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Objective. The work’s objective is to develop methods for the thermodynamic modeling of systems 
of liquid crystal – organic solvent. 
Methods. Four binary systems of nematic 4-pentyloxybenzoic acid (5OBA) with n-alkanes 
(hexadecane, octadecane, icosane, and docosane) were investigated via thermal analysis 
methods (differential thermal analysis, polarization microscopy, visual polythermal analysis, and 
the polytherm solubility method). The accuracy in determining phase transitions temperatures is 
within 0.3 K. To describe the phase equilibria, models based on the Hildebrand and Hansen 
solubility parameters were used. Hansen solubility parameters were estimated using the 
Stefanis scheme. Hildebrand solubility parameters, molar volumes, and vaporization enthalpies 
were calculated using a group contribution scheme.
Results. Phase equilibria in the systems of 5OBA with n-alkanes were studied. Four T–x 
diagrams were obtained by thermal analysis methods, coordinates of invariant points 
(eutectics and metatectics) were determined in the systems. A linear dependence of the 
metatectic coordinate (xI is a fraction of 5OBA, mol. %) on the number of C atoms in the 
alkane (N) was established: xI = –0.3131 × N + 85.467. Solubility polytherms of 5OBA 
with solvents of different polarity were obtained: n-alkanes (hexane, octane), cyclohexane, 
aromatic compounds (benzene, toluene, and o-xylene), chlorobenzene, ethyl acetate, acetone, 
1,4-dioxane, alcohols (propan-2-ol, propan-1-ol, butan-1-ol), and acetonitrile. The dependence 
of 5OBA’s solubility on the difference in the solubility parameters of the components and the 
distance Ra was established.
Conclusions. The model for regular solutions based on solubility parameters allows us to 
calculate the solubility polytherms of mesogens and to select solvents for the purification of 
mesogens by the mass crystallization method. The best solubility of 4-pentyloxybenzoic acid at 
298 K appears in chlorobenzene.
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Целью работы является разработка методов термодинамического моделирования 
систем жидкий кристалл – органический растворитель. 
Методами термического анализа (дифференциальный термический анализ, поляриза-
ционная микроскопия, визульно-политермический анализ и метод политерм раствори-
мости) исследованы 4 бинарные системы нематической 4-пентилоксибензойной кисло-
ты (5OBA) с н-алканами (гексадекан, октадекан, эйкозан, докозан). Точность определения 
температур фазовых переходов – в пределах 0.3 К. Для моделирования политерм рас-
творимости 5OBA использована модель регулярных растворов на основе параметров 
растворимости Гильдебранда и Хансена. Параметры растворимости Хансена мезогенов 
рассчитаны по групповой схеме Стефаниса. Параметры растворимости Гильдебранда, 
мольные объемы и энтальпии испарения рассчитаны по схеме групповых вкладов.
Результаты. Методами термического анализа исследованы фазовые равновесия в 
системах 5OBA с н-алканами. Получены 4 Т–х-диаграммы, определены координаты нон-
вариантных точек (эвтектики и метатектики) в системах. Установлена линейная 
зависимость координаты метатектики (xI – доля 5OBA, мол. %) от количества атомов 
С в алкане (N): xI = –0.3131 × N + 85.467. Получены политермы растворимости 5OBA с 
растворителями разной полярности: н-алканы (гексан, октан), циклогексан, аромати-
ческие (бензол, толуол, о-ксилол), хлорбензол, этилацетат, ацетон, 1,4-диоксан, спир-
ты (пропан-2-ол, пропан-1-ол, бутан-1-ол), ацетонитрил. Установлена зависимость 
растворимости 5OBA от разницы в параметрах растворимости компонентов и приве-
денного радиуса.
Заключение. Модель регулярных растворов с использованием параметров раствори-
мости позволяет рассчитать политермы растворимости мезогенов и подобрать 
растворители для очистки мезогенов методом массовой кристаллизации. Лучшая рас-
творимость при 298 К 4-пентилоксибензойной кислоты – в хлорбензоле.

Ключевые слова: жидкие кристаллы, нематический, фазовые диаграммы, термический 
анализ, 4-н-пентилоксибензойная кислота, н-алканы, растворимость, термодинамичес
кое моделирование, параметр растворимости Гильдебранда, параметр растворимости 
Хансена.
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Introduction

This article is dedicated to the memory of 
Academician Yakov Kivovich Syrkin, an outstanding 
scientist and teacher. His research interests lied 
primarily in the fields of chemical kinetics and the 
nature of chemical bonds. On the other hand, his 
university course on physical chemistry was different 
from the standard course in this subject, mainly due 
to a revision of the chemical thermodynamics part [1, 2]. 
Research related to thermodynamic description of 

systems containing liquid crystals is relatively new for 
the Ya.K. Syrkin Department of Physical Chemistry 
at the M.V. Lomonosov Institute of Fine Chemical 
Technologies of the MIREA – Russian Technological 
University, however certain success has already been 
achieved here (see, for example, [3–5]).

Liquid crystals (LCs) are widely used in a 
variety of applications [6–8], especially in display 
technologies [8–12]. Modern liquid crystalline 
materials (LCMs) are multiple-component mixtures, 
because no individual mesogen has all the necessary 
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properties to be used as a material for display devices. 
Today, there are two major tasks for those who design 
new materials – purification of individual LCs and 
creation of LCMs with a wide range of mesophase 
existence. The final step of mesogen purification is 
usually performed by multiple recrystallizations from 
a solution; this is why research on LC – non-mesogen 
(solvent) systems is needed (see, for example, [5]).

Since experimental research on LC-containing 
systems is rather laborious, thermodynamic modeling 
is in demand. 

The objective of this work is to develop methods 
for thermodynamic modeling of systems of liquid 
crystal-organic solvent.

One of the most interesting types of mesogen 
is 4-alkyloxybenzoic acids that allow generation 
of supramolecular ensembles with new properties. 
The number of publications on systems with a 
mesomorphic component that forms hydrogen bonds 
has soared since the mid-1990s (see, for example, 
[13–16]). Later, 4-alkyloxybenzoic acids (nOBA) 
have been used most often as model objects (see, for 
example, [17–23]). Certain patterns are observed in 
this homologous series. Acids with a short alkyl chain 
form only a nematic mesophase. Starting with the 
4-heptyloxybenzoic acid (7OBA), the mesomorphic 
components also have a smectic phase. A specific 
feature of systems with alkyloxybenzoic acids is the 
formation of the mesomorphic component in melts 
and solutions of dimers. The connection between the 
structure of the nOBA crystalline phases, mesophase 
types, and length of the mesogen alkyl chain are 
summarized in articles [24–26].

Materials and Methods

Thermal analysis is described in detail in [5]. 
The temperatures for phase transitions of individual 
components and mixtures were determined using 
standard techniques of differential thermal analysis 
(DTA) and polarization microscopy [5]. DTA data 
were confirmed by visual polythermal analysis 

(thermostating and heating of 0.8–1.2 g samples 
were performed in a TR-150 thermoreactor, Russia). 
The accuracy of temperature measurements for 
phase transitions was within 0.3 °С. The solubility 
polytherms were obtained by solubility studies 
(thermostating of saturated solutions – in a TW-2.02 
thermostat (Latvia), at low temperatures (down to 
–30 °С) – in a TLM type microfridge).

We selected the following substances as 
components for studying the phase diagrams: 
4-pentyloxybenzoic acid (5OBA) that forms a nematic 
phase, and long-chain n-alkanes (n-hexadecane, 
n-octadecane, n-icosane, and n-docosane). The 
5OBA of the p.a. grade, was twice recrystallized from 
ethyl acetate. The presence of admixtures in 5OBA was 
determined by cryometry [5] and did not exceed 
1 mol %. As non-mesogens, we have selected 
n-alkanes (CnH2n+2, n = 16, 18, 20, 22) which may be 
interesting as additives to lower viscosity [27]. The 
components’ properties are shown in Table 1. The 
purity of alkanes was controlled by chromatography 
(“Crystal 2000M” gas chromatograph with a flame 
ionization detector and an HP-ultra-2 quartz capillary 
column (phase: polymethyl siloxane with 5% 
phenyl siloxane), with a length of 50 m and inner 
diameter of 0.2 mm). The analysis was performed 
in the following mode: detector temperature 250 °С, 
vaporizer temperature 270 °С. Retention times for 
n-alkanes were determined from chromatograms of 
small amounts (4–8%) of these substances dissolved 
in heptane. Alkane concentrations were calculated 
based on 3–5 chromatograms, relative to the internal 
standard (n-tridecane). The retention times (min:s) 
for alkanes and the internal standard were as follows: 
n-heptane – 4:16; n-tridecane – 15:39; n-hexadecane 
– 19:51; n-octadecane – 22:01; n-icosane – 25:00; 
n-docosane – 26:25. The amounts of admixtures 
in n-hexadecane, n-octadecane, n-icosane, and 
n-docosane did not exceed 2 mol %.

For studies of 5OBA solubility polytherms, we 
used organic solvents of different polarity: n-alkanes 

Component Formula  Reagent grade
Tph.tr., °C

Exp. Lit. [29]
5OBA C5H11O-C6H4-COOH pure analysis K 124.3 N 152.1 I K 124.4 N 151.4 I*

n-Hexadecane n-C16H34 pure analysis 18.2 18.3

n-Octadecane n-C18H38 pure analysis 28.2 28.2

n-Icosane n-C20H42 pure analysis 36.4 36.8

n-Docosane n-C22H46 pure analysis 44.0 44.0

* K 124.4 N 151.4 I – 5OBA crystals melt at 124.4 ºС forming a nematic (N) phase that at 151.4 ºС forms an isotropic phase.

Table 1. Phase transition temperatures of components
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(hexane, >99%, octane, 98%), cyclohexane, >99%, 
aromatic compounds (benzene, >99%, toluene, >99%, 
and o-xylene, >99%), chlorobenzene, >99%, esters 
(ethyl acetate, >99%, and n-butyl acetate, >99%), 
alcohols (propan-2-ol, >99%, propan-1-ol, >99%, 
and butan-1-ol, >99%), acetone, 99.8%, 1,4-dioxane, 
>99%, and acetonitrile, >99%. Extra purification of 
the solvents was performed using standard techniques [28].

Results and Discussion

The minimal set of non-variant equilibria in the 
systems studied with n-alkanes is represented by 
eutectics and metatectics. The coordinates for the non-
variant points are shown in Table 2.

Let us look at the phase diagram of the system 
5OBA (I) – n-hexadecane (II) (Fig. 1). The eutectic is 
close to degeneracy:

At the temperature of 118.9 °С (tm), the interaction 
between the crystals of LC (I) and the isotropic 
solution leads to the formation of a boundary nematic 
solution through a metatectic reaction (with 5OBA 
content equal to 80.3 mol. %):

The Т–х diagrams for systems of 5OBA (I) with 
n-octadecaneand n-docosane (II) look similar (Figs. 2–4). 

The metatectic coordinate moves towards lower 
5OBA content upon growth in the alkane length (n is 
the number of С atoms in the alkane) (Fig. 5). A linear 
dependence of the metatectic coordinate (xI is a 
fraction of 5OBA, mol.%) on the number of C atoms 
in the alkane was established: xI = –0.3131 × n + 85.467.

Table 2. Metatectic and eutectic coordinates for 5OBA (I) – alkane (II) systems

System of LC (I) – alkane (II)
Temperature, °C / alkane, mol. %

Metatectic Eutectic

5OBA – n-hexadecane 118.9 / 19.7 13.1 / >99.5

5OBA – n-octadecane 118.0 / 19.9 25.3 /  >99.5

5OBA – n-icosane 117.8 / 20.8 33.9 / >99.5

 5OBA – n-docosane 118.7 / 21.5 40.2 / >99.5

Fig. 1. 5OBA (I) – n-hexadecane (II)                           Fig. 2. 5OBA (I) – n-octadecane (II)                            
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Fig. 3. 5OBA (I) – n-icosane (II)                           Fig. 4. 5OBA (I) – n-docosane (II)                            

Fig. 5. Dependence of the metatectic coordinate for 5OBA – CnH2n+2 systems on the number of atoms C in the alkane.

For the metatectic point, we calculated an excess 
Gibbs energy for 5ОВА: GE

1 = RTmln(γ1), where R 
is the universal gas constant; Tm is the metatectic 
temperature; γ1 is the activity coefficient of LC. 
This value decreases from +0.48 to 0.43 kJ/mol 
upon increasing the non-mesogen’s chain length. 
Therefore, systems of 5ОВА with n-alkanes exhibit 
positive deviation from the ideality, allowing us to 
use the model of regular solution with solubility 
parameters to describe such systems [5].

We have studied the solubility polytherms of 
5ОВА with various types of solvents. Fig. 6 shows 
solubility data for 5OBA in n-hexane, n-octane, 
cyclohexane, benzene, toluene, propan-1-ol, and 

ethyl acetate. It is evident that 4-pentyloxybenzoic 
acid dissolves the best in ethyl acetate and alcohol, 
and the worst in n-alkanes; aromatic compounds 
are somewhat in the middle range. The data on LC 
solubility (x1 is a molar fraction) can be described 
well by a linear function of inverse temperature:

–ln (x1) = a – b / T

Coefficients a and b of the linear function are 
shown in Table 3.

To correlate the solubility of 5ОВА at 298 К in 
different solvents, models based on Hildebrand and 
Hansen solubility parameters have been suggested that 
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Fig. 6. Solubility polytherms of 5OBA:  – n-hexane,  – n-octane,  – cyclohexane, – benzene, 
  – toluene,  – propan-1-ol,  – ethyl acetate.

Table 3. Parameters for 5OBA polytherm solubilities

№ Solvent b a R2

1 Hexane 5861.5 –10.963 0.9933

2 Octane 3067.9   –3.662 0.9512

3 Cyclohexane 5043.2 –10.268 0.9943

4 Benzene 1730.3   –0.894 0.9837

5 Toluene 2577.8   –3.781 0.9634

6 Ethyl acetate 2065.0   –2.673 0.9880

7 Propan-1-ol 993.4     0.990 0.9784

are widely used for systems with positive deviation 
from the ideality (see, for example, [30–32]):

 – Hildebrand solubility parameter, 

where ΔHv,298 is an evaporation enthalpy, V is a molar 
volume of the component. 

δi = [δid
2 + δip

2 + δih
2]0.5 – Hansen solubility parameter, 

where δid is a dispersion component, δip is a polar 
component; δih is a component that takes into account 
the possibility of hydrogen bond formation.

Hildebrand and Hansen solubility parameters for 
solvents were taken from the reference book [31], and 
calculations for 5ОВА were performed using the scheme 
of Stefanis group components [32]: δd = 18.46, δp = 6.91, 
and δh = 5.93 MPa1/2.

Fig. 7 shows the dependency of 5OBA solubility 
(ln X1) at 298 К on the solvent solubility parameter 
(δ2, MPa1/2). It is evident that the expected peak 
value (maximal solubility) is the same as the calculated 
Hildebrand solubility parameter for 5OBA (22.3 MPa1/2). 
When the difference in solubility parameters for the 
components is lower, 5OBA solubility is higher.
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Fig. 7. Solubility plot of 5OBA (ln ) vs. δ2 at 298 К.

Figure 8 shows the dependency of 5OBA solubility 
(molar fraction X1) at 298 К on an equivalent radius (Ra ). 
The formula for calculation of the equivalent radius is as 
follows [31, 32]:

 
where δd(1) and δd(2) are parameters of dispersion 
interaction; δp(1) and δp(2) are parameters of polar 
interaction between the LC and the solvent; δh(1)  and 
δh(2) are parameters of components which take into 
account hydrogen bond formation upon interaction 
between the LC and the solvent.

When choosing a solvent for purification of 
individual LCs, it is necessary to have data on solubility 
and mutual miscibility of the components [5]. The 

graph showing the dependency of LC solubility on 
equivalent radius (Fig. 8) demonstrates that, when 
the difference in solubility parameters increases, 
solubility decreases; and when the Ra decreases, LC 
solubility increases, respectively. This is line with 
the basic assumptions of the Hansen theory [31] and 
it allows us to estimate the LC solubility in various 
types of solvents a priori.

Conclusions

1) Т–х diagrams for the systems of 
4-pentyloxybenzoic acid with n-alkanes (C16, C18, 
C20, C22) contain at least two non-variant points: 
metatectic and eutectic. In the systems studied, 
the eutectic is close to degeneracy. The metatectic 

Fig. 8. Solubility plot 5OBA (X1) vs. Ra at 298 К.
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coordinate depends on the number of carbon atoms in 
the alkane, in a linear manner.

2) We have demonstrated the possibility of 
estimating the solubility of the mesomorphic 
4-pentyloxybenzoic acid in various types of solvents, 
using Hildebrand and Hansen solubility parameters. 

Calculations based on the solubility parameters allow 
us to select solvents for mesogen purification by mass 
recrystallization. The best solubility at 298 K for 
4-pentyloxybenzoic acid appears in chlorobenzene.

The authors declare no conflicts of interest.

Список литературы: 

1. История кафедры физической химии Московского 
института тонких химических технологий им. М.В. Ломо-
носова. Вестник МИТХТ. 2010;Юбилейный выпуск:32-36.

2. Флид В.Р. Естественно-научный факультет – мо-
лодость с вековыми традициями. Вестник МИТХТ. 
2010;Юбилейный выпуск:44-63.

3. Pestov S. Physical properties of liquid crystals. Landolt-
Boernstein. Numerical data and functional relationships in 
science and technology. New Series. V. VIII/5A. Berlin-
Heidelberg: Springer, 2003. 498 p.

4. Томилин М.Г., Пестов С.М. Свойства жидкокри-
сталлических материалов. СПб.: Политехника; 2005. 296 с.

5. Молочко В.А., Пестов С.М. Фазовые равновесия и 
термодинамика систем с жидкими кристаллами. М.: МИТ-
ХТ; 2003. 242 с.

6. Mo J., Milleret G., Nagaraj M. Liquid crystal 
nanoparticles for commercial drug delivery. Liquid Crystals 
Rev. 2017;5(2):69-85. https://doi.org/10.1080/21680396.2017
.1361874

7. Shibaev V.P., Bobrovsky A.Yu. Liquid crystalline 
polymers: Development trends and photocontrollable materials. 
Russ. Chem. Rev. 2017;86(11):1024-1072. https://doi.
org/10.1070/RCR4747

8. Muševič I. Liquid-crystal micro-photonics. Liquid 
Crystals Rev. 2016;4(1):1-34.  https://doi.org/10.1080/216803
96.2016.1157768

9. Pestov S.M., Tomilin M.G. Increasing the viewing angles 
in displays based on liquid crystals. Review. J. Optic. Technol. 
2012;79(9):576-587. https://doi.org/10.1364/JOT.79.000576

10. Cham Q. Li. (Ed.) Nanoscience with liquid crystals. 
From self-organized nanostructures to applications. N.Y.: 
Springer; 2014. 420 p.

11. Беляев В.В., Чилая Г.С. Жидкие кристаллы в на-
чале XXI века. М.: ИИУ МГОУ; 2017. 142 с. ISBN 978-5-
7017-2785-2

12. Беляев В.В. Жидкокристаллические дисплеи. Тех-
нологии настоящего и будущего. Часть 2. Новые техноло-
гии и области применения ЖК-дисплеев. Электроника: 
Наука, технология, бизнес. 2015;(10):124-131.

13. Pongali Sathya Prabu N., Madhu Mohan M.L.N. 
Thermal and dielectric investigations on supramolecular 
hydrogen bonded liquid crystals. Molecular Crystals and 
Liquid Crystals. 2012;569(1):72-91. https://doi.org/10.1080/1
5421406.2012.703035

14. Petrov M., Katranchev B., Rafailov P.M. The 
unique physical properties of the hydrogen bonded in 
dimers liquid crystals. IOP Conf. Series: Journal of 
Physics. 2017;780:012012. https://doi.org/10.1088/1742-
6596/780/1/012012

15. Subhasri P., Vasanthi T., Vijayakumar V.N. 
Investigation on induced non-tilted smectic A* and 

References:

1. History of the Physical Chemistry Department of 
the Moscow Institute of M.V. Lomonosov Fine Chemical 
Technologies. Vestnik MITHT. 2010;Special Issue:32-36 
(in Russ).

2. Flid V.R. Natural Science Faculty is an youth with 
century traditions. Vestnik MITHT. 2010;Special Issue:44-63 
(in Russ).

3.  Pestov S. Physical properties of liquid crystals. Landolt-
Boernstein. Numerical data and functional relationships in 
science and technology. New Series. V. VIII/5A. Berlin-
Heidelberg: Springer; 2003. 498 p.

4. Tomilin M.G., Pestov S.M. Svoistva 
zhidkokristallicheskikh materialov (Properties of liquid 
crystalline materials). St. Petersburg: Polytechnika; 2005. 
296 p. (in Russ.).

5. Molochko V.A., Pestov S.M. Fazovye ravnovesiya i 
termodinamika sistem s zhidkimi kristallami (Phase equilibrium 
and thermodynamics in systems with liquid crystals). Moscow: 
MITHT; 2003. 242 p. (in Russ.).

6. Mo J., Milleret G., Nagaraj M. Liquid crystal 
nanoparticles for commercial drug delivery. Liquid Crystals 
Rev. 2017;5(2):69-85. https://doi.org/10.1080/21680396.2017
.1361874

7. Shibaev V.P., Bobrovsky A.Yu. Liquid crystalline 
polymers: Development trends and photocontrollable 
materials. Russ. Chem. Rev. 2017;86(11):1024-1072. https://
doi.org/10.1070/RCR4747

8. Muševič I. Liquid-crystal micro-photonics. Liquid 
Crystals Rev. 2016;4(1):1-34.  https://doi.org/10.1080/216803
96.2016.1157768

9. Pestov S.M., Tomilin M.G. Increasing the viewing 
angles in displays based on liquid crystals. Review. J. 
Optic. Technol. 2012;79(9):576-587. https://doi.org/10.1364/
JOT.79.000576

10. Cham Q. Li. (Ed.) Nanoscience with liquid crystals. 
From self-organized nanostructures to applications. N.Y.: 
Springer; 2014. 420 p.

11. Belyaev V.V., Chilaya G.S. Liquid crystals in the 
beginning of the 21st century. Moscow: IIU MGOU; 2017. 142 
p. ISBN 978-5-7017-2785-2 (in Russ.).

12.	  Belyaev V.V. LCD. The technology of nowadays 
and future. Chapter 2. New technologies in application of 
LCD. Elektronika: Nauka, tekhnologiya, biznes = Electronics: 
Science, Technology, Business. 2015;10:124-131 (in Russ.).

13.	 Pongali Sathya Prabu N., Madhu Mohan M.L.N. 
Thermal and dielectric investigations on supramolecular 
hydrogen bonded liquid crystals. Molecular Crystals and 
Liquid Crystals. 2012;569(1):72-91. https://doi.org/10.1080/1
5421406.2012.703035

14.	 Petrov M., Katranchev B., Rafailov P.M. The 
unique physical properties of the hydrogen bonded in 



Phase equilibria in 4-pentyloxybenzoic acid – long-chain n-alkane systems

74

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(6):66-75

thermochromic effect in tilted smectic C* phase of linear double 
hydrogen bonded ferroelectric liquid crystals. J. Korean Phys. 
Soc. 2019;74(4):368-373. https://doi.org/10.3938/jkps.74.368 

16.	 Amabilino D.B., Smith D.K., Steed J. W. 
Supramolecular materials. Chem. Soc. Rev. 2017; 46(9):2404-
2420.  https://doi.org/10.1039/C7CS00163K 

17.	 Chandrasekar G., Pongali Sathya Prabu N., Madhu 
Mohan M.L.N. Calorimetric investigations of hydrogen-
bonded liquid crystal binary mixtures. J. Therm. Anal. 
Calorim.  2018;134(3):1799-1822. https://doi.org/10.1007/
s10973-018-7688-7 

18.	 Surekha M., Ashok Kumar A.V.N., Chalapathy 
P.V., Muniprasad M., Potukuchi D.M. Synthesis and phase 
transition characterization by polarized optical microscopy and 
differential scanning calorimetry in hydrogen bonded chiral 
liquid crystal series: M*SA:nOBAs. Molecular Crystals and 
Liquid Crystals. 2018;668(1):1-28.  https://doi.org/10.1080/15
421406.2018.1555350

19.	 Rajanandkumar R., Pongali Sathya Prabu N., Madhu 
Mohan M.L.N. Characterization of hydrogen bonded liquid 
crystals formed by suberic acid and alkyl benzoic acids. 
Molecular Crystals and Liquid Crystals. 2013;587(1):60-79. 
https://doi.org/10.1080/15421406.2013.821383

20.	 Subhapriya P., Sadasivam K., Madhu Mohan 
M.L.N., Vijayanand P.S. Experimental and theoretical 
investigation of p–n alkoxybenzoic acid based liquid crystals 
– A DFT approach. Spectrochimica Acta. Part A: Molecular 
and Biomolecular Spectroscopy. 2014;123:511-523.  https://
doi.org/10.1016/j.saa.2014.01.074

21.	 Hart E., Lee G., Qian E., Jodray M., Barrera M., 
Fischer R., Che M., Liu Y., Zha O., Woods D., Acree W.E. 
Jr., Abraham M.H. Determination of Abraham model solute 
descriptors for 4-tert-butylbenzoic acid from experimental 
solubility data in organic monosolvents. Phys. & Chem. 
Liquids. 2018;57(4):445-452. https://doi.org/10.1080/003191
04.2018.1482552

22.	 Reyes C.G., Baller J., Araki T., Lagerwall 
J.P.F. Isotropic–isotropic phase separation and spinodal 
decomposition in liquid crystal–solvent mixtures. Soft Matter. 
2019;15:6044-6054. https://doi.org/10.1039/c9sm00921c

23.	 Беляев В.В., Гребенкин М.Ф., Лисецкий Л.Н. 
Влияние процессов димеризации на свойства смесей ал-
килбензойных и алкилциклогексанкарбоновых кислот. 
Журн. физ. химии. 1988:62:3087-3088.

24.	 Nosikova L.A., Kochetov A.N., Kudryashova Z.A., 
Melnikov A.B., Churakov A.V., Kuzmina L.G. Molecular 
and crystal structure of the cocrystal of p-n-heptyloxybenzoic 
acid – p-n-hexyloxybenzoic acid, obtained in the system of 
mesomorphic acids. Crystallography Rep. 2018;63(6):909-
915. https://doi.org/10.1134/S1063774518060238

25.	 Bhagavath P., Mahabaleshwara S. Mesomorphism 
in binary mixtures of 4-((hexylimino)methyl) benzoic acid 
and 4-alkyloxybenzoic acids. J. Therm. Anal. Calorim. 
2017:129(1);339-345. https://doi.org/10.1007/s10973-017-
6105-y

26.	 Ilyin S., Konstantinov I. Rheological evidence 
for the existence of subphases in the liquid crystalline 
4-n-alkoxybenzoic acids. Liquid Crystals. 2015;43(3):369-
380.  https://doi.org/10.1080/02678292.2015.1116627

27.	 Ermakov S.F., Myshkin N.K. Liquid-crystal 
nanomaterials. Tribology and applications. N.Y.: Springer; 
2018. 267 p.

28.	 Armarego W.L.E., Chai C.L.L. Purification of 
laboratory chemicals. 5th ed. Amsterdam: Butterworth 
Heinemann; 2003. 609 p.

dimers liquid crystals. IOP Conf. Series: Journal of 
Physics. 2017;780:012012. https://doi.org/10.1088/1742-
6596/780/1/012012

15.	 Subhasri P., Vasanthi T., Vijayakumar V.N. 
Investigation on induced non-tilted smectic A* and 
thermochromic effect in tilted smectic C* phase of linear double 
hydrogen bonded ferroelectric liquid crystals. J. Korean Phys. 
Soc. 2019;74(4):368-373. https://doi.org/10.3938/jkps.74.368 

16.	 Amabilino D.B., Smith D.K., Steed J. W. 
Supramolecular materials. Chem. Soc. Rev. 2017; 46(9):2404-
2420.  https://doi.org/10.1039/C7CS00163K 

17.	 Chandrasekar G., Pongali Sathya Prabu N., Madhu 
Mohan M.L.N. Calorimetric investigations of hydrogen-
bonded liquid crystal binary mixtures. J. Therm. Anal. Calorim.  
2018;134(3):1799-1822. https://doi.org/10.1007/s10973-018-
7688-7 

18.	 Surekha M., Ashok Kumar A.V.N., Chalapathy 
P.V., Muniprasad M., Potukuchi D.M. Synthesis and phase 
transition characterization by polarized optical microscopy and 
differential scanning calorimetry in hydrogen bonded chiral 
liquid crystal series: M*SA:nOBAs. Molecular Crystals and 
Liquid Crystals. 2018;668(1):1-28.  https://doi.org/10.1080/15
421406.2018.1555350

19.	 Rajanandkumar R., Pongali Sathya Prabu N., Madhu 
Mohan M.L.N. Characterization of hydrogen bonded liquid 
crystals formed by suberic acid and alkyl benzoic acids. 
Molecular Crystals and Liquid Crystals. 2013;587(1):60-79. 
https://doi.org/10.1080/15421406.2013.821383

20.	 Subhapriya P., Sadasivam K., Madhu Mohan M.L.N., 
Vijayanand P.S. Experimental and theoretical investigation of 
p–n alkoxybenzoic acid based liquid crystals – A DFT approach. 
Spectrochimica Acta. Part A: Molecular and Biomolecular 
Spectroscopy. 2014;123:511-523.  https://doi.org/10.1016/j.
saa.2014.01.074

21.	 Hart E., Lee G., Qian E., Jodray M., Barrera M., 
Fischer R., Che M., Liu Y., Zha O., Woods D., Acree W.E. 
Jr., Abraham M.H. Determination of Abraham model solute 
descriptors for 4-tert-butylbenzoic acid from experimental 
solubility data in organic monosolvents. Phys. & Chem. 
Liquids. 2018;57(4):445-452. https://doi.org/10.1080/003191
04.2018.1482552

22.	 Reyes C.G., Baller J., Araki T., Lagerwall 
J.P.F. Isotropic–isotropic phase separation and spinodal 
decomposition in liquid crystal–solvent mixtures. Soft Matter. 
2019;15:6044-6054. https://doi.org/10.1039/c9sm00921c

23.	 Belyaev V.V., Grebenkin M.F., Lisetskii L.N. 
Influence of dimerization processes on the properties of 
mixtures alkylbenzene and alkylcyclohexane acids. J. Phys. 
Chem. 1988:62:3087-3088.

24.	 Nosikova L.A., Kochetov A.N., Kudryashova 
Z.A., Melnikov A.B., Churakov A.V., Kuzmina L.G. 
Molecular and crystal structure of the cocrystal of 
p-n-heptyloxybenzoic acid – p-n-hexyloxybenzoic 
acid, obtained in the system of mesomorphic acids. 
Crystallography Rep. 2018;63(6):909-915. https://doi.
org/10.1134/S1063774518060238

25.	 Bhagavath P., Mahabaleshwara S. Mesomorphism 
in binary mixtures of 4-((hexylimino)methyl) benzoic acid 
and 4-alkyloxybenzoic acids. J. Therm. Anal. Calorim. 
2017;129(1)339-345. https://doi.org/10.1007/s10973-017-
6105-y

26.	 Ilyin S., Konstantinov I. Rheological evidence 
for the existence of subphases in the liquid crystalline 
4-n-alkoxybenzoic acids. Liquid Crystals. 2015;43(3):369-
380.  https://doi.org/10.1080/02678292.2015.1116627



Vladimir O. Seregin, Sergei M. Pestov, Rustam M. Zubairov

75

Тонкие химические технологии = Fine Chemical Technologies. 2019;14(6):66-75

29.	 Acree W.E. Jr., Chickos J.S. Phase change enthalpies 
and entropies of liquid crystals. J. Phys. Chem. Ref. Data. 
2006;35(3):1051-1330. https://doi.org/10.1063/1.1901689

30.	 Lei Z., Chen B., Li C., Liu H. Predictive molecular 
thermodynamic models for liquid solvents, solid salts, 
polymers, and ionic liquids. Chem. Rev. 2008;108(4):1419-
1455. https://doi.org/10.1021/cr068441+

31.	 Hansen C.M. (Ed.) Hansen Solubility Parameters. A 
User’s handbook. 2nd ed. Boca Raton: CRC Press; 2007. 544 p.

32.	 Stefanis E., Panayiotou C. Prediction of Hansen 
solubility parameters with a new group-contribution method. 
Int. J. Thermophys. 2008;29:568-585. https://doi.org/10.1007/
s10765-008-0415-z

27.	 Ermakov S.F., Myshkin N.K. Liquid-crystal 
nanomaterials. Tribology and applications. N.Y.: Springer, 
2018. 267 p.

28.	 Armarego W.L.E., Chai C.L.L. Purification of 
laboratory chemicals. 5th ed. Amsterdam: Butterworth 
Heinemann, 2003. 609 p.

29.	 Acree W.E. Jr., Chickos J.S. Phase change enthalpies 
and entropies of liquid crystals. J. Phys. Chem. Ref. Data. 
2006;35(3):1051-1330. https://doi.org/10.1063/1.1901689

30.	 Lei Z., Chen B., Li C., Liu H. Predictive molecular 
thermodynamic models for liquid solvents, solid salts, 
polymers, and ionic liquids. Chem. Rev. 2008;108(4):1419-
1455. https://doi.org/10.1021/cr068441+

31.	 Hansen C.M. (Ed.) Hansen Solubility Parameters. A 
User’s handbook. 2nd ed. Boca Raton: CRC Press; 2007. 544 p.

32.	 Stefanis E., Panayiotou C. Prediction of Hansen 
solubility parameters with a new group-contribution method. 
Int. J. Thermophys. 2008;29:568-585. https://doi.org/10.1007/
s10765-008-0415-z

Submitted: October 17, 2019; Reviewed: November 12, 2019; Accepted: November 19, 2019.

Translated by R. Trikin

About the authors:
Vladimir O. Seregin, Postgraduate Student of the Chair of Physical Chemistry, M.V. Lomonosov Institute of Fine 

Chemical Technologies, MIREA – Russian Technological University (86, Vernadskogo pr., Moscow 119571, Russia). E-mail: 
v.seregin@chemmsu.ru.

Sergei M. Pestov, Dr of Sci. (Chemistry), Professor of the Ya.K. Syrkin Chair of Physical Chemistry, M.V. Lomonosov 
Institute of Fine Chemical Technologies, MIREA – Russian Technological University (86, Vernadskogo pr., Moscow 119571, 
Russia). E-mail: pestovsm@yandex.ru. Scopus Author ID: 6507847129;  ResearcherID: G-9361-2017

Rustam M. Zubairov, Student, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA – Russian Technological 
University (86, Vernadskogo pr., Moscow 119571, Russia). E-mail: super.6566@yandex.ru.

Об авторах:
Серегин Владимир Олегович, аспирант кафедры физической химии им. Я.К. Сыркина Института тонких 

химических технологий им. М.В. Ломоносова ФГБОУ ВО «МИРЭА – Российский технологический университет» (119571, 
Россия, Москва, пр-т Вернадского, д. 86). E-mail: v.seregin@chemmsu.ru.

Пестов Сергей Михайлович, доктор химических наук, профессор кафедры физической химии им. Я.К. Сыр
кина Института тонких химических технологий им. М.В. Ломоносова ФГБОУ ВО «МИРЭА – Российский технологи-
ческий университет» (119571, Россия, Москва, пр-т Вернадского, д. 86). E-mail: pestovsm@yandex.ru. Scopus Author ID: 
6507847129;  ResearcherID: G-9361-2017

Зубаиров Рустам Маратович, студент Института тонких химических технологий им. М.В. Ломоносова 
ФГБОУ ВО «МИРЭА – Российский технологический университет» (119571, Россия, Москва, пр-т Вернадского, д. 86). 
E-mail: super.6566@yandex.ru.


