Materials science. 47

UDK 532.783:541.1:539.21:535.37

INTERMOLECULAR INTERACTION IN LIQUID CRYSTALS

Agelmenev M.E.
E.A.Buketov Karaganda State University, Karaganda, Kazakhstan, amaxut58@gmail.com

The analysis of possible mechanisms for the implementation of orientational ordering in the
mesophase of liquid crystals has been carried out. It has been shown that benzene rings in the structure
play a major role in the existence of the mesophase. Van-Viecky paramagnetism, due to ring currents in
benzene rings, seems to be one of the reasons for such ordering. Apparently, this explains. the high
degree of order of liquid crystals when exposed to a magnetic field. In this regard, the intermolecular
interaction in the case of w-stacking may have a magnetic component. A type of possiblesintermolecular
interaction potential is proposed when simulating the behavior of lan emnsemble of liquid crystal
molecules. It is shown that the ordering of molecules of liquid crystals is associated with the different
nature of intermolecular interactions, but having the same order.
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Introduction

Intermolecular interactions in their energy are noticeably weaker than chemical (from tenths to
ten kJ/mol, for chemical bonds, of the order of tens.and hundreds kJ / mol). Typical dependence of
the interaction energy between particles on the distance 7, similar to the potential energy curve for
diatomic molecules. Some common properties of [1] intermolecular forces acting in different
systems are observed:

1. At large distances, these forces are mainly forces of attraction;

2. They decrease faster with distance than Coulomb forces;

3. The repulsive forces are more short-range than the forces of attraction;

The main value, which is trying to calculate theoretically, is the total potential energy of
interaction U (g). The exact form of this function determines the success of modeling processes in
the molecular system.

Computer simulation using Monte Carlo and molecular dynamics methods is a tool for
studying the behavior of systems of condensed matter of varying complexity. The first works on
simulating simple atomic liquids were started in 1950. The methods were successfully extended to
simulate more complex systems: molecular liquids, polymer and liquid crystal (LC) systems.
Computer modeling at the atomistic level is a difficult task, and the size of particles in an ensemble
has essentially small values in comparison with other models. As shown in [2], it is reasonable to
conduct oscillations of molecular bonds and intramolecular motion at times of 1 fs and 10 fs,
respectively; diffusion within the molecular fluid requires simulation of at least 1 ns; growth of
orientational order and uniform arrangement of a nematic director for several hundred molecules
may require more than 10 ns

The effectiveness of such studies is related to the accuracy of the potential of intermolecular
interaction. Understanding the nature of orientational ordering in LCs is a cornerstone in the
synthesis of such compounds with desired properties. Therefore, the purpose of this work was to
analyze the features of intermolecular interaction in LCs to determine the processes that determine
orientational ordering.
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1. Features of liquid crystals

Considering a liquid crystal as a continuous medium, one can investigate many physical
phenomena - unusual properties in the flow, response to electric and magnetic fields - in NLCs. The
foundations of the continuum theory were laid in the late 20s of the 20th century on the basis of a
static theory. The formulation of the general conservation laws and the fundamental equations
describing the mechanical behavior of the nematic state belong to Eriksen and Leslie [3-4].

In contrast to a normal liquid, a nematic LC (NLC) consists of rod-like molecules, in which the
long axes of neighboring molecules are approximately parallel to each other. A vector n, called a
director, is introduced to describe the direction of the preferential orientation of molecules in the
vicinity of a point. Its orientation in the medium can vary continuously and systematically from
point to point (with the exception of singularities). External forces and fields acting on the liquid
crystal, can cause the translational movement of the fluid, as well as the orientational movement of
the director.

Studies using continual theory on the basis of the balance equations study the behavior of the
director during various effects on NLC. Thus, in [5], when considering the Poiseuil flow, the
existence of domain structures parallel to the flow, separated by singular lines, was established. The
method of numerical simulation established an increase in time as the fixing on the substrate [6]
weakened and the texture twist was due to the presence of sycotactic groups [7] when studying the
twist-deformation dynamics induced by an electric field. In[8], it was found that the deformation is
accompanied by the rotation of the director around an axis perpendicular to the plane of the layer. In
[9], the flexo-optic effect for the case of cholesteric LCs with short pitch of a helix, in [10], the
fleco-electric effect in NLCs was considered. In [11] the behavior of NLCs depending on the
geometry of the electro-optical cell, in [12] the reorientation dynamics of the director in bipolar
NLC droplets, in [13] the planar layer of NLC under the action of electric and magnetic fields, in
[14] - elastic deformations in NLC using_additive potential, in [15] - the microstructural and
macrostructural properties of LC polymers with a strong anisotropy of the elastic coefficients are
investigated. In [16], a phenomenological theory for axial and biaxial nematic phases using a two-
component tensor of degree of order,.in [17] the theory of dielectric permeability of NLC molecules
with an arbitrarily directed dipole:moment, in [18] is a model for describing a pretransition state in
antiferroelectric LCs providing the union of the inner layers of the dipole-dipole interaction was
developed. In [19], the phase behavior of achiral banana-shaped molecules and in [20] — the
behavior of ferroelectric LCs using a quantum-mechanical potential was investigated.

On the basis of the continuum theory, phase diagrams of LCs are investigated using various
types of potentials, which are based on the mean field approximation [2-4]. The development of the
theory does not require the specification of the exact form of intermolecular forces [4, 21].
However, initially, Mayer and Zaupe suggested that the cause of the stability of the nematic phase is
the dipole-dipole component of the anisotropic dispersion forces. It is believed that the rotational
motion of molecules is independent of their translational motion.

When the temperature T is less than the temperature of the nematic — isotropic liquid phase
transition (Ty; bleaching temperature), there is only one minimum in the free energy dependence on
the degree of order s, which corresponds to a stable ordered phase. At T> Ty, there are two minima,
but the minimum at s = 0 is the absolute minimum. At T = Ty, tWo minima are again observed: one
at's = 0, the other at s = s, but both states have the same free energy, i.e. at this temperature it has a
critical transition without a change in volume, but with a sharp change in the order parameter [3-4,
21]. This is defined if the change in volume o6vema AV is known. However, AV is usually so small
that s. is 1-2% different. As a result, the theory predicts a universal value s = 0.44 for all nematic
substances. Although this value is in satisfactory agreement with the data obtained for a number of
compounds, there are statistical deviations. Despite this, theoretical studies are being actively
carried out on the properties of the compounds themselves, as well as mixtures based on them.
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A prerequisite for substantial progress in the management of the mesogenic properties of such
compounds is an understanding of the nature of the intermolecular interaction. Numerous studies
[21-23] state the importance of the presence of cyclic groups, the need for the length, and rigidity of
the structure of LC molecules. The liquid phase does not allow obtaining exact structures from X-
ray diffraction studies [21,23]. The difficulty in understanding the general questions of
mesogenicity is associated with the diversity of the studied classes of LC [24]. The same structural
transformations lead to different results in different classes of LC molecules. So while studying the
effect of the structure of nematic LCs based on arylpropargyl ethers of phenols on their
electrophysical properties, a number of unexpected results were obtained:

- most of the compounds have a negative sign on the anisotropy of the dielectric constant,
despite the expected positive value [6];

- was predicted from geometry studies using molecular mechanics and  confirmed
experimentally the fact that the sign of this magnitude inverted when attached to. the ortho-position
of the NO; functional group [24]. The cause of the observed inversion is a change in the direction of
the dipole moment of the molecules as a result of the rotation of the benzene ring. Such a structural
transformation usually leads to the opposite result [25].

The important role of benzene rings in the presence of order in the mesophase is confirmed by
their presence in most LC structures [21]. The concepts of the structure of the LC phases are based
on a simplified model. In more detailed analysis it is ‘necessary to take into account the
conformation of the molecules. As in the molecular crystal, molecules with different conformation,
environment, orientation can coexist in the LC phase. One of the most typical complications of the
structure of LCs is the formation of dimers and so-called bilayers [22]. The approximation of the
mean field, continual theory is not enough to predict mesogenic properties, depending on their
structure.

Here are some facts about the benzene rings that exist in the physical chemistry of the liquid
crystal:

- rigidity of the benzene ring as a fragment in the structure of LC compounds [21];

- plane-parallelism of rings in the erystalline state [23,26];

- it is known that LC molecules-are almost 100% oriented in a magnetic field [27,28];

- benzene rings have a brightianisotropy of magnetic susceptibility [29];

- it was found that with an increase in the number of benzene rings in LC molecules, the
anisotropy of magnetic susceptibility increases [30];

- effects with chlorine-containing compounds [31]: the aggregation of chlorine atoms is due to
the “chlorophobic” effect -'the interaction of benzene rings with each other is energetically more
advantageous than their interaction with chlorine; chlorine atoms are pushed out of the interaction
region of the benzene rings, which leads to the formation of C1 ... Cl-aggregates;.

- it is known that-aromatic solvents (benzene and its substituted), despite their low dielectric
constant, affect many chemical processes as strongly polar liquids. The cause of the "benzene"
effect is'the large anisotropy of the polarizability of the aromatic rings. As a result, the polarizability
significantly depends on the orientation of the solvent molecules to the dipole moments of the
molecules of the solute [32].

- m-stacking, non-covalent interaction, determining the self-organization of various molecular
systems, including discotic LCs [33-39].

2. Results and discussion

Let's analyze the given data. Indeed, like most organic substances, LCs, as a rule, are
diamagnetic. Diamagnetism is due to Larmor precession of electrons. This leads to the appearance
of an induced magnetic moment directed opposite to the external field, and therefore the magnitude
of the magnetic susceptibility is negative.
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Since the atomic susceptibility is isotropic, it can be expected that the anisotropy of the
magnetic susceptibility is also small. However, the aromatic systems have a large anisotropy [40].
This can be explained by the fact that the m-electrons of the benzene ring are delocalized and form a
“ring current”. When the magnetic field is perpendicular to the plane of the ring, one can expect the
appearance of a large induced moment directed against the field creating it. In the case of NLC, the
susceptibility anisotropy must be positive and proportional to the number of aromatic rings [21].
With each replacement of the benzene ring by cyclohexane, the anisotropy of susceptibility
decreases. If there are no aromatic rings in the compound, this value becomes negative. The value
of the bridge -C=C—-C=C- is especially lowered. Qualitatively, this effect can be associated with
ring currents, which in the case of triple bonds can occur in a plane perpendicular to the long axis of
the molecule. The presence of a triple bond in the compounds studied by us [24] may be,
apparently, one of the reasons for the presence of small values of the anisotropy.of the dielectric
constant.

It is known that the location of LC molecules in the crystalline state occurs mainly when the
antiparallel position of nearby molecules is either head-to-head or overlapped [23]. Therefore, it can
be assumed that, given the known “spacing” of the benzene rings of the LC molecules, the far
orientational ordering will be determined by the possibility of the formation of interacting parallel
pairs of benzene rings of neighboring molecules. Such a mechanism is easy to implement because
of its good mobility, due to the small energy barriers of rotation [41]. An increase in temperature in
the region of the mesophase leads to a decrease in the degree of order [21], which can be explained
by the breaking of bonds between the benzene rings. Ty Wwill increase with increasing binding
energy between these rings. The steric factor will play an impertant role in the orderliness of the
molecules and determine the amount of repulsion of other fragments of nearby LC molecules.
Apparently, the excess of the energy of such an interaction over the binding energy of the benzene
rings makes it impossible for the mesophase to exist in this compound.

As is known [23], in order for a separate crystalline phase to become a precursor of the
classical nematic phase, two conditions are required. First of all, it is a parallel or approximately
parallel arrangement of molecules. The second condition is the requirement that the forces of
intermolecular interaction were not large enough and allowed only translational movement of
molecules at such thermal energies, when rotational movement around all three axes is possible.

There are few prerequisites for the existence of ionic and covalent bonds due to non-fulfillment
of the second condition. The most frequently considered van der Waals interaction appears to be
present, but not dominant. The observed nonfulfillment of the principle of dense packing, which
characterizes the isotropy‘of the van der Waals interaction, in the case of orthorhombic crystalline
benzene and its derivatives,is the reason for this statement [42].

As the analysis shows, the unusual properties of benzene rings are due to the anisotropy of the
magnetic susceptibility, determined by the existence of ring currents. Apparently, the interaction of
the magnetic fields of the benzene rings of neighboring molecules is the main mechanism for the
realization of orientational ordering in NLCs. It is easily realized due to the small size of the energy
barrier of rotation of the benzene rings, a characteristic arrangement already in the crystalline phase
of the LC-molecules (head to head or overlapped). This can lead to a parallel arrangement of the
benzene rings of neighboring molecules in the presence of a translational motion in the liquid phase.
It can be assumed that such a bond can be enhanced by cooperative effects in the direction
perpendicular to the long axis of the LC molecules.

In the processes of self-organization of large molecular systems, one of the main factors is the
n-stacking process. It is carried out through non-covalent interaction between the aromatic rings of
neighboring molecules. However, the nature of these considerations is electrical. Different
arrangements of interacting aromatic rings are usually studied (Fig. 1).

Stacking interactions between p systems play a major role in molecular recognition [33-39], in
shaping the structure and the functionality of nucleic acids and in determining the tertiary and
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quaternary structure of proteins. Vertical stacking between planar molecular systems is favored in
polar environment, mainly due to entropic reasons, while electrostatic forces are in general
determinant for planar or T-shaped structures in non polar media.

Fig.1. Type of the investigated system of interacting aromatic rings

In this respect, the traditional terminology ‘‘p—p’’ stacking is somewhat misleading since it is
suggestive of some kind of special interaction between p. molecular orbitals. The calculations
presented in [33] revealed that a H,O molecule accelerates the time of m-stacking formation in a
benzene molecular system. The times of stacking formation‘in the benzene dimer (n = 2) and trimer
(n = 3) cations were calculated to be 594 fs (H,0) and 922 {s (no-H,0), and 566 fs (H,0) and 1155
fs (no-H,0), respectively.

Molecular self-assembly and self-organization are Nature’s methods for the creation of
dynamic and complex materials necessary for life on earth. These non-covalent interactions include
hydrogen bonding, n-stacking, polar-nonpolar interactions, metal coordination, ionic interactions,
etc.[34-35]. One particularly interesting example of a selfassembled material is a liquid crystalline
phase [36]. The interactions that are crucial for'the formation of liquid crystals are very similar to
those of biologically relevant interactions: van der Waals forces, n-stacking, dipolar interactions,
charge transfer interactions and hydrogen bonding [34-38]. These forces in effect control the
properties of liquid crystals. Since these interactions are weak, it allows for partial dissociation to
repair disordered units and obtain a uniform and more stable system; this is also known as self-
healing. A better understanding of how the structure and morphology of a molecule will affect the
self-assembly of supramolecular materials will allow for an efficient and effective design of these
building blocks so that theirproperties can be utilized.

The binding between molecules is in most cases mainly due to van der Waals forces [38-39].
The core—core and tail-tail van der Waals interactions are responsible for the formation of the
columnar phase. These packing structures are a function of the symmetry of columns and also
intracolumnar van der Waals forces. An introduction to DLCs and the powerful potential it
possesses in molecular electronics, as 1D molecular wires due to stacking of its n—r orbitals. The
potential of such an interaction in [1] is

U=-Z+=.
7"3 7"6

The non-potential nature of magnetic interaction is a major problem in the development of
modeling software. At the same time, the presented potential represents an opportunity to take into
account its contribution to some extent. At the same time, there is a possibility that the influence of
paramagnetism is manifested not only on such a functional group as aromatic rings [43]. The
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potential of intermolecular interaction in the LC should include dispersion, Coulomb and magnetic
interactions. The Coulomb is not dominant due to the neutrality of the LC molecules. Therefore,
two other interactions are decisive. By the strength of the interaction, they are comparable.

Conclusion

The analysis performed shows the main role of benzene rings in the existence of orientational
ordering in nematic liquid crystals. One of the mechanisms that implements this process may be the
interaction of the magnetic fields of the ringless rings of neighboring molecules. Van-Vlecky
paramagnetism, due to ring currents in benzene rings, seems to be one of the reasons for such
orderliness. Apparently, this explains the high degree of orderliness of liquid crystals‘when exposed
to a magnetic field. In this regard, the intermolecular interaction in the case of staking may have a
magnetic component. A type of possible intermolecular interaction potential is-proposed when
simulating the behavior of an ensemble of liquid crystal molecules. It is shown that the ordering of
molecules of liquid crystals is associated with the different nature of intermolecular interactions, but
having the same order.

REFERENCES

1 Ibragimov .M., Kovshov A.N., Nazarov Yu.F. Basics of computer modeling of nanosystems. SPb.:
Lan publishing house, 2010, 384 p. [in Russian]

2 Mark R. Wilson. Progress in computer simulations of liquid crystals. /ntern. Rev. in Phys. Chem.
2005, Vol. 24, No. 3-4. pp. 421 — 455.

3 P. de Zhen. Physics of liquid crystals, Moscow, Mir, 1977, 400p. [in Russian]

4 Chandrasekar S. Liquid crystals, Moscow, Mir, 1980, 344 p. [in Russian]

5 Calderer M. C., Mukherjee B. On Poiseuille flow of liquid crystals. Liquid Crystals. 1997, Vol. 22,
No.2, pp.121 - 135.

6 Derfel G., Gajewska B. Dynamics of-the field-induced twist deformation in weakly anchored
nematic layers. Liquid Crystals. 1997, Vol. 22, No. 3; pp. 297 — 300.

7 Frunza O.S., Frunza L., Petrov M.y Barbero G. Elastic model for twisted nematic textures in OOBA
layers. Liquid Crystals. 1998, Vol. 24, No.2, pp.215-218.

8 Derfel G., Radomska B. Modelling of the simple shear flow of a flow-aligning nematic. Liquid
Crystals, 1997, Vol. 23, No. 5, pp.741 — 748.

9 Rudquist P., Carlsson T., Komitov L., Lagerwall S.T. The flexoelectro-optic effect in cholesterics.
Liguid Crystals, 1997, Vol. 22, No. 4, pp. 445 — 449.

10 Billeter J.L., Pelcovits R.As Molecular shape and flexoelectricity. Liquid Crystals, 2000, Vol. 27,
No.9, pp. 1151 — 1160.

11 Chan P. K./Computer simulation of elongated bipolar nematic droplets II. External field aligned
normal to the droplet axis of symmetry. Liquid Crystals, 2001, Vol. 28, No. 2, pp. 207 — 215.

12 Chan P.K. Computer simulation of elongated bipolar nematic droplets 1. External field aligned
parallel to the droplet axis of symmetry. Liguid Crystals, 1999, Vol. 26, No. 12, pp. 1777 — 1786.

13 Kini U.D. Magnetic and electric field induced periodic deformations in planar oriented nematics.
Liquid Crystals, 1998, Vol. 24, No .2, pp. 177 — 199.

14" Le Masurier P.J., Luckhurst G.R., Saielli G. Monte Carlo lattice simulations of the elastic
behaviour of nematic liquid crystals. Liquid Crystals, 2001, Vol. 28, No. 5, pp. 769 — 778.

15 Houjie Tu, Gerhard Goldbeck-Wood, Alan H. Windle. A tensor model of liquid crystalline
polymers: application to basic disclination processes. Liquid Crystals, 2002, Vol. 29, No. 3, pp. 325-334.

16 Mukherjee P.K. Improved analysis of the Landau theory of the uniaxial-biaxial nematic phase
transition. Liquid Crystals, 1998, Vol. 24, No. 4, pp. 519 — 523.

17 Kalmykov Y.P., Coffey W.T. Analytical solutions for rotational diffusion in the mean field potential:
application to the theory of dielectric relaxation in nematic liquid crystals. Liquid Crystals, 1998, Vol. 25,
No. 3, pp. 329 — 339.

18 Mottram N.J.,, Elston S.J. Order parameter theory of the pre-transitional behaviour in
antiferroelectric liquid crystals. Liquid Crystals, 1999, Vol. 26, No.3, pp. 457 — 464.



Materials science. 53

19 Memmer R. Liquid crystal phases of achiral banana-shaped molecules: a computer simulation study.
Liquid Crystals, 2002, Vol. 29, No. 4, pp. 483 —496.

20 Glaser M.A., Clark N.A., Walba D.M., Keyes M.P., Radcliffe M.D., Snustad D.C. Mean field
theory-based calculation of FLC polarization. Liquid Crystals, 2002, Vol. 29, No. 8, pp. 1073 — 1085.

21 Sonin A.S. Introduction to Liquid Physics, Moscow, Nauka, 1983, 320 p. [in Russian]

22 Pershin V. K., Pershin V.K., Zorkiy P.M. Mesophases - partial order molecular systems: structure,
formation mechanisms, polymorphism. Problems of crystal chemistry, Moscow, Nauka, 1988, pp. 30 —82.
[in Russian]

23 Brayan R.F. Crystal Structure and Liquid Crystal. Zhurnal strukturnoy khimii - Journal of Structural
Chemistry, 1982, Vol. 23, No. 1, pp. 154 - 174. [in Russian]

24 Agel'menev M.Ye. Inversion sign of the anisotropy of the dielectric constant<of mesogenic
acetylenyl-containing propargyl ethers. News of The National Academy Of Sciences of The Republictof
Kazakhstan, Series Chemistry And Technology. 2002, No. 5. pp. 20 — 26. [in Russian]

25 Grebenkin N. F., Ivashchenko A. V. Liquid crystal materials. Moscow: Chemistry, 1989, 288 p. [in
Russian]

26 Kitaygorodskiy A.l. Molecular crystals. Moscow, Nauka, 1971, 424 p. [in Russian]

27 Asano T., Moriya K., Yano S., Takatani S., Kagabu S. Liquid crystalline phase transitions of the 2-
(4-alkoxybiphenyl-4-yl)-5-(4-methylphenyl)pyridines. Liquid Crystals, 1998, Vol. 25, No. 2, pp. 263 —266.

28 Filippov S.K., Kolomiets I.P., Sokolova O.S., Antonov E.A., Zorin .M., Bilibin A.Yu. Preliminary
communication - The effect of a substituent in the central ring on the liquid crystalline properties of di (4-
alkoxycarbonylphenyl) terephthalates. Liguid Crystals, 1998, Vol. 24; No. 5, pp. 787 — 791.

29 Van Vleck J.H. The Theory of Electric and Magnetic Susceptibilities. The International series of
monographs on physics. Oxford: Oxford University Press, 1932, 384 p.

30 de Zhe V. Physical Properties of Liquid Crystal Substances, Moscow, Mir, 1982, 152 p. [in Russian]

31 Grineva O.V., Zorkiy P.M. The energy of intérmolecular interaction in crystals of chlorine-
containing organic compounds. Journal of Physical Chemistry. 1998, Vol. 72, No. 4, pp. 714 - 720. [in
Russian]

32 Stolov, A.A., Remizov, A.B. Conformational equilibria in aromatic media: the benzene effect.
Journal of Physical Chemistry, 1995, Vol. 69, No. 3, pp.563-566. [in Russian]

33 Hiroto Tachikawa, Ryoshu Iura, Hiroshi Kawabata. Water-accelerated m-Stacking Reaction in
Benzene Cluster Cation. Scientific reports. 2019, Issue 9, pp. 2377. doi.org/10.1038/s41598-019-39319-7

34 Ashwathanarayana Gowda, Sandeep Kumar. Recent Advances in Discotic Liquid Crystal-Assisted
Nanoparticles. Materials. 2018, Vol.11, pp. 382 — 397. d0i:10.3390/ma11030382

35 Whitesides G. M.; Grzybowski B., Self-assembly at all scales. Science. 2002, 295, pp. 2418 - 2421.

36 Goodby J. W., Saez I. M., Cowling S.J., Gasowska J.S., MacDonald R.A., Sia S., Wats P., Toyne
K.J., Hird M., Lewis R.A 4 Lee S.E., Vaschenko V. Molecular complexity and the control of self-organising
processes. Liquid Crystals. 2009. Vol.36, pp. 567 — 605.

37 Kumar S., Chemistry of discotic liquid crystals: from monomers to polymers. CRC Press: Boca
Raton, 2011, 519p.

38 Suhana‘Mohd Said, Mohamad Syafie Mahmood, Mohammad Noh Daud, Mohd Faizul Mohd Sabri,
Nor AsrinaSairi. Structure-electronics relations of discotic liquid crystals from a molecular modelling
perspective. Liguid Crystals, 2016. doi:10.1080/02678292.2016.1209792.

39/ Boden N, Bushby RJ, Clements J., et al. Device applications of charge transport in discotic liquid
crystals. J Mater Chem. 1999, V9, pp. 2081-2086. doi:10.1039/a903005k.

40 Qaro Zh. Diamagnetic susceptibility and delocalization of electrons. Localization and delocalization
in‘quantum chemistry, Moscow, Mir, 1978, pp. 306 — 325. [in Russian]

41 Dashevskiy V.G. Conformations of organic molecules, Moscow: Khimiya, 1974, 432p. [in Russian]

42 Zorkiy P.M., Zorkaya O.N., Lanshina L.V. Orthogonal contacts of benzene cycles: a special type of
specific intermolecular interactions. Journal of Physical Chemistry, 1995, V.36, Ne5, pp. 775-789. [in
Russian]

43 Dorfman Ya.G. Diamagnetism and chemical bonding. Moscow, 1961, 232 p. [in Russian]

Article accepted for publication 15.05.2019





