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Abstract 

Objectives. Catalytically active materials are required in different chemical engineering processes. 
This makes the development of new materials with high efficiency and original ways in which to 
obtain them of significant interest. The present work investigates the synthesis of catalytically 
active material including electrode materials, as well as their improved efficiency due to the 
nanodecoration of their surface.
Methods. An aluminum folio was nanoperforated (nanoscalloped) by high-voltage anodization 
in an acidic medium. The effective electrode material was obtained as a metallic nickel replica 
rather than an oxide layer of the product. To study the surface state of aluminum obtained in this 
manner, a scanning electron microscope (Hitachi-SU8200) was used. The elementary composition 
of the aluminum was determined by back-scattered X-ray irradiation.
Results. The nickel replica obtained in the above-described process exceeded the catalytic 
activity estimated by methanol oxidation of the unprocessed nickel 70–150 times.
Conclusions. The present paper demonstrates the potential of creating effective catalytically 
active nanopillar materials using the metallic rather than metal-oxide part of a layer of anodized 
aluminum as a matrix template.

Keywords: distillation, binary mixtures, relative volatility, reflux ratio, distribution coefficient, 
internal energy saving in distillation
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Химико-технологический подход к созданию нановорсистых 
(ультрадисперсных) каталитически активных материалов
А.П. Антропов, Н.К. Зайцев, Е.Д. Рябков, Н.А. Яштулов@, П.Н. Мудракова
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им. М.В. Ломоносова), Москва, 119571 Россия
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 Аннотация 

Цели. Каталитически активные материалы остаются востребованными в различных 
химико-технологических процессах, поэтому актуальными являются исследования, на-
правленные на поиск новых эффективных материалов и оригинальных путей их получе-
ния. Настоящая работа посвящена созданию ленточных каталитических, в том числе 
электродных материалов, эффективность которых увеличена за счет нанорифления 
поверхности.
Методы. Методом высоковольтной анодной обработки на поверхности алюминиевой фольги 
формировалось нанорифление. Эффективный каталитически активный материал получа-
ли как никелевую реплику с металлической алюминиевой ленты. Для определения состояния 
поверхности алюминия использовали сканирующий электронный микроскоп Hitachi-SU8200 
(Япония), для элементного анализа состава поверхности – обратную рентгеновскую фото-
электронную микроскопию. 
Результаты. Полученный нановорсистый никелевый материал превосходит по каталити-
ческой активности гладкий никель при окислении метанола в 70–150 раз.
Выводы. Продемонстрирована возможность использования в качестве темплатной матри-
цы для создания эффективных нановорсистых никелевых ленточных катализаторов, в том 
числе электродов, не алюминий-оксидной (как предлагалось ранее), а металлической части 
алюминиевой фольги, подвергнутой высоковольтному анодированию.

Ключевые слова: высоковольтное анодирование алюминия, нанорифление поверхности, 
ленточные катализаторы, нановоросистые электроды, ультрадисперсные электроды

Для цитирования:  Антропов А.П., Зайцев Н.К., Рябков Е.Д., Яштулов Н.А., Мудракова П.Н. Химико-технологи-
ческий подход к созданию нановорсистых (ультрадисперсных) каталитически активных материалов. Тонкие химические 
технологии. 2021;16(2):105–112. https://doi.org/10.32362/2410-6593-2021-16-2-105-112

INTRODUCTION

Modern chemical technology enables the 
production of not only substances of a specific 
composition and structure, but also materials with 
a given dispersion and surface conditions that can 
serve as effective catalysts, afterburning catalysts 
for automobile exhaust, high-performance electrode 
materials for electrolyzers, and as chemical current 
sources. Chemical–technological approaches 
show great promise for creating materials with 
specific surface profiles because mechanical or 
thermophysical methods are not applicable in 
this case. Such materials include metal strips and 

plates with guaranteed roughness in the form of 
micro-and nanoscale needles or columns, so-called 
nanofilaments, or ultrafine materials, which are 
characterized by high catalytic activity. These 
materials can be used in numerous applications in 
small-tonnage production [1–13] but are typically not 
employed in large-tonnage production. The reason for 
this is because nanofilament materials are obtained in 
the form of samples with an area of several square 
centimeters only, making samples of a sufficiently 
large area unavailable.

Increasing demands regarding environmental, 
information, and technological security aspects 
have necessitated the search for new catalysts and 
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alternative energy sources, based on using renewable 
resources and enabling the more efficient use of non-
renewable resources, as well as finding autonomous 
power sources for various technical devices and 
aircraft. The task of increasing the efficiency of fuel 
cells and water electrolysis systems is relevant for two 
primary reasons. First, the systems of electrolyzer fuel 
cells represent the most real energy buffers required 
for the operation of alternative energy sources, 
common among which is variable power. Effective 
operation of such energy sources is impossible without 
energy buffers; that is, systems that allow for shading 
(smoothing) or compensating for fluctuations in the 
power of the original energy sources.

The first stage in the manufacturing of 
nanofilament materials is the single/double relatively 
high-voltage anodic treatment of aluminum or 
titanium surfaces with suitable electrolytes, among 
which the most commonly used are oxalic, sulfuric, 
and phosphoric acids. In this case, an oxide layer 
is formed on the surface of aluminum, comprising 
hexagonal cells arranged in a honeycomb formation 
and permeated with nanopores throughout. Paszanski 
and Schneider [14] suggested the emergence of 
a dissipative microcirculation system similar to 
Rayleigh–Benard cells, where on the surface of 
aluminum the electric potential gradient acted 
instead of the temperature gradient, and the diffusion 
process instead of Archimedean force. In the case 
of aluminum anodizing, the oxide layer comprises 
aluminum hydroxide nanoparticles in various degrees 
of hydration that have pores with a very large aspect 
ratio; this pore diameter can be up to 1 nm, and its 
length can be up to several microns. Concurrently, the 
surface of metallic aluminum is also grooved, which 
reflects uneven propagation of the oxidation front deep 
into the aluminum plate [15]. The fluting of aluminum 
is much smaller in aspect ratio compared with that in 
the oxide layer; however, unlike the aluminum-oxide 
membrane, which does not have mechanical strength, 
metal tape can be used in a tape-drawing mechanism, as 
well as storage and transportation in a rolled state, and is 
much more technologically advanced for creating large-
area nanofilament matrices. In all of the publications 
we found [1–13], the use of an aluminum-oxide layer as 
the initial (template) matrix was described; the typical 
samples that the authors of these works worked with 
were several square centimeters in size. The question 
on the possibility of the practical use as a starting 
matrix for the creation of functional electrodes the 
metal part of anodized aluminum instead of aluminum-
oxide remains unexplored.

This work investigated the possibility of 
obtaining nanofilament nickel replicas with a higher 
catalytic activity compared with smooth nickel, 

using a replica method not based on an aluminum-
oxide layer but using metallic aluminum. Finding a 
solution to this problem can help to determine the 
feasibility of developing chemical and technological 
installations for creating initial (template) matrices 
based on aluminum tape.

EXPERIMENTAL

The formation of aluminum matrices was 
performed on aluminum foil samples with a purity of 
98.5%; 0.3 M orthophosphoric acid (analytical reagent 
(AR) grade) was used as a background electrolyte. 
Oxygen was removed from the solution by purging 
spectrally pure argon (American Chemical Society 
(ACS) grade) and during anodization, gas purging 
continued. The auxiliary electrode was a platinum 
wire with a diameter of 0.5 mm and a length of 10 cm. 
A potentiostat with an operating voltage range from 
0 to 300 V was used as a voltage source; a maximum 
current of up to 10 A was allowed and the accuracy 
of maintaining the voltage at 0.5 V was ensured. A 
sample of aluminum foil with an uninsulated area 
of 2 cm2 was placed in a cell (a 500 mL laboratory 
beaker) equipped with a RITM-01 magnetic stirrer 
(Econix-Expert, Moscow, Russia). The aluminum-
oxide layer for obtaining a purified aluminum surface 
was removed by placing in a 0.1 M sodium carbonate 
solution (AR) for 30 min at 100°C.

The sample processed during the selected time 
and at the selected voltage was washed with bi-
distilled water and dried in air for 24 h. An enlarged 
image of the surface of aluminum was obtained 
using an optical microscope, photographed, and 
examined on a Hitachi-SU8200 scanning electronic 
microscope (SEM; Hitachi, Japan) in a low-voltage 
low-temperature mode (at accelerating voltages of 
15 kV and 77 K). Scanning electron microscopy 
was the main method for determining the number 
and size of holes (depressions) on the surface of the 
aluminum. In addition, reverse X-ray photoelectron 
microscopy was used for elemental analysis of the 
surface composition. The primary image processing 
of electronic micrographs was performed using the 
Digimizer (v.5.4.7) software program.

As catalytically active surface modifiers, palladium 
nanoclusters were synthesized from palladium 
dichloride (AR) through water microemulsions in 
octane (AR) stabilized with a non-ionic surfactant 
(Triton X-100), followed by the reduction of 
palladium ions with sodium tetrahydroborate (AR), 
similar to the process effected in our previous works 
[16–18]. For the preparation of nickel replicas, nickel 
plating solutions containing 150 g/L of nickel nitrate 
(AR), 80 g/L ammonium sulfate (AR), and 50 g/L of 
the disodium salt of ethylenediaminetetraacetic acid 
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(AR) was used. Nickel plating was carried out in the 
same electrochemical cell as anodization but a cathode 
voltage of −5 V was applied to the sample. Copper 
replicas were similarly prepared. The composition of the 
copper plating electrolyte was as follows: 80 g/L copper 
sulfate pentahydrate (AR), 80 g/L sodium thiosulfate 
(AR), and 80 g/L sodium acetate (AR). The time 
taken for the electrochemical reduction of metals to 
the surface of the nanoperforated membrane for each 
of the samples was 120 min.

After applying the replicas to the surface of 
the nanoperforated matrix, the aluminum template 
material was removed by keeping the resulting 
“sandwich” for 24 h in a 4 M solution of sodium 
hydroxide (AR), which was then repeatedly washed 
with bi-distilled water, and dried in air for 24 h at 
21°C. Following on, the replicas were investigated by 
optical and electron microscopy as described above.

To study the electrochemical activity of the 
obtained replicas, we used the cyclic voltammetry 
method on the Ecotest-VA (Econix-Expert) 
voltammetric analyzer. In the case of nickel replicas, 
aqueous methanol solutions were used as the main 
substrate. For copper replicas, aqueous glucose 
solutions were used. The specific composition of the 
background electrolytes is indicated on the signatures 
ofthe voltammograms.

RESULTS AND DISCUSSION

The formation of the anode layer at the initial 
stage of anodization (15 min after the start of the 
process) is shown in Fig. 1. As can be seen from 
the figure, light contours—the boundaries of the 
initial metal crystallites—appeared on the sample 
surface. The black dots of micropore nuclei were 
evenly distributed over the sample surface, which is 
consistent with Thompson’s observations [9].

With further anodization, dimples formed on the 
metal surface. The dependence of the average pore 
size on the surface of the aluminum foil on the applied 
voltage and the anodizing time is shown in Fig. 2.

As shown, the average size of the pores that 
represent the imprint of the propagation front of the 
Keller layer depends not only on the magnitude of the 
applied voltage but also on the exposition time. This 
suggested that the dynamic evolution of the anodized 
layer occurred not only at the boundary of the Keller 
and Thompson layers (as Thompson suggested [19]) 
but also at the Keller metal-layer boundary. During 
further anodization, depressions formed on the metal 
surface [20, 21].

The dependence of the current density on time at 
a fixed voltage (70 V) during the sample’s anodization 
process is shown in Fig. 3.

Figures 4 and 5 show SEM images of aluminum 
foil samples subjected to anodization at 70 V in 0.3 M 
phosphoric acid after removing the aluminum-oxide 

Fig. 1. Scanning electronic microscope (SEM) micrograph 
of an aluminum sample after anodization 

(U = 90 V, t = 15 min, Tel = 21°C, 0.3 M H3PO4).

Fig. 2. A three-dimensional diagram of the dependence of the average diameter of holes formed on the aluminum 
surface during anodization on the voltage and time of anodizing (Tel = 21°C, 0.3 M H3PO4).



Alexey P. Antropov, Nikolay K. Zaytsev, Yegor D. Ryabkov,  et al.

109

Тонкие химические технологии = Fine Chemical Technologies. 2021;16(2):105–112

Fig. 3. Change in the current density during anodization in 
the mode of 70 V, 5 min, Tel = 21°C in 0.3 M H3PO4: 

(1) the start of the anodization process (voltage supply); 
(2) the formation of an aluminum-oxide layer; 

(3) electrical breakdowns with the formation of nanoscale holes; 
(4) the end of the anodization process (voltage shutdown).

layer, as well as replicas taken from it, respectively. 
The photo clearly shows the presence of nanoscale 
corrugation on the surface.

The chronoamperogram shown in Fig. 6 confirms 
the increase in the efficiency of the electrode material 
due to its nanostructuring. The applied voltage in all 
cases is 0.8 V (relative to the silver chloride electrode), 
the electrolyte is 0.1 M NaOH, and the electrode area 
is 1 cm2. 

As shown in Fig. 6, the resulting nickel replicas 
provided a current return during oxidation of the model 
fuel (methanol) for fuel cells at 70–150 times greater 
amounts compared with smooth nickel. This result can 
be directly used to create improved and permanent 
sensors for methanol. To date, the reason for such 
a large increase in the efficiency of the electrodes in 
nanofilament remains unclear; whether it is a result of 

Fig. 4. An SEM image of an aluminum foil sample 
subjected to anodization at 70 V in 0.3 M phosphoric acid 

after removing the aluminum-oxide layer.

Fig. 5. An SEM image of a nickel replica sample from an 
aluminum foil subjected to anodization at 70 V in 0.3 M 

phosphoric acid after removing the aluminum-oxide layer.

Fig. 6. Chronoamperograms when three 200-µL portions 
of methanol were sequentially added into

 an electrochemical cell with a volume of 100 mL: 
(1) compact nickel electrode; (2) nickel nanostructured 

material; (3) nickel nanostructured material with palladium 
nanoparticles.

an increase in the surface of the electrode or because 
geometric factors and a surface structure are also 
important. It is expected that in the future, the proposed 
approach will improve the performance of fuel cells 
and hydrogen-source electrolyzers. 

CONCLUSIONS

The high-voltage anodic treatment of aluminum 
foil was used to form a nanoperforated aluminum-
oxide layer on a metal surface, and a nickel replica was 
formed on the surface of the treated aluminum. When 
testing the catalytic activity of the obtained replicas, 
using the electrochemical method on the example 
involving methanol oxidation, current densities 
were obtained at 70–150 times higher levels than 
on smooth nickel. Thus, it was found that the metal 
part of the anodized aluminum/aluminum-oxide-layer 
sandwich, despite having a much lower aspect ratio 
than the oxide part, was suitable as a template matrix 
for the creation of catalytically active materials and 
ultrafine electrodes made of nickel and other metals. 
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Abstract 

Objectives. The paper is devoted to the crystal structure characterization of 5-methyl-2-phenyl-
4H-pyrazol-3-one (compound I) and 2-(4-chlorophenyl)-5-methyl-4H-pyrazol-3-one (compound II).
Methods. Single-crystal X-ray diffraction studies and theoretical calculations: Density functional 
theory and quantum theory of atoms in molecules.
Results. In the solid state, the crystal structure of compound I is characterized by the alternation 
of OH and NH tautomers connected via O–H---O and N–H---N hydrogen bonds. For compound II, 
the existence of chains built from the NH monomers via hydrogen bonding can be explained by 
the peculiarities of cooperative effects. In the framework of quantum theory of atoms in molecules, 
the following topological characteristics are calculated for all dimers: electron density, Laplacian 
of electron density, density of kinetic, potential, and total energy in the critical point of the 
intermolecular hydrogen bond. It is concluded that the hydrogen bond in dimers 1–4, 7 (compound I), 
and 8–11 (compound II) can be assigned to the intermediate (between covalent and dispersion 
types) interaction owing to hydrogen bond formation with the participation of electronegative 
oxygen- (and/or nitrogen-) atoms, whereas H-bond in dimers 5 and 6 (compound I) can be 
attributed to the dispersion one (no hydrogen bond formation or weak H-bond formation), and it 
represents the weak interaction, being in agreement with length for intermolecular hydrogen bond 
in dimers. The electron density and total energy density values demonstrate that the strongest 
intermolecular H-bonds take place in dimers 1 (OH---O), 4 (OH---O), 7 (OH---N), 8 (OH---O), 
9 (NH---N), and 11 (OH---N). The results obtained for compounds I and II are compared with data 
for antipyrine (1,2-dihydro-1,5-dimethyl-2-phenyl-3H-pyrazol-3-one; compound III).
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 Аннотация 

Цели. Работа посвящена рассмотрению особенностей кристаллического строения для 
5-метил-2-фенил-4Н-пиразол-3-она, I, и 2-(4-хлорфенил)-5-метил-4Н-пиразол-3-она, II, в 
сравнении с результатами теоретических расчетов.
Методы. Рентгеноструктурный анализ и расчеты в рамках теории функционала плот-
ности и квантовой теории атомов в молекулах.
Результаты. Показано, что кристаллическая структура I в твердом агрегатном со-
стоянии характеризуется альтернацией OH и NH таутомеров, связанных посредством 
водородных связей O–H---O и N–H---N. Для соединения II существование цепочек из связан-
ных водородной связью мономеров NH объясняется особенностями кооперативных эффек-
тов и с теоретической точки зрения. В рамках квантовой теории атомов в молекулах 
(QTAIM) для всех димеров в критической точке межмолекулярной водородной связи были 
рассчитаны топологические параметры: электронная плотность, лапласиан электрон-
ной плотности, плотность кинетической, потенциальной и полной энергии. Показано, 
что водородная связь в димерах 1–4, 7 (соединение I) и 8–11 (соединение II) относится к 
взаимодействию промежуточного типа (между ковалентным и дисперсионным взаимо-
действием) за счет образования водородных связей с участием электроотрицательных 
атомов кислорода (и/или атомов азота), а водородная связь в димерах 5 и 6 (соединение I) – 
к дисперсионному типу (отсутствие водородной связи или образование слабой Н-связи) и 
представляет собой слабое взаимодействие, что коррелирует с длиной межмолекуляр-
ной водородной связи в димерах. На основании анализа значений электронной плотности 
и плотности полной энергии показано, что наиболее сильные межмолекулярные Н-связи 
реализуются в димерах 1 (OH---O), 4 (OH---O), 7 (OH---N), 8 (OH---O), 9 (NH---N) and 11 (OH---N). 
Результаты, полученные для I и II, сопоставлены с данными для 1,2-дигидро-1,5-диме-
тил-2-фенил-3Н-пиразол-3-она, III.
Выводы. Показана важная роль межмолекулярной водородной связи в кристалличес кой 
упаковке, ассоциации и самоорганизации молекул.

НАУЧНАЯ СТАТЬЯ

Conclusions. An important role of intermolecular hydrogen bonding in the crystal packing, 
molecule association and self-organization via dimer- or more extended species formation has 
been demonstrated.

Keywords: antipyrine and its derivatives, 5-methyl-2-phenyl-4H-pyrazol-3-one, 2-(4-chlorophenyl)-
5-methyl-4H-pyrazol-3-one, tautomers, hydrogen bonding, density functional theory (DFT) and 
quantum theory of atoms in molecules (QTAIM) calculations, crystal structure
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INTRODUCTION

Antipyrine (1,2-dihydro-1,5-dimethyl-2-phenyl-
3H-pyrazol-3-one; compound III) and related 
compounds are known to possess a number of bioactive 
properties, such as analgesic and antipyretic ones. 
They form a large number of complexes with alkaline-, 
transition-, and rare-earth metals [1–8]. From this 
point of view, searching for new ligands (including 
representatives of antipyrine-based ones) is very 
important [4, 9]. Using the method of computer prognosis 
based on the Prediction of Activity Spectra for Substances 
(PASS) system [10], it has been demonstrated that some 
pyrazolone derivatives, such as 5-methyl-2-phenyl-
4H-pyrazol-3-one (compound I) and 2-(4-chlorophenyl)-
5-methyl-4H-pyrazol-3-one (compound II), possess 
a relatively high probability of antimetastatic activity. 
It should be underlined that the compound properties 
are determined mainly by the specific features of 
chemical bonding, including hydrogen bonding and 
intermolecular interactions, between structural units. 
These distinguishing features are responsible for the 
self-organization of ions and molecules in crystal 
packing with the formation of channels opened to the 
intercalation of small species, for example, complexes 
with neridronic acid (6-amino-1-hydroxyhexylidene-
1,1-bisphosphonic acid) showing promise for treating 
osteogenesis and the Paget’s disease [11]. In the case 
of solvation (e.g., styryl dyes of the benzoselenazole 
series), the system of hydrogen bonding makes the 
structure more rigid compared with the non-solvation 
one owing to the solvate molecules participation in the 
hydrogen bond formation [12]. This results in different 
photocycloaddition reactivity of the solvated and non-
solvated compounds and thus a decreased reaction 
rate for the solvated species. The same has been 
demonstrated [13] for water molecules and imidazolium 
salts with respect to the interaction and formation of 
guest(H2O)@host (ionic liquid [IL]) complexes through 
strong H-bonds involving the hydrogen atoms of water 
molecules and nitrogen atoms of IL anions to produce a 
quest@host supramolecular structure. Many biologically 
active molecules contain multiple hydrogen-bonding 

sites; e.g., barbiturates, a class of compounds widely 
used for their physiological action as sedatives and 
anticonvulsants, contain both donor and acceptor atoms 
for multiple hydrogen-bonding formation. It should be 
underlined that crystal engineering and design allow 
obtaining different solid state structures in cocrystals 
of barbiturate and melamine molecules (linear tape, 
crinkled tape, or cyclic hexamer) [14]. The hydrogen-
bonding importance and its impact on drug efficacy 
have been demonstrated [15]. In this connection the aim 
of this paper is to explain structural particularities and 
their comparison with results of theoretical studies for 
compounds I, II, and III.

EXPERIMENTAL

Compounds I, II (Sigma-Aldrich, St. Louis, 
Missouri, USA), and III (All-Russian Product Classifier 
931335, chem. pure) were first recrystallized from ethanol. 
Single crystals were grown from saturated aqueous 
solutions by isothermal evaporation of the solvent at 
ambient temperature (ca. 20°C). Thermogravimetric 
and differential scanning calorimetric (STA-409 
Differential Scanning Calorimeter, Netzsch, Germany) 
measurements were carried out over the temperature 
range 293–573 K with a heating rate of 10 K/min under 
a helium atmosphere. Aluminum oxide was used as a 
reference material. 

Computational methods
The tautomers of compounds I and II (Scheme 1) 

were examined by density functional theory using the 
Priroda package [16]. Calculations were made using the 
Perdew–Burke–Ernzerhof (PBE) exchange-correlation 
functional [17] and TZ2P Gaussian-type basis sets. The 
solvation effects were estimated in Gaussian 09 [18] 
using the polarizable continuum model and solvation 
model based on density (PCM–SMD; water used as 
solvent, ε = 78.3553). Vibrational harmonic frequency 
analysis was conducted for the optimized geometries to 
ensure that a true local minimum was present with no 
imaginary frequencies. The starting atomic coordinates 
of compounds were taken from the X-ray refinement 
results. Convergence criteria for self-consistent field 
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cycles and geometry optimization were 1 × 10−6 and 
1 × 10−5 a.u., respectively. The quantum-topological 
characteristics of electron density in the critical points of 
the intermolecular hydrogen bond were calculated in the 
framework of the quantum theory of atoms in molecules 
(QTAIM) using the Multiwfn 3.6 program [19]. 

Single-crystal X-ray crystallography
Crystallographic data were collected and refined on 

CAD-4 EXPRESS diffractometer1. Data reduction was 
carried out using XCAD42. The following programs were 
used for theoretical modeling: SHELXS97 for structure 
solving [20], SHELXL97 for structure refining [20], and 
Mercury for molecular graphics [21]. The results are 
given in Table A1 (see Appendix A, pages 125–126). 

CCDC 1891632-1891634 contain the supplementary 
crystallographic data for this paper. These data can be obtained 
free of charge from The Cambridge Crystallographic Data 
Centre via http://www.ccdc.cam.ac.uk. 

RESULTS AND DISCUSSION

There are three possible tautomers for compounds I 
and II (CH: Ia, IIa; NH: Ib, IIb; OH: Ic, IIc; Scheme 1, 
Table 1) [22]. Here we compare theoretical and 
single-crystal X-ray diffraction data to examine the 
crystal packing particularities of compounds I–III. 
The following order of stability for compound-I 
tautomers in the gas phase was derived from Table 1: 
Ia (CH) > Ib (NH) > Ic (OH) [22]. The same order 
of relative stability was theoretically obtained, the 
results of which are shown in Table 2. Calculation 
results of Gibbs free energy (ΔG298) values considering 
solvation effects demonstrate a slightly lower energy 
gap between Ia and Ib and a slightly higher energy 
gap between Ib and Ic (0.0, 24.4, and 31.2 vs. 0.0, 9.1, 
and 28.4 kJ·mol−1, respectively, Table 2). The same 
tendency can be observed for compound II (Table 2). 

1 Enraf_Nonius CAD_4 Software. Version 5.0. Delft (The Netherlands): Enraf_Nonius, 1989.
2 Harms K., Wokadlo S. XCAD4. University of Hamburg, Germany.

Scheme 1. Different possible tautomers for compounds I and II: R = H for the former and R = Cl for the latter.
Table 1. Calculated torsion angles (ω, °), heat of formation (ΔHf), relative energies (ΔE), 

and dipole moments (µ) of the tautomers for compound I [22]

Method Tautomer ω, °
[C(O)–N1–C8–C9]

ω,°
[H–N2–N1–C8]

ΔHf (kJ·mol−1)
or

ΔE (kJ·mol−1)
µ, Debye

AM1

Ia (CH) 155.6 – 0.0 2.68

Ib (NH) −130.9 88.9 51.51 3.99

Ic (OH) −142.6 – 52.80 2.06

PM3

Ia (CH) 124.3 – 0.0 2.46

Ib (NH) −98.3 86.7 18.58 3.73

Ic (OH) −130.7 – 34.14 2.53

HF/6-31G*

Ia (CH) 166.9 – 0.0 3.64

Ib (NH) −134.9 73.0 36.02 5.25

Ic (OH) −132.0 – 52.01 2.31

B3LYP/6-31G*

Ia (CH) 177.7 – 0.0 3.31

Ib (NH) −149.5 63.0 32.76 5.03

Ic (OH) −140.6 – 43.97 2.09

CH
Ia, IIa

NH
Ib, IIb

OH
Ic, IIc
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Table 2. Calculated torsion angles (ω, °), relative energies (ΔE), Gibbs free energy (ΔG298), 
Gibbs free energy with PCM–SMD corrections (ΔG298,solv), and dipole moments (µ) for the tautomers 

of compounds I, II, and III

PBE/3z
ω, ° ω, ° ΔE ΔG298 ΔG298,solv µ

C(O)–N1–C8–C9 H–N2–N1–C8 kJ·mol−1 Debye

Ia 179.7 – 0.0 0.0 0.0 3.39

Ib −149.5 61.8 19.3 24.4 9.1 5.15

Ic −154.6 – 26.2 31.2 28.4 2.68

IIa 179.8 – 0.0 0.0 0.0 5.11

IIb −148.5 63.7 20.2 25.2 8.5 6.02

IIc −156.5 – 26.5 31.4 28.4 4.19

III −127.7 – – – – 5.36

We calculated the parameters of dimer formation 
from the monomers of compounds I and II, and 
compared the experimental and theoretical results (Table 3). 
The crystal structure of compound I is characterized by 
the alternation of Ib and Ic tautomers (Fig. 1a and b) 
connected via the O–H---O=C and N–H---N hydrogen 
bonds (rO-H---O = 2.479 Å, rN–H---N = 2.800 Å, Table 3, 
entries 1 and 2). Extended infinite chains can be 
observed (Fig. 1b), as confirmed by the calculation 
results (Table 3, entries 1–7). For the stronger 

O–H---O H-bonding between the Ib  and Ic 
tautomers (rO---HO = 2.62 Å, rN–H---N = 2.98 Å, Table 3, 
entries 1 and 2) the Ib and Ic self-organization in the solid 
state possibly begins with the formation of the stronger 
O–H---O H-bonding, followed by the formation of N–H---N 
one. This can explain the absence of the Ib–Ib (N–H---O), 
Ia–Ic (O---H–O), Ic–Ic (N---H–O), and Ia–Ia, Ia–Ib 
(N---H–N) dimers in the solid state (Table 3, entries 3, 4, 
7 and 5, 6), as confirmed by the ΔG298 values for the 
tautomer dimerization (Table 3, entries 1–7, column 6).

Fig. 1. Asymmetric unit of compound I with the crystallographic numbering scheme. Displacement ellipsoids are 
drawn at the 50% probability level, (a); H-bonding between OH- and NH-tautomers (b).

a

b
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Compound II exists as the NH tautomer (Fig. 2), 
the molecules of which are linked by N–H---O-type 
H-bonds  (rN–H---O = 2.729 Å;  Fig. 2a and Table 3, 
entry 10). This results in the formation of non-
interacting extended chains with mutual anti-
orientation (Fig. 2b). In the crystalline state, 
compound II  consists of IIb  tautomers, not IIa 
tautomers. The calculated ΔG298 values for IIb 
and IIc  dimerization (IIa  unable to form dimers 
with strong hydrogen bonding) demonstrate that 
the IIb–IIс  (O-H---O) dimer is the most stable 
(ΔG298 = −13.3 kJ·mol−1), followed by the IIb–IIb 
(N-H---O) dimer (ΔG298 = −3.7 kJ·mol−1; Table 3, 
entries 8 and 10). It is easy to imagine that the 
elongation of the chain built from the IIb monomers due 
to H-bonding (Fig. 2) results in energy gain growth with 
the number of monomers due to the predominance of the 
enthalpy contribution (ΔH298 = −39.2 kJ·mol−1) over the 
entropy one (−TΔS298 = 35.5 kJ·mol−1; Table 3, 
entry 10). The formation of chains built from the Ib 
tautomers is possible, but, in this case, the enthalpy 
contribution is approximately equal to the entropy 
contribution (Table 3, entry 3), which can explain the 
differing mode of monomer alteration for compound I 
(Ib–Ic [O---H-O] dimer existence).

For all dimers 1–11, the following topology 
characteristics were calculated using QTAIM theory: 
electron density (ρ), Laplacian of electron density ( 2ρ), 
density of kinetic (G), potential (V), and total energy (H) 
in the critical point of the intermolecular hydrogen bond 
(Table 4). On the basis of the 2ρ and H signs as well as 

the V/G (1 < |V|/G < 2) ratio, it can be concluded that 
hydrogen bond in dimers 1–4 and 7–11 can be assigned to 
the intermediate (between covalent and dispersion types) 
interaction, whereas the H-bond in dimers 5 and 6 can be 
assigned to the dispersion interaction, i.e., the weak 
interaction. Analysis of ρ and H values demonstrates 
that the strongest intermolecular H-bonds take place 
in dimers 1 (O-H---O), 4 (O-H---O), 7 (O-H---N), 
8 (O-H---O), 9 (N-H---N), and 11 (O-H---N). The 
same dimers are characterized by the shortest X-H---Y 
distances and by a non-significant increase in the electron 
localization function (η). By comparing these results 
with the Gibbs free energy values for dimerization, it 
can be concluded that the dimer interaction energy is not 
sufficiently strong to overcome entropy loss during their 
formation. However, in spite of the H-bond-favorable 
topology characteristics, the formation of dimers 9 and 
11 is unlikely due to the positive ΔG298 value.

Experimental data for compounds I–III are given in 
Appendiх A (Tables A1–A10, pages 125–137). 

Packing for compound III is characterized by the 
absence of H-bonding and is based on the presumably 
steric requirements (Fig. 3, Tables A1, A8–A10), the 
crystallographic parameters of which are consistent with 
the existing literature [23–25]. The experimental and 
theoretical results are confirmed by the thermal analysis 
data. The melting points for the compounds in question 
are as follows: 397.6–398.4 (I), 431.8–436.3 (II), and 
381.5–381.9 K (III), the melting enthalpy being equal to 
18.5, 12.3, and ca. 16.7 kJ·mol−1 for (I), (II), and (III), 
respectively. The order of the latter values is possibly due 

ba
Fig. 2. Asymmetric unit of compound II with the crystallographic numbering scheme. 

Displacement ellipsoids are drawn at the 50% probability level, (a); H-bonding between NH-tautomers (b).
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Table 3. Description of dimer formation (ΔH298 is enthalpy and ΔS298 is entropy) 
from the corresponding monomers of compounds I and II

Entry The species label and sketch
H-bond type and 

length, Å ΔH298 −TΔS298 ΔG298

(calc./exp.) kJ·mol−1 

1 2 3 4 5 6

1

Ib–Ic dimer (O---HO)

O---H-O
2.62/2.479 −48.4 37.6 −10.8

2

Ib–Ic dimer (NH---N)

N-H---N
2.98/2.800 −28.8 39.6 10.9

3

Ib–Ib dimer (NH---O)

N-H---O
2.81 −38.1 37.6 −0.6

4

Ia–Ic dimer (O---HO)

O---H-O
2.65 −41.0 39.9 −1.1
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Entry The species label and sketch
H-bond type and 

length, Å ΔH298 −TΔS298 ΔG298

(calc./exp.) kJ·mol−1 

1 2 3 4 5 6

5

Ia–Ia dimer

− −18.8 36.8 18.0

6

Ia–Ib dimer (N---HN)

N---H-N
3.08 −20.2 41.8 21.6

7

Ic–Ic dimer (N---HO)

N---H-O
2.70 −33.5 33.5 0.1

8

IIb–IIc dimer (O---HO)

O---H-O
2.62 −48.7 35.5 −13.3

9

IIb–IIc dimer (NH---N)

N-H---N
2.97 −28.4 38.6 10.2

Table 3. Continued
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Table 3. Continued

Entry The species label and sketch
H-bond type and 

length, Å ΔH298 −TΔS298 ΔG298

(calc./exp.) kJ·mol−1 

1 2 3 4 5 6

10

IIb–IIb dimer (NH---O)

N-H---O
2.81/2.729 −39.2 35.5 −3.7

11

 

IIc–IIc dimer (N---HO)

N---H-O
2.70 −36.0 44.5 8.5

Table 4. Topology characteristics and length for the dimer intermolecular hydrogen bond

Dimer ρ, e·Å−3 2ρ, e·Å−5 H, a.u. V, a.u. G, a.u. η R(X-H---Y), Å

Compound I

1 0.0294 0.1165 −0.0147 −0.0585 0.0438 0.2540 1.61

2 0.0155 0.0739 −0.0011 −0.0207 0.0196 0.1660 1.94

3 0.0201 0.1067 −0.0037 −0.0341 0.0304 0.1650 1.77

4 0.0265 0.1139 −0.0112 −0.0508 0.0397 0.2261 1.65

5 0.0070 0.0523 0.0027 −0.0076 0.0103 0.0489 2.23

5* 0.0071 0.0527 0.0027 −0.0077 0.0104 0.0493 2.23

6 0.0108 0.0619 0.0014 −0.0127 0.0141 0.0619 2.09

7 0.0270 0.0845 −0.0126 −0.0464 0.0338 0.3011 1.70

Compound II

8 0.0295 0.1168 −0.0148 −0.0588 0.0440 0.2550 1.61

9 0.0296 0.1169 −0.0148 −0.0588 0.0440 0.2552 1.62

10 0.0200 0.1069 −0.0037 −0.0340 0.0304 0.1637 1.77

11 0.0275 0.0843 −0.0132 −0.0475 0.0343 0.3074 1.69

Note: 5* is for another position of O atoms.
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to the absence of hydrogen bonding in compound 
III and the presence of comparatively longer and weaker 
hydrogen bonds between dimers in compound II compared 
with compound I. The wide melting range for compound 
II is possibly related to the intermolecular interactions 
with participation of chlorine atoms.

CONCLUSIONS

Our study demonstrated that intermolecular 
hydrogen bonding plays an important role in crystal 
packing, molecule association, and self-organization, 
and it explains some contradictions between the 
theoretical data for the molecules in the gas phase 

and experimental results for compounds in the solid 
state. Differentiation was determined between strong 
interactions due to participation of atoms with high 
electronegativity (O, N) and the weak (dispersion) 
ones, the dimer formation being the first step of 
extended species formation.

APPENDIX A 
Supplementary data to this article can be found after this 

article and online at https://doi.org/10.32362/2410-6593-2021-
16-2-113-124 (Supplementary files).

The authors were equally involved in the work on the article.

The authors declare no conflicts of interest.

ba
Fig. 3. Asymmetric unit of compound III with the crystallographic numbering scheme. 

Displacement ellipsoids are drawn at the 50% probability level, (a); crystal structure packing (b).
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Table A2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for compound I

Atom x y z Uiso*/Ueq

N1 0.19338 (10) 0.37391 (8) 0.06745 (7) 0.0430 (2)

N2 0.27022 (11) 0.29948 (9) 0.02385 (7) 0.0498 (3)

C3 0.32777 (14) 0.37019 (11) −0.02844 (9) 0.0518 (3)

C4 0.29077 (14) 0.48962 (11) −0.01909 (9) 0.0530 (3)

H4 0.3209 (16) 0.5576 (15) −0.0496 (10) 0.067 (5)*

C5 0.20504 (12) 0.48922 (10) 0.04174 (8) 0.0439 (3)

O5 0.13825 (10) 0.57503 (8) 0.07625 (7) 0.0570 (3)

H5 0.1924 (18) 0.6493 (19) 0.0784 (12) 0.087 (6)*

C6 0.11839 (13) 0.32597 (10) 0.12979 (8) 0.0455 (3)

C7 −0.00259 (14) 0.37340 (13) 0.14200 (9) 0.0555 (3)

H7 −0.0347 0.4389 0.1105 0.067*

C8 −0.07485 (17) 0.32197 (17) 0.20172 (12) 0.0747 (5)

H8 −0.1553 0.3543 0.2110 0.090*

C9 −0.0297 (2) 0.22383 (18) 0.24762 (12) 0.0854 (6)

H9 −0.0802 0.1886 0.2865 0.102*

C10 0.0912 (2) 0.17804 (15) 0.23559 (11) 0.0802 (6)

H10 0.1224 0.1122 0.2670 0.096*

C11 0.16638 (17) 0.22889 (12) 0.17740 (9) 0.0598 (4)

H11 0.2484 0.1984 0.1702 0.072*

C12 0.41644 (18) 0.31848 (16) −0.08831 (12) 0.0780 (5)

H12A 0.5048 0.3378 −0.0694 0.117*

H12B 0.3954 0.3514 −0.1437 0.117*

H12C 0.4061 0.2330 −0.0904 0.117*

N21 0.30234 (11) 0.96602 (8) 0.07065 (7) 0.0473 (3)

N22 0.26333 (12) 1.04936 (9) 0.00912 (8) 0.0517 (3)

H22 0.2696 (16) 1.1302 (18) 0.0200 (11) 0.075 (5)*

C23 0.16953 (14) 0.99970 (12) −0.04340 (9) 0.0546 (3)

C24 0.15371 (15) 0.88297 (12) −0.02102 (10) 0.0564 (4)

H24 0.0945 (16) 0.8289 (15) −0.0484 (10) 0.068 (5)*

C25 0.23756 (13) 0.85971 (10) 0.05141 (9) 0.0486 (3)

O25 0.26042 (11) 0.76589 (8) 0.09483 (7) 0.0646 (3)

C26 0.41009 (12) 0.98926 (10) 0.12963 (9) 0.0468 (3)

C27 0.42958 (16) 0.92134 (13) 0.20319 (10) 0.0606 (4)
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Atom x y z Uiso*/Ueq

H27 0.3720 0.8601 0.2137 0.073*

C28 0.53456 (18) 0.94523 (17) 0.26046 (11) 0.0752 (5)

H28 0.5485 0.8987 0.3090 0.090*

C29 0.61888 (18) 1.03716 (19) 0.24653 (13) 0.0799 (5)

H29 0.6887 1.0536 0.2859 0.096*

C30 0.59944 (16) 1.10417 (17) 0.17444 (13) 0.0750 (5)

H30 0.6563 1.1665 0.1652 0.090*

C31 0.49607 (14) 1.08054 (13) 0.11487 (11) 0.0595 (4)

H31 0.4847 1.1256 0.0655 0.071*

C32 0.10490 (19) 1.07208 (16) −0.11336 (11) 0.0751 (5)

H32A 0.0953 1.1532 −0.0947 0.113*

H32B 0.0208 1.0389 −0.1301 0.113*

H32C 0.1568 1.0710 −0.1606 0.113*

Note: The sign * indicates the isotropic displacement parameters, Å2.

Table A2. Continued

Table A3. Atomic displacement parameters (Å2) for compound I

Atom U11 U22 U33 U12 U13 U23

N1 0.0534 (6) 0.0206 (4) 0.0566 (6) −0.0024 (4) 0.0141 (5) −0.0016 (4)

N2 0.0611 (7) 0.0248 (5) 0.0661 (7) 0.0017 (4) 0.0207 (5) −0.0021 (4)

C3 0.0578 (7) 0.0343 (6) 0.0656 (8) −0.0016 (5) 0.0180 (6) 0.0004 (6)

C4 0.0654 (8) 0.0278 (6) 0.0681 (8) −0.0062 (6) 0.0182 (7) 0.0068 (6)

C5 0.0535 (7) 0.0206 (5) 0.0582 (7) −0.0031 (5) 0.0080 (6) −0.0013 (5)

O5 0.0680 (6) 0.0238 (4) 0.0819 (7) −0.0005 (4) 0.0224 (5) −0.0055 (4)

C6 0.0581 (7) 0.0275 (6) 0.0522 (7) −0.0118 (5) 0.0124 (6) −0.0068 (5)

C7 0.0565 (8) 0.0460 (7) 0.0652 (8) −0.0128 (6) 0.0128 (6) −0.0136 (6)

C8 0.0718 (10) 0.0743 (11) 0.0825 (11) −0.0306 (9) 0.0328 (9) −0.0272 (9)

C9 0.1175 (16) 0.0750 (12) 0.0694 (10) −0.0501(12) 0.0415 (11) −0.0159 (9)

C10 0.1320 (17) 0.0452 (9) 0.0659 (10) −0.0267(10) 0.0222 (10) 0.0051 (7)

C11 0.0854 (10) 0.0328 (6) 0.0628 (8) −0.0065 (6) 0.0152 (7) 0.0018 (6)

C12 0.0865 (12) 0.0592 (10) 0.0951 (12) 0.0037 (8) 0.0462 (10) −0.0027 (9)

N21 0.0558 (6) 0.0203 (4) 0.0649 (6) −0.0015 (4) −0.0003 (5) −0.0005 (4)

N22 0.0660 (7) 0.0233 (5) 0.0648 (7) −0.0013 (5) −0.0004 (6) −0.0012 (5)

C23 0.0625 (8) 0.0395 (7) 0.0613 (8) 0.0002 (6) 0.0019 (6) −0.0059 (6)

C24 0.0623 (8) 0.0363 (7) 0.0699 (9) −0.0102 (6) 0.0020 (7) −0.0121 (6)
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Table A3. Continued

Table A4. Geometric parameters (Å, º) for compound I

Atom U11 U22 U33 U12 U13 U23

C25 0.0540 (7) 0.0220 (5) 0.0707 (8) −0.0033 (5) 0.0099 (6) −0.0068 (5)

O25 0.0771 (7) 0.0234 (4) 0.0925 (8) −0.0051 (4) 0.0027 (6) 0.0034 (4)

C26 0.0497 (7) 0.0283 (6) 0.0626 (7) 0.0039 (5) 0.0064 (6) −0.0092 (5)

C27 0.0675 (9) 0.0459 (8) 0.0683 (9) 0.0036 (7) 0.0058 (7) 0.0002 (7)

C28 0.0793 (11) 0.0766 (11) 0.0676 (10) 0.0117 (9) −0.0046 (8) −0.0029 (8)

C29 0.0662 (10) 0.0902 (13) 0.0802 (11) 0.0004 (10) −0.0099 (9) −0.0195(10)

C30 0.0607 (9) 0.0674 (10) 0.0966 (13) −0.0145 (8) 0.0047 (9) −0.0190(10)

C31 0.0587 (8) 0.0446 (7) 0.0749 (9) −0.0085 (6) 0.0050 (7) −0.0059 (7)

C32 0.0907 (12) 0.0627 (10) 0.0691 (10) 0.0040 (9) −0.0079 (9) 0.0032 (8)

Atom–Atom Bond length, Å Atom–Atom Bond length, Å

N1–C5 1.3581 (15) N21–C25 1.3826 (15)

N1–N2 1.3768 (14) N21–N22 1.3827 (15)

N1–C6 1.4147 (16) N21–C26 1.4140 (18)

N2–C3 1.3237 (17) N22–C23 1.3413 (19)

C3–C4 1.3976 (18) N22–H22 0.92 (2)

C3–C12 1.493 (2) C23–C24 1.363 (2)

C4–C5 1.367 (2) C23–C32 1.484 (2)

C4–H4 0.966 (17) C24–C25 1.402 (2)

C5–O5 1.3265 (15) C24–H24 0.938 (17)

O5–H5 1.00 (2) C25–O25 1.2640 (16)

C6–C7 1.386 (2) C26–C31 1.3848 (19)

C6–C11 1.3870 (19) C26–C27 1.392 (2)

C7–C8 1.382 (2) C27–C28 1.379 (2)

C7–H7 0.9300 C27–H27 0.9300

C8–C9 1.374 (3) C28–C29 1.376 (3)

C8–H8 0.9300 C28–H28 0.9300

C9–C10 1.378 (3) C29–C30 1.367 (3)

C9–H9 0.9300 C29–H29 0.9300

C10–C11 1.381 (2) C30–C31 1.388 (2)

C10–H10 0.9300 C30–H30 0.9300

C11–H11 0.9300 C31–H31 0.9300

C12–H12A 0.9600 C32–H32A 0.9600

C12–H12B 0.9600 C32–H32B 0.9600

C12–H12C 0.9600 C32–H32C 0.9600
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Angle Angle value, º Angle Angle value, º

C5–N1–N2 110.46 (10) C25–N21–C26 129.87 (10)

C5–N1–C6 129.57 (10) N22–N21–C26 120.54 (10)

N2–N1–C6 119.97 (9) C23–N22–N21 108.14 (11)

C3–N2–N1 105.48 (10) C23–N22–H22 123.9 (11)

N2–C3–C4 111.05 (12) N21–N22–H22 121.0 (11)

N2–C3–C12 120.26 (12) N22–C23–C24 109.21 (13)

C4–C3–C12 128.67 (13) N22–C23–C32 119.58 (13)

C5–C4–C3 105.80 (11) C24–C23–C32 131.20 (14)

C5–C4–H4 127.9 (10) C23–C24–C25 108.13 (12)

C3–C4–H4 126.3 (10) C23–C24–H24 125.5 (10)

O5–C5–N1 119.74 (11) C25–C24–H24 126.3 (10)

O5–C5–C4 133.05 (11) O25–C25–N21 121.75 (13)

N1–C5–C4 107.21 (10) O25–C25–C24 132.31 (12)

C5–O5–H5 107.6 (11) N21–C25–C24 105.94 (11)

C7–C6–C11 120.33 (13) C31–C26–C27 119.65 (14)

C7–C6–N1 120.64 (12) C31–C26–N21 120.13 (13)

C11–C6–N1 119.01 (12) C27–C26–N21 120.21 (12)

C8–C7–C6 119.05 (16) C28–C27–C26 119.71 (15)

C8–C7–H7 120.5 C28–C27–H27 120.1

C6–C7–H7 120.5 C26–C27–H27 120.1

C9–C8–C7 121.06 (17) C29–C28–C27 120.69 (17)

C9–C8–H8 119.5 C29–C28–H28 119.7

C7–C8–H8 119.5 C27–C28–H28 119.7

C8–C9–C10 119.44 (15) C30–C29–C28 119.59 (16)

C8–C9–H9 120.3 C30–C29–H29 120.2

C10–C9–H9 120.3 C28–C29–H29 120.2

C9–C10–C11 120.72 (18) C29–C30–C31 120.95 (17)

C9–C10–H10 119.6 C29–C30–H30 119.5

C11–C10–H10 119.6 C31–C30–H30 119.5

C10–C11–C6 119.37 (16) C26–C31–C30 119.39 (16)

C10–C11–H11 120.3 C26–C31–H31 120.3

C6–C11–H11 120.3 C30–C31–H31 120.3

C3–C12–H12A 109.5 C23–C32–H32A 109.5

C3–C12–H12B 109.5 C23–C32–H32B 109.5

H12A–C12–H12B 109.5 H32A–C32–H32B 109.5

Table A4. Continued
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C3–C12–H12C 109.5 C23–C32–H32C 109.5

H12A–C12–H12C 109.5 H32A–C32–H32C 109.5

H12B–C12–H12C 109.5 H32B–C32–H32C 109.5

C25–N21–N22 108.38 (11) – –

 Torsion angle Angle value, º Torsion angle Angle value, º

C5–N1–N2–C3 −0.26 (15) C25–N21–N22–C23 4.61 (15)

C6–N1–N2–C3 −179.50 (12) C26–N21–N22–C23 173.22 (12)

N1–N2–C3–C4 0.60 (16) N21–N22–C23–C24 −4.54 (16)

N1–N2–C3–C12 −178.10 (14) N21–N22–C23–C32 176.90 (14)

N2–C3–C4–C5 −0.72 (18) N22–C23–C24–C25 2.76 (17)

C12–C3–C4–C5 177.84 (16) C32–C23–C24–C25 −178.91 (16)

N2–N1–C5–O5 179.90 (11) N22–N21–C25–O25 175.97 (13)

C6–N1–C5–O5 −0.9 (2) C26–N21–C25–O25 8.8 (2)

N2–N1–C5–C4 −0.18 (15) N22–N21–C25–C24 −2.85 (15)

C6–N1–C5–C4 178.97 (13) C26–N21–C25–C24 −170.05 (13)

C3–C4–C5–O5 −179.57 (15) C23–C24–C25–O25 −178.53 (16)

C3–C4–C5–N1 0.52 (16) C23–C24–C25–N21 0.12 (16)

C5–N1–C6–C7 35.6 (2) C25–N21–C26–C31 150.33 (14)

N2–N1–C6–C7 −145.28 (12) N22–N21–C26–C31 −15.54 (18)

C5–N1–C6–C11 −145.78 (14) C25–N21–C26–C27 −30.3 (2)

N2–N1–C6–C11 33.30 (17) N22–N21–C26–C27 163.82 (12)

C11–C6–C7–C8 −0.5 (2) C31–C26–C27–C28 −0.3 (2)

N1–C6–C7–C8 178.05 (12) N21–C26–C27–C28 −179.65 (13)

C6–C7–C8–C9 −1.2 (2) C26–C27–C28–C29 1.3 (2)

C7–C8–C9–C10 1.8 (3) C27–C28–C29–C30 −1.1 (3)

C8–C9–C10–C11 −0.7 (3) C28–C29–C30–C31 −0.3 (3)

C9–C10–C11–C6 −1.0 (2) C27–C26–C31–C30 −1.0 (2)

C7–C6–C11–C10 1.6 (2) N21–C26–C31–C30 178.35 (13)

N1–C6–C11–C10 −176.98 (13) C29–C30–C31–C26 1.3 (3)

Hydrogen-bond geometry (Å, º)

D–H---A D–H H---A D---A D–H---A

O5–H5---O25 1.00 (2) 1.49 (2) 2.4794 (14) 169.8 (18)

N22–H22---N2i 0.92 (2) 1.89 (2) 2.8004 (17) 170.5 (16)

Symmetry code: (i) x, y + 1, z.

Table A4. Continued
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Table A5. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for compound II

Atom x y z Uiso*/Ueq

Cl1 0.03028 (10) 0.54630 (7) 0.35235 (4) 0.0752 (3)

N1 −0.0218 (2) 0.11695 (18) −0.17303 (11) 0.0448 (3)

N2 −0.2362 (2) 0.00890 (18) −0.23953 (12) 0.0491 (3)

H2 −0.3709 0.0045 −0.2140 0.059*

C3 −0.1961 (3) −0.0883 (2) −0.35162 (15) 0.0510 (4)

C4 0.0361 (3) −0.0560 (2) −0.35717 (15) 0.0510 (4)

H4 0.1068 −0.1099 −0.4241 0.061*

C5 0.1557 (2) 0.0752 (2) −0.24282 (14) 0.0487 (4)

O5 0.36892 (19) 0.14357 (19) −0.20424 (12) 0.0616 (4)

C12 −0.3968 (3) −0.2094 (3) −0.44703 (18) 0.0706 (5)

H12A −0.5131 −0.2709 −0.4079 0.106*

H12B −0.3411 −0.3009 −0.5067 0.106*

H12C −0.4657 −0.1344 −0.4881 0.106*

C6 −0.0052 (2) 0.21556 (19) −0.04676 (13) 0.0431 (3)

C7 0.1996 (3) 0.3438 (2) 0.01551 (16) 0.0532 (4)

H7 0.3290 0.3629 −0.0256 0.064*

C8 0.2129 (3) 0.4441 (3) 0.13892 (17) 0.0579 (4)

H8 0.3511 0.5290 0.1816 0.070*

C9 0.0174 (3) 0.4155 (2) 0.19710 (15) 0.0544 (4)

C10 −0.1861 (3) 0.2891 (3) 0.13769 (15) 0.0565 (4)

H10 −0.3152 0.2717 0.1793 0.068*

C11 −0.1989 (3) 0.1865 (2) 0.01432 (14) 0.0520 (4)

H11 −0.3361 0.0990 −0.0270 0.062*

Note: The sign * indicates the isotropic displacement parameters, Å2.

Table A6. Atomic displacement parameters (Å2) for compound II

Atom U11 U22 U33 U12 U13 U23

Cl1 0.0948 (5) 0.0763 (4) 0.0413 (3) 0.0189 (3) 0.0047 (3) −0.0013 (2)

N1 0.0331 (6) 0.0553 (7) 0.0374 (6) 0.0073 (5) 0.0003 (5) 0.0038 (5)

N2 0.0356 (6) 0.0574 (7) 0.0438 (7) 0.0084 (5) −0.0002 (5) 0.0019 (6)

C3 0.0473 (8) 0.0519 (8) 0.0433 (8) 0.0116 (6) −0.0036 (6) 0.0002 (6)

C4 0.0460 (8) 0.0585 (8) 0.0416 (8) 0.0166 (6) 0.0047 (6) 0.0015 (6)

C5 0.0395 (7) 0.0617 (8) 0.0426 (8) 0.0147 (6) 0.0049 (6) 0.0104 (7)
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Table A7. Geometric parameters (Å, º) for compound II

Atom U11 U22 U33 U12 U13 U23

O5 0.0345 (5) 0.0772 (8) 0.0577 (7) 0.0102 (5) 0.0046 (5) −0.0020 (6)

C12 0.0497 (9) 0.0786 (11) 0.0591 (11) 0.0118 (9) −0.0054 (8) −0.0125 (9)

C6 0.0418 (8) 0.0480 (7) 0.0350 (7) 0.0106 (6) −0.0007 (5) 0.0072 (6)

C7 0.0411 (7) 0.0565 (8) 0.0490 (8) 0.0044 (6) 0.0035 (6) 0.0010 (7)

C8 0.0499 (9) 0.0589 (9) 0.0505 (9) 0.0031 (7) −0.0035 (7) 0.0028 (7)

C9 0.0633 (10) 0.0550 (8) 0.0410 (8) 0.0165 (7) −0.0005 (7) 0.0085 (7)

C10 0.0531 (9) 0.0723 (10) 0.0408 (8) 0.0107 (7) 0.0099 (6) 0.0137 (7)

C11 0.0432 (8) 0.0629 (9) 0.0401 (8) 0.0023 (6) 0.0006 (6) 0.0084 (7)

Table A6. Continued

Atom–Atom Bond length, Å Atom–Atom Bond length, Å

Cl1–C9 1.7562 (18) C12–H12B 0.9600

N1–N2 1.3843 (17) C12–H12C 0.9600

N1–C5 1.3914 (17) C6–C7 1.382 (2)

N1–C6 1.4077 (18) C6–C11 1.389 (2)

N2–C3 1.349 (2) C7–C8 1.385 (2)

N2–H2 0.8600 C7–H7 0.9300

C3–C4 1.343 (2) C8–C9 1.377 (2)

C3–C12 1.488 (2) C8–H8 0.9300

C4–C5 1.426 (2) C9–C10 1.364 (3)

C4–H4 0.9300 C10–C11 1.391 (2)

C5–O5 1.2440 (19) C10–H10 0.9300

C12–H12A 0.9600 C11––H11 0.9300

Angle Angle value, º Angle Angle value, º

N2–N1–C5 108.65 (12) H12B–C12–H12C 109.5

N2–N1–C6 120.36 (12) C7–C6–C11 120.05 (14)

C5–N1–C6 129.59 (12) C7–C6–N1 120.55 (13)

C3–N2–N1 107.82 (12) C11–C6–N1 119.38 (13)

C3–N2–H2 126.1 C6–C7–C8 120.31 (15)

N1–N2–H2 126.1 C6–C7–H7 119.8

C4–C3–N2 110.05 (15) C8–C7–H7 119.8

C4–C3–C12 129.74 (16) C9–C8–C7 118.70 (16)

N2–C3–C12 120.20 (15) C9–C8–H8 120.6
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C3–C4–C5 108.29 (14) C7–C8–H8 120.6

C3–C4–H4 125.9 C10–C9–C8 122.01 (16)

C5–C4–H4 125.9 C10–C9–Cl1 118.99 (14)

O5–C5–N1 123.33 (14) C8–C9–Cl1 119.01 (14)

O5–C5–C4 131.64 (14) C9–C10–C11 119.41 (15)

N1–C5–C4 105.03 (12) C9–C10–H10 120.3

C3–C12–H12A 109.5 C11–C10–H10 120.3

C3–C12–H12B 109.5 C6–C11–C10 119.51 (15)

H12A–C12–H12B 109.5 C6–C11–H11 120.2

C3–C12–H12C 109.5 C10–C11–H11 120.2

H12A–C12–H12C 109.5 – –

 Torsion angle Angle value, º Torsion angle Angle value, º

C5–N1–N2–C3 −4.19 (17) C5–N1–C6–C7 24.4 (2)

C6–N1–N2–C3 −171.92 (12) N2–N1–C6–C11 7.6 (2)

N1–N2–C3–C4 3.76 (19) C5–N1–C6–C11 −157.28 (15)

N1–N2–C3–C12 −176.41 (16) C11–C6–C7–C8 0.0 (3)

N2–C3–C4–C5 −1.88 (19) N1–C6–C7–C8 178.29 (13)

C12–C3–C4–C5 178.31 (19) C6–C7–C8–C9 −1.1 (3)

N2–N1–C5–O5 −176.12 (15) C7–C8–C9–C10 1.4 (3)

C6–N1–C5–O5 −9.9 (3) C7–C8–C9–Cl1 −178.39 (12)

N2–N1–C5–C4 2.98 (16) C8–C9–C10–C11 −0.6 (3)

C6–N1–C5–C4 169.22 (14) Cl1–C9–C10–C11 179.25 (12)

C3–C4–C5–O5 178.28 (18) C7–C6–C11–C10 0.9 (2)

C3–C4–C5–N1 −0.72 (17) N1–C6–C11–C10 −177.44 (14)

N2–N1–C6–C7 −170.78 (13) C9–C10–C11–C6 −0.6 (3)

Hydrogen-bond geometry (Å, º)

D–H---A D–H H---A D---A D–H---A

N2–H2---O5i 0.86 2.02 2.7293 (18) 139

Symmetry code: (i) x–1, y, z.

Table A7. Continued

Table A8. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for compound III

Atom x y z Uiso*/Ueq

N1 0.48507 (6) 0.37211 (12) 0.10131 (6) 0.0388 (2)

N2 0.47599 (6) 0.54096 (11) 0.13277 (6) 0.0393 (2)
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Table A8. Continued

Atom x y z Uiso*/Ueq

C3 0.38667 (7) 0.58089 (15) 0.09304 (7) 0.0399 (2)

C4 0.33980 (7) 0.43974 (16) 0.04683 (7) 0.0432 (3)

H4 0.2783 0.4342 0.0164 0.052*

O4 0.38798 (6) 0.14436 (13) 0.02542 (6) 0.0562 (3)

C5 0.40039 (7) 0.29940 (16) 0.05233 (7) 0.0397 (2)

C6 0.56111 (6) 0.26616 (14) 0.15091 (7) 0.0357 (2)

C7 0.59414 (8) 0.14975 (16) 0.11065 (8) 0.0445 (3)

H7 0.5680 0.1449 0.0520 0.053*

C8 0.66604 (8) 0.04131 (17) 0.15833 (9) 0.0490 (3)

H8 0.6882 −0.0366 0.1315 0.059*

C9 0.70529 (8) 0.04735 (17) 0.24529 (8) 0.0475 (3)

H9 0.7532 −0.0271 0.2769 0.057*

C10 0.67305 (8) 0.16467 (17) 0.28522 (8) 0.0451 (3)

H10 0.6998 0.1699 0.3439 0.054*

C11 0.60106 (7) 0.27459 (16) 0.23843 (7) 0.0403 (2)

H11 0.5796 0.3536 0.2655 0.048*

C12 0.35505 (11) 0.75872 (19) 0.10678 (10) 0.0607 (4)

H12A 0.3672 0.8489 0.0747 0.091*

H12B 0.3853 0.7889 0.1657 0.091*

H12C 0.2923 0.7533 0.0888 0.091*

C13 0.54237 (9) 0.67445 (18) 0.14061 (10) 0.0563 (3)

H13A 0.5435 0.6874 0.0874 0.085*

H13B 0.5997 0.6361 0.1827 0.085*

H13C 0.5277 0.7879 0.1569 0.085*

Note: The sign * indicates the isotropic displacement parameters, Å2.

Table A9. Atomic displacement parameters (Å2) for compound III

Atom U11 U22 U33 U12 U13 U23

N1 0.0333 (4) 0.0354 (4) 0.0417 (4) −0.0002 (3) 0.0118 (3) −0.0046 (3)

N2 0.0368 (4) 0.0299 (4) 0.0447 (5) −0.0007 (3) 0.0129 (4) −0.0017 (3)

C3 0.0398 (5) 0.0369 (5) 0.0389 (5) 0.0063 (4) 0.0142 (4) 0.0074 (4)

C4 0.0340 (5) 0.0439 (6) 0.0433 (5) 0.0023 (4) 0.0102 (4) 0.0036 (4)

O4 0.0471 (5) 0.0474 (5) 0.0614 (5) −0.0062 (4) 0.0135 (4) −0.0189 (4)

C5 0.0352 (5) 0.0420 (5) 0.0360 (5) −0.0028 (4) 0.0109 (4) −0.0027 (4)
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Atom U11 U22 U33 U12 U13 U23

C6 0.0303 (4) 0.0341 (4) 0.0421 (5) −0.0017 (3) 0.0159 (4) −0.0018 (4)

C7 0.0435 (6) 0.0450 (6) 0.0456 (6) 0.0011 (5) 0.0209 (5) −0.0071 (5)

C8 0.0429 (6) 0.0436 (6) 0.0635 (7) 0.0030 (5) 0.0268 (5) −0.0089 (5)

C9 0.0347 (5) 0.0413 (6) 0.0628 (7) 0.0033 (4) 0.0190 (5) 0.0029 (5)

C10 0.0384 (5) 0.0489 (6) 0.0437 (5) 0.0019 (5) 0.0148 (4) 0.0031 (5)

C11 0.0364 (5) 0.0442 (5) 0.0415 (5) 0.0019 (4) 0.0186 (4) −0.0027 (4)

C12 0.0625 (8) 0.0443 (7) 0.0662 (8) 0.0174 (6) 0.0212 (7) 0.0044 (6)

C13 0.0495 (7) 0.0408 (6) 0.0707 (8) −0.0107 (5) 0.0202 (6) 0.0001 (6)

Table A9. Continued

Table A10. Geometric parameters (Å, º) for compound III

Atom–Atom Bond length, Å Atom–Atom Bond length, Å

N1–C5 1.4021 (16) C8–C9 1.379 (2)

N1–N2 1.4098 (13) C8–H8 0.9300

N1–C6 1.4210 (16) C9–C10 1.3823 (18)

N2–C3 1.3770 (17) C9–H9 0.9300

N2–C13 1.4554 (16) C10–C11 1.3854 (18)

C3–C4 1.3457 (17) C10–H10 0.9300

C3–C12 1.4860 (18) C11–H11 0.9300

C4–C5 1.4329 (17) C12–H12A 0.9600

C4–H4 0.9300 C12–H12B 0.9600

O4–C5 1.2281 (15) C12–H12C 0.9600

C6–C11 1.3883 (17) C13–H13A 0.9600

C6–C7 1.3904 (15) C13–H13B 0.9600

C6–C7 1.3904 (15) C13–H13B 0.9600

C7–H7 0.9300 – –

Angle Angle value, º Angle Angle value, º

C5–N1–N2 108.98 (9) C7–C8–H8 119.6

C5–N1–C6 123.53 (10) C8–C9–C10 119.68 (11)

N2–N1–C6 118.50 (9) C8–C9–H9 120.2

C3–N2–N1 106.22 (9) C10–C9–H9 120.2

C3–N2–C13 121.31 (10) C9–C10–C11 120.42 (12)

N1–N2–C13 115.25 (10) C9–C10–H10 119.8

C4–C3–N2 110.46 (11) C11–C10–H10 119.8
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Table A10. Continued

C4–C3–C12 129.58 (12) C10–C11–C6 119.61 (11)

N2–C3–C12 119.94 (11) C10–C11–H11 120.2

C3–C4–C5 108.73 (11) C6–C11–H11 120.2

C3–C4–H4 125.6 C3–C12–H12A 109.5

C5–C4–H4 125.6 C3–C12–H12B 109.5

O4–C5–N1 123.29 (11) H12A–C12–H12B 109.5

O4–C5–C4 131.71 (11) C3–C12–H12C 109.5

N1–C5–C4 104.94 (10) H12A–C12–H12C 109.5

C11–C6–C7 120.02 (10) H12B–C12–H12C 109.5

C11–C6–N1 120.88 (10) N2–C13–H13A 109.5

C7–C6–N1 119.08 (10) N2–C13–H13B 109.5

C8–C7–C6 119.56 (12) H13A–C13–H13B 109.5

C8–C7–H7 120.2 N2–C13–H13C 109.5

C6–C7–H7 120.2 H13A–C13–H13C 109.5

C9–C8–C7 120.70 (11) H13B–C13–H13C 109.5

C9–C8–H8 119.6 – –

 Torsion angle Angle value, º Torsion angle Angle value, º

C5–N1–N2–C3 −8.50 (11) C3–C4–C5–O4 174.74 (13)

C6–N1–N2–C3 −156.86 (9) C3–C4–C5–N1 −2.69 (13)

C5–N1–N2–C13 −145.85 (11) C5–N1–C6–C11 −112.19 (12)

C6–N1–N2–C13 65.80 (14) N2–N1–C6–C11 31.29 (14)

N1–N2–C3–C4 6.83 (12) C5–N1–C6–C7 66.27 (14)

C13–N2–C3–C4 141.00 (12) N2–N1–C6–C7 −150.25 (10)

N1–N2–C3–C12 −174.78 (10) C11–C6–C7–C8 0.83 (17)

C13–N2–C3–C12 −40.61 (17) N1–C6–C7–C8 −177.64 (11)

N2–C3–C4–C5 −2.62 (13) C6–C7–C8–C9 0.02 (18)

C12–C3–C4–C5 179.20 (12) C7–C8–C9–C10 −0.78 (19)

N2–N1–C5–O4 −170.83 (11) C8–C9–C10–C11 0.70 (18)

C6–N1–C5–O4 −24.42 (17) C9–C10–C11–C6 0.15 (18)

N2–N1–C5–C4 6.87 (11) C7–C6–C11–C10 −0.91 (17)

C6–N1–C5–C4 153.29 (10) N1–C6–C11–C10 177.53 (10)
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Abstract

Objectives. Our aim was to study the dielectric properties of the 4-n-pentyloxybenzoic acid–
N-(4-n-butyloxybenzylidene)-4’-methylaniline system and reveal how different concentrations 
of N-(4-n-butyloxybenzylidene)-4’-methylaniline additives affect the dielectric properties of 
4-n-pentyloxybenzoic acid.
Methods. System properties were investigated using polarization thermomicroscopy and 
dielcometry.
Results. We found that dielectric anisotropy changes its sign from positive to negative at the 
transition temperature of the high-temperature nematic subphase to the low-temperature one. The 
anisotropy of the dielectric constant of N-(4-n-butoxybenzylidene)-4’-methylaniline has a positive 
value and increases as to the system approaches the crystalline phase. The crystal structure 
of the 4-n-pentyloxybenzoic acid contains dimers formed by two independent molecules due to 
a pair of hydrogen bonds. The crystal structure of N-(4-n-butoxybenzylidene)-4’-methylaniline 
contains associates formed by orientational interactions of two independent molecules. 
4-n-Pentyloxybenzoic acid dimers (270 nm) and associates of N-(4-n-butoxybenzylidene)-4’-
methylaniline (250 nm) proved to have approximately the identical length. Considering the close 
length values of the structural units of both compounds and the dielectric anisotropy sign, we 
assume that the N-(4-n-butoxybenzylidene)-4’-methylaniline associates are incorporated into the 
supramolecular structure of the 4-n-pentyloxybenzoic acid. The specific electrical conductivity of 
the compounds under study lies between 10−7 and 10−12 S∙cm−1. The relationship between the 
specific electrical conductivity anisotropy and the system composition in the nematic phase at the 
identical reduced temperature, obtained between 100 and 1000 Hz is symbatic. However, the 
electrical conductivity anisotropy values of the system obtained at 1000 Hz are lower compared 
to those obtained at 100 Hz. At N-(4-n-butoxybenzylidene)-4’-methylaniline concentrations 
between 30 and 60 mol %, the electrical conductivity anisotropy values are higher than those of 
the individual component.
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НАУЧНАЯ СТАТЬЯ

Conclusions. A change in the sign of the dielectric constant anisotropy of the 4-n-pentyloxybenzoic 
acid during nematic subphase transitions was established. We showed that the system has the 
highest dielectric constant anisotropy value when components have an equal number of moles. 
Highest electrical conductivity anisotropy values are observed when the concentration of the 
N-(4-n-butoxybenzylidene)-4᾽-methylaniline system lies between 30 and 60 mol %.

Keywords: liquid crystals, mixtures of nematogens, dielcometry, anisotropy of dielectric constant, 
anisotropy of electrical conductivity
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Аннотация

Цель. Изучить диэлектрические свойства системы: 4-н-пентилоксибензойная кисло-
та–N-(4-н-бутилоксибензилиден)-4’-метиланилин. Выявить влияние добавок N-(4-н-бутил -
оксибензилиден)-4’-метиланилина различной концентрации на диэлектрические свой-
ства 4-н-пентилоксибензойной кислоты. 
Методы. Свойства системы исследовались методами поляризационной термомикроско-
пии и диэлькометрии. 
Результаты. Установлено, что при температуре перехода высокотемпературной не-
матической субфазы в низкотемпературную диэлектрическая анизотропия меняет 
свой знак с положительного на отрицательный. Анизотропия диэлектрической прони-
цаемости N-(4-н-бутоксибензилиден)-4’-метиланилина имеет положительные значения 
и увеличивается по мере приближения к фазовому переходу в кристаллическую фазу. 
В кристаллической структуре 4-н-пентилоксибензойной кислоты присутствуют ди-
меры, образованные двумя независимыми молекулами за счет пары H-связей. В кри-
сталлической структуре N-(4-н-бутоксибензилиден)-4’-метиланилина присутствуют 
ассоциаты, образованные за счет ориентационных взаимодействий двух независимых 
молекул. Отмечена близость длин димеров 4-н-пентилоксибензойной кислоты (270 нм) 
и ассоциатов N-(4-н-бутоксибензилиден)-4’-метиланилина (250 нм). Учитывая близость 
длин структурных единиц обоих соединений и знак диэлектрической анизотропии, мож-
но предположить, что ассоциаты N-(4-н-бутоксибензилиден)-4’-метиланилина встра-
иваются в надмолекулярную структуру 4-н-пентилоксибензойной кислоты. Удельная 
электропроводность исследуемых соединений лежит в диапазоне 10−7–10−12 См·см−1. 
Зави симости анизотропии удельной электропроводности от состава системы для не-
матической фазы при одинаковой приведенной температуре, полученные на частотах 
100 и 1000 Гц, имеют симбатный характер. Однако величины анизотропии удельной 
электропроводности системы, определенные на частоте 1000 Гц, ниже, чем на частоте 100 Гц. 
При концентрации N-(4-н-бутоксибензилиден)-4’-метиланилина от 30 до 60 мол. % значе-
ния анизотропии удельной электропроводности системы выше, чем для индивидуаль ного 
компонента. 
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Выводы. Установлена смена знака анизотропии диэлектрической проницаемости 
4-н-пентилоксибензойной кислоты при переходе между нематическими субфазами. 
Пока зано, что самое высокое значение анизотропии диэлектрической проницаемости си-
стема имеет при эквимолярном соотношении компонентов. Наибольшие значения ани-
зотропии удельной электропроводности наблюдаются при содержании в системе от 30 
до 60 мол. % N-(4-н-бутоксибензилиден)-4’-метиланилина.

Ключевые слова: жидкие кристаллы, смеси нематогенов, диэлькометрия, анизотропия 
диэлектрической проницаемости, анизотропия удельной электропроводности

Для цитирования: Сырбу С.А., Федоров М.С., Лапыкина Е.А., Новиков В.В. Диэлектрические свойства систе-
мы: 4-н-пентилоксибензойная кислота–N-(4-н-бутилоксибензилиден)-4’-метиланилин. Тонкие химические технологии. 
2021;16(2):138–147. https://doi.org/10.32362/2410-6593-2021-16-2-138-147

INTRODUCTION

In addition to individual supramolecular 
mesogens, mixtures based on classical calamite 
liquid crystals have attracted a great deal of interest. 
Doping them with non-mesogenic and liquid crystal 
substances offers a route to developing new liquid 
crystal materials. Specific nematogen interactions in 
nematogens can considerably affect the component 
orientational ordering, associative state, and other 
mesophase properties [1–5]. Lack of systematic studies 
into these interactions inhibits the development of 
new functional liquid crystal materials with tailored 
properties that can find use in various areas.

A characteristic feature of materials in a liquid-
crystalline state is their anisotropic properties. These 
include dielectric constant, magnetic susceptibility, 
and refractive index, among others. Moreover, a 
detailed study of these characteristics could boost 
practical applications of certain mesomorphic 
functional materials. Dielectric constant data and its 
relationship with the temperature and composition 
of the system under study are necessary in the 
development of components for electro-optical 
devices [6–9].

In most cases, the nematic mesophase of 
4-n-alkyloxybenzoic acids, which are components 

of liquid crystal materials used in information 
displays, has a positive dielectric constant 
anisotropy [10–13].

The anisotropy value of the dielectric constant 
could be affected during the molecular design stage 
of the mesogen due to the introduction of various 
functional groups. Furthermore, the anisotropy of 
the dielectric constant can significantly change in 
liquid crystal compositions and mixtures, depending 
on the type of intermolecular interactions and the 
compositions of the mixtures under study [13–19].

In this work, we studied how the composition 
of the 4-n-pentyloxybenzoic acid–N-(4-n-butyl oxy-
benzylidene)-4ʼ-methylaniline system affects its 
dielectric properties (Fig. 1).

The system mesomorphic and volumetric 
properties were studied earlier [20]. The resulting 
phase diagram of the specified system with a 
continuous nematic phase has a eutectic equilibrium 
point at 40.00 mol % 4-n-pentyloxybenzoic 
acid. In this case, for a given ratio of the mixture 
components, the maximum temperature range of the 
nematic phase is observed. It should be noted that the 
phase transition temperature values of nematogens 
and their mixtures are determined by polarization 
thermomicroscopy, dilatometry, and dielcometry.

4-n-pentyloxybenzoic acid
(5-AOBA)

N-(4-n-butoxybenzylidene)-4᾽-methylaniline
(4-AOBMA)

Fig. 1. Structural formulas of the studied compounds.
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EXPERIMENTAL

The individual components of the investigated 
mixtures 4-AOBMA and 5-AOBA of analytical 
grade were purified by double recrystallization from 
ethanol followed by evacuation under 1.3 Pa from the 
isotropic phase to constant weight.

Evacuation helped remove volatile impurities 
and solvent residues after recrystallization. The 
purification quality was controlled by the clearing 
point (temperature of the nematic-isotropic phase 
transition) (see the table) [21–23], the absence of 
delamination during the nematic-isotropic phase 
transition, and the electrical conductivity values. The 
table introduces the following definitions: Cr–crystalline 
phase, N–nematic phase, I–isotropic liquid phase.

The phase transition temperatures of the studied 
compounds (°C)

Compounds Cr                    N                      I

4-AOBMA  •        65.0       •        70.0        •

5-AOBA  •        124.0     •        151.0      •    

Substance mixtures were prepared using the 
gravimetric method, homogenized at a temperature 
above the clearing point, and slowly cooled to 
complete crystallization, and then grounded in an 
agate mortar. The studied mixtures had the following 
4-n-pentyloxybenzoic acid concentrations: 10.00, 
20.00, 30.00, 40.00, 50.00, 60.00, 70.00, 80.00, and 
90.00 mol %.

The dielectric constants of individual substances 
and their mixtures were measured using the method 
of dielcometry (immittance meter E7-15 (LCR meter), 
MERATEST, Russia). A constant magnetic field of 
5000 Hz was used to determine the liquid crystal 
orientation. The cell for measuring the dielectric 
constant of the author’s design, which is a flat 
capacitor with an area of 0.44 cm2 and a thickness 
of 0.25 mm, was thermostated with an accuracy of 
±0.1°C. The dielectric constant was determined at 
a voltage per cell of 1.2 V. The cell was calibrated 
against toluene, carbon tetrachloride, and benzene 
of chemically pure grade for spectroscopy. The error 
in determining the dielectric constant did not exceed 
0.7%.

The electrical conductivities of individual 
substances and their mixtures were measured on an 
E7-15 immittance meter at 1 kHz and 100 Hz.

The dielectric constant anisotropy (∆ε) was 
calculated as the difference between the values of 

the dielectric constant measured along the long axes 
of the molecules (parallel to the director) and the 
dielectric constant values measured across the long 
axes of the molecules (perpendicular to the director):

∆ε = ε║ − ε┴

The electrical conductivity anisotropy was 
calculated as the ratio of the electrical conductivity 
values measured along the long axes of the molecules 
(parallel to the director) and the electrical conductivity 
values measured across the long axes of the molecules 
(perpendicular to the director):

∆σ = σ║/σ┴

RESULTS AND DISCUSSION

Since electro-optical effects expose the liquid 
crystal layer to an electric field, the dielectric constant 
and electrical conductivity are deemed extremely 
important parameters. The indicated values were 
measured for the individual components and their 
mixtures.

As Fig. 2 demonstrates, the compound 5-AOBA 
(4-n-pentyloxybenzoic acid) in the nematic phase 
changes the sign of the dielectric constant anisotropy. 
The dielectric anisotropy changes its sign from 
positive to negative when transiting from the high-
temperature nematic subphase to the low-temperature 
subphase. We deem that this experimental result can 
be explained by the “crystal structure memory” of the 
compound in the mesophase, which manifests when 
different nematic subphases are formed from different 
crystalline modifications of 5-AOBA.

Fig. 2. Dependence of the dielectric constant anisotropy 
of the individual system components in the nematic phase 
on the reduced temperature Tr = T – TN−I (1 kHz frequency). 

TN–I – transition temperature from nematic (N) 
to isotropic liquid (I).
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4-n-Pentyloxybenzoic acid has two crystalline 
modifications: triclinic and monoclinic [24]. The 
triclinic modification has a stacked structure that 
reminisces the smectogen structure. However, the 
interplanar distance in the stacks is much larger than 
that in the smectic phase. This indicates considerably 
weaker stacking interactions in such packing.

In the aromatic regions of the monoclinic 
modification, there are no stacked structural elements, 
but T-shaped ones, the combination of which yields 
a parquet packing. Such a packing causes weaker 
interactions among structural elements compared 
to those of a stacked structure. Another noteworthy 
observation is the disordering of the carboxyl 
hydrogen atom by two positions at the oxygen atoms 
[24, 25].

The crystal structure of 4-n-pentyloxybenzoic 
acid contains dimers formed by two independent 
molecules due to a pair of hydrogen bonds.

We deem that these crystalline modifications 
are transformed into nematic subphases that differ in 
both dielectric and volumetric properties [20]. The 
mechanism of this phase transition is still elusive. It can 
only be assumed that the triclinic modification turns 
into a low-temperature nematic subphase, while the 
monoclinic modification becomes a high-temperature 
nematic subphase. This assumption is based on the 
fact that the low-temperature nematic subphase has 
a texture that resembles that of smectogens, while 
the high-temperature nematic subphase has a classic 
schlieren texture.

The decreased anisotropy value of the dielectric 
constant when the system approaches the nematic-isotropic 

phase transition is associated with the loss of 
orientational ordering when the temperature increases.

The dielectric constant anisotropy of N-(4-n-butyl -
oxybenzylidene)-4ʼ-methylaniline has positive values 
and increases as the system phase approaches 
the crystalline phase. Associates formed due to 
orientational interactions of two independent 
molecules are also present in the crystal structure of 
N-(4-n-butyloxybenzylidene)-4ʼ-methylaniline [26]. It is 
worth noting that the lengths of 5-AOBA dimers and 
4-AOBMA associates are close: 270 nm for 5-AOBA 
and  250 nm for 4-AOBMA (Figs. 3 and 4). This may be 
due to the fact that the packing of 4-n-pentyloxybenzoic 
acid dimers [20] is denser, which is due to the 
acoplanarity of N-(4-n-butoxybenzylidene)-4ʼ-
methylaniline molecules.

The greatest value of the dielectric constant 
anisotropy in the nematic phase is observed when 
the components have an equal number of moles. 
Considering the close length values of the structural 
units of both compounds and the dielectric anisotropy 
sign, we assume that the 4-AOBMA associates are 
incorporated into the supramolecular structure of 
5-AOBA. In the mixed two-phase nematic-isotropic 
region, the system dielectric anisotropy values do not 
practically change as the 4-AOBMA concentration 
increases and approaches 0.1. The dielectric constant 
anisotropy of the system increases up to a value of 
0.2 at a content of N-(4-n-butyloxybenzylidene)-4ʼ-
methylaniline of 90 mol % (Fig. 5).

In addition to dielectric anisotropy, electrical 
conductivity is an important property of liquid crystal 
materials. Thoroughly purified liquid crystals must have 

Fig. 3. The crystal packing fragment of 4-n-pentyloxybenzoic acid molecules [24] 
(the molecule long axes are in the plane of the figure).
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Fig. 4. The crystal packing fragment of N-(4-n-butyloxybenzylidene)-4᾽-methylaniline molecules [26] 
(the molecule long axes are in the plane of the figure).

extremely low intrinsic electrical conductivities. The 
specific electrical conductivity of liquid crystals usually 
ranges between 10−7 and 10−12 S∙cm−1. The investigated 
nematogens 5-AOBA and 4-AOBMA satisfy this 
requirement. For example, the specific conductivity 
of 5-AOBA at 102°C is 3.9∙10−12 S∙cm−1, whereas 
the specific conductivity of 4-AOBMA at 58°C is 
1.7∙10−12 S∙cm−1 (both conductivity values are given 
for the crystalline phase of the compounds).

The electrical conductivity mechanism in liquid 
crystals is ionic. In this case, the nature of charge 
carriers can be both intrinsic and impure. The electrical 
conductivity of mesogens is anisotropic.

Between 100 and 1000 Hz, the electrical conducti-
vity anisotropy of N-(4-n-butyloxybenzylidene)-4ʼ-
methylaniline does not depend on the temperature in 
the mesophase (Fig. 6). In the 4-n-pentyloxybenzoic 

Fig. 5. Dependence of the dielectric constant anisotropy 
on the mixture composition for the nematic phase (N) 
at Tr = −2ºС and nematic-isotropic region (N+I) 

Tr = −2ºС (Tr = T – TN+I−I), 1 kHz frequency.

acid, the anisotropy of specific electrical conductivity 
sharply increases at the temperature of the phase 
transition between one nematic subphase to another. In 
the low-temperature nematic subphase, the electrical 
conductivity values are slightly higher than those in 
the high-temperature nematic subphase (Fig. 7). It 
should be noted that for both the 5-AOBA acid and the 
4-AOBMA Schiff base, the anisotropy values of the 
electrical conductivity obtained at 100 and 1000 Hz are 
quite close.

Analysis results regarding the relationship between 
temperature and anisotropic electrical conductivity 
values show that the latter values exceed 1 of 
4-AOBMA. This indicates the presence of regions with 
a short-range smectic order in the nematic phase of 
4-AOBMA.

Let us consider how the concentration additives of 

Fig. 6. Dependence of the anisotropy of specific electrical 
conductivity (Δσ) on the reduced temperature 

in the nematic phase of N-(4-n-butyloxybenzylidene)-
4᾽-methylaniline, 1 kHz frequency.
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Fig. 7. Dependence of the anisotropy of specific electrical 
conductivity (Δσ) on the reduced temperature

 in the nematic phase of 4-n-pentyloxybenzoic acid, 
1 kHz frequency.

Fig. 8. Dependence of the anisotropy of specific electrical 
conductivity on the system composition in the nematic 

phase N at Tr = −2ºС, 100 and 1000 Hz.

4-AOBMA affect the electrical conductivity anisotropy 
of 5-AOBA in the nematic and mixed two-phase 
nematic-isotropic region.

The relationship between the anisotropy of specific 
electrical conductivity and the system composition 
in the nematic phase N at Tr = −2°С, obtained at 
100 and 1000 Hz, demonstrate a symbatic character. 
However, the anisotropy values of the system electrical 
conductivity at 1000 Hz are lower. The highest 
anisotropy values of specific electrical conductivity are 
observed when the system (4-AOBMA) concentration 
ranges between 30 and 60 mol %. It should be noted 
that, with the indicated compositions, the anisotropy 
values of the system electrical conductivity exceed 
those of 4-AOBMA itself (Fig. 8).

A different picture is observed for a mixed, two-
phase nematic-isotropic region of the system at 100 and 
1000 Hz (Fig. 9), although both dependencies have a 
symbatic character as in the previous case.

Fig. 9. Dependence of the anisotropy of specific electrical 
conductivity on the composition of the system in the nematic-

isotropic region N+I at Tr = −2ºС, 100 and 1000 Hz.

The anisotropy values of the system electrical 
conductivity at both frequencies are close compared to 
those of the previous case. Increasing the concentration 
of the 4-AOBMA compound up to 50 mol % and 
from 70 to 90 mol % causes the anisotropic electrical 
conductivity of the system to increase. When the system 
concentration ranges between 50 and 70 mol % 4-AOBMA, 
a decrease in the anisotropy of the electrical conductivity 
of the system is observed.

In conclusion, we note that for concentrations of 
N-(4-n-butyloxybenzylidene)-4ʼ-methylaniline ranging 
between 30 and 80 mol % both in the nematic phase and 
in the mixed two-phase nematic-isotropic region, the 
anisotropy values of the specific electrical conductivity 
increase as the temperature decreases. This result 
indicates that the degree of orientational ordering 
increases.

CONCLUSIONS

Using the method of dielcometry, we studied the 
dielectric properties of the 4-n-pentyloxybenzoic acid–
N-(4-n-butyloxybenzylidene)-4ʼ-methylaniline system 
with a step of 10 mol % in component concentration.

Results revealed that unlike the 4-n-pentyloxy-
benzoic acid–N-(4-n-butyloxybenzylidene) -4ʼ-methyl-
aniline has higher dielectric constant anisotropy values.

A change in the anisotropy sign of the dielectric 
constant of 4-n-pentyloxybenzoic acid during nematic 
subphase transitions from negative (for a low-
temperature nematic subphase) to positive (for a high-
temperature nematic subphase) was established.
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The system has the highest dielectric constant 
anisotropy when components have an equal number 
of moles, and the highest anisotropy values of specific 
electrical conductivity at concentrations of N-(4-n-butyl-
oxybenzylidene)-4ʼ-methylaniline ranging between 
30 and 60 mol %.
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Study of the multiple incorporation of modified nucleotides 
into the growing DNA strand
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Abstract

Objectives. This study investigated the substrate properties of the modified derivatives of triphosphates 
of purine and pyrimidine deoxynucleosides (5-propynyl-2ʼ-deoxyuridine-5ʼ-triphosphate, 5-propynyl-
2ʼ-deoxycytidine-5ʼ-triphosphate, 5-methyl-2ʼ-deoxycytidine-5ʼ-tri phosphate, and N6-methyl-2ʼ-deoxy-
adenosine-5ʼ-triphosphate) during their simultaneous incorporation in enzymatic reactions (polymerase 
chain and primer extension reactions).
Methods. The real-time polymerase chain and primer extension reactions were used to 
study the substrate efficiency of modified deoxynucleotide triphosphates. Various pairwise 
combinations of modified derivatives were used; specially designed synthetic DNA fragments 
and libraries for the Systematic Evolution of Ligands by Exponential Enrichment technology 
were used as templates. Reactions were conducted using DNA polymerases: Taq, Vent (exo-), 
DeepVent (exo-), and KOD XL.
Results. In each case, a pair of compounds (modified dUTP + dCTP, dUTP + dATP, and dCTP + dATP) was 
selected to study the simultaneous incorporation into the growing DNA strand. The most effective 
combinations of nucleotides for simultaneous insertion were dU and dC, having 5-propynyl 
substitution. The Vent (exo-) DNA polymerase was found as the most effective for the modified 
substrates.
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Conclusions. The selected compounds can be used for the enzymatic preparation of modified 
DNA, including aptamers with extended physicochemical properties.
Keywords: modified aptamers, modified nucleotides, primer extension reaction, real-time 
polymerase chain reaction
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Аннотация

Цели. Целью данной работы является изучение субстратных свойств модифицирован-
ных производных трифосфатов дезоксинуклеозидов пуриновой и пиримидиновой природы 
(5-пропинил-2ʼ-дезоксиуридин-5ʼ-трифосфат, 5-пропинил-2ʼ-дезоксицитидин-5ʼ-трифосфат, 
5-метил-2ʼ-дезоксицитидин-5ʼ-трифосфат, N6-метил-2ʼ-дезоксиаденозин-5ʼ-трифосфат) 
при их одновременном встраивании в процессе ферментативных реакций (полимеразной 
цепной реакции и реакции удлинения праймера).
Методы. В работе для изучения субстратной эффективности модифицированных 
трифосфатов дезоксинуклеозидов использовали методы полимеразной цепной реакции 
в режиме реального времени и реакции удлинения праймера. Использовали различные 
попарные сочетания модифицированных производных, в качестве матриц применяли 
специальным образом сконструированные синтетические фрагменты ДНК и библиоте-
ки для SELEX. Реакции проводили с применением ДНК-полимераз: Taq, Vent (exo-), DeepVent 
(exo-) и KOD XL.
Результаты. В каждом случае из исследуемых соединений выбирали пару соединений 
(модифицированные dUTP + dCTP, dUTP + dATP, dCTP + dATP) для изучения одновременного 
встраивания в растущую цепь ДНК. Найдены наиболее эффективные сочетания нукле-
отидов для одновременного встраивания, а именно: dU и dC, имеющие 5-пропинильный 
заместитель. Также найдена наиболее эффективная (из протестированных) ДНК-поли-
мераза: Vent (exo-).
Выводы. Выбранные соединения можно использовать для ферментативного получения 
модифицированных ДНК, в частности аптамеров с расширенными физико-химическими 
свойствами.

Ключевые слова: модифицированные нуклеотиды, модифицированные аптамеры, 
поли меразная цепная реакция в режиме реального времени, реакция удлинения прай-
мера

Для цитирования: Волкова О.С., Чудинов А.В., Лапа С.А. Изучение множественного встраивания модифи-
цированных нуклеотидов в растущую цепь ДНК. Тонкие химические технологии. 2021;16(2):148–155. https://doi.
org/10.32362/2410-6593-2021-16-2-148-155 

НАУЧНАЯ СТАТЬЯ

https://doi.org/10.32362/2410-6593-2021-16-2-148-155
https://doi.org/10.32362/2410-6593-2021-16-2-148-155
mailto:olechka.volckowa@yandex.ru
https://doi.org/10.32362/2410-6593-2021-16-2-148-155
https://doi.org/10.32362/2410-6593-2021-16-2-148-155


Study of the multiple incorporations of modified nucleotides into the growing DNA strand

150
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(2):148–155

INTRODUCTION

Modified nucleic acids are currently used in many 
fields: molecular biology [1], therapy [2], diagnostics [3], 
and analytical chemistry [4]. Because of their chemical 
diversity, modified nucleic acids can be used to introduce 
fluorescent labels into samples and select aptamers 
[5, 6]. One way to obtain modified nucleic acids is the 
enzymatic synthesis of DNA or RNA polymerases using 
modified 2-deoxynucleoside triphosphates (dNTPs) as 
substrates [7, 8]. Modifications using functional groups 
(e.g., analogs of amino acid side chains) allow increasing 
the affinity of aptamers to protein targets [9].

Aptamers are short, single-stranded DNA or RNA 
molecules that can interact with target molecules. The 
production of aptamers is performed using the Systematic 
Evolution of Ligands by Exponential Enrichment 
(SELEX) technology. Modifying the aptamersʼ structure 
improves their physicochemical properties and binding 
to target molecules [10]. For introducing modifications, 
the enzymatic method is most often used (in most cases, 
the primer extension reaction is used) using modified 
dNTP derivatives. Producing aptamers containing 
different functional groups can increase their affinity for 
their targets because of the greater variety of types of 
aptamer–target interactions.

Early studies report that the simultaneous 
incorporation of nucleotides with different modifications 
can improve the properties of the resulting modified 
aptamers [11]. The main concern when using the 
enzymatic method is the modified derivatives' substrate 
compatibility with DNA polymerases.

In this paper, we evaluated the effectiveness of two 
enzymatic methods—polymerase chain reaction (PCR) 
and primer extension reaction (PEX)—and compared 
the effectiveness of different polymerases with no 
3ʼ–5ʼ correcting exonuclease activity for the pairwise 
simultaneous incorporation of modified nucleotides in 
one growing DNA chain.

EXPERIMENTAL

Modified analogs of dNTPs: All compounds are 
manufactured by TriLink BioTechnologies, Inc. (San 
Diego, CA, USA): N-2016, N-2017, N-2025, and N-2026.

DNA templates: Synthetic DNA templates with 
a length of 49 nt were used for PEX, the sequences of 
which are given below:

M1U                        5’-CTAAAACTCTAAACTCTAACTCTACT-
GGCTACCAGTATGGAGCTGACAG-3’

M1A 5’-CTTTTTCTCTTTTCTCTTTCTCTTCT-
GGCTACCAGTATGGAGCTGACAG-3’

M2UA       5’-CTTATACTCTATACTCTTACTCTACT-
GGCTACCAGTATGGAGCTGACAG-3’

M2AU       5’-CTATATCTCTTATCTCTATCTCTTCT-
GGCTACCAGTATGGAGCTGACAG-3’

The synthetic templates used to study the 
incorporation of modified dCs have been studied earlier 
[12].

The nucleotides complementary to the ones 
under study are marked in bold. The primary areas are 
highlighted in italics. The sequence of the primer used is 
the following:

5’-CTGTCAGCTCCATACTGGTAGCC-3’

A combinatorial DNA library and corresponding 
primers were used for PCR [13].

DNA polymerases used: The following 
polymerases were used: Taq (Thermo Scientific, 
Waltham, MA, USA), Vent (exo-), Deep Vent (exo-) (New 
England Biolabs, Ipswich, MA, USA), and KOD XL 
(NovaTaq™, Merck KGaA, Darmstadt, Germany). 
Polymerases were used in reaction buffers and in 
concentrations recommended by the manufacturers.

Solid-phase synthesis of template oligonucleotides
The solid-phase synthesis of template 

oligonucleotides was conducted using an automatic 
synthesizer ABI 394 DNA/RNA (Applied Biosystems, 
Foster City, CA, USA) according to standard 
regulations on using commercial solvents and 
reagents.

Chromatographic purification 
of template oligonucleotides

For the chromatographic purification of 
oligonucleotides, a BDS Hypersil C18 (Thermo 
Scientific) column with a size of 250 × 4.6 mm and a 
particle size of 5 µm was used in the eluent system: 
buffer A contained 0.1-M TEAA, and buffer B is 50% 
acetonitrile in buffer A. Both buffers were prepared 
using Milli-Q and CH3CN for high-performance liquid 
chromatography (ChromAR® HPLC, MACRON), 
filtered using a ZAPCAP-CR Nylon filter (0.22-µm pore 
size, 47-mm diameter; Sigma-Aldrich, St. Louis, MO, 
USA). The products were separated at a temperature 
of 25℃. The eluent feed rate is 1 mL/min. The 
detection was conducted at two wavelengths: 
λ1 = 270 nm and λ2 = 295 nm. BD Syringes 1 mL, 
without needle (Becton Dickinson, Franklin Lakes, 
NJ, USA). Replacement filters for Acrodisc® LC, 
13-mm syringes with a 0.2-µm polyvinylidene 
fluoride (PVDF) membrane, HPLC certified (PALL 
Corporation, NY, USA).

Primer extension reaction
The reaction mixture contained natural dATP 

and dGTP (when studying the incorporation of 
modified deoxyadenosine to natural dGTP and 
dCTP) at a concentration of 0.2 mM each, as well 
as various combinations of the dNTPs indicated 
in Fig. 1; 1.5-U Taq-or 0.5-U Vent (exo-) DNA 
polymerase (the reaction buffer corresponded to the 



Olga S. Volkova, Alexander V. Chudinov, Sergey A. Lapa

151
Тонкие химические технологии = Fine Chemical Technologies. 2021;16(2):148–155

applied polymerase); a primer for PEX; and one of 
the synthetic templates. The reaction was performed 
using a MiniCycler DNA amplifier (MJ Research 
Inc., Hercules, CA, USA) according to the following 
program: 5 min at 95°C, 30 s at 65°C, and 40 min at 
78°C.

Real-time PCR
We used a mixture similar to that used for the 

primer extension reaction and two flanking primers 
instead of one in the case of PEX. The dye EvaGreen 
(Biotium, Moscow, Russia) was added to the reaction 
mixture to visualize the process. Amplification 
was performed using an IQ5 device (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA) according to 
the following program: after preheating at 95°C for 
3 min, 40 cycles were performed at 95°C for 20 s, 
66°C for 30 s, and 72°C for 40 s. After that, the final 
incubation was done at 72°C for 5 min.

Determination of chemical yield
The resulting PCR products were separated in a 4% 

agarose gel. Staining was performed using ethidium 
bromide. The amounts of the products were estimated 
from the optical density of the corresponding bands 
in the gel tracks using the ImageJ program (National 
Institutes of Health, USA).

RESULTS AND DISCUSSION

Previously, we studied the patterns of the 
simultaneous incorporation of pyrimidine nucleotides 

into DNA with complete replacement of the 
corresponding natural dNTPs [12]. Derivatives with 
less bulk functional groups have been shown to be 
better substrates for DNA polymerases. Probably, in 
the case of the use of electroneutral modifying groups, 
steric factors play the main role in the formation of a 
catalytically active “closed” conformation of DNA 
polymerase in the formation of a complex with a 
substrate [14, 15, 16].

In this study, we investigated the substrate 
properties of modified dNTPs (mod-dUTP, mod-dCTP, and 
mod-dATP) with extended sets of DNA polymerases. 
Modifications were introduced into the heterocyclic 
bases of compounds to provide structural differences 
and possibly create pairs with similar modifications. 
Nucleotides of purine and pyrimidine nature with 
similar modifications cannot be considered as 
complete analogs. Still, their comparison is of interest 
in identifying the patterns of influence of modifying 
groups.

The structures of the compounds used are shown 
in Fig. 1.

PCR and PEX were performed with complete 
substitution of dTTP, dCTP, and dATP using various 
pairwise combinations of the modified derivatives. 
DU + dC, dU + dA, and dC + dA pairs with different 
or identical modifications were created.

We used a combinatorial DNA library as a 
template for PCR, which we used earlier in preparing 
aptamers using SELEX [17], because the substrate 

Fig. 1. Modified triphosphates of deoxyuridine, deoxycytidine, and deoxyadenosine. 
dUp and dCp are derivatives containing 5-propynyl; dCm and dAm are derivatives containing a methyl group 

in the 5 and N6 positions, respectively.
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Fig. 2. Polymerase chain reaction electrophoretic analysis using different DNA polymerases 
and a DNA library. 

In each figure: (1) and (7) are GeneRuler 50bp DNA ladder, (2) dT + dC, (3) dUp, (4) dCp, (5) dCm, 
(6) dAm, (8) dUp + dCp, (9) dUp + dAm, (10) dCp + dAm, (11) dCm + dAm, and (12) negative control.

behavior of the modified substrates of polymerases 
with such template is of particular interest for 
producing aptamers with new properties (Fig. 2). 
The most complex substrate for all polymerases 
was dA with a methyl substituent (dAm). For this 
substrate, obtaining a product using only the Deep 
Vent polymerase was possible, but many incomplete 
products were obtained. When dC (dCm) and dA 
(dAm) with methyl substituents were simultaneously 
embedded, the formation of a full-size product was 
observed.

Using the Taq polymerase with none of the 
selected modified dNTPs, obtaining full-size 
products was impossible, except for the variant with 
a combination of propinyl dU (dUp) and methyl dA 
(dAm). Both full- and half-size products were formed. 
The KOD XL polymerase with none of the modified 
substrates used formed a full-length product, except 
for dUp, but even in this case, the formation of two 
products of different lengths was observed.

The Vent (exo-) polymerase in this experiment 
proved to be the most effective enzyme for all the 
selected combinations, except for dAm. Products 
could not be obtained using this substrate, but in 
combination with dCp and dUp, full-size products 
were reproducibly formed with high efficiency 
calculated from real-time PCR results.

The PCR analysis showed that the most complex 
substrates for all the polymerases used are modified 
derivatives with a methyl substituent. Interestingly, 
combining triphosphates with propinyl and methyl 
substituents resulted in a better substrate efficiency 
than those of derivatives with only a methyl 

substituent. It should also be noted that polymerases 
better perceive substrates that have a pyrimidine 
nature.

We synthesized artificial template oligonucleotides 
to study the individual and simultaneous integration 
of dU and dC into one growing DNA chain by the 
PEX method [12]. Additional ones (the sequences 
are indicated in the Experimental section) were 
constructed to the existing synthetic templates 
to study the patterns of embedding of modified 
deoxyadenins (nucleotides of purine nature), aimed at 
understanding the multiple sequential incorporation 
of modified dA both individually and in pairs with 
different modified nucleotides of the dU type.

The template M1A is designed to sequentially 
study the individual incorporation of modified dA 
1, 2, 3, and 4 times during primer extension along the 
template chain. Conducting PEX allows evaluating the 
effectiveness of the multiple sequential incorporation 
of mod-dA. It can be seen that the spacer regions 
of the template do not contain complementary 
deoxyadenin nucleotides (dT). In addition, compared 
with the results of pairwise incorporation with dU (on 
the M2UA and M2AU templates), the spacer plots 
also do not contain dA.

The M2UA and M2AU templates are designed to 
study the multiple pairwise incorporation of dA and 
dU in different sequences, which is reflected in the 
names of the template oligonucleotides.

In PEX with synthetic templates (Fig. 3), the Taq 
and Vent (exo-) and Deep Vent polymerases could 
embed both deoxyuridine with a propyl substituent 
and deoxyadenosine with a methyl substituent. 

Vent (exo-) Deep vent (exo-) Taq KOD XL
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Fig. 3. PEX electrophoretic analysis with various DNA polymerases and specially designed templates. 
In each figure: (2–5) matrix M1U; (6–9) matrix M1A; (11–14) matrix M2UA; (15–18) matrix M2AU; 

(1) and (10) length marker for GeneRuler products 50 bp; (2, 6, 11, and 15) dT + dA; 
3, 7, 12, and 16) dUp; (4, 8, 13, and 17) dAm; (5, 9, 14, and 18) dUp + dAm.

When using the KOD XL polymerase, products that 
were somewhat different in mobility were formed, 
presumably not fully corresponding to the theoretical 
length of the full-size product. This may be due to the 
mobility of the modified products in the gel.

It is shown that under the conditions used and 
for the pairs of modified substrates under study, 
PEX leads to the more efficient formation of target 
products than that of PCR. This is due to the slower 
incorporation kinetics of the modified substrates 
than those of natural oligonucleotides. Therefore, the 
advantage of PEX is the length of the voluion time 
(significantly higher than that in PCR). The results 
correlate well with previously obtained data [12] 
and the world practice of using PEX for producing 
modified aptamers [18].

CONCLUSIONS

The substrate efficiency of the modified 
compounds used in this study depends on the 
chemical nature of the modification (massive or 
compact substituents) and the nucleotide used (purine 
or pyrimidine bases) and varies for different DNA 
polymerases. In addition, the enzymatic reaction 

used significantly affects the formation of full-
size modified products. Thus, because of its long 
elongation time (elongation), the primer extension 
reaction has an advantage over PCR.

Of the tested compounds, modified dU and dC 
(i.e., pyrimidine nucleotides) combined with the 
Vent (exo-) DNA polymerase showed the greatest 
efficiency.

As a result, we obtained DNA modified 
simultaneously by pairs of nucleotide derivatives 
of both purine and pyrimidine types. These studies 
are important for producing DNA with multiple 
modifications, including a new generation of 
aptamers.
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Abstract

Objectives. This study aimed to obtain ethers containing gem-dichlorocyclopropane and 
1,3-dioxolane fragments and evaluate their cytotoxic properties against HEK293, SH-SY5Y, MCF-7, 
and A549 cell lines.
Methods. The qualitative and quantitative compositions of the reaction masses were determined 
using mass spectrometry (using a Chromatek-Kristall 5000M device with the 2012 National 
Institute of Standards and Technology, USA database) and nuclear magnetic resonance 
spectroscopy (using a Bruker AM-500 device with operating frequencies of 500 and 125 MHz).
Results. Ethers containing gem-dichlorocyclopropane and 1,3-dioxolane fragments were 
synthesized in the presence of a catamine AB catalyst. The structures of the obtained substances 
were confirmed using gas-liquid chromatography, mass spectrometry, and nuclear magnetic 
resonance spectroscopy. The cytotoxicity of the esters was studied against HEK293, SH-SY5Y, 
MCF-7, and A549 cell lines.
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НАУЧНАЯ СТАТЬЯ

Conclusions. Ethers containing gem-dichlorocyclopropane and 1,3-dioxolane fragments were 
obtained in quantitative yields; however, only 4-{[(2,2-dichloro-3-{[(2,2-dichlorocyclopropyl)
methoxy]methyl}cyclopropyl)methoxy]methyl}-2,2-dimethyl-1,3-dioxolane exhibited cytotoxic 
activity against HEK293, SH-SY5Y, MCF-7, and A549 cell lines.

Keywords: 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane, carbenation, cell lines, cytotoxicity

For citation: Dzhumaev Sh.Sh., Borisova Yu.G., Raskil’dina G.Z., Kuzmina U.Sh., Daminev R.R., Zlotskii S.S. 
Synthesis of ethers containing 1,3-dioxolane and gem-dichlorocyclopropane fragments. Tonk. Khim. Tekhnol. = Fine Chem. 
Technol. 2021;16(2):156–166 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2021-16-2-156-166

Синтез простых эфиров, содержащих 1,3-диоксолановый 
и гем-дихлорциклопропановый фрагменты
Ш.Ш. Джумаев1, Ю.Г. Борисова1,@, Г.З. Раскильдина1, У.Ш. Кузьмина2, 
Р.Р. Даминев3, С.С. Злотский1

1Уфимский государственный нефтяной технический университет, Уфа, 450064 Россия 
2Институт биохимии и генетики УФИЦ РАН, Уфа, 450054 Россия 
3Уфимский государственный нефтяной технический университет, филиал в г. Стерлитамак, 
Стерлитамак, 453118 Россия
@ Автор для переписки, e-mail: yulianna_borisova@mail.ru

Аннотация

Цели. Получить простые эфиры, содержащие гем-дихлорциклопропановый и 1,3-диоксо-
лановый фрагменты и оценить их цитотоксические свойства в отношении клеточных 
линий HEK293, SH-SY5Y, MCF-7 и A549.
Методы. Для определения качественного и количественного состава реакционных масс 
были использованы следующие методы анализа: газожидкостная хроматография (на 
аппаратно-программном комплексе «Кристалл 2000»), масс-спектрометрия (на приборе 
«Хроматэк-Кристалл 5000М» с базой NIST 2012), и спектроскопия ядерного магнитного 
резонанса (ЯМР-спектроскопия) (на приборе «Bruker AM-500» с рабочими частотами 500 и 
125 МГц).
Результаты. Синтезированы простые эфиры, содержащие гем-дихлорциклопропановый 
и 1,3-диоксолановый фрагменты в присутствии катализатора катамина АВ. Строение 
полученных веществ было подтверждено с помощью газожидкостной хроматографии, 
масс-спектрометрии и ЯМР-спектроскопии. Для эфиров изучена цитотоксическая ак-
тивность в отношении клеточных линий HEK293, SH-SY5Y, MCF-7 и A549.
Выводы. С количественными выходами получены простые эфиры, содержащие 
гем-дихлорциклопропановый и 1,3-диоксолановый фрагменты. Установлено, что цито-
токсическую активность в отношении клеточных линий HEK293, SH-SY5Y, MCF-7 и A549 
среди ряда полученных соединений проявляет только 4-{[(2,2-дихлоро-3-{[(2,2-дихлорци-
клопропил)метокси]метил}циклопропил)метокси]метил}-2,2-диметил-1,3-диоксолан.

Ключевые слова: 2,2-диметил-4-оксиметил-1,3-диоксолан, карбенирование, клеточные 
линии, цитотоксичность
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INTRODUCTION

Compounds containing cycloacetal and gem-dichloro-
cyclopropane fragments are important intermediate 
and final products in the pharmaceutical, perfume, and 
polymer industries and, depending on the structure of 
the substituents, exhibit a wide spectrum of biological 
activity [1–10]. For example, 2-{(4R)-4[(benzyloxy)- 
methyl]-1,3-dioxolan-2-yl}phenol, diisopropyl-(4R-5R)-
2-(2-hydroxyphenyl)-1,3-dioxolane-4,5-dicarboxylate, 
diisopropyl-2-(2-hydroxyphenyl)-1,3-dioxolane-4,5-
dicarboxylate, dimethyl 2-(2-hydroxyphenyl)-1,3-di-
oxolane-4,5-dicarboxylate, and 2-[(4S,5S)-4,5-bis(benzyl-
oxymethyl)-1,3-dioxolane-2-yl] phenol have been shown 
to exhibit pronounced antibacterial properties against 
Staphylococcus aureus and Staphylococcus epidermidis 
as well as antifungal activity against Candida albicans [5]. 

Özkanli and co-authors, demonstrated that new 
derivatives of 2-acetylnaphthalene with the dioxolane 
structure have an anticonvulsant effect [11]. In addition, 
it has been shown that 1,3-dioxolane heterocyclic 
compounds are not only effective anticancer agents 
but are able to overcome the phenomenon of multidrug 
resistance, which is one of the main problems in 
successful cancer therapy [12]. We have previously 
reported compounds containing 1,3-dioxolane and 
gem-dichlorocyclopropane fragments with potential 
antitumor activity [3], and these heterocyclic 
compounds have also been shown to have herbicidal 
[1], antioxidant [3], antiviral [13, 14], anticoagulant, 
antiaggregatory [7], and anesthetic [15] activities. This 
breadth of activities and the fact that many groups 
are only partially studied means that the synthesis of 
novel 1,3-dioxolane and gem-dichlorocyclopropane 
fragment-containing compounds is a promising route 
to finding biologically active substances.

This study aimed to develop new methods for 
preparing novel bi- and polycyclic compounds, where 
1,3-dioxolane and gem-dichlorocyclopropane fragments 
are bound by the stable but mobile СН2–О–CH2 group in 
acidic and alkaline media, as well as assessing their 
cytotoxic properties in vitro.

MATERIALS AND METHODS

The analysis of the reaction masses and the 
recording of the mass spectra of the compounds 
were carried out on a Chromatec-Kristall 5000M 
(CHROMATEC, Russia) hardware–software complex 
using the National Institute of Standards and Technology 
2012 database (NIST, USA). The analysis conditions 
were as follows: 30 m long capillary quartz column, 
20 min duration, 260°С ion source, 300°С transition 
line, 30–300 Da scanning range, 37–43 mTorr pressure, 
helium carrier gas, and a heating rate of 20°С/min. The 
mass spectra of the compounds were obtained using 

electron impact ionization. 1H and 13C nuclear magnetic 
resonance (NMR) spectra were recorded using a 
Bruker AM-500 spectrometer (Bruker Corporation, 
USA) with operating frequencies of 500 and 125 MHz, 
respectively, and a CDCl3 solvent. The chemical 
shifts were reported on a δ (ppm) scale relative to an 
internal tetramethylsilane standard. Spin-spin coupling 
constants (J) were recorded in Hz.

Synthesis of 2,2-dimethyl-4-hydroxymethyl-1,3-
dioxolane 1. A mixture of 0.49 mol of glycerol, 49 mol 
of acetone, and 0.22 g of p-toluenesulfonic acid was 
vigorously stirred at room temperature for 18 h followed 
by the addition of 3 g (anhydrous) K2CO3 and stirring 
for 1 h. The mixture was then filtered, concentrated, 
and the residue distilled at reduced pressure.

Physicochemical constants corresponded with 
previously reported data [16–22].

Synthesis of compounds 4–6, 11, and 15. 
Catamin-AB catalyst (0.22 g) and 100 g of 50% NaOH 
solution were added with vigorous stirring at 50°С 
(or 30°С for allyl chloride) to a solution of 0.06 mol 
2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane in 60 mL 
of benzene. After 2 h, 0.30 mol of the corresponding 
halogenated derivatives were added dropwise. Upon 
completion of the reaction, the mixture was washed 
with water, extracted with ethoxyethane (3 × 30 mL), 
and dried over anhydrous MgSO4. Following the 
removal of the solvent, the residue was distilled under 
reduced pressure (a detailed procedure is described 
in [23]).

According to this method, the following were 
obtained:

4- [ (Al ly loxy)methy l ] -2 ,2 -d imethy l -1 ,3 -
dioxolane 4. The NMR spectrum of the compound is 
given in [24]. Yield (4) 90%, boiling temperature 
bp = 52–54°С (10 mm Hg). Mass spectrum, m/z (Irel, %): 
172 (≤2) [М]+, 157/70, 101/100, 73/25, 55/30. 

4 - ( { [ ( 2 Z ) - 4 - c h l o ro b u t - 2 - e n - 1 - y l ] o x y } -
methyl)-2,2-dimethyl-1,3-dioxolane 5. Yield (5) 
80%, bp = 81–83°С (5 mm Hg). 1Н NMR spectrum 
(CDCl3), δ, ppm (J, Hz): 1.33 t (3Н, СН3, J = 7.0), 
1.40 t (3Н, СН3, J = 7.3), 3.44 t (1Н, С6Hа, J = 9.9, 
5.2), 3.51 d (1Н, С6Hb, J = 10.0, 3.0), 3.70 t (1Н, 
С5Hа, J = 8.2, 6.4), 4.03 d (1Н, С5Hb, J = 8.2, 6.5), 
4.09 d (2Н, С7H2, J = 11.8, 7.5), 4.14 d (2Н, С10H2, 
J = 11.1, 5.8), 4.22–4.27 m (1Н, С4H), 5.69–5.81 
m (2Н, С8H, С9H). 13C NMR spectrum (CDCl3), δC, 
ppm: 25.31 (СН3), 26.68 (СН3), 38.98 (C10), 63.88 
(С5), 66.62 (С6), 71.33 (С7), 74.65 (С4), 109.44 (С2), 
128.37 (С8), 130.53 (С9). Mass spectrum, m/z (Irel, %): 
220/222 (≤1) [М]+, 205/207 (40/15), 115/117 (10/5), 
101/100, 89/91 (55/30), 73 (25), 43 (90). 

4,4-[(2Z)-but-2-en-1,4-diyl(oxymethylene)]-
bis-(2,2-dimethyl-1,3-dioxolane) 6. Yield (6) 60%, 
bp = 101–103°С (3 mm Hg). 1Н NMR spectrum 
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(CDCl3), δ, ppm (J, Hz): 1.35 s (6Н, 2 СН3), 1.42 s (6Н, 
2 СН3), 3.44 t (2Н, С6+6”Hа, J = 9.1, 6.9), 3.51 d (2Н, 
С6+6”Hb, J = 10.7, 7.0), 3.72 t (2Н, С5+5”Hа, J = 8.0, 6.2), 
4.00 d (2Н, С5+5”Hb, J = 8.2, 6.1), 4.08 dt (4Н, С7+10Hа, 
J = 11.8, 7.5), 4.15 dd (4Н, С7+10Hb, J = 11.1, 5.8), 
4.24–4.29 m (1Н, С4+4”H), 5.69–5.81 m (2Н, С8H, С9H). 
13C NMR spectrum (CDCl3), δC, ppm: 25.28 (СН3), 
26.44 (СН3), 64.23 (С5+5”), 66.62 (С6+6”), 71.35 (С7+10), 
73.69 (С4+4”), 109.44 (С2+2”), 127.32 (С8), 130.55 (С9). 
Mass spectrum, m/z (Irel, %): 316 (≤1) [М]+, 300 (70), 
215 (50), 101 (100), 73 (20), 43 (70). 

4-({[(2Z)-4-(alloxy)-but-2-en-1-yl]oxy}methyl)-
2,2-dimethyl-1,3-dioxolane 11. Yield (11) 40%, 
bp = 99–101°С (4 mm Hg). 1Н NMR spectrum (CDCl3), 
δ, ppm (J, Hz): 1.41 t (3Н, СН3, J = 7.7), 1.45 t (3Н, 
СН3, J = 7.5), 3.45 t (1Н, С6Hа, J = 8.9, 5.9), 3.54 д (1Н, 
С6Hb, J = 10.0), 3.74 t (1Н, С5Hа, J = 8.0, 6.0), 4.11 d 
(1Н, С5Hb, J = 8.2), 3.72 t (1Н, С11Hа, J = 10.3, 
5.8), 4.06 d (3Н, С11Hb, J = 5.9), 4.09 d (2Н, С7H2, 
J = 7.7), 4.17 t (2Н, С10H2, J = 10.4, 5.9), 4.25–4.29 m 
(1Н, С4H), 5.18 d (1Н, С13Hа, J = 1.3, 10.4), 5.26 d (1Н, 
С13Hb, J = 15.0), 5.83–5.93 m (1Н, С12H), 5.70–5.81 
m  (2Н, С8H, С9H). 13C NMR spectrum (CDCl3), 
δC, ppm: 25.31 (СН3), 26.68 (СН3), 63.84 (С10), 65.30 
(С5), 67.02 (С6), 67.77 (С7), 69.32 (С11), 71.55 (С4), 
107.50 (С2), 122.92 (С13), 127.93 (С9), 131.02 (С8). 
132.53 (С12). Mass spectrum, m/z (Irel, %): 242 (≤3) 
[М]+, 300 (70), 275 (60), 215 (35), 145 (60), 101 (100), 
73 (34), 43 (50). 

4-[(benzyloxy)methyl]-2,2-dimethyl-1,3-
dioxolane 15. ЯМР спектр соединения описан в 
работе [25]. Yield (15) 90%, bp = 138°С (5 mm Hg). 
Mass spectrum m/z (Irel, %): 222 (≤1) [М]+, 207 (27), 
164 (34), 101 (41), 91 (100), 43 (23). 

4-[(2-chloromethyl-benzyloxy)methyl]-2,2-
dimethyl-1,3-dioxolane 16. Yield (16) 90%, bp = 138°С 
(5 mm Hg). 1Н NMR spectrum (CDCl3), δ, ppm (J, 
Hz): 1.33 t (3Н, СH3, J = 7.5), 1.41 t (3Н, СH3, 6.8), 
3.49 t (1Н, С6Hа, J = 11.5), 3.54 d (1Н, С6Hb, J = 11.2), 
3.67 t (1Н, С5Hа, J = 9.6), 3.78 d (1Н, С5Hb, J = 10.0), 
4.45–4.82 m (1Н, С4Н), 4.89 (s, 1Н, С8Hа), 4.91 (s, 1Н, 
С8Hа), 7.07–7.16 m (4Н, 4 СН). 13C NMR spectrum, 
δС, ppm: 25.47 (СН3), 26.54 (СН3), 47.13 (C8H2), 66.43 
(C5H2), 67.83 (C6H2), 68.37 (C7H2), 68.28 (C4H), 105.29 
(С2), 127.07–139.61 (Ph). Масс-спектр m/z (Irel, %): 
270/272 (≤1) [М]+, 255/257 (25/5), 101 (40), 73 (56), 
91 (70), 77 (100), 41 (30).

Synthesis of compounds 7–9 and 12. Compounds 
7–9 and 12 were obtained similarly to the procedure 
[25–27] using chloroform, 50% alkali solution, and 
catamine AB phase transfer catalyst.

4-{[ (2 ,2-dichlorocyclopropyl)methoxy]-
methyl}-2,2-dimethyl-1,3-dioxolane 7. Yield (7) 
70%, bp = 74–76°С (8 mm Hg). 1Н NMR spectrum 
(CDCl3), δ, ppm (J, Hz): 0.95–0.1.04 m (1Н, С8H), 1.37 

t (3Н, СH3, J = 7.0), 1.43 t (3Н, СH3, 6.8), 1.62 t (1Н, 
С9Hа, J = 5.3), 1.68 d (1Н, С9Hb, J = 5.4), 3.45 t (1Н, 
С7Hа, J = 11.0, 7.0), 3.57 d (1Н, С7Hb, J = 11.2), 3.61 
t (1Н, С6Hа, J = 9.0, 7.0), 3.69 d (1Н, С6Hb, J = 8.9), 
3.84 d (1Н, С5Hа, J = 6.0), 4.02 t (1Н, С5Hb, J = 6.7), 
4.33–4.38 m (1Н, С4Н). 13C NMR spectrum, δС, ppm: 
24.52 (CH2), 25.46 (СН3), 27.34 (СН3), 28.49 (CH), 
61.03 (С), 67.83 (CH2), 68.58 (CH2), 69.42 (CH2), 
69.78 (CH), 108.96 (С). Mass spectrum, m/z (Irel, %): 
225/227/229 (≤3) [М]+, 219/221 (40/15), 145 (45), 
115/117 (30/8), 101 (100), 89/91 (60/35), 43 (80).

4 - ( { [ 2 , 2 - d i c h l o r o - 3 - ( c h l o r o m e t h y l ) -
cyclopropyl]methoxy}methyl)-2,2-dimethyl-1,3-
dioxolane 8. Yield (8) 50%, bp = 88–90°С (8 mm Hg). 
1Н  NMR  spectrum  (CDCl 3) ,  δ ,  ppm (J ,  Hz): 
1.36 t (3Н, СH3, J = 7.0), 1.41 t (3Н, СH3, J = 6.8), 
1.54–1.58 m (1Н, С8H), 1.78–1.85 m (1Н, С9H), 3.46 
t (1Н, С7Hа, J = 9.0), 3.51 d (1Н, С7Hb, J = 9.3), 3.63 t 
(1Н, С10Hа, J = 9.2), 3.71 d (1Н, С10Hb, J = 8.8), 3.88 
d (1Н, С6Hа, J = 6.5), 3.93 t (1Н, С6Hb, J = 6.6), 4.04 
d (1Н, С5Hа, J = 6.8), 4.07 t (1Н, С5Hb, J = 6.5), 
4.28–4.35 m (1Н, С4Н). 13C NMR spectrum, δС, ppm: 
24.48 (СН3), 25.49 (СН3), 34.87 (C9H), 36.39 (C8H), 
43.42 (C10H2), 63.06 (С), 67.86 (C6H2), 68.73 (C7H2), 
69.42 (C5H2), 71.74 (C4H), 108.69 (С2). Mass spectrum, 
m/z (Irel, %): 304/306/308 (≤2) [М]+, 269/271/273 
(35/15/4), 219/221 (60/45), 145/65, 101/100, 89/91 
(30/15), 41 (70). 

4.4-[ (3 ,3dichlorocyclopropane-1 ,2-diyl )
bis(methyleneoxymethylene)]bis(2,2-dimethyl-
1,3-dioxolane) 9. Yield (9) 60%, bp = 102–104°С 
(5 mm Hg). 1Н NMR spectrum (CDCl3), δ, ppm 
(J, Hz): 1.29 t (3Н, СH3, J = 6.9), 1.34 t (3Н, СH3,
J = 6.7), 2.24 dt (2Н, 2 С8+9H, J = 5.9, 8.9), 3.39 t 
(2Н,  2  С7+10Hа,  J = 10.9),  3.42 d  (2Н, 2 С7+10Hb, 
J = 10.2), 3.56 t (2Н, 2 С6+6”Hа,  J = 9.6), 3.63 d (2Н, 
2 С6+6”Hb, J = 8.2), 3.82 d (2Н, 2 С5+5”Hа, J = 6.4), 4.00 
t (2Н, 2 С5+5”Hb, J = 6.6), 4.45–4.60 m (2Н, 2 С4+4”Н). 
13C NMR spectrum, δС, ppm: 25.45 (СН3), 26.30 
(СН3), 34.76 (2 С8+9H), 64.55 (С), 67.93 (2 С5+5”H2), 
68.81 (2 С7+10H2), 72.66 (2 С6+6”H2), 72.75 (2 С4+4”H), 
106.44 (С). Mass spectrum, m/z (Irel, %): 400/402/404 
(≤10) [М]+, 384/386/388 (30/14/6), 298/300/302 
(40/22/12), 145/40, 115/117 (32/11), 101/100, 89/91 
(80/30), 43 (80), 41 (50).

4 - { [ ( 2 , 2 - d i c h l o r o - 3 - { [ ( 2 , 2 -
d i c h l o r o c y c l o p r o p y l ) - m e t h o x y ] m e t h y l } -
cyclopropyl)methoxy]methyl}-2,2-dimethyl-1,3-
dioxolane 12. Yield (12) 50%, bp = 134–136°С 
(2 mm Hg). 1Н NMR spectrum (CDCl3), δ, ppm (J, Hz): 
0.90–1.01 m (1Н, С12H), 1.26 t (3Н, СH3, J = 6.4), 
1.31 t (3Н, СH3, J = 6.3), 1.57 t (1Н, С13Hа, J = 6.9), 
1.62 d (1Н, С13Hb,  J  = 5.9),  2.05 qu  (1Н, С8H, 
J = 9.7), 2.23 qu (1Н, С9H, J = 9.9), 3.56–3.61 m 
(4Н, 2 С7+10H2), 3.66 t (1Н, С11Hа, J = 10.0), 3.73 d 
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(1Н, С11Hb, J = 9.9), 3.85 d (1Н, С6Hа, J = 7.9), 4.00 t 
(1Н, С6Hb, J = 6.9), 4.22 d (1Н, С5Hа, J = 6.9), 4.25 t 
(1Н, С5Hb, J = 7.8), 4.42–4.63 m (1Н, С4Н). 13C NMR 
spectrum, δС, ppm: 24.44 (C13H2), 25.45 (СН3), 26.30 
(СН3), 28.56 (C12H), 35.39 (2 C8+9H), 61.20 (С), 
63.91 (С), 67.58 (C5H2), 67.92 (C10H2), 69.34 (C11H2), 
70.62 (C6H2), 71.28 (C7H2), 72.55 (C4H), 110.29 (С). 
Mass spectrum, m/z (Irel, %): 408/410/412/414 (≤5) 
[М]+, 393/395/397/399 (35/40/16/9/3), 372/374/376/378 
(17/25/8/3), 298/300/302 (60/35/18), 154/156/158 (55/36/14), 
115/117 (32/11), 101/100, 89/91 (70/25), 41 (70).

Assessment of the cytotoxicity 
of the substances in vitro

The cytotoxicity of the substances was studied 
using SH-SY5Y (human neuroblastoma), A549 
(human lung adenocarcinoma), and MCF-7 
(adenocarcinoma of the human mammary gland 
ducts) tumor cell lines and the HEK293 (immortalized 
human embryonic kidney cells) normal cell line, 
which were obtained from the Russian collection 
of cell cultures (Institute of Cytology, Russian 
Academy of Sciences, St. Petersburg). HEK293 cells 
(25 × 103 cells per well), SH-SY5Y (50 × 103 cells per 
well), MCF-7 (12 × 103 cells per well), and A549 
(10 × 103 cells per well) were seeded in 96-well plates 
in 100 μL of DMEM medium containing 10% FBS 
(Gibco, USA), 2 mM L-glutamine (PanEco, Russia), 
and 50 μg/mL gentamicin (Biolot, Russia). After 24 h, 
the candidate substances were added to the cells at 
concentrations of 1, 10, and 100 μM in 0.1% DMSO, 
followed by incubation for 48 h at 37°C in 5% CO2. 
The cytotoxic properties of the substances were then 
assessed using PrestoBlue® vital dye according to 
the manufacturer’s protocol (Invitrogen, USA), and 
fluorescence was detected using a 2300 EnSpire® 
Multimode Plate Reader (Perkin Elmer, USA). 
The IC50 value (substance concentration at which 
50% inhibition of cell viability is observed) was 
calculated using the GraphPad Prizm 4.0 program 
(GraphPad Software Inc., USA).

The selectivity index (SI) of each substance was 
determined to reveal the possible selectivity of its 
cytotoxic effects against tumor cells, i.e., its potential 
antitumor properties. The HEK293 cell line served 
as control cells of normal origin, and the SI of the 
substance was calculated as the ratio of the IC50 value 
in HEK293 cells to the IC50 in tumor cells.

Statistical analysis of the obtained data was carried 
out using the standard Statistica 6.1 software package 
(StatSoft Inc., USA). The results were presented as the 
arithmetic mean of 3 independent experiments (M), 
including the standard error of the mean (±m). Analysis 
of variance using the Dunnett’s test was used to determine 
the significance of differences in the IC50 values of the 
substances between cells of normal and tumor origin. 

1 Vakhitova Yu.V., Tselousova O.S. Kletochnye mekhanizmy 
toksichnosti ksenobiotikov (Cellular mechanisms of xenobiotic 
toxicity). Textbook. 2nd ed., revised and add. Ufa: BSPU, 
2015. 104 p.

RESULTS AND DISCUSSION

The O-alkylation of 2,2-dimethyl-4-hydroxy-
methyl-1,3-dioxolane 1 with allyl chloride 2 and 
cis-1,4-dichlorobutene-2 3 resulted in the corresponding 
ethers 4–6 being obtained in yields of 60–90%. The 
subsequent dichlorocarbenation of compounds 4–6 
according to a previously reported procedure [25–27] 
synthesized products 7–9 in yields of 50–70%, which 
contained heterocyclic and carbocyclic fragments 
(Scheme 1).

Chloromethyl derivative 5 was used for the 
O-alkylation of allyl alcohol 10, which produced 
compound 11 with two double bonds in a yield of 40%. 
Its exhaustive dichlorocarbenation led to diester 12 
(50% yield), which contained one 1,3-dioxolane and 
two gem-dichlorocyclopropane fragments (Scheme 1). 

Competitive kinetics was used to determine the 
relative reactivity of chlorides 2 and 3 in the reaction 
with 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane 1. 
Judging by the rate of product accumulation of 4 and 
5, allyl chloride 2 was 2 times more active than 
cis-1,4-dichlorobutene-2 3. By considering the number 
of reaction centers, the CH2Cl group in olefin 2 is 4 times 
more active than the analogous group in compound 3, 
which is likely due to the chlorine atoms in position 
1 and 4 making it difficult for the bulky alcoholate 
to approach the CH2–Cl group. This assumption 
was confirmed by the competitive O-alkylation of 
2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane 1 with 
benzyl chloride 13 and 1,2-dichloromethylbenzene 14 
(Scheme 2) resulting in the accumulation of esters 15 
and 16, which means that monochloride 13 is also 1.5 
times more active than dichloride 14.

The structures of 4–9, 11, 12, 15, and 16 were 
elucidated by 1H and 13C NMR spectroscopy and 
chromatomass spectrometry.

The initial biological screening of new substances, 
regardless of their intended use, is the assessment of 
their basic cytotoxicity in vitro, which is defined as 
the negative effect of chemical compounds on the vital 
functions of the cell, e.g., damage to cell membranes, 
disruption of the metabolic activity of cells, changes 
in the processes of cell division, and protein synthesis. 
Continuous cell lines of various origins are used in 
this analysis.1 The in vitro cytotoxicity assessment 
of polycyclic compounds 7–9 and 12 was performed 
using normal (HEK293) and tumor (SH-SY5Y, MCF-7, 
A549) cell lines to reveal both possible cytotoxicity and 
also the selectivity of their action, e.g., organ specificity 
or antitumor activity. The PrestoBlue® test used for 
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Scheme 1. Synthesis of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane ethers 1.

Scheme 2. Alkylation of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane 1 by chlorides 13 and 14.

these screens allows for the detection of changes in the 
metabolic activity of cells against the background of 
the substances under study, which acts as a proxy for 
cell viability.

From the obtained data (see Table) only compound 12 
(IC50 < 100 μM) exhibited moderate cytotoxic activity 
against the HEK293, SH-SY5Y, MCF-7, and A549 cell 
lines. Substances 8 and 9 did not affect the viability of 
cell lines in the concentration range of 1–100 μM. The 
activity of the tricyclic compound 12 against the 
HEK293, SH-SY5Y, and A549 cell lines is in agreement 
with the previously studied corresponding bicyclic 

compound 8,8-dichloro-4-isopropyl-3,5-dioxa bicyclo-
octane [28] but is inferior to the cinnamaldehyde 
derivative 2-(2,2-dichloro-3-phenylcyclopropyl)-1,3-
dioxolane. No pronounced selectivity in the cytotoxic 
effects of compound 12 was observed for a particular 
tumor cell line (the maximum SI value was 1.18 for 
A549 cells).

Considering the structure of the synthesized 
substances and their cytotoxicity we assumed that the 
toxicity of compound 12 was due to an increase in 
the amount of gem-dichlorocyclopropane fragments 
compared with compound 8. This is confirmed by 
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Influence of compounds on cell viability (48 h, M ± m)

Formula and compound number
IC50, μM

Hek293 SH-SY5Y MCF-7 A549

8

>100 >100 >100 >100

9

>100 >100 >100 >100

12

57.4 ± 4.3 86.2 ± 2.1
SI = 0.67**

72.7 ± 1.7
SI = 0.79**

48.8 ± 2.3
SI = 1.18**

73.0 ± 5.7 93.2 ± 9.6
SI = 0.78**

21.0 ± 1.8
SI = 3.45**

56.0 ± 4.2
SI = 1.30**

48.0 ± 3.1 58.67 ± 3.6
SI = 0.82**

27.6 ± 0.7
SI = 1.74**

33.7 ± 2.8 
SI = 1.42**

Note: The results are presented as the arithmetic mean of three independent experiments (M), indicating the standard error 
of the mean (±m).

* Results from work [10].
** Selectivity Index (SI) is the ratio of the IC50 of the test compound for control HEK293 cells to IC50 for tumor cells.
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comparing 12 with substances reported in [28]; the 
presence of the gem-dichlorocyclopropane group with 
the 1,3-dioxalane radical through oxygen in 12 reduces 
its negative impact on cell viability.

Thus, the analysis of compound 12 showed that an 
increase in the amount of gem-dichlorocyclopropane 
fragments caused cytotoxicity resulting from a change 
in the metabolic activity of the studied cells. The exact 
mechanism causing this effect is currently unknown 
and is the subject of our current research. Our results 
elaborate our understanding of the relationship of 
the structure of heterocyclic compounds containing 
gem-dichlorocyclopropane groups and/or 1,3-dioxalane 
radicals and their subsequent cytotoxic activity. 
Compounds 8, 9, and 12 may be promising candidates 
for the study of other types of biological activity.

CONCLUSIONS

Ethers containing gem-dichlorocyclopropane 
and 1,3-dioxolane fragments were synthesized in the 
presence of a catamine AB catalyst. The structures of 
the obtained substances were confirmed using mass 
spectrometry and NMR spectroscopy. Only one of 
several obtained compounds, 4-{[(2,2-dichloro-3-{[(2,2-
dichlorocyclopropyl)methoxy]methyl} cyclopropyl)-
methoxy]methyl}-2,2-dimethyl-1,3-dioxolane, had 

a negative impact on the metabolic activity of cells, 
regardless of their normal or tumor origin. Our analysis 
of the obtained data allowed us to establish that the toxic 
properties manifest due to an increase in the amount of 
gem-dichlorocyclopropane fragments in the candidate 
molecule and, subsequently, the cell.
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Synthesis of thermosensitive copolymers 
of N-isopropylacrylamide with 2-aminoethylmethacrylate 
hydrochloride
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1Karpov Institute of Physical Chemistry, Obninsk, 249033 Россия
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Abstract

Objectives. Due to the increasing number of oncological diseases, active research into 
developing new radiopharmaceuticals is underway. Thermosensitive copolymers have valuable 
physicochemical properties that can be harnessed to develop therapeutic radiopharmaceuticals for 
treating solid tumors. The aim of this study was to develop a method for producing thermosensitive 
copolymers that can find use as radionuclide carriers to create therapeutic radiopharmaceuticals 
for treating solid tumors.
Methods. Using radical copolymerization in polar solvents, we synthesized water-soluble 
copolymers based on N-isopropyl acrylamide and 2-aminoethyl methacrylate hydrochloride. The 
resulting copolymers were characterized in terms of molecular composition and hydrodynamic 
properties using gel permeation chromatography, IR spectroscopy, potentiometry, and viscometry. 
Changes in optical density during temperature scanning helped determine the phase transition 
temperature (PTT) of aqueous copolymer solutions.
Results. We developed a method for preparing copolymers of N-isopropylacrylamide with 
2-aminoethyl methacrylate using radical copolymerization in water and isopropanol with a 
content of 2-aminoethyl methacrylate hydrochloride in a copolymer up to 23 mol %. We studied 
how the second comonomer affected the PTT of the aqueous copolymer solutions. An increase 
in the content of 2-aminoethyl methacrylate in the copolymer caused the PTT to increase. We 
found that the change in the PTT depending on the content of 2-aminoethyl methacrylate units 
in the copolymer had a straightforward relationship with its content up to 17 mol %. The use of 
physiological saline as a solvent led to a temperature decrease of the phase transition by two 
degrees.
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Conclusions. The method of producing thermosensitive copolymers by radical copolymerization 
in isopropanol does not allow creating a radionuclide carrier. Solutions of the obtained low-
molecular weight oligomers form coacervate solutions, which will inevitably cause the radionuclide 
to spread throughout the body. The copolymers obtained by radical copolymerization in water 
with the content of the second comonomer 2-aminoethyl methacrylate from 10–17 mol % can be 
used as a radionuclides carrier provided that a physiological solution of sodium chloride is used 
as a solvent.

Keywords: N-isopropylacrylamide, 2-aminoethyl methacrylate, thermosensitive copolymers, 
radical polymerization, phase transition temperature
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Аннотация

Цели. В связи с увеличением числа онкологических заболеваний ведутся активные поиски 
в разработке новых радиофармацевтических препаратов. В этом аспекте значитель-
ный интерес представляют термочувствительные сополимеры, обладающие комплек-
сом ценных физико-химических свойств. Данная работа посвящена разработке метода 
получения термочувствительных сополимеров, которые могут быть использованы в ка-
честве носителя радионуклидов для создания терапевтического радиофармпрепарата 
для лечения солидных опухолей. 
Методы. Методом радикальной сополимеризации в полярных растворителях синтези-
рованы водорастворимые сополимеры на основе N-изопропилакриламида и гидрохлорида 
2-аминоэтилметакрилата. Полученные сополимеры были охарактеризованы по составу 
молекулярным и гидродинамическим характеристикам с использованием гель-проника-
ющей хроматографии, ИК-спектроскопии, потенциометрии и вискозиметрии. Темпера-
туру фазового перехода водных растворов сополимеров определяли по изменению опти-
ческой плотности от температуры.
Результаты. Был разработан метод получения сополимеров N-изопропилакриламида с 
2-аминоэтилметакрилатом радикальной сополимеризацией в воде и 2-пропаноле с содер-
жанием гидрохлорида 2-аминоэтилметакрилата в сополимере до 23 моль-звено %. Изучено 
влияние второго сомономера на температуру фазового перехода водных растворов сополиме-
ров. Увеличение содержания 2-аминоэтилметакрилата в сополимере приводит к смещению 
температуры фазового перехода, повышая ее. Установлено, что изменение температуры 
фазового перехода в зависимости от содержания звеньев 2-аминоэтилметакрилата 
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в сополимере  имеет прямолинейную з ависимость при его содержании до 17 моль-звено %. 
Использование в качестве растворителя физиологического раствора хлорида натрия 
приводит к снижению температуры фазового перехода на два градуса.
Выводы. Метод получения термочувствительных сополимеров радикальной сополиме-
ризацией при использовании в качестве растворителя 2-пропанола не позволяет создать 
носитель радионуклида. Растворы полученных низкомолекулярных олигомеров образуют 
коацерватные растворы, что неизбежно приведет к распространению радионуклида по 
организму. Сополимеры, полученные методом радикальной сополимеризацией в воде с 
содержанием второго сомономера 2-аминоэтилметакрилат от 10 до 17 моль-звено %, 
могут быть использованы в качестве носителя радионуклидов только при условии, что 
в качестве растворителя используются физиологический раствор хлорида натрия.

Ключевые слова: N-изопропилакриламид, 2-аминоэтилметакрилат, термочувстви-
тельные сополимеры, радикальная полимеризация, температура фазового перехода

Для цитирования: Дуфлот В.Р., Гайворонский А.В., Лобанова Е.И. Синтез термочувствительных сополимеров 
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INTRODUCTION

A modern and effective method of treating 
cancer is brachytherapy. Microsource introduction 
inside tumor or near-tumor tissues enables to localize 
ionizing radiation in the immediate vicinity of cancer 
cells. The related disadvantages of this method are the 
complexity and high costs of producing microsources. 
Around 40 to 80 microsources are needed to treat a 
disease such as prostate cancer. Their number strongly 
depends on the severity of the disease [1].

An analog of expensive microsources is the 
use of polymeric carriers of radionuclides, namely 
thermosensitive (co)polymers, the aqueous solutions 
of which have a lower critical dissolution temperature 
in the temperature range below the physiological 
temperature of the human body [2]. The aqueous 
solution of a thermosensitive copolymer, with which 
the radionuclide is chelated, is introduced into a 
tumor, undergoes a phase transition and forms a dense 
gel. The latter acts as a local radiation source. For 
these purposes, thermosensitive copolymers based 
on N-isopropylacrylamide (NIPA) can be used [3, 4]. 
The phase transition temperature (PTT) of an aqueous 
solution of poly-N-isopropylacrylamide (PNIPA) 
homopolymer lies in the range of 32°C, and does not 
depend on the chain length of the polymer molecule.

The work [5] describes methods of synthesizing 
polymer-protein thermosensitive conjugates based on 
PNIPA. The use of these thermosensitive polymer-
protein conjugates as radionuclide carriers presents 

difficulties due to phase transition peculiarities 
that occur in the pH range between 3.5 and 5.5. 
In physiological conditions (pH 7.35–7.45), the 
polymer-protein conjugate cannot form a dense gel 
and will inevitably spread throughout the body. The 
authors of [6] developed and patented [7] a method 
for producing a thermosensitive polymer-protein 
iodine-containing radiopharmaceutical (RP) with 
radiochemical purity (RCP) of 95–98%. In this work, 
we used a polymer-protein conjugate of PNIPA and 
a globular protein (bovine serum albumin) as a matrix, 
to the tyrosine groups of which the 131I radionuclide is 
covalently attached. Related disadvantages include the 
RP   complexity and multistep manufacturing. Purifying 
RPs from ternary poly-N-isopropylacryamide-131I 
hydrate complexes using the column method increases 
the RCP, but decreases drug concentration [8].

Study [9] describes an RP based on a 
thermosensitive carrier, a NIPA-allylamine copolymer 
with a chelator, and a diethylenetriaminepentaacetic 
acid (DTPA) added to the amino groups by 
esterification. A potential disadvantage of this carrier 
is the low content of DTPA groups, which is due to 
the lack of a sufficient number of allylamine units 
in the copolymer, to which DTPA units are attached. 
In addition, when synthesizing this copolymer, 
the authors failed to obtain samples of the carrier 
copolymer with a viscosity average molecular weight 
Mη > 40 kDa. The reason for this is the chain transfer 
to the monomer, the so-called “allyl degradation 
transfer of the chain.” Low-molecular PNIPA 
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compounds form a colloidal system similar to that of 
milk dispersion. Therefore, in the drag, the authors 
had to use a PNIPA polymer thickener that had an 
average molecular weight Mη ≤ 100 kDa to create a 
polymeric spatial network [10].

A small number of chelating groups for binding 
a radionuclide can limit the radiopharmaceutical’s 
maximum efficacy of treating tumors. Increasing 
the number of functional amino groups in the 
thermosensitive copolymer should help solve this 
problem. Replacing the allyl monomer with a 
methacrylic monomer containing amino groups should 
increase the molecular weight of the thermosensitive 
copolymer and eliminate the need for a polymer 
thickener. 2-Aminoethyl methacrylate hydrochloride 
(AEM HC) can be used as a comonomer.

The aim of this work is to develop a method 
of producing thermosensitive copolymers based on 
NIPA–AEM, with AEM content of up to 23 mol %, 
study their molecular and hydrodynamic properties, 
and determine how the number of AEM units in the 
copolymer affect the phase transition temperature of 
aqueous solutions of NIPA–AEM copolymers.

EXPERIMENTAL

We used the following reagents in our work: 
N-isopropylacrylamide 97% (Sigma-Aldrich, Missouri, 
USA); tert-butyl hydroperoxide 70% aqueous solution 
(Sigma-Aldrich); 2,2-azobisisobutyronitrile (Vekton, 
St. Petersburg, Russia); diethyl ether, chemically 
pure (MEDKHIMPROM, Balashikha, Moscow 
oblast, Russia); 1,2-dichloroethane, chemically 
pure (Ekos-1, Staraya Kupavna, Moscow oblast, 
Russia); 2-propanol, chemically pure (Khimkomplekt, 
country of origin: Netherlands); monoethanolamine, 
chemically pure (Ekos-1); methacryloyl chloride, 
pure (Ekos-1). The bidistillate was obtained in 
a laboratory bidistiller BE-4 (Livam, Belgorod, 
Russia). Methacryloyl chloride was distilled twice 
before use. Diethyl ether was purified from peroxides 
[11] and distilled before use. The AEM HC monomer 
was derived by acylation according to the method 
proposed in [12] and the yield was 89%. The reaction 
product was purified twice by recrystallization from 
dichloroethane. IR spectroscopy helped determine 
the monomer structure. IR spectra were recorded 
by an FSM1202 IR Fourier spectrometer (Infraspek, 
St. Petersburg, Russia) in KBr pellets.

Copolymers 1–4 (Table 1) were obtained 
by homogeneous radical copolymerization in 
2-propanol. The polymerization was initiated by 
2,2-azobisisobutyronitrile. Its concentration in all 
reactions was the same: 0.024 mol/L. Oxygen was 
removed by a triple freeze-thaw cycle followed by 
evacuation after which the ampoules were sealed 

and thermostated. After a certain time, the ampoules 
opened, and the contents were precipitated in diethyl 
ether under vigorous stirring. The formed precipitate 
was filtered off on a Buchner funnel and dried in 
vacuum.

Copolymers 5–12 (Table 2) were obtained by 
radical precipitation copolymerization in water. 
The initial copolymer concentration in all reactions 
was 0.01 mol/L. Oxygen was removed by blowing 
argon for 10 min. Then the ampoules were sealed 
and thermostated. After a certain time, the ampoules 
opened and lyophilized in a Christ alpha 2-4 LSC plus 
lyophilizer (Martin Christ Gefriertrocknungsanlagen, 
Germany). Then the samples were dissolved in 10 mL 
2-propanol and precipitated into diethyl ether under 
vigorous stirring. The formed precipitate was filtered 
off on a Buchner funnel and dried in vacuum.

The quantitative content of AEM HC units was 
monitored by NH2 groups using direct and reverse 
potentiometric titration in ethanol that was previously 
purified from aldehydes [13]. IR spectrometry helped 
determine the qualitative structure in KBr pellets 
in the following absorption bands: 3500–3300 cm−1 
(v NH2), 2974–2887 cm−1 (v CH3), 1734 cm−1 (v С=О), 
1653 cm−1 (ν С=О), 1541 cm−1 (δ NH2), 1460 cm−1 
(δ CH3), and 1074 cm−1 (v C–O–C).

The copolymer IR band at 1653 cm–1 is attributed 
to the stretching vibrations of the absorption bands 
(C=O) of the amide group in the associated state. 
The 1734 cm–1 band corresponds to the stretching 
vibrations of the carbonyl group (C=O) absorption 
bands of the 2-aminoethyl methacrylate hydrochloride 
copolymer unit. Furthermore, there is a spectral band 
at 2380–2840 cm–1, which is characteristic of amino 
group salt [14].

The intrinsic viscosity of copolymer solutions was 
determined in a 0.5 M aqueous solution of LiNO3 at 
20°С in an Ubbelohde viscometer (Labtech, Moscow, 
Russia). The value of the viscosity average molecular 
weight Мη of the copolymers was determined using the 
Mark-Kuhn-Houwink equation [15]. The coefficient 
values of the PNIPA homopolymer were defined as 
K = 4.7 × 10−4, α = 0.61.

Gel permeation chromatography in 
dimethylformamide was employed to determine 
the weight-average (Mw) and number-average (Mn) 
molecular weights of the copolymers (Labtech, 
Moscow, Russia), which contained 0.1 wt % LiBr. 
The experiments were carried out at 50°С with the use 
of a GPC-120 chromatograph (Polymer Laboratories, 
United Kingdom). A differential refractometer was 
used as a detector. For separation, two PLgel 5 μm 
MIXED B columns (M = (5 × 102)–(1 × 107)) (Agilent 
Technologies, California, USA) were used. The 
copolymer molecular weight (MW) was calculated 
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according to calibration measurements conducted 
against narrow-dispersed polymethyl methacrylate 
standards.

The PTT values of the copolymer aqueous 
solutions were determined from the temperature 
dependence of optical density, obtained by an 
Agilent 8453 UV-vision spectrophotometer (Agilent 
Technologies). Copolymers were preliminarily 
purified from HCl with an equimolar amount of 0.1 N 
KOH solution in water at T = 50°C for 2 h.

 Low-molecular compounds were removed by 
dialysis in water for 2 days in dialysis bags (Orange 
Scientific OrDial, Belgium) with a pore size of 
12–14 kDa. The copolymer concentration in the 
test solutions in all samples was cpol = 1 wt %. The 
solvents used were double-distilled water and a 0.9% 
NaCl solution.

RESULTS AND DISCUSSION

Table 1 presents the synthesis conditions 
and copolymer properties obtained by radical 
copolymerization in 2-propanol. Statistical 
copolymers containing AEM HC units from 18.2 to 
27.3 mol % were obtained. The low MW values and 
copolymer conversions stem from the chain transfer 
to the solvent. Such a low copolymer MW prevents 
them from being used as radionuclide carriers 
without using a thickener. Study [16] demonstrated 
that thermosensitive copolymers based on 
N-isopropylacrylamide with MW ≤ 40 × 103 are excreted
mostly by the kidneys within 48 h. Therefore, the use
of copolymers with MW ≤ 40 × 103 as radionuclide
carriers is not appropriate.

Copolymers obtained by radical precipitation 
copolymerization in water demonstrated higher 
conversion efficiencies and MW values compared 
to those of copolymers prepared in 2-propanol. 
Table 2 presents the copolymerization conditions 
and MW characteristics. An aqueous solution of 
copolymer 5 synthesized at a high temperature 

demonstrated pronounced opalescence compared 
to that of sample 6 synthesized at 50°C. The 
opalescence in the copolymer solution most likely 
indicates macromolecule crosslinking during their 
synthesis. To this end, all subsequent copolymers 
were synthesized at 50°C.

An increase in the molar fraction of AEM HC 
in the monomer mixture results in higher copolymer 
yield, but decreases its MW. The molecular mass 
decrease observed with the increased starting 
monomer concentration is most likely due to the AEM 
HC ionic effects: that affect the capture of the radical 
of the growing chain (i.e., prevent chain growth). 
Study [17] reported similar results. The authors 
explain this effect by a possible chain transfer to the 
monomer and the polymer. The study showed that the 
amino group content in the obtained copolymers is 
higher than the initial concentrations and does not 
depend on the conversion rate.

The narrow molecular weight distribution 
(MWD) that certain samples demonstrate is probably 
due to fractionation at the isolation and purification 
stages. The typical MWD curves for some samples 
are shown in Fig. 1. The Мw values of copolymers 
10–12 obtained at an initial AEM HC concentration 
below 0.1 mol/L exceed 105. Comparison of 
copolymers 6–9 derived under the same conditions 
indicates that polydispersity naturally increases 
as conversion increases. Considering a number 
of parameters, we conclude that the most optimal 
samples, which can be recommended for use as RP 
precursors, are samples 6 and 7.

The phase transition temperature (PTT) value is a 
crucial factor in the copolymer use as thermosensitive 
radionuclide carriers. The human body temperature 
ranges between 34.4 and 37.8°C [18] and strongly 
depends on the circadian rhythms of the human 
body. Proceeding from this condition, the PTT of 
copolymer aqueous solutions for designing RP should 
not exceed 34°C. The PTT measurements of aqueous 

Table 1. Synthesis conditions and properties of copolymers synthesized in 2-propanol

No. [M1], mol/L [M2], mol/L Temperature, °С Time, h Conversion, % [m2], mol % Мη × 10−5

1

0.72 0.04

50
72 16.3 27.3 0.08

2 96 23.9 18.2 0.15

3 60 72 20.9 20.7 0.12

4 70 72 20.0 21.1 0.11

Note: [M1] – N-isopropylacrylamide, [M2] – 2-aminoethyl methacrylate hydrochloride, [m2] – 2-aminoethyl methacrylate 
hydrochloride units.
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Fig. 1. Molecular weight distribution curves 
of copolymers: (1) No. 12 (Mw = 17.1 × 105); 

(2) No. 6 (Mw = 5.5 × 105); (3) No. 10 (Мw = 12.2 × 105);
q(Mw) – weight fraction of macromolecules.

solutions of the obtained copolymers showed that an 
increase in the AEM fraction follows a linear growth 
(Fig. 2). When the AEM content in the copolymer 
exceeded 17.7 mol %, no phase transitions were 
observed in aqueous solutions. This is probably due 
to the increased hydrophilic interactions between the 
increased number of AEM units and water molecules.

Figure 3 shows the turbidity curves of 1% 
aqueous solutions of a number of copolymers. 
Organoleptically, copolymer 9 had a dense elastic 
gel-like structure, while copolymers 7 and 8 
formed a coacervate solution in the form of a milk 

Fig. 2. The dependence of phase transition temperature 
(PTT) on the content of 2-aminoethyl methacrylate (AEM) 

in the copolymer: water (1) and 0.9% NaCl (2).

Table 2. Synthesis conditions and properties of copolymers synthesized in water

No.

[M
1],

 m
ol

/L

[M
2],

 m
ol

/L

Ti
m

e,
 m

in

Te
m
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ra

tu
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, °
С

C
on

ve
rs

io
n,

 %

[m
2],

 m
ol

 %

PT
T,

 °С

PT
T 

0.
9%

 N
aC

l, 
°С

М
η ×

 1
0−5

М
n ×

 1
0−5

М
w
 ×

 1
0−5

М
w
/М

n

5

0.9 0.1

15 70 87.1 13.3 33.2 31.0 – – – –

6 15 50 36.5 23.5 – 39.8 11.6 2.6 5.5 2.1

7 37 50 68.5 17.7 33.8 32.8 13.0 1.5 4.3 2.9

8 60 50 92.8 10.9 33.0 31.1 7.7 0.9 3.0 3.5

9 120 50 96.6 10.2 32.9 31.0 7.8 0.8 5.3 6.7

10 0.925 0.075

60

50 60.6 17.7 – – – 5.9 12.2 2.1

11 0.95 0.05 50 57.9 9.6 – – – 7.4 17.4 2.4

12 0.97 0.03 50 45.9 6.6 – – – 6.8 17.1 2.5

Note: [M1] – N-isopropylacrylamide, [M2] – 2-aminoethyl methacrylate hydrochloride, [m2] – 2-aminoethyl methacrylate 
hydrochloride units.
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Fig. 3. Turbidity curves of 1% copolymer aqueous solutions: 
(1) No. 9, (2) No. 8, (3) No. 7, (4) No. 6.

Fig. 4. Turbidity curves of solutions of copolymers prepared 
in saline: (1) No. 10, (2) No. 6.

dispersion. The disperse state of the copolymer after 
the phase transition does not ensure radionuclide 
retention in a specific place. The use of saline (a 
0.9% NaCl solution) as a solvent causes a decrease 
in PTT by about two degrees (curve 2 in Fig. 4). 
Salt molecules are known to be actively participate 
in the destruction of hydrogen bonds formed 
between water molecules and macromolecules 
of both PNIPA homopolymers and copolymers, 
causing the coil-globule transition. Thus, at a NaCl 
concentration of 1 mol/L, salt molecules the PNIPA 
homopolymer to collapse even at room temperature 
[2]. A characteristic feature of the phase transition in 
a saline solution is a sharp change in optical density 
in a very narrow temperature range, indicating the 
formation of a dense structure of the AEM gel.

CONCLUSIONS

Water-soluble copolymers based on 
N-isopropylacrylamide and 2-aminoethyl methacrylate 
hydrochloride with different content of amino groups 
were synthesized by radical copolymerization in water. 
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molecular composition and hydrodynamic properties using 
gel permeation chromatography, IR spectroscopy, and 
viscometry. The study investigated how 2-aminoethyl 
methacrylate affected the PTT of aqueous copolymer 
solutions. Increase of the content of 2-aminoethyl 
methacrylate in the copolymer increases the PTT. 
The change in the PTT depending on the content of 
2-aminoethyl methacrylate units in the copolymer 
was found to demonstrate a linear relationship up to 
17 mol %.
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Development of a polyurea-based composition 
with an extended life span
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Abstract

Objectives. Improvement of the technology for obtaining polymer-sprayed coatings based on 
polycarbodiimides (polyureas) with high chemical, hydrolytic, and abrasive resistance and 
improved physical and mechanical properties, as well as obtainment of polyurea compositions 
with a lifetime of at least 5 min without loss performance characteristics (i.e., “hand-applied” 
polyureas) suitable for repair of coatings already in use.
Methods. The reaction rate between isocyanate and amino groups is almost a hundred times 
higher than that between isocyanate and hydroxyl groups, necessitating the use of special high-
performance and high-pressure installations equipped with self-cleaning mixing chambers and 
heating of components. The following are determined from the obtained materials: strength, 
elongation at break according to the standard method, Taber abrasion, and Shore hardness.
Results. Three methods of slowing down the reaction are investigated: 1) the synthesis of 
prepolymers with the content of NCO groups from 10.5% to 18%; 2) the addition of a plasticizer 
into the prepolymer in the amount of 1–10 mass parts; and 3) the introduction of polyesters into 
the composition and radiation of the so-called “hybrid” systems. When using 14% polyesters with 
a molecular weight of 2000 Da, only “hybrid” systems make it possible to obtain compositions 
with a lifetime of more than 5 min. At the same time, the tensile strength decreases by 20%, and 
the abrasion increases by 40%; however, such “hybrid” systems have a higher adhesion force 
and are cheaper than pure polyureas, allowing them to be used as “repair” systems.
Conclusions. The developed composition and technology of applying “hybrid” systems allow for 
the repair of existing coatings without using specialized devices. “Manual” polyurea is easy to 
use and does not require special training.

UDC 661.717.5

https://doi.org/10.32362/2410-6593-2021-16-2-176-183

ISSN 2686-7575 (Online)

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(2):176–183

RESEARCH ARTICLE

mailto:tpp_vlgu@mail.ru


Sergei V. Romanov, Olga A. Botvinova, Evgenii A. Timakov,  et al.

177
Тонкие химические технологии = Fine Chemical Technologies. 2021;16(2):176–183

НАУЧНАЯ СТАТЬЯ

Keywords: polyurea, lifetime, polymer coatings, physical and mechanical properties

For citation: Romanov S.V., Botvinova O.A., Timakov E.A., Chizhova L.A., Panov Yu.T. Development of a polyurea-based 
composition with an extended life span. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2021;16(2):176–183 (Russ., Eng.). https://doi.
org/10.32362/2410-6593-2021-16-2-176-183 

Разработка композиции на основе полимочевины 
с увеличенным сроком жизни
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Аннотация

Цели. Совершенствование технологии получения полимерных напыляемых покрытий 
на основе поликарбодиимидов (полимочевин), с высокой химической, гидролитической и 
абразивной стойкостью и улучшенными физико-механическими показателями, а так-
же, получение полимочевинных композиций с временем жизни не менее 5 мин без потери 
эксплуатационных характеристик (полимочевин «ручного» нанесения), пригодных для ре-
монта уже эксплуатирующихся покрытий.
Методы. Скорость реакции между изоцианатными и аминогруппами практически в сто 
раз превышает скорость реакции между изоцианатными и гидроксильными группами, 
что вызывает необходимость использовать специальные высокопроизводительные уста-
новки высокого давления, оснащенные самоочищающимися смесительными камерами и 
обогревом компонентов. У полученных материалов определяли прочность, удлинение на 
разрыв по стандартной методике, истираемость по Таберу и твердость по Шору.
Результаты. Исследованы три способа замедления реакции: во-первых, синтез предпо-
лимеров с содержанием NCO-групп от 10.5% до 18%; во-вторых, введение в предполимер 
пластификатора в количестве 1–10 масс.ч.; в-третьих, введение в композицию поли-
эфиров и получения «гибридных» систем. Показано, что только «гибридные» системы при 
использовании полиэфиров с молекулярной массой 2000 Да, в количестве 14% позволяют 
получить композиции с временем жизни более 5 мин. При этом прочность на разрыв 
снижается на 20%, истираемость увеличивается на 40%, но такие «гибридные» системы 
имеют более высокую силу адгезии и дешевле по сравнению с чистыми полимочевинами, 
что позволяет использовать их в качестве «ремонтных» систем.
Выводы. Разработанный состав и технология нанесения «гибридных» систем позволяют 
производить ремонтные работы существующих покрытий без применения специализи-
рованных устройств. Полимочевина «ручного» нанесения удобна в эксплуатации и не тре-
бует специальной подготовки.

Ключевые слова: полимочевина, время жизни, полимерные покрытия, физико-механи-
ческие свойства
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INTRODUCTION

The technology of obtaining polymer-sprayed 
coatings based on polycarbodiimides (polyureas) 
has been developing at an outstripping pace in 
the recent years. This is associated with the high 
chemical, hydrolytic, and abrasive resistance of 
these coatings and their excellent physical and 
mechanical properties1,2.

A wide range of properties, which can be 
obtained due to a change in the structure of the 
polyurea composition, makes it suitable for use 
in many areas: in construction [1, 2], in the field 
of protection of mining and processing equipment 
[3, 4]. Unlike polyurethane and rubber, which are 
also actively used in the mining and processing, 
polyurea can be applied as a lining composition not 
only in the factory; there are no restrictions on the 
geometry of the protected surface.

This study aimed to develop repair compounds 
that can be manually applied to any of the most 
difficult surfaces. Moreover, the properties of 
such compositions should be comparable to those 
of the original polyurea coating. This goal was 

achieved by using hybrid polyurethane–polyurea 
coatings. When developing this system, the authors 
proceeded from the theoretical premises described 
in the study of S.V. Romanov (see Footnote 1).

Polyureas are an ideal material for covering 
large surfaces with high strength and low abrasion, 
which can only be applied to the surface using high-
pressure (more than 100 atm) installations. After 
the warranty period, cracks and chips appear on the 
coating, which must be eliminated. For such cases, 
a hand-applied composition is used, which is mainly 
in contact with the original polyurea. The adhesion 
to which is a priori very high.

To obtain polyurea in the coating technology, 
only high-pressure installations equipped with 
a self-cleaning mixing chamber and heating of 
components are used because of the very short 
lifetime of the composition [5, 6]. This factor 
determines another indisputable advantage of 
polyureas, which consists in their almost complete 
insensitivity to the surrounding moisture.

Figure 1 schematically shows the reaction of the 
polyurea formation.

The disubstituted urea reacts with the isocyanate 
group to form biuret (Fig. 2).

Fig. 1. Process of the polyurea formation: (1) diisocyanate, (2) polyester amine, and (3) polyurea.

1 Romanov S.V. Sprayablepolyureas with extended service life in extreme conditions: Cand. Sci. Thesis. Kazan: KNR TU; 2019. 
127 p. (in Russ.).
2 Timakova K.A. Development of the composition and production technology of one-pack non-foaming polyurethane sealant based 
on domestic polyesters: Cand. Sci. Thesis. Vladimir: VGU; 2018. 136 p. (in Russ.).

Fig. 2. Biuret production process: (1) disubstituted urea, (2) isocyanate, and (3) biuret.
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The isocyanate component is called component B. 
It is a prepolymer containing isocyanate groups 
at the ends of the macromolecule, allowing the 
classification of polyurea as a class of polyurethane 
coatings [5, 6].

The market share of polyurea products is growing 
annually. Along with this, the number of problems 
associated with this product is also increasing. One 
of the urgent tasks is to solve the need for the local 
repair of polyurea coatings. It is not economically 
feasible to use polyurea with a short lifetime for 
every repair because it is a substance that cannot 
be applied without the help of special equipment. 
Therefore, studies are underway to slow down the 
reaction of obtaining polyurea [7].

MATERIALS AND METHODS

The following materials were used to obtain 
a polyurea coating: mixture used as the amine 
component (component A) was Jeffamine D-2000 
(a mixture of polyoxypropylene amines with 
~2000 Da molecular weight); Jeffamine T-5000 (a 
mixture of polyoxypropylene amines with ~5000 Da 
molecular weight) (Houfa, China), Deadta 80 (Dow 
Chemical Company, Midland, Michigan, USA), 
and Polilink 4200 (ACETO GmbH, Germany) were 
used as crosslinking agents, as well as the adhesion 
promoter was Silquest A187 (Momentive, Russia).

Isocyanate component (component B): a pre-
polymer synthesized from propylene glycol and 
polyisocyanate was used (Millionate MR200 
(Khimtrast, Russia)) with a mass fraction of 
NCO groups of 10.5–18% [7–10]. We also used a 
plasticizer (i.e., dioctyl phthalate) from Vitakhim 
(Russia) and a modifier (i.e., polyester) Coradol 56-200 with 
2000 Da molecular weight from Himseil (Russia).

The prepolymer preparation technique was 
similar to that described in the above study of 
Romanov.

The sample’s tensile strength and elongation 
were determined using standard methods on a 
GP2DLC-0.5 universal tensile testing machine 
(Tochpribor, Russia). The tensile strength and the 
elongation at break were determined according to 
GOST 21751-763 on blades of Type 1 with a 3.0 ± 0.2 mm 
thickness at 100 mm/min clamping speed of the 
tensile testing machine.

Taber abrasion was determined on a Taber 
rotary platform abrasion tester model 5135/5155 

3 GOST 21751-76 Sealants. Determination method of tensile strength, ultimate elongation at break and deformation set after break. 
Moscow: Izd. Standartov; 1983.
4 GOST 263-75. Rubber. Method for determination of Shore A hardness. Moscow: Izd. Standartov; 1983.

(TABER® Industries, USA), disk H18, 1000 cycles. 
Meanwhile, hardness was determined according to 
GOST 263-754 on a device for measuring the material 
hardness according to Shore A on 6 mm-thick samples 
on a TVR-D installation (Metrotest, Russia).

RESULTS AND DISCUSSION

Polyurea has become an excellent solution for 
waterproofing large areas. The lifetime of this two-
component system in its classical design does not 
exceed 10–15 s [11–13].

Several advantages and disadvantages are 
associated with such a short lifetime. First is the need 
for expensive and difficult-to-maintain equipment, 
which largely hinders the use of polyurea systems.

Polyurea systems are currently classified as 
follows according to their lifetime:

– “classic” polyurea: lifetime of up to 20 s;
– “slow” polyurea: lifetime from 3 to 4 min; and
– “manual” polyurea: lifetime of more than 5 min.
The lifetime is taken to be the gelation time, that 

is, the time after which the composition stops flowing 
from the glass rod.

The application of the “classic” and “slow” 
polyureas is impossible without pressure washers; 
hence, they cannot be used for most local repairs. 
“Manual” polyureas do not require special equipment. 
The composition lifetime allows them to be applied 
through manual stirring.

Unlike “classical” polyureas, “manual” systems 
have not been sufficiently studied.

In studies on the retardation of polyurea 
compositions, prepolymers have been synthesized 
with the content of NCO groups from 10.5% to 18%.

The reaction rate decreases with the decrease in 
the content of the NCO groups in the system, albeit 
this decrease being very small, as shown by the table 
below.

A decrease in the content of the NCO groups 
in component B leads to a decrease in the coating 
hardness, which is unacceptable. To avoid this, further 
studies are advised to rely on a formulation with an 
NCO-group content of at least 12.5%.

The first step in solving this problem is to use the 
strategy of introducing a small amount of plasticizer 
into component A of the system.

Figures 3 and 4 illustrate graphs of the lifetime 
dependence and performance characteristics of 
polyureas on the plasticizer percentage in the system.
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Performance characteristics of coatings with different contents of the NCO-groups in component B

The graphs show that the maximum possible 
amount of plasticizer that can be introduced into 
component A of the system does not exceed 5%. 
With the addition of a larger amount of plasticizer, 
the system lifetime significantly increases, but 
the physicomechanical parameters dramatically 
decrease. When 5% is added, these indicators 
practically do not deteriorate. Such indicators as 
abrasion and elongation at break even slightly 
increase.

However, the system lifetime can be increased 
only slightly. This indicator has a positive effect 
on the spreading of the polyurea system and, 
consequently, on the adhesion of the composition 

Content of NCO groups in component B, % System lifetime, s Shore hardness, units

10.5 14 60А

12.5 11 75А

14.0 9 80А

15.5 7 92А

18.0 5 70D

Fig. 3. Dependence of the composition lifetime 
on the plasticizer percentage in component A 

of the system.

Fig. 4. Dependence of the tensile strength of the composition (a), abrasion (b), and elongation at break (c) 
on the plasticizer percentage in component A of the system.

a b

c



Sergei V. Romanov, Olga A. Botvinova, Evgenii A. Timakov,  et al.

181
Тонкие химические технологии = Fine Chemical Technologies. 2021;16(2):176–183

Fig. 5. Dependence of the composition lifetime 
on the polyester content in component A of the system.

Fig. 6. Dependence of the tensile strength (a), 
composition abrasion (b), and elongation at break (c) 

on the polyester content in component A of the system.

а

b

c

to the substrate. The resulting time is not allow 
working with this system without the help of 
additional equipment.

In our opinion, the main solution for slowing 
down the polyurea formation is to transfer the 
system to the “hybrid” system category, in which, 
along with polyester amines, polyesters (i.e., 
Coradol 56-200) are introduced into component A. 
As a consequence, both polyurea and polyurethane 
groups are formed during the reaction.

Hybrid systems have a number of advantages. 
The lifetime of such systems is somewhat longer; 
thus, they spread better, have high adhesion, and 
take the complex geometry of the protected surface 
well. They are somewhat cheaper compared to 
pure polyureas and are not inferior in terms of 
performance characteristics. However, due to their 
chemical composition, their sensitivity to moisture 
significantly increases, making it impossible to 
work with them in humid climates or bad weather 
conditions.

Polyesters with high-molecular weights 
were selected for this research, and we expected 
that additional spatial hindrances would give an 
additional increase in the system lifetime.

Figures 5 and 6 present graphs of the system 
lifetime and the main physical and mechanical 
parameters depending on the polyester percentage 
(molecular weight: 2000 Da) in component A of the 
system.

Introducing high-molecular weight polyester 
increases the lifetime of the polyurea composition 
to the required values (5 min) and increases its 
abrasion while the tensile strength and elongation 
are reduced to an acceptable level. This allows this 
system to be used as a “manual” one.

CONCLUSIONS

In this study, a polyurea composition with a 
lifetime of more than 5 min can be obtained with a 
curing rate of approximately 30 times slower than 
the original composition because of the partial 
replacement of amine groups with less active hydroxyl 
groups and because of the introduction of 10–15% 
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polyester with ~2000 Da molecular weight into 
the system. The resulting systems have the required 
strength characteristics and higher adhesive properties. 
This composition of “manual” application can be used 
for the repair of polyurea coatings without needing high-
pressure installations.
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Abstract 

Objectives. There is no general theory of superconductivity capable of fully describing this 
phenomenon, which imposes its own difficulties in the search for new superconducting 
materials, as well as in the study of their properties. In particular, the electrodynamics of a 
superconducting system is unexplored. With the aim of a possible further description of the 
electrodynamics of superconductors, the temperature dependences of the energy parameters 
of a Cooper pair in the potential field of Abrikosov vortex were analyzed.
Methods. The basis for the obtained results of the work was the consideration of the 
transmission coefficient for a superconducting particle in the approximation of the Wentzel–
Kramers–Brillouin method, as well as the relationship between the critical temperature and 
the London penetration depth and the coherence length based on the model of plasmon 
destruction of the superconducting state.
Results. The dependences of the lifetime of a particle in a potential well, penetration depth, 
frequency of impacts of a particle against a potential barrier, blurring of the energy level, 
transmission coefficient, and potential and kinetic energy of a particle on temperature were 
obtained. The characteristic values of these parameters were obtained at absolute zero for 
various cuprate, organic, and other superconducting materials. The dependences of the 
critical electric potential on temperature, as well as the London penetration depth, coherence 
length, and electric potential on the transmission coefficient at different temperatures were 
obtained. The form of the dependences qualitatively corresponds to the experimental data.
Conclusions. The results obtained can be used to construct a general theory of 
superconductivity, describe the electrodynamics of a superconducting state, and develop 
new superconductors with higher critical currents.

Keywords: theory of superconductivity, Cooper pair, Abrikosov vortex, electrodynamics of 
superconductors
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Аннотация 

Цели. Общая теория сверхпроводимости, способная полностью описать данное явление, 
отсутствует, что накладывает свои трудности в поиске новых сверхпроводящих мате-
риалов и исследовании их свойств. В частности, неисследованной является электроди-
намика сверхпроводящей системы. С целью возможного дальнейшего описания электро-
динамики сверхпроводников в работе рассматриваются температурные зависимости 
энергетических параметров куперовской пары в потенциальном поле вихря Абрикосова.
Методы. Основой для полученных результатов работы являлось рассмотрение коэф-
фициента прохождения сверхпроводящей частицы в приближении метода Вентцеля–
Крамерса–Бриллюэна, а также связь критической температуры с лондоновской глуби-
ной проникновения и длиной когерентности на основе модели плазмонного разрушения 
сверхпроводящего состояния.
Результаты. Получены зависимости времени жизни частицы в потенциальной яме, 
глубины проникновения, частоты ударов частицы о потенциальный барьер, размыто-
сти энергетического уровня, коэффициента прохождения, потенциальной, кинетической 
энергии частицы от температуры. Получены характерные значения данных параме-
тров при абсолютном нуле для различных купратных, органических и других сверхпро-
водящих материалов. Получены зависимости критического электрического потенциала 
от температуры, лондоновской глубины проникновения, длины когерентности; электри-
ческого потенциала от коэффициента прохождения при разных значениях температу-
ры. Вид зависимостей качественно соответствует экспериментальным данным.
Выводы. Полученные результаты могут быть использованы для построения общей те-
ории сверхпроводимости, описании электродинамики сверхпроводящего состояния, раз-
работки новых сверхпроводников, обладающих более высокими значениями критических 
токов.

Ключевые слова: теория сверхпроводимости, куперовская пара, вихрь Абрикосова, 
электродинамика сверхпроводников

Для цитирования: Матасов А.В., Довмалов А.А., Бабышкина Д.М. О коэффициенте прохождения сверхпроводящей 
частицы. Тонкие химические технологии. 2021;16(2):184–191. https://doi.org/10.32362/2410-6593-2021-16-2-184-191

INTRODUCTION

Based on the works of Abrikosov [1] and the 
discovery of Abrikosov vortices, the electrodynamics of 
the superconducting state is mainly described through 
the motion of the vortex lattice [2]. Mechanical models 
of motion consider the forces of viscous friction, 
pinning of vortices, and forces that deform the lattice. 
However, this approach does not consider the quantum 
nature of the Abrikosov vortex and the phenomenon 
of superconductivity. Another common approach to 
describing the dynamics of the superconducting state 

is the solitonic theory of superconductivity [3]. This 
approach considers nonlinear excitations, which often 
leads to difficulties in obtaining an accurate solution, 
and although the solitonic theory accounts for some 
differential characteristics of cuprate superconductors it 
does not apply to all superconducting materials. 

The absence of a general theory describing the 
electrodynamics of the superconducting state means 
that to give a generalized theoretical description of the 
current–voltage characteristics of most superconducting 
compounds, which is extremely important for their wider 
application, is difficult.

НАУЧНАЯ СТАТЬЯ
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In this study, we analyze a model of the motion of 
a Cooper pair in an Abrikosov vortex. This problem has 
been considered [4] using a framework that estimated 
the relationship between the coherence length and 
London penetration depth, as well as solving the one-
dimensional Schrodinger equation, which is important 
for constructing a general theory of superconductivity 
and the electrodynamics of the superconducting state. 
We investigated the dependences of various energy 
parameters of a superconducting particle on temperature, 
including its transmission coefficient, which formed 
the basis of a qualitative model describing the current-
voltage characteristics of superconductors.

TEMPERATURE DEPENDENCES 
OF THE ENERGY PARAMETERS 

OF THE COOPER PAIR IN THE POTENTIAL 
FIELD OF THE ABRIKOSOV VORTEX

We estimated the dependence of the transmission 
coefficient of a superconducting particle D through 
the potential barrier of the Abrikosov vortex U. The 
region of the Abrikosov vortex where the energy of a 
superconducting particle can be efficiently dissipated 
is the non-superconducting inner cylindrical region. 
In this region, one can assume that the energy of the 
Abrikosov vortex is constant in the limit ξ << λ, where 
ξ is the coherence length, which is the characteristic 
size of the Cooper pair, and λ is the London penetration 
depth, which is the characteristic depth of penetration 
of the external magnetic field into the superconductor. 
[5] Then, using the quasi-classical Wentzel–Kramers–
Brillouin approximation [6], we obtained the following 
expression for the transmission coefficient:

,                              (1)

where m is the mass of the Cooper pair (in this paper it 
is twice the mass of the electron), ħ is the Dirac constant, 
and E is the energy of the Cooper pair.

The potential energy is the energy of the Abrikosov 
vortex, which is generally expressed in terms of the 
Bessel function K0 [5] and is often normalized to a 
certain unit of length. In this paper, the coherence length 
was used as the unit of length:

,                                   (2)

where Ф0 is the magnetic flux quantum, µ0 is the magnetic 
constant, and λ is the London penetration depth.

Using the analogy of an energy gap, the energy of a 
superconducting particle can be expressed as E = 2kTc, 
where Tc is the critical temperature, i.e., the temperature 
at which a material transitions to the superconducting 
state. Building on the relationship between the critical 
temperature, London penetration depth, and coherence 
length obtained in [7], we expressed the particle energy 
in terms of these characteristic lengths:

,                                              (3)

where c is the speed of light and α is the fine structure 
constant.

The dependences of the measured ξ and λ on 
temperature were determined using standard expressions:

 ,                                                          (4)

,                                                         (5)

We plotted the dependences of the energies and 
the transmission coefficient on the temperature for 
the YBa2Cu3O7 superconductor at λ(0) = 180 nm, 
ξ(0) = 0.4 nm, and Tc = 90.8 K [8] (Figs. 1 and 2).

 
Fig. 1. Dependence of the potential, U, and kinetic, E, 

energies and the energy difference on temperature 
for YBa2Cu3O7.
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Fig. 2. Dependence of the transmission coefficient 
on temperature for YBa2Cu3O7.

Based on the obtained transmission coefficient, we 
were able to obtain the dependence of the frequency of 
the particle impacting on the barrier n, the lifetime of the 
particle in the well t, the depth of penetration under the 
potential barrier L, and the blurring of the energy level 
on the temperature T [6]:

                                                (6)

                                                        (7)

                                      (8)

                                                            (9)

From this we found that the potential and 
kinetic energies of the particle, the transmission 
coefficient, the number of collisions per unit time, 
and the blurring of the energy gap decreased with 
increasing temperature; however, the penetration 
depth and lifetime of the Cooper pair in the non-
superconducting region of the vortex increased with 
increasing temperature.

We then calculated the characteristic values of 
(1)–(3), (6), (8), and (9) for cuprate, organic, and some 
other type-II superconductors at T = 0 K (Table 1). For 
this analysis, materials were selected which validated 
the expression (3) and corresponded with the calculated 
(Tc*) and experimental (Tc) critical temperatures 
(Table 2).

Based on the obtained dependence of the 
transmission coefficient of the Cooper pair on 
temperature, we constructed a qualitative model 
for describing the current-voltage characteristics of 
superconductors.

In the first approximation we assumed that the 
energy of the Abrikosov vortex does not depend on 

Material D(0) U(0), eV E(0), eV n(0), s–1 L(0), m ΔE(0), eV

La1.85Sr0.15CuO 0.021 0.042 5.606 × 10−3 1.827 × 1010 3.623 × 10−10 1.567 × 10−6

YBa2Cu3O7 0.02 0.13 0.016 7.29 × 1010 2.04 × 10−10 5.909 × 10−6

Bi2Sr2CuO6+x 1.55 × 10−3 0.025 3.234 × 10−3 7.457 × 109 4.638 × 10−10 4.779 × 10−8

Bi2Sr2CaCu2O8+x 2.636 × 10−11 0.193 0.016 4.459 × 1010 1.642 × 10−10 4.86 × 10−15

HgBa2CuO4+x 9.739 × 10−7 0.175 0.016 5.325 × 1010 1.734 × 10−10 2.144 × 10−10

HgBa2CaCu2O6+x 1.242 × 10−12 0.336 0.027 8.337 × 1010 1.24 × 10−10 4.281 × 10−16

HgBa2Ca2Cu3O8+x 6.248 × 10−11 0.318 0.026 8.437 × 1010 1.277 × 10−10 2.18 × 10−14

κ-(BEDT-TTF)2Cu(NCS)2 0.108 0.011 1.794 × 10−3 4.623 × 109 7.366 × 10−10 2.059 × 10−6

(BEDT-TTF)2Cu[N(CN)2]Br 0.233 0.01 1.928 × 10−3 5.883 × 109 7.534 × 10−10 5.674 × 10−6

βL-(BEDT-TTF)2|3 0.088 2.098 × 10−3 4.08 × 10−4 6.055 × 108 1.68 × 10−9 2.21 × 10−7

β-(BEDT-TTF)2|Br2 1.164 × 10−64 0.014 1.121 × 10−3 7.025 × 108 5.978 × 10−10 3.382 × 10−70

β-(BEDT-TTF)2|Au2 8.041 × 10−23 0.011 1.002 × 10−3 8.302 × 108 7.076 × 10−10 2.760 × 10−28

CNT(5,0) 1.139 × 10−13 0.027 2.59 × 10−3 3.513 × 109 4.429 × 10−10 1.654 × 10−18

NbSe2 5.705 × 10−4 0.012 1.626 × 10−3 2.82 × 109 6.695 × 10−10 6.653 × 10−9

H2S(155 HPa) 1.471 × 10−18 0.468 0.034 1.019 × 1011 1.047 × 10−10 6.200 × 10−22

Note: BEDT-TTF is bis(ethylendithio)tetratiafulvalen and CNT(5,0) is a carbon nanotube with a chirality of (5,0).

Table 1. Typical values of the energy parameters of some superconductors at T = 0 K
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Fig. 3. Dependence of the critical electric potential (φc) 
value on temperature for YBa2Cu3O7.

the external applied electric field, allowing us to add 
to the energy of the particle E the dependence on the 
applied potential φ as follows: E(T, φ) = E(T) + 2qφ, 
where q is the charge of the electron.

Then the critical electric potential was defined 
as φc = (U − E)/2q (Fig. 3). We also determined the 
dependence of the critical potential on the characteristic 
lengths that determine the superconducting state (Fig. 4).

The dependence of the electric potential on the 
transmission coefficient at different temperatures 
is shown in Fig. 5, which physically represents 
a qualitative description of the current-voltage 
characteristic of superconductors.

RESULTS AND DISCUSSION

The obtained dependences of various energy 
parameters of superconducting materials were mainly 
expressed in terms of the characteristic lengths that 
determine the superconducting state, the London 
penetration depth, and the coherence length. The 
determination of the transmission coefficient was 
obtained based on the dependence of the characteristic 
lengths on temperature, which is not generally described 
by equations in the form of (4) and (5) [12] but 
instead requires specific consideration for a particular 
superconducting material.

Material ξ, nm λ, nm Tc
*, K Tc, K Reference

La1.85Sr0.15CuO 0.7 430 32.5 34 [8]

YBa2Cu3O7 0.4 180 90.8 92.4 [8]

Bi2Sr2CuO6+x 1.5 800 18.8 13 [9]

Bi2Sr2CaCu2O8+x 2 200–300 at 300 94.3 94 [9]

HgBa2CuO4+x 1.2 200–450 at 252 94.9 95 [9]

HgBa2CaCu2O6+x 1.7 205 154 127 [9]

HgBa2Ca2Cu3O8+x 1.5 130–200 at 200 150 135 [9]

κ-(BEDT-TTF)2Cu(NCS)2 0.8 500–2000 at 961 10.41 10.4 [9]

(BEDT-TTF)2Cu[N(CN)2]Br 0.5–1.2 at 0.5 550–1500 at 783 11.19 11.2 [9]

βL-(BEDT-TTF)2|3 2 3500 2.37 1.5 [9]

β-(BEDT-TTF)2|Br2 44–46 at 44 4000–5000
 at 5000

6.5 2.2 [9]

β-(BEDT-TTF)2|Au2 18–25 at 18 4000 5.81 4.2 [9]

CNT(5,0) 6.6–12 at 6.6 1430–1570 at 1520 15.03 15 [10]

NbSe2 2.5 1500 9.44 7 [9]

H2S(155 HPa) 2.15 189 195.56 190–203 [11]

Table 2. Comparison of the calculated (Tc*) and experimental (Tc) critical temperatures of various superconductors

We found that the considered dependence of the 
particle energy on temperature has a similar form to the 
dependence of the energy gap on temperature.

According to our obtained characteristic values of 
the energy parameters shown in Table 2, we concluded 
that some organic materials with large London 
penetration depths, as well as H2S, are significantly 
knocked out of the materials. These organic materials 
are less accurately described by the expression for the 
critical temperature given in [7], which may indicate 
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that their effective characteristic lengths match the 
experimental critical temperatures more closely. The 
obtained values for H2S indicate that superconducting 
properties around room temperature require an 
increase in the energy of the Abrikosov vortex.

The direct proportionality of the transmission 
coefficient to the tunnel current means that the 
obtained dependence φ(D) (Fig. 5) has a direct 
relationship with the current-voltage characteristics 
of superconducting materials and, as we have 
demonstrated, has a similar form to experimental 
measurements in this area [13, 14]. 

Fig. 4. Dependence of the value of the critical electric 
potential (φc) on the London depth of penetration 

for various fixed coherence lengths.

Fig. 5. Dependence of the electric potential on the transmission 
coefficient at different temperatures for YBa2Cu3O7.

In this study, the dependence on the electric 
potential φ was given by adding the kinetic energy 
required to accelerate the particles; however, to 
improve the accuracy of the model, we found that 
it was necessary to determine all the dependences 
on external factors for the parameters of a 
superconducting material through the dependences 
on the London penetration depth and coherence 
length. Despite this, the obtained dependence of the 
critical potential on the temperature has a form that 
can describe the experimental data but can also easily 
be reduced to the traditional linear dependence of the 
critical current on the temperature in the region of 
the phase transition of the Bardeen-Cooper-Schrieffer 
theory [15] and experimental power approximations. 
The critical electric potential, as well as the kinetic 
energy of the superconducting particle and its critical 
temperature, increased with increasing coherence 
length and decreased with increasing London 
penetration depth.

CONCLUSIONS

In this study, the dependences of various energy 
parameters on temperature were obtained with the 
dependence of the transmission coefficient being 
especially relevant to the future construction of a general 
theory of the electrodynamics of superconductors.

The characteristic values of these energy 
parameters can be used to evaluate the fundamental and 
applied properties associated with the mechanisms of 
superconductivity.

The obtained dependences of the critical electric 
potential on temperature and the transmission coefficient 
qualitatively matched the corresponding experimental 
measurements and can be used to construct a theory of 
superconductivity, which itself can be used to develop 
new superconductor based current-conducting devices. In 
the future, we regard the dependence of the characteristic 
lengths on the electric potential to be of interest in the 
building of a more accurate model of the current-voltage 
characteristics of superconductors.
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