole moment, its absolute value, and anisotropic components. In turn, changes in the dipole moment and electronic distribution are associated with vibrations in the molecule and, therefore, can manifest themselves in spectral properties.

Figures 13-15 show the IR spectra of diphenylacetylenes obtained as a result of vibrational calculation by the B3LYP/6-31G(d) method using the PCM model. Even with a cursory glance, small changes in the picture of the spectra are noticeable: a shift in frequencies, a change in the bandwidth and intensity of vibrations.

The infrared spectrum of a molecule of diphenylacetylene (DPA), containing 24 atoms, includes 66 normal vibrations, cyanodiphenylacetylene (CDA) (25 atoms) - 69 vibrations, propoxydiphenylacetylene (PDA) (34 atoms) - 96 vibrational degrees of freedom. The characteristic bands should give vibrations of light C – H atoms or multiple CC and CN bonds. The most intense absorption band of diphenylacetylene in vacuum is observed at about 3100 cm–1 (scaled frequency) and refers to asymmetric vibrations ν=CH of benzene rings; in benzene there is a slight shift of the band towards lower frequencies (Table 10, abbreviation for compounds in benzene: DPA-B, CDA-B, PDA-B, respectively).
The next most intense band appears at 1490 cm–1 and corresponds to the bending vibrations of the C – H groups of the aryl rings (in benzene, there is again a frequency shift). In this case, the vibration intensities in the solvent medium increase. For substituted diarylacetylenes, the picture of the spectra became different: if for CDA it became more complicated, then for PDA, on the contrary, it was much poorer, depending on the electronic nature of the substituent.
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Figure 13 - Vibrational infrared spectra of diphenylacetylene
Absorption appears in the spectrum of the CDA molecule in the range of 2200-2500 cm-1, due to strong stretching vibrations of carbon-carbon and carbon-nitrogen triple bonds. Allowance for the solvent shifts the bands to the low-frequency region, and the intensity of the vibrations increases. In comparison with unsubstituted DPA, all vibrations (with and without solvent) are manifested in a higher frequency region.
The PDA spectrum has a single band with extremely high intensity (447 in vacuum, 545 in benzene), which corresponds to the stretching vibration of the C - O bond. The effect of the solvent is similar, that is, as in the above-described cases, it lowers the vibration frequency.
Analysis shows that the presence of an electron-withdrawing group in the molecule leads to a shift of the bands to a higher frequency, and vice versa, in the presence of an electron-donor substituent, the bands shift to a low-frequency region. 
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Figure 14 - Vibrational infrared spectra of cyandiphenylacetylene
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Figure 15 - Vibrational infrared spectra of propoxydiphenylacetylene
This is true both for an unsolvated molecule and when the solvent is taken into account. The association of molecules does not violate the found patterns.
Table 10 - The most intense theoretical (method B3LYP/6-31G(d)) frequencies and intensities of stretching and bending vibrations in diarylacetylene molecules (in vacuum and benzene)
	Vibration type
	Frequency (ν), cm–1 (Intensity (I), km/mol)


	
	DPA
	DPA-B
	CDA
	CDA-B
	PDA
	PDA-B

	νs (СAr – H)*
	3088.83
(25)
	3079.77
(33)
	3213.96
(23)
	3081.64
(30)
	3087.39
(26)
	3078.65
(34)



	νas (СAr – H)
	3080.31 
(58)
	3072.47
(60)
	3206.17
(22)
	3074.36
(26)
	3079.04 
(34)


	3071.35
(32)

	ν (C≡N)

	-
	-
	2344.78
(58)


	2251.49
(97)
	-
	-

	ν (C≡C)

	2232.30 
(0)
	2228.28
(0)
	2311.78
(87)


	2227.71
(59)
	2230.90
(12)
	2226.41 (15)

	ν (C-C)

	1596.47
(26)


	1594.28
(27)
	1664.01
(79)


	1595.37
(100)
	1604.69
(76)
	1601.58
(91)

	ρ (СAr – H)

	1490.01
(46)
	1489.09
(54)
	1557.80
(55)
	1494.88
(61)
	1505.16
(128)
	1503.58
(144)

	ν (C-O)

	-


	-
	-
	-
	1244.83
(447)


	1240.57
(545)

	w (СAr – H)

	743.07
(36)
	746.27
(45)
	855.95
(46)
	828.02
(50)
	743.73
(36)
	747.04
(44)

	
	678.32
(19)


	680.32
(20)
	703.54
(21)
	679.76
(21)
	678.71
(19)
	681.01
(21)

	Note - *ν - stretching vibration (stretch), νs - symmetric stretching, νas - asymmetric stretching, ν(C-C) - stretching vibrations of the carbon skeleton; deformation vibrations: ρ - rocking; w - wagging.


Table 11 shows the calculated energy, electrical and thermodynamic characteristics of molecules in vacuum and benzene. As can be seen from the table, taking into account the continuous medium stabilizes the system. In this case, a redistribution of atomic charges occurs in asymmetric molecules of substituted diarylacetylenes and, as a consequence, the magnitude of the electric dipole moment and its direction change, in contrast to the symmetric molecule of unsubstituted diphenylacetylene, which does not have a dipole moment. In the latter case, the distribution of charges is uniform over the entire molecule, and the indifferent solvent benzene does not induce a dipole moment in such a molecule.
Table 11 - Physicochemical characteristics of diarylacetylenes in vacuum and benzene (method B3LYP/6-31G(d))
	Molecule
	Total energy (RB+HF-LYP), a.u.
	Dipole moment and components, D
	Gibbs energy, a.u.
	Enthalpy, 

a.u.
	Entropy,
cal/mol*K

	DPA
	-539.4607970
	0.00
	-539.306259
	-539.257919
	101.740


	DPA-B
	-539.4628982
	0.00
	-539.308372
	-539.260140
	101.513


	CDA
	-631.7056238
	5.72                

	-631.557281
	-631.501452
	117.502

	CDA-B
	-631.7080559
	6.02        
          
	-631.561235
	-631.503974
	116.517

	PDA
	-732.6170674
	1.81

	-732.380591
	-732.319025
	129.576

	PDA-B
	-732.6199299
	1.996          

	-732.386726
	-732.321104
	128.112


The nature of benzene changes when the hydrogen atom in DPA is replaced by groups with electronic effects. The cyano group, which has a strong electron-withdrawing effect, significantly affects the change in the distribution of charges over atoms, as a result of which a significant dipole moment arises. In the case of calculations with a solvent, the effect of this group on the indifferent solvent also manifests itself: as mentioned above, the charges of the solute generate an electric field in the solvent that changes the structure and characteristics of the solute molecule in the solvent in comparison with those without taking into account the solvent. As a result, benzene ceases to be indifferent and contributes to the increase in the dipole moment. The propoxy group, which has an electron-donor effect, but is inferior in strength to the CN-group, also induces a dipole moment and affects the physical nature of benzene, which, in turn, increases the moment of the molecule. 
The data in the Table show that the Gibbs free energy and the enthalpy of the systems change symbatically with the total energy, that is, when going from the system without taking into account the solvent to the system taking into account the solvent, they also decrease, or, which is the same, become more negative. Since entropy is a measure of chaos, the stabilization of the system should be accompanied by a decrease in entropy, which is observed in quantum chemical calculations. Similar calculations, analysis and interpretation of digital data were performed for the rest of the mesogenic compounds. The conclusions drawn are consistent with each other.

Summarizing the studies, we can state the revealed dependences of the studied properties on the geometric configuration of both a discrete molecule and the spatial configuration of molecules in associates or the type of intermolecular interaction, on the chemical structure of molecules, the electronic nature of substituents, and taking into account or neglecting the solvent. Physicochemical properties of mesogenic compounds are determined not by the properties of an individual molecule, but a set of molecules in intermolecular interaction. Therefore, the role of the latter as a property-forming factor is important and indisputable, and this requires further in-depth study.
CONCLUSION
Thus, in accordance with the goal of the work, namely: “Study of the influence of intermolecular interactions, determining the physicochemical properties and occuring during self-association and solvation of mesogenic molecules, on spectroscopic, thermodynamic and anisotropic properties to develop an effective approach, based on quantum-chemical molecular modeling of aromatic compounds, to solving the problem of the formation mechanism of mesomorphic properties", and the schedule of the 2nd stage of the project, the scope of work performed included:

- an analytical review of the literature in the direction: quantum-chemical and experimental studies of the structural, spectral, thermodynamic and anisotropic properties of liquid crystal compounds;

- molecular modeling of associates (dimers) of mesogenic substituted diphenyls, diarylethylenes, diarylacetylenes, Schiff bases and azobenzenes with different types of interaction;

- quantum-chemical calculations of the structure, vibrational spectra, frequencies and intensities of the IR bands of dimers of compounds; their comparative analysis based on the available literature experimental infrared spectra;

- calculation, analysis and interpretation of thermodynamic and anisotropic properties;

- quantum-chemical calculations of the structure, vibrational spectra of individual molecules and dimers, their thermodynamic and anisotropic properties, taking into account the solvent;

 - comparative analysis, interpretation of digital data.

Modeling of associates of molecules of mesogenic compounds and quantum-chemical calculations of their characteristics were performed using the GAUSSIAN 16 software package and the GaussView 6.0.16 graphical application, respectively; the method of the electron density functional theory B3LYP/6-31G(d) with a valence-split basis of atomic orbitals with polarization functions and the method of polarizable continuum PCM with allowance for the medium were used.    

The results obtained in the 1st and 2nd stages of the project include: 
- molecular models of associates - dimers of the studied mesogenic compounds;

- theoretical vibrational infrared spectra of dimers without and taking into account the solvent: frequency and intensity of vibrations, forms of normal vibrations, assignment of bands, their analysis and interpretation;
- theoretical interpretation of vibrational infrared spectra;
- predictive assessment of the spectroscopic properties of compounds in the absence of experimental data, namely: prediction of frequencies and forms of normal vibrations, as well as intensities of IR bands for the low-frequency region of the spectrum;
- an array of numerical data on the thermodynamic and anisotropic properties of mesogen associates without and taking into account the solvent; their analysis and interpretation;
- predictive assessment of thermodynamic and anisotropic properties of research objects;
- assessment of the electronic effects of substituents and establishing their role in association and solvation, energy and the nature of intermolecular interactions;

- determination of the degree of influence of self-association and solvation of molecules on the spectroscopic, thermodynamic and anisotropic properties of aromatic compounds; definition of the relationship "structure-property";
- revealing the role of intermolecular interactions as property-forming factors in mesogenic nanosystems.

Analysis of the results allowed us to come to the following conclusions:

- the nature and energy of intermolecular interaction are determined by the chemical structure of molecules, the presence or absence of dipole groups in the molecule;

- the structural isomerism of discrete molecules leads to a significant difference in the energy, anisotropic electrical, spectral and thermodynamic properties of their dimers;

- when passing from individual molecules to dimers in the spectra, a shift of the IR bands to the low-frequency region, broadening and splitting of lines, the appearance of bands with several maxima and a doubled vibration intensity are observed;

- theoretical spectra of dimers correspond to experimental spectra of compounds (for example, those available in the public domain);

- the influence of association and solvation on the internal structure of molecules is insignificant, but significant - on the physicochemical properties;

- taking into account the continuous medium insignificantly affects the parameters describing the geometric configuration of molecules, although particular tendencies were identified; nevertheless stabilizes the system;

- when the solvent is taken into account in the spectra, a shift of the bands to the low-frequency region and an increase in the intensity of vibrations are observed.

In general, within the framework of the project, on the basis of preliminary quantum-chemical calculations of the vibrational spectra of reference compounds at different levels of theory and their comparison, calculation methods were selected that were adequate in terms of the accuracy of the calculated characteristics to the tasks set in the project. Based on the calculations and data analysis, it was revealed that using extended bases, taking into account the correlation of electrons and scaling factors, it is possible to obtain vibrational frequencies and other molecular characteristics close to experimental ones, which can serve as a basis for predictive estimates of spectral, thermodynamic, anisotropic and other properties. in the absence of experimental data. The significant influence of association and solvation on the physicochemical properties of molecules of mesogenic compounds was revealed. 
The research results are necessary for the development of scientific and theoretical foundations of the mechanism for the formation of mesomorphic properties of liquid crystals. Potential consumers of fundamental knowledge about the structure of liquid crystals, which were obtained as a result of the project, are scientific and engineering laboratories specializing in the field of structure of matter, physical organic chemistry, quantum chemistry, as well as physics, chemistry and technology of nanomaterials.
Scientific results have been approved at 3 international conferences in Kazakhstan (Nur-Sultan-2, Karaganda-1), published in the journal RSCI (International Journal of Fundamental and Applied Research-1), and are reflected in the monograph. 1 (one) article is under peer review in the journal “Moscow University Chemistry Bulletin. Series 2. Chemistry” - Clarivate Analytics, 3rd quartile), abstracts were accepted for an international conference in Ukraine (Cherkassy) (Appendix A). The results will also be introduced into the educational process in the framework of the disciplines "Molecular Modeling", "Applied Quantum Chemistry", "Computer Nanochemistry", taught in the state, Russian and English languages.
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IKCTICPUMEHTATTBHBIX JIHHIX, & HCHHO: NIPEICKAIAIIE Y4CTOT 1 (OPM HOPMATLHBIX KoneOaHH, a
Take uHTencupocteli MK-IOMOC 113 HHIKOMACTOTHON OBIACTH CTIEKTPA; MPOTHOCTHNECKAR
OlICHKA TEPMOIMHANIICCKIX i AHIIOTPONHAX CBOFICT OGLEKTOB HCCAEIOBANHA.

- 3a 2021 rox: Veranowaeiue poan nextpounsx xpdexros savectrench B npoiecce
OGPAIOBAHIA ACCOUNATOR; OLEHKA IIMCHEHTT B MOCKYAAX MO ACHCTBICH MEAMOTEKYIAPHELX
CIT,  YCTAHOBICHHE CTCTICHN BIANMA CAMOMCCOLHANN MOICKY! HA CTIEKTPOCKOMIECKIIE,
TEPMOIHAMHYECKIE 1 AHIOTPOMHHE CBOVICTBA BPOMATINICCKIX COSAMMEHHE; Onperereiie
BIAIMOOTHOWICHHA (CTPYKTYpa-cBOHCTBOY.

TyGankauns | (OHOM) CTaThh B PENEHIHPYEMOM 3apyGCAHOM H (1) OTevecTReRHON
IV C HOHY B HMAKT-paKTopoN (pekoneiizosanom KOKCOH).

TlyGrmkauis | (0MO) CTATLH B PeUEHIHPYEMOM HAYWHOM W3AQHWM 1O HayuHOMY
manpaszenmio Ipoexta, sxonsumes 5 1 (nepsuiit), 2 (sropoit) amGo 3 (rperuit) Keaprwm B
nayKowetpideckoli Gase Web of Science u (win) mueiouies npouentias no CiteScore B Gase
Scopus e menee SO (mmwecsTi).

TIpefCTaBtenie MATEPHAIOB PAGOT HA KOH(EPEHIULAX MEAIYHAPOAHOTO MacurTaGa,
TIpOBOZMMEIX B pecryGIKe 1 3a ee npeaeANH

OnyGutKoBasHe MOHOTPADHH 110 TEMATHKE HCCACIOBANHI,

2.4 TatenTocnocoGHoCTS: HenaTenToCTIOCOGEH.

2.5 Hayso-rexmueckuli yposet (HOBM3Ha): BICOKHH,

2.6 Vcionkaomaine nayo-TeXimiecKoit npoayKLi ocyiecaaserea: Henommuresex.

2.7 B2l HCNOTS30BAIA Pe3YLTATa aysHOM i (1) HAYNHO-TEXHHYECKON ACKTENLHOCTH:
A8 ZanbHeHiLIero PAsBITHA HCCTEAOBAI B 00AACTH (IMKI 1 XHMHH HAHOMATEPHAIOB, B TOM
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“HCAE KUAKIX KPUCTALION; B TAKIX OGIACTAX HaYKH, KAK TEOPW CTPOGHILA BEUIECTES, TEOPHS
MRMOTEKYADHEIX BIANNOACHCTBIH, (DHIMHECKDA XIMIA, XHMINCCKAH (WIHKA W KBGHTOBaA
OPFAHHNECIUL XIS, & TAKKE B Y4€GH0-00PaIOBATE LHOM NPOLECCE Ha XHMHYECKHX H (HIHKO-
MATEMATIYECKIIX aKyBTETaX BHCUIN yueOHbiX Jaeachtil A4 Goree 1yGOKOrO TOHANAILS
YCBOGHILA CTYCHTaMH YHIaNEHTATLHBIX hanili 0 BellecTne.

3. Hanvienosane paGor, epoks Ix peamsaum n pesyauTarss

Wigp | Hamvenosanme paGor no orosopy n Cpox Omnaenuii pesyavTar
SAA, | OCHOBNME ITAN CTO BUNOIHENN | BunomICHI
arana wasian | okor-
o | wanme
2020 ron

i Keanroso-xmmiecknit pactcr [ OKTa | Jlexal | Teopemeckan  muTepnperaiuis
L — 6p |po |KkoreSarenbuux  wipaxpaciuix
TepMoMAHaMITIeCKIX W ammsoTpormax | 2020|2020 | erextpos; nporiocTiieckas ouetka
cooffets  mosekyn  mesoremm | roga CHEKTPOCKONMYECKX  caoiicTs.
apowaTseckin cocneni cocumnennit  npu  orcyreTaun
(aneusennie Guenn, KCTCPUNCHTATHEX  JSHHMY,
ANSPWISTACHN,  AMAIAUETHICHM, WNEHHO:  TpeAcKasaHe waCTOT W
ocrosamns  Uudda,  awobenson) dopu HopMaIHLIX  KoneGamn, 8
MeTOZAMM  TeopHM  (ymKumowuia TaioKe. wiTeHcHoocTe MK-nofoc
naoTHoCTH, AW WHKOMACTOTHOR  oGnacTn

CICKTPE; MPOTHOCTINECKaR OLCHK
TepuomHHaMIECKIX "
aMIOTPOMHX  CuoficTs 06bexToB.
HeCACA0BANMS.

T JliTeparypusiii noncK W xpuweckiii | OKTa |70 13 | Kpirtuucckinii 0G30p AWeparypis
anan nuteparyp-uix Aamnuix. DFT-|Gpb | HoaGp | aaibix o TeanHke
PACHET KONCGATEALHEIY creKTpoB Ha[2020 (3 |mccaeosamnii.  Mosexynaphsie
[PEMEPHLIX CoemmenIAX, OTGOP MeTOR0B | roza [2020 | moaeaH mecacayeMsix coeauHenni.
pacuera (yHKUNO-HAROD 1 Gasmcibix Waeruiuposasnbie
HaBOpoB), MIOCTPOEHHE  MONEKYTAPHbLX, T —

MOZCTCH  MOHOMEPOB  HCCACYEMbIX Pacuernise KoneGarensisie

[ TS re— CIeKTPM W cosokymmocTs
TEPMOTHHAMHIECKHX 1
AWIBOTPOMIHLIX  cBOficTS  MoTeKyn.
Moaroroska  warepuana  aas
MOHOTpaM.

[F] Conocrasneasimii anamns, [Hos6 2015 [Hawar  necaciosamna o
pacuimbposka n wireprperauns HK-ps | HoaGp | nporsocuseckoit ouerxe
CneKTPOB cocauMenMi: rapMoHMecKiX 2020 4 |enextpockommecki  caoficrn
KOTCGATENBHLX  4acTOT  w  Gopw [roma 2020 | coeamnenuii: npeackasanme wactor
HOpMATBHEIX KoaeGani, 1 GOpM HOpMATBHBIX KoneGanmi, o
wmencusnocreli MK-nonoe, anaes 1 Tawe imencubmocTeit HK-nonoc
WITEPMPCTAUNA  PACCHHTANHLLX (KO- A WusKosacToTHOR  o6nacTH
Xinviseckux caolicTs Nofeky. CNeKTpA; NPOrHOCTIHYECKOH oteHKe

[ ——, "
HBOTPONHLX  CBOCTE 0BexTon
necaezoBanus.

2021 rou
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2 Mozeauposatie ‘accounaros [Sluea |Mafi | YCTaHOBAEHHE PO SACKTPOHHBIX
MEI0rCHNLX  MOTeKY  Wecaeayensi | pb (2021 | xfibexton samecTieneii 8 npouccce
coenumennii,  KuanToRo-xiwwveckan (2021 [rona [ oGpasosanns accounaTos; ouehka
OUCHKE  TPUPOALI  MEAMOCKYINpHEIX | Fosa wovenewli B Morekyaax  nox
oun W BemieWe  BawAnNs ACTCTBHEN MERNOTERYAAPHbX CHT;
cawoaccoua W YeTanOBICHNE  CTenCHM  BANAMIA
cneKkTpocKonMHeckie, Cavoaccounawn  Monekya  Wa
TEPNOTMHANHYECKHE W AHIGOTPONHLIE crekTpoc-KomceKie,
cBoficTsa. TEPMOAMHAMHYECKHE "

anmsoTPONHLE caolicTsa
apowamieckin coenment;
onpedenchme  BaNMOOTHOCHIA
(CTPYKTYPa-CBOHCTBOY.

71 MozeTpoBaMe accoHITO MOTCKY © Mosexyanp oaean
PDANIMUHBIN  THNOM  BIAMMOZCHICTBNA, | Pb |1 | accoumaTos. OLeHKa 3MEKTPOHHLX
KBIHTOBO-NAMHUCCKHE  KoneGatensibie | 2021 2021 |adipexton savecruTenei,
PacuCTU  CTPYKTYPH M cBoiicTs | roaa |rosa | sHepretmki " npHpoas!
CCOUMATOB ME3OTEHHBIX NOAEKY:. MEAMOAEKYTAPHBIX

B3aMMOneTicTBMI,  WIMeHennit B
MoleKyaax  nox  AeficTomen
MEKMONEKYAPHEIX chn. PacueTHbie
KoneGaTenume  cnektp
coBoKynHocTs cuofieTs accounaror

22 ‘Conocrasimesnuiliananwns cnextpos| Mapr | Mail | Veraionnentie  crencn  sawann
WWIMBIyaIHEX  Moaekya (2021 2021 |cawoaccounawmn  onekya  Ha,
ACCOUAITOB,  OUCHKA  BAMANWA|rOX |roa | crieKTpOGKOMHYCCKHE,
ACCOUMALMM MOAGKY HA HX HIMKO- R —, "
XunisecKMe choficTaa. anoTponsie cooficraa

APOMATHHECKHX. coeaMHenii;
onpeaceHe  BANMOOTHOWEHIA
«crpykrypa-caoferson.

3. Yuer conbBaTaMORHLX hGerToB 8| HioHs | Cernta | YCTaHORICHHe  CTEneHM  BAWANMA
KBHTOBO-NHMIECKI pacwerax 2021 |Gpb |comuearawmn  wonekyn  ma
CTPYKTYpbI 1 CooficTs mHaMBHAYaTbHBIX |rofa |2021 | cneKTpocKonHseckHe,

NOAGKYA W ACCOUMTOB. apoNKTIECKI roaa | repmosHaNecKie "

— amoTponbie cpoficta |
‘APOMATHHECKHX COeMHENNTL.
Buanaenne pomn
NMERMOAERYAAPHbX
B3aumoaeicTBHi Kak
caolicTBooGpasytouX. daKTopon b
NESOTCHHBN HAHOCHETEMEX,

30 DFT-pacueTsi MOAeKy/1 W accounaros & | Miorh | Mo | TIporHosupyemie KBAHTOBO-
cpenc pacthopuTens am wiywaewuix | 2021|2021 | xusmueckie nnipaxpacisic
APOMATHHECKHX COCAMHEHHII. roaa |rosa |cnexTpel, WICHTHOUUMPOBAKHAS

GOpMA. HOpMATLHAX  KoneGanMii B
MOJCKYIaX H ACCOLMATAX MIpH yeTe.
cpeas.
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32 Fisywenne nawanna_pactsopitean wal Asryc | Cenrs | oranonnenne _crencin  sumani
crieKTpAtbLe, TepMOIMNAMMCCKHE M|T |Gpb  |cpew Ha  Mywaewble CBOiCTSG,
amoTponkuie caofictsa saeuteniiax (2021 (2021 | Monexya apowarmeckix
aPOMATHYECKHX COeaNNEHMH. o |rom | coeannennii wa ocHose amatia 1

CpaseHmA  pacueTHAIX  AHHLIX.
Moxroroska  warepwara  ans
nyGaukaih.

TyGamkaws | (oawol) craren s
peuensupyeion  sapyGeaton i
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(pexovenzonanmon KOKCOH).
TyGamcauns | (onwok) crarsi s
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Gale Web of Science u ()
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CiteScore s Gase Scopus e wewee
50 (naTuaccaTh).
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Appendix 1.3

to this agreement  

N 197 from 12 November 2020

WORK SCHEDULE

1. Non-Profit Limited Company "Karagandy University of the name of Academician E.A. Buketov" 

1.1 Priority: 8. Research in the field of natural sciences.

1.2 Sub-priority: 8.3 Fundamental and applied research in chemistry; Fundamental research.
1.3 The subject: IRN AP08956084 "Investigation of intermolecular effects of self-association and solvation of molecules as property-forming factors in mesogenic nanosystems".

1.4 The total project amount: 5 000 000 (five million) tenge, including with a breakdown by years for the performance of work in accordance with paragraph 3:

- 2020 year – 3 000 000 (three million) tenge; 

- 2021 year – 2 000 000 (two million) tenge; 

2. Characteristics of scientific and technical products on qualification characteristics and economic indicators

2.1 Direction of work: fundamental research.
2.2 Application area: the structure of matter, physical organic chemistry, quantum chemistry, physics, chemistry and technology of nanomaterials. 
2.3 The final result: 

- for 2020 year: Theoretical interpretation of vibrational infrared spectra; predictive assessment of the spectroscopic properties of compounds in the absence of experimental data, namely: prediction of frequencies and forms of normal vibrations, as well as intensities of IR bands for the low-frequency region of the spectrum; predictive assessment of thermodynamic and anisotropic properties of research objects.

- for 2021 year: Establishing of the electronic effects role of substituents in association; assessment of molecular changes in result of intermolecular interactions; determination of the degree of influence of self-association of molecules on the spectroscopic, thermodynamic and anisotropic properties of aromatic compounds; determination of the relationship "structure-property". 

Publication 1 (one) paper in peer-reviewed foreign and (or) native journals with a non-zero impact factor (recommended by CCSES).

Publication 1 (one) paper in peer-reviewed scientific journal on the project direction, listed in the 1 (first), 2 (second) or 3 (third) quartile in the Web of Science and (or) having procentile by Citescore in Scopus not less 50 (fifty).

Presentation of work materials at international conferences held in the republic and abroad. 

Publication of a monograph on research topics.

2.4 Patentability: non-patentable.
2.5 Scientific and technical level (novelty): high.
2.6 The use of scientific and technical products is carried out: Executor.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: for the further development of research in the field of physics and chemistry of nanomaterials, including liquid crystals; in such science area as the theory of structure of matter, intermolecular interactions theory, physical chemistry, chemical physics and quantum organic chemistry, and in the educational processes in chemical and physico-mathematical departments of higher educational institutions for deeper understanding and adoption fundamental knowledge about substance by students.

3. Name of tasks, terms of their implementation and results

	Task code, stage
	Name of tasks on project and the main stages for the implementation 
	Terms of implementation
	Expected result

	
	
	Starting
	Ending
	

	2020 year

	1
	Quantum-chemical calculations of the spectroscopic, thermodynamic and 

anisotropic properties of the molecules of mesogenic 

aromatic compounds (substituted biphenyls, diarylethylenes, diarylacetylenes, Schiff bases, azobenzenes) using density functional theory methods.
	October 2020

	December 2020

	Theoretical interpretation of vibrational infrared spectra; prognostic assessment of spectroscopic properties of compounds in the absence of experimental data, namely: prediction of the frequencies and forms of normal vibrations, as well as the intensities of the IR bands for the low-frequency region of the spectrum; prognostic assessment of thermodynamic and anisotropic properties of objects of study.



	1.1
	Literary search and critical analysis of literature data. DFT calculations of vibrational spectra on reference compounds, selection of calculation methods (functionals and basis sets), construction of molecular models of monomers of the studied compounds, and target calculations.
	October 2020

	to 15 November 2020 


	Critical review literature data on research topics. Molecular models of the studied compounds. Identified stationary points. The calculated vibrational spectra and the combination of thermodynamic and anisotropic properties of molecules.
Preparation of material for a monograph.



	1.2
	Comparative analysis, decryption and interpretation of IR spectra compounds: harmonic vibrational frequencies and forms of normal vibrations, intensities of the IR bands, analysis and interpretation of the calculated physicochemical properties of
molecules.
	Novem-ber 2020
	to 15 November 2020
	Predictive estimation of spectroscopic properties of compounds: prediction of frequencies and forms of normal vibrations, as well as intensities of IR bands for the low-frequency region of the spectrum; prognostic assessment of thermodynamic and anisotropic properties of objects of study.



	2021 year

	2.
	Modeling of associates of mesogenic  molecules of the studied compounds, quantum-chemical assessment of the nature of intermolecular forces 

and identification of the influence of self-association 

on spectroscopic, thermodynamic 

and anisotropic properties.

	January 2021
	May 2021
	Determination of the role of electronic effects of substituents in the process of formation of associates; assessment of changes in molecules under the influence of intermolecular forces; deter-mining the degree of influence of the self-association of molecules on the spectroscopic, thermodynamic, and anisotropic properties of aromatic compounds; definition of the relationship "structure-property".

	2.1
	Modeling of associates of molecules with a different type of interaction, quantum chemical vibrational calculations of the structure and properties of associates of mesogenic molecules.
	January 2021
	February 2021
	Molecular models of associates. Evaluation of electronic effects of substituents, energy and the nature of intermolecular interactions, changes in molecules under the influence of intermolecular forces. Estimated vibrational spectra and a set of properties of associates.

	2.2
	A comparative analysis of the spectra of individual molecules and associates, an assessment of the effect of the association of molecules on their physicochemical properties.
	March 2021
	May 2021
	Determination of the degree of influence of the molecules self-association on the spectroscopic, thermodynamic and anisotropic properties of aromatic compounds; definition of the structure-property relationship.

	3.
	Accounting for solvation effects in quantum chemical calculations of the structure 

and properties of individual molecules and associates

 of aromatic compounds.
	June 2021
	September 2021
	Determination of the degree of influence of the solvation of molecules on the spectroscopic, thermodynamic, and anisotropic properties of aromatic compounds. Identification of the role of intermolecular interactions as property-forming factors in mesogenous nanosys-tems.

	3.1
	DFT calculations of molecules 

and associates in the solvent environment for the studied 

aromatic compounds. 
	June 2021
	July 2021
	Predicted quantum-chemical infrared spectra, the identified form of normal vibrations in molecules and associates when taking into account the solvent environment.

	3.2
	Studying the influence of a 

solvent on the spectral, thermodynamic, and anisotropic properties of substituted aromatic 

compounds.
	August 2021
	September 2021
	Determination of the degree of influence of the solvent environment
on the studied properties of 
aromatic compounds molecules based on analysis and comparison of calculated data. Preparation of material for publication.

Publication 1 (one) paper in peer-reviewed foreign and (or) native journals with a non-zero impact factor (recommended by CCSES).

Publication 1 (one) paper in peer-reviewed scientific journal on the project direction, listed in the 1 (first), 2 (second) or 3 (third) quartile in the Web of Science and (or) having procentile by Citescore in Scopus not less 50 (fifty).

Presentation of work materials at international conferences held in the republic and abroad. 

Publication of a monograph on research topics.




	Customer:                                                                                      

Chairman of the GI "Committee on Science of the Ministry of Education and Science of the Republic of Kazakhstan"

_______________Kurmangaliyeva Zh. D.

    place of sign
	Executor:

Board member - Rector of NLC "Karaganda University of name of Academician E.A. Buketov" 

______________________Dulatbekov N.O.

         place of sign              

Familiarized:

Research advisor of RSW

____________Abulyaissova L.K.

                 (signature)
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22.10.2021 Ne 3

Karaganda

Board meeting of Scientific-technical council

Chairman — Tazhbayev Ye.M.
Secretary — Ranova G.A.

Attended by 19 out of 19 members
Agenda:

6. Different
6.7. LISTENED TO:
Chairman of the Scientific and Technical Council Tazhbayev Ye.M. on the
approval of the final report on the research project No. AP08956084
"Investigation of intermolecular effects of self-association and solvation of
molecules as property-forming factors in mesogenic nanosystems", scientific
supervisor — c.ch.s., professor Abulyaisova L.K.

DECIDED:

To approve the final report on the research project No. AP08956084
"Investigation of intermolecular effects of self-association and solvation of
molecules as property-forming factors in mesogenic nanosystems", scientific
supervisor — c.ch.s., professor Abulyaisova L.K.

Chairman Ye.M. Tazhbayev

Secretary G.A. Ranova

Correct.
Secretary @‘/‘%/ G.A. Ranova
22.10.2021





APPENDIX C
Vibrational spectra of dimers
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4-н-Пентил-4’-цианобифенил (терминальный)
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4-н-Пентил-4’-цианобифенил (планарный)
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4-н-Пентил-4’-цианобифенил (стэкинг)
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4-Пропил-4’-метоксидиарилэтилен (терминальный)
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4-Пропил-4’-метоксидиарилэтилен (планарный)
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4-Пропил-4’-метоксидиарилэтилен (стэкинг)
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4-Метокси-4’-цианодиарилэтилен (терминальный)
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4-Метокси-4’-цианодиарилэтилен (планарный)
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4-Метокси-4’-цианодиарилэтилен (стэкинг)
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Этоксибензилиденбутиланилин (терминальный)
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Этоксибензилиденбутиланилин (планарный)
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Этоксибензилиденбутиланилин (стэкинг)

[image: image61.png]IR Spectrum

i

r
3500

T
3000

250 | 200 1500 1000
Frequency (cm™) (Scaled by 0.9613)





4-цианазобензол (терминальный)
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4-цианазобензол (планарный)
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4-цианазобензол (стэкинг)
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4-Метокси-4’-цианазобензол (терминальный)
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4-Метокси-4’-цианазобензол (планарный)
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4-Метокси-4’-цианазобензол (стэкинг)



2



_1620591432.cdx

_1620591433.cdx

_1620591434.cdx

_1506710188.cdx

