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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

For citation: Antropov A.P., Zaytsev N.K., Ryabkov Ye.D., Yashtulov N.A., Mudrakova P.N. Manufacturing of nanopillar
(ultra-dispersed) catalytically active materials through chemical engineering. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2021;16(2):105-112 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2021-16-2-105-112

© A.P. Antropov, N.K. Zaytsev, Y.D. Ryabkov, N.A. Yashtulov, P.N. Mudrakova, 2021
105


mailto:yashtulovna@mail.ru

Manufacturing of nanopillar (ultra-dispersed) catalytically active materials ...

HAYYHAS CTATHA

XMMMKO-TEXHOJIOTHYEeCKUI MOIX0 K CO3IAHNI0 HAHOBOPCUCTBIX
(YILTPAIUCIIEPCHBIX) KATAIMTHYECKH AKTUBHBIX MATEPHAJIOB
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AHHOMayus

Ienu. Kamanumuuecku aKkmugHble Mamepuaibl OCMaromest 60Cmpebo8aHHbIMU 8 PA3AUUHBLX
XUMUKO-MEXHOSI02UUECKUX NPOUECCax, NOIMOMY AKMYATbHbIMU S8ASIOMCSL UCCAe008AHUSL, HA-
npasseHHble Ha NOUCK HOB8bLX 9(hPeKmuUBHbLX MAMEePUAO8 U OPULUHANIbHBIX nymell ux noayue-
Hus. Hacmosiwwas paboma nocesujeHa CO30aHUI0 JIeHMOUHbIX KAMAAUMUUECKUX, 8 MOM UUC/e
91eKMPOOHBLX MAMEPUANO8, dPPEeKMUBHOCL KOMOPbLLX Y8EAUUCHA 30 Cuem HAHOPUPIEHUS
nogepxHocmu.

Memoobst. Memodom 6bLcoK080IbMHOLL AHOOHOI 06pAbGOMIKU HA NOEEPXHOCU AJIHOMUHUEBOTL (hoNb2U
opmuposanocb HaHopugreHue. SppheKxmusHbslll Kamaiumuuecku aKmugHbLIL Mamepuasl NoaYyua-
JIU KAK HUKele8yt peniuky ¢ Memaiiudeckoll aroMUHUesol ieHmel. /11 onpedeneHust COCmostHUSL
No8epxXHOCIU AIHOMUHUSL UCNOSTL308ANIU CKAHUPYOWULL 91eKmpPOHHbLI muKkpockon Hitachi-SUS200
(“InoHust), Onst aIeMeHMHOo20 AHAUSA COCMABA NOBEPXHOCMU — 0OPAMHYI0 PEHM2eHO8CKY0 homo-
ANIEKMPOHHYIO MUKPOCKONUIO.

Pesynomamult. [TonyueHHblll HAHOBOPCUCMbLIL HUKEe8blll Mamepuasl NPegocxooum no Kamaaumu-
yecKoli aKmugHoCMu 21a0KUll HUKe/lb npu okucieHuu memarosna 8 70—150 pas.

Bwb1800bL. [Tp00eMOHCMPUPOBAHA B03MOIKHOCTL UCNOIb30BAHUSL 8 KAUEeCMEe MeMNAAMHOU MAMpPu-
UbL 0151 CO30aHUSL 9hheKMUBHBbIX HAHOBOPCUCMbLX HUKEe8blX JIEHMOUHbLX KAMAlu3amopos, 8 mom
yuce a1eKmpooos, He AIOMUHUL-OKCUOHOU (KaK npediazaiocb paHee), a Memaiiuveckoll uacmu
AIIOMUHUEBOTL (PO, NOO0BEPZHYMOTL BbLCOKOBO/ILMHOMY AHOOUPOSAHUTO.

Knroueesle cnoea: 8bLCOKOBOSIbMHOE aHodupoeaHue aItOMUHUsL, HaHopuchJleHue noeepxHocmu,
JIeHMOYHble KamaJjiusamopsl, HaAaHO80pocucmole SﬂeKmpOGbL, yﬂbmpaducnepCHbLe SJleK?mpOdbL

Jna yumuposanusn: Antponos A.Il., 3aiiues H.K., Pa6kos E.JI., Smtynos H.A., Mynpakosa I1.H. Xumuko-rexHosnoru-
YeCKHH MOXOM K CO3/IaHUI0 HAHOBOPCUCTHIX (YJIBTPAJIMCIEPCHBIX) KaTAIUTHUCCKN aKTUBHBIX MATepHAIOB. TOHKUE XUMUYECKue
mexnonozuu. 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 cm? 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].

100 1

90 80 0 60 50

uv

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

SU8000 15.0kV 9.6mm x5.00k S|

Fig. 1. Scanning electronic microscope (SEM) micrograph
of an aluminum sample after anodization
(U=90V,t=15min, T =21°C, 0.3 M H,PO,).
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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 (7, = 21°C, 0.3 M H,PO,).
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Fig. 3. Change in the current density during anodization in
the mode of 70 V, 5 min, 7, = 21°C in 0.3 M H,PO,;:
(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 cm?

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.
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Fig. 6. Chronoamperograms when three 200-puL 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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The results obtained herein can be used as a basis in
chemical-technological installation aimed at creating
initial (template) matrices for catalytically active
materials.
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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---0O),
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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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: antipyrineandits 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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AHHOMaAuyus

IMenu. Paboma nocesaweHa paccmompeHuro ocoberHHocmell KpUCmaaiuueckozo CmpoeHust Oas
S5-memun-2-¢perun-4H-nupason-3-oxa, I, u 2-(4-xnopgperun)-5-memun-4H-nupason-3-oxa, II, 8
CcpasHeHUU ¢ pe3yslbmamamu meopemuuecKux pacuemos.

MemooubL. PermeeHocmpyKkmypHblil aHAIU3 U pacuembl 8 pAMKaxX meopul pYyHKUUOHANA NILOM-
HOCMU U K8AHMOBOI Meopuu amomos 8 MONeKYAAX.

Pesynomamet. [Ioxaszaro, umo Kpucmaanuueckas cmpykmypa I 8 meepoom azpezamHom co-
cmosiHuu xapaxmepusyemest anemepHayueiti OH u NH maymomepos, c8si3aHHbLX NoCpedCcmaom
800opoonsbix ceszelti O—-H---O u N-H---N. /Ins coeoureHus II cyugecmeosarue yenouek u3 Cesi3aH-
HbLX B000POOHOTL c8513610 MOHOMepo8 NH ob6bsicHsiemest 0coObeHHOCMSIMU KOOnepamugHblx agpgpexr-
moe u ¢ meopemuueckoli mouku 3peHus. B pamkax KeaHmosoili meopuu amomos 8 MOSeKYAaxX
(QTAIM) Onst ecex Oumepo8 8 KPUMUUECKOU MoUKe MEMNMONEKYNAIPHOU 8000POOHOU c8s3U bblau
paccuumarsl monosoeuuecKue napamempsl: IeKMpoHHASL NIOMHOCMb, LANJIACUAH 3/1eKMPOH-
HOU nJlomHoOCMu, NJIOMHOCMb KUHemMu4ecKol, NOMeHYyUAIbHOU U NoAHOU sHepauu. TlokasaHo,
umo 8000pooHast ceszb 8 oumepax 1-4, 7 (coedurerue I) u 811 (coedurerue II) omHocumes: K
83aUMO00elicmauio NPOMEIKYMOUH020 MUNA (MeXKOY KOBANEHMHBbIM U OUCNEPCUOHHBIM 83AUMO-
delicmguem) 3a cuem o0b6paszo08aHuUst 8000POOHBLX C8s3€ell C Yyuacmuem 1eKmpoompuyyamesrbHblxX
amomog Kuciopooa (u/ uiu amomos azoma), a 8000pooHAsL 85136 8 oumepax 8§ u 6 (coeduHeHue I) -
K ducnepcuoHHOMY muny (omcymcmaeue 8000poO0HOU C8s13U UNU 0bpazosaHue craboil H-cessu) u
npedcmassnsiem coboii cnaboe 83aumoodeticmaue, umo Koppeaupyem ¢ ONUHOU MEIKMONEKYNSP-
HOUiL 8000pO0HOTL c8s13U 8 Oumepax. Ha ocHosaHuu aHanuza sHaueHull 91eKmpoHHOU NiomHocmu
U N1oMHOCMU NOJIHOU SHep2uU NOKA3AHO, YUMo Hauboslee CulbHble MeXKMmoeKyasapHole H-cesasu
peanusyromest 8 oumepax 1 (OH---O), 4 (OH---O), 7 (OH---N), 8 (OH---O), 9 (NH---N) and 11 (OH---N).
Pesynomamet, noayuerHole oas I u II, conocmasaensl ¢ 0aHHbimu oast 1,2-0ueudpo-1,5-oume-
mun-2-¢perun-3H-nupason-3-oxa, II.

Buteoout. [lokasaHa 8arKHAsL POJlb MEHKMONCKYAAPHOU 6000POOHOIL CEs3U 8 KPUCMAAUUECKOTL
ynakosKe, acCoyuayuu U cCamoopzaHu3ayuu MOSeKya.
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Knroueesvle cnoea:

AHMUNUPUH U e20 NPou3soOHwle, S-memun-2-gpeHun-4H-nupason-3-oH,
2-(4-xnopgperun)-5-memun-4H-nupason-3-oH,

maymomepbvl, 8000pPOOHASL CB8513b, MEOPUSsL

(pyHKL,I,LLOH.CZJla rnJslomHocmu, rKeaHmoeast meopust amomos 8 MojJleKyslax, KpucmauviudecKast

cmpykmypa

Jna yumuposanua: Pyxx H.C., lamcues P.C., Ans60s JI.B., Mynpenosa C.H. CrpykTypHOE onucaHue BOZOPOAHOMH
CBSI3M B IIPOM3BOJHBIX AHTUITMPUHA: PEHTTEHOCTPYKTYPHBIC U TCOPETHUECCKHE UCCICNOBAHUA. TOHKUE XuMuuecKue mexHonouil.
2021;16(2):113-124 (Eng.). https://doi.org/10.32362/2410-6593-2021-16-2-113-124

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(H,O)@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, I1, and TII.

EXPERIMENTAL

Compounds 1, II (Sigma-Aldrich, St. Louis,
Missouri, USA), and III (All-Russian Product Classifier
931335, chem. pure) were firstrecrystallized 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, € = 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 x 107 and
1 x 107 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 diffractometer'. 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 forthis 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, Ilc; 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) > I¢ (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 (AG,,,) values considering
solvation effects demonstrate a slightly lower energy
gap between Ia and Ib and a slightly higher energy
gap between Ib and I¢ (0.0, 24.4,and 31.2 vs. 0.0, 9.1,
and 28.4 kJ-mol™!, respectively, Table 2). The same
tendency can be observed for compound II (Table 2).

H
\ ok on
_Cc—c. H H
H C|:4 “3 H
~ /N\
o# sr}lf 2 07 ON"H
C
L.
C1(|5/ ﬁQ
C12\\ /C1o
?11
R R R
CH NH OH
Ia, Ia Ib, TIb Ic, Ilc

Scheme 1. Different possible tautomers for compounds I and II: R = H for the former and R = ClI for the latter.

Table 1. Calculated torsion angles (®, °), heat of formation (A1), relative energies (AE),
and dipole moments (p) of the tautomers for compound I [22]

®,° ©° AH, (kJ-mol™)
Method Tautomer [C(0)-N-C,C,] [H-N,-NC,] \E (k.(l)?mol‘l) n, Debye
Ia (CH) 155.6 - 0.0 2.68
AM1 Ib (NH) —-130.9 88.9 51.51 3.99
Ic (OH) —142.6 - 52.80 2.06
Ia (CH) 124.3 - 0.0 2.46
PM3 Ib (NH) —98.3 86.7 18.58 3.73
Ic (OH) —130.7 - 34.14 2.53
Ia (CH) 166.9 - 0.0 3.64
HF/6-31G* Ib (NH) —134.9 73.0 36.02 5.25
Ic (OH) —132.0 - 52.01 2.31
Ia (CH) 177.7 - 0.0 3.31
B3LYP/6-31G* Ib (NH) —149.5 63.0 32.76 5.03
Ic (OH) —140.6 - 43.97 2.09

" Enraf Nonius CAD_4 Software. Version 5.0. Delft (The Netherlands): Enraf Nonius, 1989.
2 Harms K., Wokadlo S. XCAD4. University of Hamburg, Germany.
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Table 2. Calculated torsion angles (, °), relative energies (AE), Gibbs free energy (AG
Gibbs free energy with PCM—-SMD corrections (AG

),
298
), and dipole moments (p) for the tautomers

of compounds I, II, and III

298,solv

PBE/3z 0 0 AE | Gy, | — -
C(0O)N—C-C, | H-N-N-C, kJ-mol™ 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
Ilc -156.5 - 26.5 314 28.4 4.19
11 —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 (r,, ,=2.479 A, r_, = 2800 A, 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 (r, . =2.62 A, r, . =298 A, 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-0), Ic-I¢ (N---H-O), and la-Ia, Ia-Ib
(N---H-N) dimers in the solid state (Table 3, entries 3, 4,
7 and 5, 6), as confirmed by the AG,,, 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).
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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 (ry, . =2.729 A; 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 Ila
tautomers. The calculated AG,,, values for IIb
and Ilc dimerization (IIa unable to form dimers
with strong hydrogen bonding) demonstrate that
the IIb—IIc (O-H---O) dimer is the most stable
(AG,,, = —13.3 kI'mol™"), followed by the ITb—IIb
(N-H---O) dimer (AG,,, = —3.7 kl'mol™'; 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 (AH,,, = —39.2 kl'mol™) over the
entropy one (=TAS, = 35.5 klJ-mol™'; 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—I¢ [O---H-O] dimer existence).

For all dimers 1-11, the following topology
characteristics were calculated using QTAIM theory:
electron density (p), Laplacian of electron density (v*p),
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 v?p 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 p and A values demonstrates
that the strongest intermolecular H-bonds take place
in dimers 1 (O-H---0O), 4 (O-H---O), 7 (O-H---N),
8 (0-H---0), 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 (). 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 AG,, value.

Experimental data for compounds I-I1I are given in
Appendix 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 Al, 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 (I1I), the melting enthalpy being equal to
18.5, 12.3, and ca. 16.7 kJ'-mol™" for (I), (IT), and (III),
respectively. The order of the latter values is possibly due

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 (AH.
from the corresponding monomers of compounds I and IT

298

is enthalpy and AS

298

is entropy)

H-bond type and

AH —TAS AG
Entry | The species label and sketch length, A s 28 8
(calc./exp.) kJ-mol™!
1 2 3 4 5 6
How
H H
- _0 N
HSo T 0---H-0
1 2.62/2.479 —48.4 37.6 -10.8
H
Ib-Ic¢ dimer (O---HO)
ﬁ N-H---N
2 2.98/2.800 —28.8 39.6 10.9
@ *8_\(
Ib-Ic dimer (NH---N)
3 LS/ 2381 38.1 37.6 0.6
Ib—Ib dimer (NH---O)
H
H [ j
ot
\ O _N{ 0---H-O
4 N H 265 41.0 39.9 1.1

N
Nigo) ||
% H H
H
H

Ia—Ic dimer (O---HO)
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Table 3. Continued
H-bond type and
AH. —TAS AG
Entry | The species label and sketch length, A > o =
(calc./exp.) kJ-mol™
1 3 4 5 6
H
Jﬂi'*
5 I-I"J\/_S/ — —18.8 36.8 18.0
Ia—Ia dimer
mﬁ
N---H-N
6 i AX_V( o 202 418 21.6
Ia—Ib dimer (N---HN)
“ @
AN
N---H-O
7 HH 270 —33.5 33.5 0.1
Ic—Ic dimer (N---HO)
/i_A{ \ 0---H-O
8 )\/—S/ 6 ~48.7 35.5 -133
IIb—II¢ dimer (O---HO)
Cl
H
J— H
/N\
(0] N H N-H---N
9 297 —28.4 38.6 10.2

N/N O\H
wo |
H H
H
Cl

IIb-IIc dimer (NH---N)
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Table 3. Continued

H-bond type and
AH. —TAS AG.
Entry | The species label and sketch length, A > > 8
(calc./exp.) kJ-mol™
1 2 3 4 5 6
H Cl
H H
J— H
N
0~ °N" H
O N\ H N-H---O
10 <j jv—hg/ 5812720 -39.2 35.5 -3.7
H H
H H
Cl
IIb-IIb dimer (NH---O)
H
H Cl
H H
W \Q
Ho N
07N NN M N0
H -—-H-
H
Cl
Ile—IIc dimer (N---HO)
Table 4. Topology characteristics and length for the dimer intermolecular hydrogen bond
Dimer p,eA? v2p, e:A™S H, a.u. V, a.u. G, a.u. 1 R(X-H---Y), A
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
1 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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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).

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
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Table A2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A?) for compound I

Atom x y z U,*U,
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)
Cc4 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)*
Cs 0.20504 (12) 0.48922 (10) 0.04174 (8) 0.0439 (3)
05 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)*
Co 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)
HI2A 0.5048 0.3378 —0.0694 0.117*
H12B 0.3954 0.3514 —0.1437 0.117*
Hi2C 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)
025 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)
Cc27 0.42958 (16) 0.92134 (13) 0.20319 (10) 0.0606 (4)
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Table A2. Continued

Atom x y z U, U,
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, A2,

Table A3. Atomic displacement parameters (A2) for compound I

Atom ot U U U v e
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)
cs 0.0535 (7) 0.0206 (5) 0.0582 (7) ~0.0031 (5) 0.0080 (6) ~0.0013 (5)
05 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)
cs 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)
cll 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

Atom vt [0 s v us U=
C25 0.0540 (7) 0.0220 (5) 0.0707 (8) ~0.0033 (5) 0.0099 (6) ~0.0068 (5)
025 0.0771 (7) 0.0234 (4) 0.0925 (8) —0.0051 (4) 0.0027 (6) 0.0034 (4)
26 0.0497 (7) 0.0283 (6) 0.0626 (7) 0.0039 (5) 0.0064 (6) ~0.0092 (5)
Cc27 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)
Table A4. Geometric parameters (A, °) for compound I
Atom—Atom Bond length, A Atom—Atom Bond length, A
N1-C5 1.3581 (15) N21-C25 1.3826 (15)
NI1-N2 1.3768 (14) N21-N22 1.3827 (15)
N1-C6 1.4147 (16) N21-C26 1.4140 (18)
N2-C3 13237 (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)
C5-05 1.3265 (15) C24-H24 0.938 (17)
O5-H5 1.00 (2) C25-025 1.2640 (16)
C6-C7 1.386 (2) C26-C31 1.3848 (19)
Co6—Cl11 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-HS8 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
Cl1-H11 0.9300 C31-H31 0.9300
C12-HI12A 0.9600 C32-H32A 0.9600
C12-H12B 0.9600 C32-H32B 0.9600
Cl12-H12C 0.9600 C32-H32C 0.9600
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Table A4. Continued

Angle Angle value, ° Angle Angle value, °
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)
05-C5-C4 133.05 (11) 025-C25-N21 121.75 (13)
N1-C5-C4 107.21 (10) 025-C25-C24 132.31 (12)
C5-05-H5 107.6 (11) N21-C25-C24 105.94 (11)
C7-C6-Cl1 120.33 (13) C31-C26-C27 119.65 (14)
C7-C6-N1 120.64 (12) C31-C26-N21 120.13 (13)
CI11-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-Cl11 120.72 (18) C29-C30-C31 120.95 (17)
C9-C10-H10 119.6 C29-C30-H30 119.5
CI11-C10-H10 119.6 C31-C30-H30 119.5
C10-C11-C6 119.37 (16) C26-C31-C30 119.39 (16)
C10-Cl11-H11 120.3 C26-C31-H31 120.3
C6-Cl11-H11 120.3 C30-C31-H31 120.3
C3-Cl12-HI2A 109.5 C23-C32-H32A 109.5
C3-C12-HI12B 109.5 C23-C32-H32B 109.5
H12A-C12-H12B 109.5 H32A-C32-H32B 109.5
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Table A4. Continued

C3-C12-H12C 109.5 C23-C32-H32C 109.5
HI12A-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, °

Torsion angle

Angle value, °

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)
NI1-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-C5-05 179.90 (11) N22-N21-C25-025 175.97 (13)
C6-N1-C5-05 ~0.9(2) C26-N21-C25-025 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-C5-05 —179.57 (15) C23-C24-C25-025 —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-Cl11 —145.78 (14) C25-N21-C26-C27 -30.3 (2)
N2-N1-C6-Cl11 33.30(17) N22-N21-C26-C27 163.82 (12)
C11-C6-C7-C8 -0.5(2) C31-C26-C27-C28 -0.3(2)
NI1-C6-C7-C8 178.05 (12) N21-C26-C27-C28 —179.65 (13)
C6—-CT7-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-Cé6 -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 (A, °)

D-H-—-A D-H H---A D---A D-H---A
05-H5---025 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.
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Table AS. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A2) for compound II

Atom X y % U,*U,
Cll1 0.03028 (10) 0.54630 (7) 0.35235 (4) 0.0752 (3)
NI —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)
Cc4 0.0361 (3) —0.0560 (2) —0.35717 (15) 0.0510 (4)
H4 0.1068 —0.1099 —0.4241 0.061*
Cs 0.1557 (2) 0.0752 (2) —0.24282 (14) 0.0487 (4)
05 0.36892 (19) 0.14357 (19) —0.20424 (12) 0.0616 (4)
Cl12 —0.3968 (3) —0.2094 (3) —0.44703 (18) 0.0706 (5)
HI12A -0.5131 —0.2709 —0.4079 0.106*
HI2B —0.3411 —0.3009 —0.5067 0.106*
HI12C —0.4657 —0.1344 —0.4881 0.106*
C6 —0.0052 (2) 0.21556 (19) —0.04676 (13) 0.0431 (3)
Cc7 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)
Cl10 —0.1861 (3) 0.2891 (3) 0.13769 (15) 0.0565 (4)
HI10 —0.3152 0.2717 0.1793 0.068*
Cll1 —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, A2,

Table A6. Atomic displacement parameters (A2) for compound 11

Atom o U v U v U
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)
cs 0.0395 (7) 0.0617 (8) 0.0426 (8) 0.0147 (6) 0.0049 (6) 0.0104 (7)
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Table A6. Continued

Atom Ut U2 U» Uz s u»
05 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)
Cll 0.0432 (8) 0.0629 (9) 0.0401 (8) 0.0023 (6) 0.0006 (6) 0.0084 (7)
Table A7. Geometric parameters (A, °) for compound I1
Atom—Atom Bond length, A Atom—Atom Bond length, A
C11-C9 1.7562 (18) C12-HI12B 0.9600
N1-N2 1.3843 (17) Cl12-H12C 0.9600
N1-C5 1.3914 (17) C6-C7 1.382 (2)
N1-C6 1.4077 (18) C6—Cl1 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)
C5-05 1.2440 (19) C10-H10 0.9300
CI12-H12A 0.9600 Cl11—H11 0.9300
Angle Angle value, ° Angle Angle value, °
N2-N1-C5 108.65 (12) H12B-C12-H12C 109.5
N2-N1-C6 120.36 (12) C7-C6—Cl11 120.05 (14)
C5-N1-Cé6 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)
NI1-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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Table A7. Continued

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-Cll 118.99 (14)
05-C5-N1 123.33 (14) C8-C9—Cl1 119.01 (14)
05-C5-C4 131.64 (14) C9-C10-C11 119.41 (15)
NI1-C5-C4 105.03 (12) C9-C10-H10 120.3
C3-Cl12-HI2A 109.5 CI11-C10-H10 120.3
C3-C12-H12B 109.5 C6—C11-C10 119.51 (15)
HI12A-C12-H12B 109.5 C6—Cl11-H11 120.2
C3-Cl12-HI12C 109.5 Cl10-Cl11-H11 120.2
HI12A-C12-H12C 109.5 - -

Torsion angle

Angle value, °

Torsion angle

Angle value, °

C5-N1-N2-C3 —4.19 (17) C5-N1-C6-C7 24.4(2)
C6-N1-N2-C3 -171.92 (12) N2-N1-C6-Cl11 7.6 (2)
NI-N2-C3-C4 3.76 (19) C5-N1-C6-Cl11 —157.28 (15)
NI-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-C5-05 -176.12 (15) C7-C8-C9—-C10 1.4 (3)
C6-N1-C5-05 -9.903) C7-C8-C9-Cl1 —178.39 (12)
N2-N1-C5-C4 2.98 (16) C8-C9—C10-Cl11 -0.6 (3)
C6-N1-C5-C4 169.22 (14) Cl1-C9-C10-C11 179.25 (12)
C3-C4-C5-05 178.28 (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-Cé6 -0.6 (3)
Hydrogen-bond geometry (A, °)

D-H-—A D-H Ho--A D-—-A D-H---A
N2-H2---05' 0.86 2.02 27293 (18) 139

Symmetry code: (i) x—1, y, z.

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

Atom X y z Uisc*/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 Uisn*/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%*
04 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)
Cé6 0.56111 (6) 0.26616 (14) 0.15091 (7) 0.0357 (2)
Cc7 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)
HS8 0.6882 —0.0366 0.1315 0.059*
Cc9 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)
HI12A 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)
HI13A 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, A2,

Table A9. Atomic displacement parameters (A?) for compound ITI

Atom ot v v o U v
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)
04 0.0471 (5) 0.0474 (5) 0.0614 (5) ~0.0062 (4) 0.0135 (4) ~0.0189 (4)
cs 0.0352 (5) 0.0420 (5) 0.0360 (5) ~0.0028 (4) 0.0109 (4) ~0.0027 (4)
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Table A9. Continued

Atom Ut v s uv s U=
Cé6 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 A10. Geometric parameters (A, °) for compound 11T
Atom—Atom Bond length, A Atom—Atom Bond length, A
N1-C5 1.4021 (16) C8-C9 1.379 (2)
N1-N2 1.4098 (13) C8-H8 0.9300
NI1-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-Cl12 1.4860 (18) C11-HI11 0.9300
C4-C5 1.4329 (17) C12-HI2A 0.9600
C4-H4 0.9300 CI12-H12B 0.9600
04-C5 1.2281 (15) Cl12-H12C 0.9600
Co6-Cl11 1.3883 (17) C13-HI3A 0.9600
C6—-C7 1.3904 (15) C13-H13B 0.9600
C6-C7 1.3904 (15) CI13-HI13B 0.9600
C7-H7 0.9300 - -
Angle value, ° Angle Angle value, °
C5-N1-N2 108.98 (9) C7-C8-H8 119.6
C5-N1-Cé6 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-Cl11 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-Cé6 119.61 (11)
N2-C3-C12 119.94 (11) C10-Cl11-HI11 120.2
C3-C4-C5 108.73 (11) C6—Cl11-H11 120.2
C3-C4-H4 125.6 C3-Cl12-HI2A 109.5
C5-C4-H4 125.6 C3-C12-HI2B 109.5
04-C5-N1 123.29 (11) H12A-C12-H12B 109.5
04-C5-C4 131.71 (11) C3-Cl12-HI12C 109.5
NI1-C5-C4 104.94 (10) H12A-C12-H12C 109.5
Cl11-C6-C7 120.02 (10) H12B-C12-H12C 109.5
C11-C6-N1 120.88 (10) N2-C13-HI3A 109.5
C7-C6-N1 119.08 (10) N2-C13-HI3B 109.5
C8-C7-Cé6 119.56 (12) H13A-C13-H13B 109.5
C8-C7-H7 120.2 N2-C13-H13C 109.5
Co6—C7-H7 120.2 H13A-C13-H13C 109.5
Co9-C8-C7 120.70 (11) H13B-C13-H13C 109.5
C9-C8-H8 119.6 - -

Torsion angle

Angle value, °

Torsion angle

Angle value, °

C5-N1-N2-C3 ~8.50 (11) C3-C4-C5-04 174.74 (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-Cl1 ~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-C5-04 ~170.83 (11) C8-C9-C10-Cl11 0.70 (18)
C6-N1-C5-04 ~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 107 and 10712 S-cm™. 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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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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AnHOMauus

Ilene. H3yuums OussieKkmpuuecKue ceolicmea cucmembl. 4-H-NeHmuIoKCUOEeH30UHAsL KUCO-
ma—N-(4-H-6ymunokcubeHzunuoder)-4’-memunarunuH. Beisisums enusHue dobagox N-(4-H-6ymui-
OKCUOEH3UNUOEH)-4 - MeMUNAHUNUHA PA3UYHOU KOHUEHMpauuu Ha oudsiexmpuueckue ceoli-
cmea 4-H-neHmuioKkcubeH30lUHOU KUc10met.

Memoowut. Csoilicmea cucmembl UCCAE008ANUCE MEMOOAMU NONSIPUIAUUOHHOT MEPMOMUIPOCKO-
nuu u ousIbKOMempuul.

Pe3synemamet. YcmaHoeeHO, Umo npu memnepamype nepexooa 8blcoKkomemnepamypHoil He-
Mmamuueckoll cybgassl 8 HUKOMeMNnepamypHyro ousieKkmpuueckas aHusomponus. meHsem
€801l 3HAK C NOJOXKUMENLHO20 HO OMPUUAMENbHBLI. AHU30Mponus dusleKmpuueckoil NPoHuU-
uaemocmu N-(4-H-6ymorcubeH3unudeH)-4’-memunaHUiUHA UMeem NosoxumesbHble 3HaAUeHUs
u ysesuuusaemcest no mepe NpubaurKeHust K pasosomy nepexody 8 Kpucmaiiuueckyro gasy.
B xpucmannuueckoii cmpykmype 4-H-neHmuiokcubeH30UHOU Kuciomsl npucymemeyrom ou-
Mepbl, 00pa308aHHbLE 08YMSL HE3ABUCUMBILMU MOSeKYlamu 3a cuem napsul H-ceaseli. B Kpu-
cmannuueckoii. cmpykmype N-(4-H-6ymokcubeH3unudeH)-4’-MemuiaHUNUHA npucymemaeyrom
accoyuamsl, 06paA308aHHbLE 30 CUEM OPUEHMAYUUOHHBIX 83aumoldelticmauil 08Yx He3a8UCUMBLX
Mmonekys. Ommeuera 6aruzocme ONUH Oumepos 4-H-neHmunorxcubeH3otiHol Kuciomel (270 Hm)
u accoyuamos N-(4-H-6ymorcubeHzunuoen)-4’-memunarunura (250 Hm). Yuumeleas 6ausocmo
ONUH CMPYKMYPHBLIX e0UHUY, 060UX COeOUHEeHUT U 3HAK OUSIeEKMPUUECKOTl AHU30MPONUL, MOI-
HO npeonosioxumes, umo accoyuamst N-(4-H-6ymorcubeH3unudeH)-4’-memunaHuiuHa eCcmpa-
usaromest 8 HAOMOACKYJAIPHYIO cmpykmypy 4-H-neHmunokcubeH3oliHol Kucriomel. YoenoHas
91eKMponpo8ooHOCMb UCCaAelYeMmblX CoeOuHeHull aexum 8 duanasoHe 107-1072 Cm-cem™.
Basucumocmu aHuzomponuu YyoenvHoil 91eKmponposooHOCMU Om cocmasa cucmemst ONs He-
Mmamuueckoll passl npu 00UHAKO0B0L npusedeHHOl memnepamype, NoAYUueHHble HA UACMOomax
100 u 1000 'y, umerom cumbamuulii xapaxmep. OOHAKO 8ENUUUHBbL AHU30MPONUU YOeslbHOU
3/1eKMmponpo8oOHOCMU cucmembl, onpedeneHHble Ha uacmome 1000 'y, Huxke, uem Ha uacmome 100 Ty,
ITpu koryernmpayuu N-(4-H-6ymorcubeHsunuoeH)-4’-memunarunuHa om 30 0o 60 mon. % 3Haue-
HUSL AHU30MpPOoNnuUU YoesbHOU 91eKmponpo8ooHOCMU cucmeMmbl 8blile, Uem 0k UHOUBUOYATIbHOZ20
KOMNOHEeHMA.
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BbleoObl. YCcmaHO8/IEeHA CMEHA 3HAKA GHU30MPONUU OUSNEKMPUUECKOU NPOHULAEMOCMU
4-H-neHMuoKCUOEeH30UHOT KUuciomsl. npu nepexooe mexoy Hemamuueckumu cybgpaszamu.
Iorasaro, umo camoe 8blcoikoe 3HaUeHUe AHU30MPONUU OUINEKMPUUECKOT NPOHUYAEMOCMU CU-
cmema umeem npPu IKEUMONSIPHOM COOMHOUEHUU KOMNOHeHmos8. Hauborbuwiue 3HaueHust aHu-
3omponuu yoenbHol iekxmponpogooHocmu Habarodaromest npu cooeprkaruu 8 cucmeme om 30
0o 60 mon. % N-(4-H-6ymorcubeH3unudeH)-4 - memunaHUNUHA.

Knroueesle cnoea: >kuoKue KPpUCmaiibl, CMeCu HEMAMO2EH08, OUINTbIKOMEeMPUSL, AHUI0MPONUSL
JuaieKkmpuueckoli NPOHULAEMOCMU, AHU30MPONUSL YOEAbHOU 3/1eKmponpo8ooHOCMU

Jna yumuposanus: Coipdy C.A., @enopos M.C., Jlanbikuna E.A., HoBuko B.B. Jlusnekrpuueckue CBOHCTBa CUCTe-
Mbl: 4-H-TIEHTUWIOKCUOEH30MHas KucnoTa—N-(4-#-0yTHIOKCHOSH3UINACH )-4’-MeTUIIAaHWINH. TonKue Xumuueckue mexHono2Uu.
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

O/C4H9
e

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

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-butyloxy-
benzylidene)-4’-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.

0] :
O
H CyHyq

4-n-pentyloxybenzoic acid
(5-AOBA)

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, [-isotropic liquid phase.

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

Compounds Cr N 1
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 cm? 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 (Ag) 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):

As=g” —€,

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):

Ac = G”/GJ_

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.

5-AOBA" L 10

Fig. 2. Dependence of the dielectric constant anisotropy
of the individual system components in the nematic phase
on the reduced temperature 7. = T'— T, _, (1 kHz frequency).
T, ,— transition temperature from nematic (N)
to isotropic liquid (I).

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(2):138-147

141



Dielectric properties of the system: 4-n-pentyloxybenzoic acid-N{4-n-butyloxybenzylidene)4 -methylaniline

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 ofthis 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)-4’-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)-4’-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
duetothe factthatthe packing of4-n-pentyloxybenzoic
acid dimers [20] is denser, which is due to the
acoplanarity  of  N-(4-n-butoxybenzylidene)-4’-
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)-4’-
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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250 nm
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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).
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Fig. 5. Dependence of the dielectric constant anisotropy
on the mixture composition for the nematic phase (N)
at 7 =—2°C and nematic isotropic region (N+I)

T =-2°C(T.=T-T,.,,), | kHz frequency.
extremely low intrinsic electrical conductivities. The
specific electrical conductivity of liquid crystals usually
ranges between 107 and 10> S-.cm™'. The investigated
nematogens S5-AOBA and 4-AOBMA satisfy this
requirement. For example, the specific conductivity
of 5-AOBA at 102°C is 3.9:107"? S-cm™!, whereas
the specific conductivity of 4-AOBMA at 58°C is
1.7-107"2 S:cm™" (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)-4’-
methylaniline does not depend on the temperature in
the mesophase (Fig. 6). In the 4-n-pentyloxybenzoic

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

20,40

1.8

1.4

Fig. 6. Dependence of the anisotropy of specific electrical
conductivity (Ac) 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 (Ac) on the reduced temperature
in the nematic phase of 4-n-pentyloxybenzoic acid,
1 kHz frequency.

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 7. = —2°C, 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).
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Fig. 8. Dependence of the anisotropy of specific electrical
conductivity on the system composition in the nematic
phase N at 7= —2°C, 100 and 1000 Hz.

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.
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Fig. 9. Dependence of the anisotropy of specific electrical
conductivity on the composition of the system in the nematic-
isotropic region N+T at 7. =—2°C, 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,
adecrease in the anisotropy of the electrical conductivity
of the system is observed.

In conclusion, we note that for concentrations of
N-(4-n-butyloxybenzylidene)-4’-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)-4’-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)-4’-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)-4’-methylaniline ranging between
30 and 60 mol %.
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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-2’-deoxyuridine-5-triphosphate, 5-propynyl-
2’ -deoxycytidine-5 -triphosphate, 5-methyl-2’-deoxycytidine-5'-triphosphate, and N°-methyl-2’-deoxy-
adenosine-5’-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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HAYYHAS CTATbhSA

MN3yyeHue MHOKECTBEHHOI0 BCTPauBaHUA MOAU(PUIIMPOBAHHBIX
HYKJICOTHI0B B pactymyro uenb JHK

0.C. BoakoBa“, A.B. YyauunoB, C.A. Aana

Hrnemumym monekynspHoti buonoczuu um. B.A. DHezenveapoma Pocculickoill akademuu HAyK,
Mocksa, 119991 Poccust
@Aemop osns nepenucku, e-mail: olechka.volckowa@yandex.ru

AnHOmauus

Ienu. Llenvto 0aHHOU pabomobl siensiemest usyueHue cybcmpamHblx c8oticma MoOUpUUUPO8AH-
HbLX NPOU3BOOHLIX Mpughocdhamos 0e30KCUHYKIe03U008 NYPUHOBOU U NUPUMUOUHOB0U NPUpPOObL
(5-nponurun-2’-desokcuypudur-5-mpucpocgpam, S-nponurun-2’-0esorxcuyumuouH-5’-mpugpocpam,
S-memun-2’ -0ezokcuyumuouH-5"-mpucpocgpam, N°-memun-2’-0ezorxcuadeHo3uH-5" -mpugocgpam)
npu ux 00HOBPEeMeHHOM BCMPAUBAHUU 8 Npoyecce PpepMeHmamuU8HbLX peaKyull (noaumepasHoil
UenHoll peaKyuu U peakyuu YyonuHeHus npaiimepa).

Memoovst. B pabome Oas usyueHus cybcmpamHoil sggerxmusHocmu MoOUPUUUPOBAHHBLX
mpugpocgpamos 0e30KCUHYKNIe03U008 UCNONb308ANU MEMOObL NOAUMEPA3HOU YUenHol peakyuu
8 pe)Kume peanbH020 8pemeHU U peaKyuu YyoauHeHust npailimepa. Hcnonvzoeanu pasnuuHsle
nonapHbsle couemaHusi MoOUPUUUPOBAHHBLX NPOU3BOOHBLX, 8 Kauecmee Mampuly, NPUMeHsU
cneyuanbHbIM 06pa30M CKOHCMPYUpo8aHHbvle cunmemuueckue gppaemermst [JHK u 6ubnuome-
Ku onst SELEX. Peaxyuu npogoounu ¢ npumereHuem [JHK-nonumepas: Taq, Vent (exo-), DeepVent
(exo-) u KOD XL.

Pesynomamet. B Kaxo0om cayuae u3 uccnedyemvlx coeduHeHUll eblbupanu napy coeduHeHull
(moougpuyuposartweie dUTP + dCTP, dUTP + dATP, dCTP + dATP) 015 usyuerHusi 00HO8peMeHHO020
ecmpausaHus 8 pacmywyto yens JHK. HalioeHbl Haubosee agpdpekmueHsle couemaHust Hykae-
omuodog 015t 00HO8pemeHHo20 ecmpausarust, a umerHHo: dU u dC, umerowue 5-nponuHubHbLI
samecmumens. Taxkxke HatlideHa Haubosee sagpcpekmueHas (U3 npomecmuposaHHwulx) JHK-nonu-
Mmepasza: Vent (exo-).

Bwbi800bL. BulbpatHble COeOUHEHUSL MOIKHO UCNONb308AMb O/l (PEPMEHMAMUBHO20 NOSYUEHUSL
MmoougpuyuposarHsix [JHK, 8 uacmHocmu anmamepos ¢ paculupeHHbIMU PUSUKO-XUMUUECKUMU
ceoticmsamu.

Knroueevle cnoea: mooupuuupos8aHHvle HYKIEomuosl, MOOUPUUUPOBAHHbLE anmamepbl,
NONUMEPA3HASL UENHASL PeaKyusl 8 pesxume peaibH020 8pemeHu, pearKyus YyoauHeHuss npaii-
Mmepa

Jna yumuposanusn: Bonkosa O.C., Yynunos A.B., Jlana C.A. V3y4eHrue MHOXECTBEHHOT'O BCTPaMBaHUS MOIUPHU-

IUPOBAHHBIX HYKJIEOTUI0B B pactyuryto 1enb JHK. Touxue xumuueckue mexnonocuu. 2021;16(2):148—155. https://doi.
org/10.32362/2410-6593-2021-16-2-148-155
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Study of the multiple incorporations of modified nucleotides into the growing DNA strand

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 (dANTPs) 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 aptamers’ 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
3’-5 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 T7riLink 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:

MI1U 5-CTAAAACTCTAAACTCTAACTCTACT-
GGCTACCAGTATGGAGCTGACAG-3’

MI1A 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 (A4pplied 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 x 4.6 mm and a
particle size of 5 pm 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 CH,CN for high-performance liquid
chromatography (ChromAR® HPLC, MACRON),
filtered using a ZAPCAP-CR Nylon filter (0.22-um pore
size, 47-mm diameter; Sigma-Aldrich, St. Louis, MO,
USA). The products were separated at a temperature
of 25°C. The eluent feed rate is 1 mL/min. The
detection was conducted at two wavelengths:
A, =270 nm and A, = 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-um 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 Tag-or 0.5-U Vent (exo-) DNA
polymerase (the reaction buffer corresponded to the
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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 1Q5 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
Theresulting PCR products were separatedina4%
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 ImagelJ program (National
Institutes of Health, USA).

RESULTS AND DISCUSSION

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

0
dUp X
NH
o) O\\P—o | N/KO
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into DNA with complete replacement of the
corresponding natural ANTPs [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 ANTPs (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

NH,
dCp NN
X | Ny
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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 N° positions, respectively.
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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

7 8 9 1011 12 7 8 9 10 11 12

Vent (exo-) Deep vent (exo-)

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.

7 8 9 10 11

F8 9 10 11 12

Taq KOD XL

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.
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Deep vent (exo-) KOD XL

Fig. 3. PEX clectrophoretic 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

REFERENCES

1. Lee K., Rafi M., Wang X., Aran K., Feng X., Lo
Sterzo C., et al. In vivo delivery of transcription factors
with  multifunctional  oligonucleotides. Nat.  Mater.
2015;14(7):701-706. https://doi.org/10.1038/nmat4269

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.

Acknowledgments
The study was supported by the Russian Foundation for
Basic Research, grant No. 19-04-01217.

Authors’ contribution
0. S. Volkova — conducting research, preparation of
the manuscript;
A.V. Chudinov — academic advising;
S.A. Lapa — design of experiments, editing the
manuscript.

The authors declare no conflicts of interest.

2.SmithC.1.E.,ZainR. Therapeuticoligonucleotides: state
of the art. Annu. Rev. Pharmacol. Toxicol. 2019;59:605-630.
https://doi.org/10.1146/annurev-pharmtox-010818-021050

3. Wandtke T., Wozniak J., Kopinski P. Aptamers
in diagnostics and treatments of viral infections. Viruses.
2015;7(2):751-780. https://doi.org/10.3390/v7020751

Tonkue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(2):148-155

153



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

4. Peinetti A.S., Cerertti H., Mizrahi M., Gonzales G.A.,
Ramires S.A., Requejo F., ef al. Confined gold nanoparticles
enhance the detection of small molecules in label free
impedance aptasensors. Nanoscale. 2015;7:7763-7769.
https://doi.org/10.1039/C5NR0O1429H

5. Faltin B., Zengerle R., von Stetten F. Current methods
for  fluorescence-based universal sequence-dependent
detection of nucleic acids in homogenous assays and clinical
applications. Clin.Chem. 2013;59 (11):1567—1582. https://doi.
org/10.1373/clinchem.2013.205211

6. Maier K.E., Levy M. From selection hits to clinical
leads progress in aptamer discovery. Mol. Ther. Methods
& Clin. Develop. 2016;5:16014. https://doi.org/10.1038/
mtm.2016.14

7. Hocek M. Synthesis of base-modified 2'-deoxy-
ribonucleoside triphosphates and their use in enzymatic
synthesis of modified DNA for applications in bioanalysis
and chemical biology. J. Org. Chem. 2014;79(21):9914-992.
https://doi.org/10.1021/j05020799

8. Kutyavin I.V. Use of base-modified duplex-stabilizing
deoxynucleoside 5’-triphosphates to enhance the hybridization
properties of primers and probes in polymerase chain
reaction. Biochemistry. 2008;47(51):13666—13673. https://doi.
org/10.1021/bi8017784

9. Rohloff J.C., Gelinas A.D., Jarvis T.C., Ochsner U.A.,
Schneider D.J., Gold L., Janjic N. Nucleic Acid Ligands with
Protein-like Side Chains: Modified Aptamers and Their Use as
Diaognostic and Therapeutic Agents. Mol. Ther. Nucleic Acids.
2014;3(10):¢201. https://doi.org/10.1038/mtna.2014.49

10. Tolle F., Mayer G. Dressed for success — applying
chemistry to modulate aptamer functionality. Chem. Sci.
2013;4(1):60—67. https://doi.org/10.1039/c2sc21510a

11. Gawande B.N., Rohloff J.C., Carter J.D., von
Carlowitz 1., Zhang C., Schneider D.J., Janjic N. Selection
of DNA aptamers with two modified bases. Proc. Natl
Acad. Sci. 2017;114(11):2898-2903. https://doi.org/10.1073/
pnas.1615475114

12. Chudinov A.V., Shershov V.E., Pavlov A.S.,
Volkova O.S., Kuznetsova V.E., Zasedatelev A.S., Lapa
S.A. Simultaneous incorporation of modified dU and dC
derivativesin the growing DNA chain using PEX and PCR.
Bioorg. Khimiya = Bioorg. Chemistry. 2020;46(5):546—549 (in
Russ.). https://doi.org/10.31857/S0132342320050061

13. Lapa S.A., Romashova K.S., Spitsyn M.A., Shershov
V.E., Kuznetsova V.E., Guseinov T.O., Zasedateleva O.A.,
Radko S.P., Timofeev E.N., Lisitsa A.V., Chudinov A.V.
Preparation of modified combinatorial DNA libraries
via emulsion PCR with subsequent strand separation.
Mol.  Biol. 2018;52(6):854-864. https://doi.org/10.1134/
S0026893318060110

About the authors:

[Original Russian Text: Lapa S.A., Romashova K.S.,
Spitsyn M.A., Shershov V.E., Kuznetsova V.E., Guseinov T.O.,
Zasedateleva O.A., Radko S.P., Timofeev E.N., Lisitsa A.V.,
Chudinov A.V. Preparation of modified combinatorial DNA
libraries via emulsion PCR with subsequent strand separation.
Molekulyarnaya Biologiya. 2018;52(6):984-996 (in Russ.).
https://doi.org/10.1134/S0026898418060113]

14. Berman A.J., Kamtekar S., Goodman J.L., Lazaro
de Vega M., Blanco L., Salas M., Steitz T.A. Structures
of phi29 DNA polymerase complexed with subsreate:
the mechanism of translocation in B-family polymerases.
EMBO J. 2007;26(14):3494-3505. https://doi.org/10.1038/
sj.emboj.7601780

15. Betz K, Malyshev DA, Lavergne T, Welte W,
Diederichs K, Dwyer TJ, Ordoukhanian P, Romesberg FE,
Marx A. KlenTaq polymerase replicates unnatural base
pairs by inducing a Watson-Crick geometry. Nat Chem Biol.
2012:8(7):612—614. https://doi.org/10.1038/nchembio.966

16. Hollenstein M. Nucleoside triphosphates —building
blocks for the modification of nucleic acids. Molecules.
2012;17(11):13569-13591. https://doi.org/10.3390/
molecules171113569

17. Lapa S.A., Shershov V.E., Krasnov G.S., Volkova
0.S., Kuznetsova V.E., Radko S.P., Zasedatelev A.S., Chudinov
A.V. Method of terminal dissociation for the selection of
DNA-aptamers. Bioorg. Khimiya = Bioorg. Chemistry.
2020;46(4):411-417 (in Russ.). https://doi.org/10.31857/
S0132342320040156

18. Gold L., Ayers D., Bertino J., Bock C., Bock A.,
Brody E.N., Carter J., Dalby A.B., Eaton B.E., Fitzwater T.,
Flather D., Forbes A., Foreman T., Fowler C., Gawande B.,
Goss M., Gunn M., Gupta S., Halladay D., Heil J., Heilig J.,
Hicke B., Husar G., Janjic N., Jarvis T., Jennings S., Katilius
E., Keeney T.R., Kim N., Koch T.H., Kraemer S., Kroiss L., Le
N., Levine D., Lindsey W., Lollo B., Mayfield W., Mehan M.,
Mehler R., Nelson S.K., Nelson M., Nieuwlandt D., Nikrad
M., Ochsner U., Ostroff R.M., Otis M., Parker T., Pietrasiewicz
S., Resnicow D.I., Rohloff J., Sanders G., Sattin S., Schneider
D., Singer B., Stanton M., Sterkel A., Stewart A., Stratford S.,
Vaught J.D., Vrkljan M., Walker J.J., Watrobka M., Waugh
S., Weiss A., Wilcox S.K., Wolfson A., Wolk S.K., Zhang C.,
Zichi D. Aptamer-based multiplexed proteomic technology for
biomarker discovery. PLoS One. 2010;5(12):¢15004. https://
doi.org/10.1371/journal.pone.0015004

Olga S. Volkova, Laboratory Assistant, Engelhardt Institute of Molecular Biology, Russian Academy of Sciences (32,
Vavilova ul., Moscow, 119991, Russia). E-mail: olechka.volckowa@yandex.ru. https://orcid.org/0000-0003-1328-771X

Alexander V. Chudinov, Cand. Sci. (Chem.), Head of the Laboratory, Engelhardt Institute of Molecular Biology, Russian
Academy of Sciences (32, Vavilova ul., Moscow, 119991, Russia). E-mail: chud@eimb.ru. Scopus Author ID 7003833018, https://orcid.

org/0000-0001-5468-4119

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

154


mailto:olechka.volckowa@yandex.ru
mailto:chud@eimb.ru
https://orcid.org/0000-0001-5468-4119
https://orcid.org/0000-0001-5468-4119
https://doi.org/10.1373/clinchem.2013.205211
https://doi.org/10.1373/clinchem.2013.205211
https://doi.org/10.1038/mtm.2016.14
https://doi.org/10.1038/mtm.2016.14
https://doi.org/10.1021/bi8017784
https://doi.org/10.1021/bi8017784
https://doi.org/10.1073/pnas.1615475114
https://doi.org/10.1073/pnas.1615475114
https://doi.org/10.1134/S0026893318060110 
https://doi.org/10.1134/S0026893318060110 
https://doi.org/10.1134/S0026898418060113
https://doi.org/10.1038/sj.emboj.7601780
https://doi.org/10.1038/sj.emboj.7601780
https://doi.org/10.3390/molecules171113569
https://doi.org/10.3390/molecules171113569
https://doi.org/10.31857/S0132342320040156

https://doi.org/10.31857/S0132342320040156

https://doi.org/10.1371/journal.pone.0015004
https://doi.org/10.1371/journal.pone.0015004

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

Sergey A. Lapa, Cand. Sci. (Biol.), Researcher, Engelhardt Institute of Molecular Biology, Russian Academy of Sciences (32,
Vavilova ul., Moscow, 119991, Russia). E-mail: lapa@biochip.ru. Scopus Author ID 6603461000, https://orcid.org/0000-0003-1328-771X

06 aemopax:

Bonkoea Onvea Cepzeeena, natopanut, ®I'bBYH HuctutyT MonexysipHoil ouonorun PAH um. B.A. Durensrapara (119991,
Poccus, Mocksa, yi1. BaBuiosa, 1. 32). E-mail: olechka.volckowa@yandex.ru. https://orcid.org/0000-0003-1328-771X

Yyounoe Anexcandp Bacunveeud, x x.H., 3asenyrommii nadoparopueit, ®I' BYH UnctutyT Monekymsipuoii 6ronornn PAH

um. B.A. Durenbrapara (119991, Poccusi, Mockga, yii. Bauosa, 1. 32). E-mail: chud@eimb.ru. Scopus Author ID 7003833018, https://
orcid.org/0000-0001-5468-4119

Aana Cepzeii AHamonveeuu, k.0.H., Hayunbiii corpynauk. ®TBYH Uucturyt Monekyaspaoi 6uonornu PAH

uM. B.A. Durensrapara (119991, Poccust, Mocksa, yi. Baunosa, 1. 32). E-mail: lapa@biochip.ru. Scopus Author ID 6603461000,
https://orcid.org/0000-0002-9011-134X

The article was submitted: February 20, 2021, approved afier reviewing: March 12, 2021; accepted for publication: April 02, 2021.

Translated from Russian into English by N. Isaeva
Edited for English language and spelling by Enago, an editing brand of Crimson Interactive Inc.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2021;16(2):148-155

155


mailto:lapa@biochip.ru
mailto:olechka.volckowa@yandex.ru
mailto:chud@eimb.ru
https://orcid.org/0000-0001-5468-4119
https://orcid.org/0000-0001-5468-4119
mailto:lapa@biochip.ru

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(2):156-166

CHEMISTRY AND TECHNOLOGY OF MEDICINAL COMPOUNDS
AND BIOLOGICALLY ACTIVE SUBSTANCES

XHMHUS1I 1 TEXHOAOTI'HSI AEKAPCTBEHHBIX ITPEITAPATOB
H BHOAOT'HYECKH AKTHBHBIX COENJHUHEHHH

ISSN 2686-7575 (Online)

https://doi.org/ 10.32362/ 2410-6593-2021-16-2-156-166 [@)sr |

UDC 547.464.7

RESEARCH ARTICLE

Synthesis of ethers containing 1,3-dioxolane
and gem-dichlorocyclopropane fragments

Shakhobiddin Sh. Dzhumaev!, Yulianna G. Borisoval®, Gul’nara Z. Raskil’dinal,
Ulyana Sh. Kuzmina?, Rustem R. Daminev®, Simon S. Zlotskii’

Ufa State Petroleum Technological University, Ufa, 450062 Russia

?Institute of Biochemistry and Genetics, Ufa Federal Research Center, Russian Academy of
Sciences, Ufa, 450054 Russia

SUfa State Petroleum Technological University, Branch in Sterlitamak, Sterlitamak, 453118
Russia

@Corresponding author, e-mail: yulianna_borisova@mail.ru

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-SYS5Y,
MCF-7, and A549 cell lines.
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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)methoxymethyl}-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

HAYUHASA CTATbA
CunHTe3 nmpocThiX 3(PUPOB, coaepxammx 1,3-1M0KCOJTAHOBBIN
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AHHOMaAyust

ITenu. ITonyuums npocmele apupsbl, cooeprkaujue 2em-ouxiopyurionponarosstit u 1,3-0uoxco-
JlaHo8bLl hpazmeHmbl U OUEHUMb UX YUMOmMoKCUUeckue ceolticmaa 8 OmHOWEeHUU KAeMmMOUHbIX
aunuit HEK293, SH-SYS5Y, MCF-7 u A549.

MemoobL. /s onpedeneHuss KauecmsgeHHo20 U KOAUUEeCMEEeHH020 COCMAA PeAKUUOHHBIX MACC
6bLIU UCNOABL308AHbL Caedyouue mMemoobl AHANMU3A: 2A302KUOKOCMHAs xpomamozpagust (Ha
annapamHo-npozpammHom komnaekce «Kpucmann 2000»), macc-cnekmpomempus (Ha npubope
Xpomamar-Kpucmann 5000M» ¢ 6azoti NIST 2012), u cnekmpockonust si0epH020 MA2HUMHO20
pesoHaHca (AMP-cnekmpockonus) (Ha npubope «Bruker AM-500» ¢ pabouumu uacmomamu 500 u
125 MT u).

Pesynoemamet. CunmesuposaHsL npocmele 9pupsl, cooeprrauiue 2em-0UxXI0pYUUKI0NponaHo8sLil
u 1,3-0uorconanosslii ppazmermel 8 npucymemeuu kamaauzamopa kamamura AB. CmpoeHue
NONYUEHHBbLX geujecmea O6bllo NOOMBEPIKOEHO C NOMOUWbLH 2030XKUOKOCMHOU Xpomamozpagul,
Mmacc-cnekmpomempuu u AMP-cnekmpockonuu. Jnsi a¢pupos usyueHa yumomorcuueckas ak-
MUBHOCMb 8 OMHOWEHUU KaemoUuHblx AuHutl HEK293, SH-SY5Y, MCF-7 u A549.

Boigodsl. C KOAUUECMEEHHBILMU 6blX00aMU NOAYUEHbL Npocmble 9pupbl, codeprkauiue
2em-ouxnopyurionponaHosslilt u 1,3-0ouokcosarosslii ppazmeHmosl. YCmMAaHO8/MEHO, UMO YUmo-
moKcuuecKyro aKkmueHoOCms 8 OmHouleHUU KaemouHolx aunutt HEK293, SH-SY5Y, MCF-7 u A549
cpedu psida NOAYUeHHbLX COeOUHeHUll npossasem moavko 4-{[(2,2-0uxnopo-3-{[(2,2-0uxnopyu-
Kaonponui)memoxKcu/memuntyuraonponusimemoxcu/memun}-2, 2-oumemut- 1,3-0u0KCONAH.

Knroueevte cnoea: 2,2-oumemun-4-okcumemun-1,3-ouorconaH, kapbeHupogaHue, KiemouHsble
JUHUU, YWUMOMOKCUUHOCMb

Jna yumuposanusa: Jxymaes I.11., bopucosa 0., Packunsauna I'.3., Kysemuna V.., [lamunes P.P., 3norckuii C.C.
CuHTe3 nmpocThiX 3¢pupoB, comepxamux 1,3-IMOKCONAHOBBIA U 2eM-IUXJIOPIUKIONPONAHOBBIA (pparMeHThl. ToHKUe XumuuecKue
mexnonoeuu. 2021;16(2):156—166. https://doi.org/10.32362/2410-6593-2021-16-2-156-166
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Synthesis of ethers containing 1,3-dioxolane and gem-dichlorocyclopropane fragments

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].

Ozkanli 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 CH,~O-CH, 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°C ion source, 300°C transition
line, 30—300 Da scanning range, 37—43 mTorr pressure,
helium carrier gas, and a heating rate of 20°C/min. The
mass spectra of the compounds were obtained using

electron impact ionization. 'H and *C 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 CDCI, solvent. The chemical
shifts were reported on a & (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) K,CO, 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°C
(or 30°C 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 x 30 mL),
and dried over anhydrous MgSO,. 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-[(Allyloxy)methyl]-2,2-dimethyl-1,3-
dioxolane 4. The NMR spectrum of the compound is
given in [24]. Yield (4) 90%, boiling temperature
bp = 52-54°C (10 mm Hg). Mass spectrum, m/z (1 , %):
172 (22) [M]+, 157/70, 101/100, 73/25, 55/30.

4-({[(2Z)-4-chlorobut-2-en-1-yl]oxy}-
methyl)-2,2-dimethyl-1,3-dioxolane 5. Yield (5)
80%, bp = 81-83°C (5 mm Hg). '"H NMR spectrum
(CDCL), 6, ppm (J, Hz): 1.33 t (3H, CH,, J = 7.0),
1.40 t BH, CH,, J=7.3),3.44 t (1H, C°H, J = 9.9,
5.2), 3.51 d (1H, C°*H,, J = 10.0, 3.0), 3.70 t (1H,
CH,J=28264),403d (1H, CH,, J = 8.2, 6.5),
4.09 d (2H, C'H,, J = 11.8, 7.5), 4.14 d (2H, C'°H,,
J = 11.1, 5.8), 4.22-4.27 m (1H, C*H), 5.69-5.81
m (2H, C*H, C°H). "C NMR spectrum (CDCl,), 3,
ppm: 25.31 (CH,), 26.68 (CH,), 38.98 (C'), 63.88
(C%), 66.62 (C°), 71.33 (C7), 74.65 (C*), 109.44 (C?),
128.37 (C®), 130.53 (C°). Mass spectrum, m/z (I, %):
220/222 (<1) [M]*, 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°C (3 mm Hg). 'H NMR spectrum
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(CDCL,), 8, ppm (J, Hz): 1.35 s (6H, 2 CH,), 1.42 s (6H,
2 CH,), 3.44 t (2H, C**H_, J = 9.1, 6.9), 3.51 d (2H,
C*H,, J=10.7, 7.0), 3.72 t (2H, C**'Ha, J = 8.0, 6.2),
4.00d (2H, C**"Hb, J = 8.2, 6.1), 4.08 dt (4H, C""'"°H ,
J=11.8,7.5),4.15 dd (4H, C""H , J = 11.1, 5.8),
4.24-4.29 m (1H, C**H), 5.69-5.81 m (2H, C¥H, C°H).
"C NMR spectrum (CDCL,), §., ppm: 25.28 (CH,),
26.44 (CH,), 64.23 (C**), 66.62 (C**%"), 71.35 (C""%),
73.69 (C**7), 109.44 (C*?"), 127.32 (C?), 130.55 (C°).
Mass spectrum, m/z (I, %): 316 (<1) [M]", 300 (70),
215 (50), 101 (100), 73 (20), 43 (70).
4-({[(2Z)-4-(alloxy)-but-2-en-1-ylJoxy} methyl)-
2,2-dimethyl-1,3-dioxolane 11. Yield (11) 40%,
bp=99-101°C (4 mm Hg). '"H NMR spectrum (CDCl,),
d, ppm (J, Hz): 1.41 t 3H, CH,, J = 7.7), 1.45 t (3H,
CH,,J=17.5),3.45t(1H,C°H ,J=8.9,5.9),3.54 1 (1H,
CH,, J = 10.0), 3.74 t (1H, C°H_, J = 8.0, 6.0), 4.11 d
(IH, C°H,, J = 8.2), 3.72 t (1H, C""H_, J = 10.3,
5.8),4.06 d (3H, C"H,, J=5.9),4.09d (2H, C'H,,
J=1.7),417t(2H, C'H,, /=104, 5.9), 425-4.29 m
(1H, C*H), 5.18d (1H,C"H,,/=1.3,10.4),5.26 d (1H,
C"H,, J = 15.0), 5.83-5.93 m (1H, C"*H), 5.70-5.81
m (2H, C*H, C°H). "C NMR spectrum (CDCIl,),
8., ppm: 25.31 (CH,), 26.68 (CH,), 63.84 (C'’), 65.30
(C5), 67.02 (C%), 67.77 (C7), 69.32 (C'), 71.55 (C%),
107.50 (C%), 122.92 (C"), 127.93 (C%), 131.02 (C?¥).
132.53 (C'™). Mass spectrum, m/z (I, %): 242 (<3)
[M]7, 300 (70), 275 (60), 215 (35), 145 (60), 101 (100),
73 (34), 43 (50).
4-[(benzyloxy)methyl]-2,2-dimethyl-1,3-
dioxolane 15. SIMP cnekrp coeauHEHUs ONUCaH B
pabore [25]. Yield (15) 90%, bp = 138°C (5 mm Hg).
Mass spectrum m/z (I, %): 222 (<1) [M]’, 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°C
(5 mm Hg). '"H NMR spectrum (CDCL,), 6, ppm (J,
Hz): 1.33 t 3H, CH,, J = 7.5), 1.41 t (3H, CH,, 6.8),
3.49t(1H, CH,,J=11.5),3.54d (1H, C°H_, J=11.2),
3.67t(1H, C°H,, J=9.6),3.78 d (1H, C°H,, J = 10.0),
4.45-4.82 m (1H, C,H), 4.89 (s, 1H, C*H,), 4.91 (s, 1H,
C*H,), 7.07-7.16 m (4H, 4 CH). "C NMR spectrum,
8., ppm: 25.47 (CH,), 26.54 (CH,), 47.13 (C*H,), 66.43
(C°H,), 67.83 (C°H,), 68.37 (C'H,), 68.28 (C*H), 105.29
(C?), 127.07-139.61 (Ph). Macc-cnextp m/z (I, %):
270/272 (<1) [M], 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°C (8 mm Hg). 'H NMR spectrum
(CDCl,), 8, ppm (J, Hz): 0.95-0.1.04 m (1H, C*H), 1.37

t 3H, CH,, J = 7.0), 1.43 t (3H, CH,, 6.8), 1.62 t (1H,
C°H,J=5.3),1.68d (1H, C'H, J = 5.4), 3.45 t (1H,
C'H,J=11.0,7.0),3.57d (1H, C'H,, J = 11.2), 3.61
t (IH, C°H,, J = 9.0, 7.0), 3.69 d (1H, C°H,, J = 8.9),
3.84 d (1H, C°*H_, J = 6.0), 4.02 t (1H, C°*H,, J = 6.7),
4.33-4.38 m (1H, C*H). "C NMR spectrum, 3, ppm:
24.52 (CH,), 25.46 (CH,), 27.34 (CH,), 28.49 (CH),
61.03 (C), 67.83 (CH,), 68.58 (CH,), 69.42 (CH,),
69.78 (CH), 108.96 (C). Mass spectrum, m/z (I, %):
225/227/229 (<3) [M]’, 219/221 (40/15), 145 (45),
115/117 (30/8), 101 (100), 89/91 (60/35), 43 (80).
4-({[2,2-dichloro-3-(chloromethyl)-
cyclopropyllmethoxy}methyl)-2,2-dimethyl-1,3-
dioxolane 8. Yield (8) 50%, bp = 88-90°C (8 mm Hg).
'H NMR spectrum (CDCI,), 8, ppm (J, Hz):
1.36 t (3H, CH,, J=7.0), 1.41 t (3H, CH,, J = 6.8),
1.54-1.58 m (1H, C*H), 1.78-1.85 m (1H, C°H), 3.46
t(1H,C'H,J=9.0),3.51d (1H,C'H,, J=9.3),3.63 t
(IH,CH_,J=9.2),3.71 d (1H, C"°H,, J = 8.8), 3.88
d (1H, C°H, J=6.5),3.93 t (1H, C°H,, J = 6.6), 4.04
d (IH, C°*H, J = 6.8), 4.07 t (IH, C°H_, J = 6.5),
4.28-4.35 m (1H, C*H). "C NMR spectrum, 3., ppm:
24.48 (CH,), 25.49 (CH,), 34.87 (C°H), 36.39 (C*H),
43.42 (C'H,), 63.06 (C), 67.86 (C°H,), 68.73 (C'H,),
69.42 (C°H,), 71.74 (C*H), 108.69 (C?). Mass spectrum,
m/z (I, %): 304/306/308 (<2) [M]", 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°C
(5 mm Hg). 'H NMR spectrum (CDCI,), 3, ppm
(/, Hz): 1.29 t BH, CH,, J=6.9), 1.34 t (3H, CH,,
J=6.7),2.24 dt (2H, 2 C¥°H, J = 5.9, 8.9), 3.39 t
(2H, 2 C™H, J=10.9), 3.42d (2H, 2 C"""*H,,
J=10.2),3.56 t (2H, 2 C**“H_, J=9.6),3.63 d (2H,
2C%%H,,J=8.2),3.82d (2H,2 C**H ,J=6.4),4.00
t(2H,2 C**"H, J = 6.6), 4.45-4.60 m (2H, 2 C***H).
"C NMR spectrum, 5., ppm: 25.45 (CH,), 26.30
(CH,), 34.76 (2 C**H), 64.55 (C), 67.93 (2 C***H,),
68.81 (2 C7"'°H,), 72.66 (2 C**“H,), 72.75 (2 C**H),
106.44 (C). Mass spectrum, m/z (I, %): 400/402/404
(<10) [M]7, 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-dichloro-3-{[(2,2-
dichlorocyclopropyl)-methoxy|methyl}-
cyclopropyl)methoxy|methyl}-2,2-dimethyl-1,3-
dioxolane 12. Yield (12) 50%, bp = 134-136°C
(2mm Hg). "H NMR spectrum (CDCl,), 3, ppm (J, Hz):
0.90-1.01 m (1H, C"H), 1.26 t (3H, CH,, J = 6.4),
1.31t(3H, CH,,J=6.3), 1.57 t (IH, C"H , J = 6.9),
1.62d (1H, C"H,, J=15.9),2.05qu (1H, C*H,
J=9.7),2.23 qu (IH, C°H, J = 9.9), 3.56-3.61 m
(4H, 2 C™'°H,), 3.66 t (1H, C"H, J = 10.0), 3.73 d
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(IH, C"H,,J=9.9),3.85d (1H,CH,,J=7.9),4.00 t
(IH, C°H,, J=6.9),4.22d (1H, C°'H,, J=6.9),4.25 t
(IH, C°H,, J=17.8),4.42-4.63 m (1H, C*H). "C NMR
spectrum, &, ppm: 24.44 (C"H,), 25.45 (CH,), 26.30
(CH,), 28.56 (C"H), 35.39 (2 C*°H), 61.20 (C),
63.91 (C), 67.58 (C°H,), 67.92 (C'°H,), 69.34 (C''H,),
70.62 (C°H,), 71.28 (C'H,), 72.55 (C*H), 110.29 (C).
Mass spectrum, m/z (I, %): 408/410/412/414 (<5)
[M]*, 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 x 10° cells per well), SH-SY5Y (50 x 10° cells per
well), MCF-7 (12 x 103 cells per well), and A549
(10 x 10° cells per well) were seeded in 96-well plates
in 100 uL of DMEM medium containing 10% FBS
(Gibco, USA), 2 mM L-glutamine (PanEco, Russia),
and 50 pg/mL gentamicin (Biolot, Russia). After 24 h,
the candidate substances were added to the cells at
concentrations of 1, 10, and 100 puM in 0.1% DMSO,
followed by incubation for 48 h at 37°C in 5% CO,.
The cytotoxic properties of the substances were then
assessed using PrestoBlue® vital dye according to
the manufacturer’s protocol (/nvitrogen, USA), and
fluorescence was detected using a 2300 EnSpire®
Multimode Plate Reader (Perkin Elmer, USA).
The IC,, 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 IC, value
in HEK293 cells to the IC, 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 IC, values of the
substances between cells of normal and tumor origin.

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 inthe 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 CH,Cl 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 CH,-CI 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 'H and "“C 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.! The in vitro cytotoxicity assessment
of polycyclic compounds 7-9 and 12 was performed
using normal (HEK293) and tumor (SH-SYS5Y, 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

! 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.
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Scheme 1. Synthesis of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane ethers 1.
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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
(IC,, < 100 pM) 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 uM. The
activity of the tricyclic compound 12 against the
HEK293, SH-SYS5Y, and A549 cell lines is in agreement
with the previously studied corresponding bicyclic

compound 8,8-dichloro-4-isopropyl-3,5-dioxabicyclo-
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)

IC,, ptM
Formula and compound number
Hek293 SH-SY5Y MCF-7 A549
Of\(\o CI
><0 >100 >100 >100 >100
HiC” Ncp, cr’ I
8
/-\(\O/y/\o/\/\()
O0_ o
o}
100 >100 >100 >100
c” ar 7< >
H3C><CH3 e’ CH
9
o[\(\ 0 0
><O S 4sas 86.2+2.1 727417 48.8+2.3
HiC™ e cr’ cl cr’ al aES SI=0.67** SI=0.79%* SI=1.18%*
12
CIACI *
93.2+9.6 21.0+1.8 56.0+4.2
o 0 73.0%5.7 SI=0.78** SI = 3.45%* SI=1.30%*
H3C:[CH3
Cl %
Cl
58.67 3.6 27.6+0.7 337428
o 48.0%3.1 SI = 0.82%* SI = 1.74%* SI = 1.42%*
0\)

Note: The results are presented as the arithmetic mean of three independent experiments (1/), indicating the standard error
of the mean (+m).

* Results from work [10].

** Selectivity Index (SI) is the ratio of the IC, of the test compound for control HEK293 cells to IC, 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
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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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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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AHHOMAQuyust

Ienu. B ces3u ¢ ysesnuueHuem Yicaa OHKOI02UUeCKuX 3abonesanuil edymes aKkmueHble NOUCKU
8 paspabomike HO8bIX paduodapmayesmuueckux npenapamos. B smom acnekme snauumesno-
HbLl UHMepec npedcmasasiiom mepmouyscmeumesnbHble CONoaAUMepPbl, obradarouue Komniex-
COM YEHHBIX Pu3uUKo-xumuueckux ceoticms. JdanHas paboma noceswieHa paspadbomre memooa
NOAYUEHUSL MEePMOUYBCMBUMENLHBIX CONOAUMEPO8, KOMmopble mo2ym bbimb UCNONAL308AHbL 8 K-
yecmee Hocumesisi pAOUOHYKAUO08 O CO30AHUSL Mepanesmuueckozo paouogapmnpenapama
0151 leueHust CONUOHbBLX onyxonel.

Memoovt. Memodom paduKkanbHOU CONOAUMEPUSAYUL 8 NONSPHBIX PACMEOPUMENIX CUHMEe3U-
PpOB8aHBLL 800OPACMBOPUMbLE CONOAUMEPLL HA 0CHO8e N-U30NPONUNAKPUNAMUOA U 2UOPOXIOPUOA
2-amuHosmunmemarxpunama. IlonyueHHsle cononumepsl bblau oxapaKmepuszosaHbl N0 COCMAasy
MONEKYNSAPHBIM U 2UOPOOUHAMUUECKUM XAPAKMEPUCMUKAM C UCNONI6308AHUEM 2e/lb-NPOHUKA-
rowell xpomamoepagpuu, HK-cnekmpockonuu, nomeryuomempuu u suckosumempuu. Temnepa-
mypy ¢paso8020 nepexoda 800HbLIX PACMEBOPO8 CONOAUMEPO8 ONPEOEeSSINU NO USMEHEeHUID ONMmuU-
YecKoli ntomHocmu om memnepamypet.

Pesynomamut. Bout paspabomar memoo noayueHust conoaumepos N-u3onponuiaKpuiamuoa ¢
2-AMUHOIMUNMEMAKPUNLAMOM PAOUKATbHOU cononumepusayuetl 8 gode u 2-nponaHosie ¢ cooep-
HKaHuem 2udpoxnopuoa 2-aMUHOIMUAMEMAKPUIAMA 8 conoaumepe 00 23 monb-38eHo %. H3yuero
B/IUSIHUE 8MOPO20 COMOHOMEPA HA memnepamypy gpaso8020 nepexooa 800HbLX PACMB0PO8 CONOAUME-
pos. Yeenuuerue co0eprkaHust 2-0MUHOIMUAMEMAKPUIAMA 8 CONOAUMEPE NPUBOOUM K CMEULEHUIO
memnepamypul pazoeo20 nepexooa, NosblUasl ee. YCmaHO8NMEHO, UMO USMEHEHUe memnepamypsl
¢azoe020 nepexoda 8 3a8UCUMOCMU OM COOEPIKAHUSL 38EHbES 2-AMUHOIMUAMEMAKPUNLAMA
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8 conoaumepe umeem NPSMOAUHENHYIO 3 ABUCUMOCMb NPU e20 coOeprKaHuU 00 17 monb-38eHo %.
Hcnonwsosarue 8 Kauecmee pacmeopumenisi (husuoI02UUEcKo20 Pacmeopa Xaopuod Hampust
npugooum K CHUX>KeHU memnepamypsbl pa3o8o20 nepexoda Ha 08a zpadyca.

Bbteoodust. Memod nosyueHust mepmouyeCmaumebHblX CONOAUMEPO8 PAOUKALHOU CONOAUME-
pusayuell npu UCNOABL308AHUU 8 Kauecmeae pacmeopumeJisi 2-nPonaHoia He no38osisiem co30amob
Hocumenb paduoHyrauda. Pacmeopsl NOAYUEHHBIX HUSKOMONEKYAPHBIX 0S1U20MepOo8 0bpasyom
KoauepsamHble pacmeopsl, Umo HeuszberxxHo npusedem K pacnpocCmpaHeHuro paduoHyKaAuda no
opearuszmy. Conoaumepbl, NOAYUEHHblLE MEMOOOM PAOUKANBLHOU conoaumepusayuell 8 gode ¢
cooeprkaHuem 8mopozo COMOHOMeEPA 2-amuHoomuamemarxpunram om 10 0o 17 mone-3gero %,
Moeym 6blmb UCNONIb308AHbL 8 Kauecmae Hocumesast paduoHyKAUO08 MObKO NPU YCA08UU, UMO
8 Kauecmee pacmeopumeJisi UCNONb3Yomest (husu010eUUeCKull pacmeop X1opuda Hampusi.

Knroueewvle cnoea: N-u3onponuiaKpuiamuo, 2-amMuHoIMUAMemaKpuiam, mepmouyecmau-
mesibHble CONoNUMEPbL, PAOUKANALHAS NOAUMEPUIAYUSL, mMemnepamypa paszoe020 nepexooa

Mna yumuposanusn: J{ypnor B.P., T'aiiBoponckuii A.B., Jlobanoa E.M. CuHTe3 TepMOUyBCTBUTEIBHBIX COMOIUMEPOB
N-M30TpONMIaKpHIIaMHJIa ¢ THAPOXIOPUIOM 2-aMHUHOATUIIMETaKpuiata. Tonkue xumuueckue mexronozuu. 2021;16(2):167-175.

https://doi.org/10.32362/2410-6593-2021-16-2-167-175

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 *'I radionuclide is
covalently attached. Related disadvantages include the
RP complexity and multistep manufacturing. Purifying
RPs from ternary poly-N-isopropylacryamide-"3'T
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
Mn > 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 M < 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-isopropylacrylamide97% (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 (Fkos-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
proposedin[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 (/nfraspek,
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 NH, 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™!
(vNH,), 2974-2887 cm™! (v CH,), 1734 cm™' (v C=0),
1653 cm™ (v C=0), 1541 cm™ (6 NH,), 1460 cm™
(6 CH,), and 1074 cm™ (v C-O-C).

The copolymer IR band at 1653 cm™! is attributed
to the stretching vibrations of the absorption bands
(C=0) of the amide group in the associated state.
The 1734 cm™ band corresponds to the stretching
vibrations of the carbonyl group (C=0O) absorption
bands of the 2-aminoethyl methacrylate hydrochloride
copolymer unit. Furthermore, there is a spectral band
at 2380-2840 cm!, which is characteristic of amino
group salt [14].

The intrinsic viscosity of copolymer solutions was
determined in a 0.5 M aqueous solution of LiNO, at
20°C in an Ubbelohde viscometer (Labtech, Moscow,
Russia). The value of the viscosity average molecular
weight M| of the copolymers was determined using the
Mark-Kuhn-Houwink equation [15]. The coefficient
values of the PNIPA homopolymer were defined as
K=47x10* a=0.61.

Gel permeation chromatography in
dimethylformamide was employed to determine
the weight-average (M) and number-average (M)
molecular weights of the copolymers (Labtech,
Moscow, Russia), which contained 0.1 wt % LiBr.
The experiments were carried out at 50°C 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 um
MIXED B columns (M = (5 x 10%)—(1 x 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 HCI with an equimolar amount of 0.1 N
KOH solution in water at 7= 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 Cog = 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 x 10° are excreted
mostly by the kidneys within 48 h. Therefore, the use
of copolymers with MW < 40 x 10° 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 M values of copolymers
10-12 obtained at an initial AEM HC concentration
below 0.1 mol/L exceed 10°. 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. [M,], mol/L [M,], mol/L Temperature, °C Time, h Conversion, % [m,], mol % M,l x 107°
1 72 16.3 27.3 0.08
50
2 96 23.9 18.2 0.15
0.72 0.04
3 60 72 20.9 20.7 0.12
4 70 72 20.0 21.1 0.11

Note: [M,] — N-isopropylacrylamide, [M,] — 2-aminoethyl methacrylate hydrochloride, [m,] — 2-aminoethyl methacrylate

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

o 4
o X —
= = = & . X Q " " "
E g E | Z s 3 g z s || 2|5
No. T T qE.a" s g = E $ X X X ~
—= A 7 — = ol z
= = | €| 2| & T2l 2|55 5=
= o =
[-™
5 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 0.9 0.1 37 50 68.5 17.7 33.8 32.8 13.0 1.5 4.3 2.9
8 60 50 92.8 109 33.0 31.1 7.7 0.9 3.0 3.5
9 120 50 96.6 10.2 329 31.0 7.8 0.8 53 6.7
10 0.925 0.075 50 60.6 17.7 - - - 5.9 12.2 2.1
11 0.95 0.05 60 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: [M|] — N-isopropylacrylamide, [M,] — 2-aminoethyl methacrylate hydrochloride, [m,] — 2-aminoethyl methacrylate
hydrochloride units.
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ig. 1. Molecular weight distribution curves 0 10 20 30

of copolymers: (1) No. 12 (M_ = 17.1 x 10%);
(2)No.6 (M =5.5x10%; (3) No. 10 (M =12.2 x 10%); AEM, mol %

q(M,) — weight fraction of macromolecules. Fig. 2. The dependence of phase transition temperature

(PTT) on the content of 2-aminoethyl methacrylate (AEM)

solutions of the obtained copolymers showed that an in the copolymer: water (1) and 0.9% NaCl (2).

increase in the AEM fraction follows a linear growth

(Fig. 2). When the AEM content in the copolymer Figure 3 shows the turbidity curves of 1%
exceeded 17.7 mol %, no phase transitions were aqueous solutions of a number of copolymers.
observed in aqueous solutions. This is probably due Organoleptically, copolymer 9 had a dense elastic
to the increased hydrophilic interactions between the gel-like structure, while copolymers 7 and 8
increased number of AEM units and water molecules. formed a coacervate solution in the form of a milk
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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.

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% NacCl 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-isopropylacrylamideand2-aminoethylmethacrylate
hydrochloride with different content of amino groups
were synthesized by radical copolymerization in water.
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The resulting copolymers were characterized in terms of
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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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.
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HAYYHAS CTATbA

Pa3padorka KOMIIO3UIIUM HA OCHOBE MOJTMMOY€BUHbI
C YBJIMYEHHBIM CPOKOM KM3HHU

C.B. Pomanog!, O.A. BorBunosnal, E.A. Tumakor?, A.A. YuxonaZ?, }10.T. Ilanos?%

ITpouseodcmeerHas kKomnarus «Iaacm I1Y», Baradumup, 600026 Poccus

?Bnadumupckuil eocyoapcmeeHHblll. yHugepcumem um. AnexkcaHopa I'puzopvesuua u
Hurxonas I'puzopvesuua Cmosnemossix, Baadumup, 600014 Poccus

@Aemop ona nepenucku, e-mail: tpp_vlgu@mail.ru

AHnHOMmayus

IMenu. CosepuieHcmeosaHue mexHo02UU NOAYUEHUS. NOSAUMEPHBLX HANbLISeMbIX NOKpbimuil
Ha OCHO8e NOAUKAPOOOUUMUO08 (NOSAUMOUEBUH), C 8bLCOKOU XUMUUECKOU, 2udpoiumuueckoil u
abpas3usHoll cmoliKocmsblo U YAYUULEHHBIMU (PUSUKO-MEXAHUUECKUMU NOKA3ameasmu, a mak-
JKe, noayueHue NOAUMOUEBUHHBLX KOMNOZUYUT C BpeMeHem KUSHU He meHee 5 muH 6e3 nomepu
IKCNNYAMAYUOHHBLX XAPAKMEPUCNUK (NOJUMOUCBUH (DYUHO20» HAHECEeHUS), NPU20OHBLLX 0Nl pe-
MOHMA YoKe IKCNAYAmUPYOULUXCSL NOKPLLMUTL.

Memoowtl. Ckopocmb pearyuu mMexoy USOUUAHAMHBIMU U AMUHOZPYNNAMU NPAKMUUECKU 8 CMO
pas npessvliiaem CKOpoCcme peakyuu Merk0y U30UUAHAMHBIMU U 2UOPOKCUNbHBIMU 2pYNNamu,
umo 8sl3bleaem Heobxo0UMoCMb UCNONBL308AMb CNEeYUA/IbHbLE 8bLCOKONPOU3B00UMEIbHbLE YCma-
HOBKU 8bLCOK020 0ABNeHUSl, OCHAU4eHHbBLE COMOOUUUYAIOULUMUC CMECUMENbHBIMU KamMepamu U
0602pe8oOM KOMNOHEHMO8. Y NONYUEHHBbIX MAMEepUaios onpedessii NPoUHocme, YyoauHeHue Ha
paspule no cmaHoapmHoil memoouke, ucmupaemocms no Tabepy u meepdocms no Ilopy.
Pesynomamet. Hcenedosarsbl mpu cnocoba 3ameoneHust peakyui: 80-nepseulx, cuHme3 npeono-
aumepos ¢ codeprkaruem NCO-zpynn om 10.5% 0o 18%; so-emopuix, agedeHue 8 npednoiumep
naacmugpuramopa 8 Konuuecmse 1-10 macc.u.; 8-mpemvux, 88ed0eHuUe 8 KOMNOIUYUIO NOSU-
agpupos u nonyueHus «ubpudHsblx» cucmem. ITokazaHo, Umo mosbKo @UOPUOHbBLEe» CUCMeMbL NPU
UCNONB308AHUU NOAUIPUPOE8 ¢ MOoSeKYasapHoll maccoti 2000 [a, 8 konuuecmase 14% nosgonsrom
NOAYUUMb KOMNOUYUU C 8pemeHem KU3HUu bonee 5 muH. IIpu smom npouHocms HA paspuls
cHuwxaemcest Ha 20%, ucmupaemocme ygeauuusaemcesi Ha 40%, HO makxue @ubpuUdHbLe» cucmemol
umerom bosiee 8blCOKY0 cuny adze3ull U deulessie No CPABHEeHUI0 C UUCTNBIMU NOSUMOUEBUHAMU,
UMo No380.Jislem UCNOIb308AMb UX 8 KAUECMEBE (PEMOHMHBLX» CUCTEM.

Bubleoowsl. PaspabomaHHblil cocmag U MmexHo102ust HaHeceHUst @UOPUOHbLX» cCuCmMeMm NO380JSLHOM
npouszeoo0ums pemoHmHule pabomsl cyurecmsyrowux nokpolimuil 6e3 npumeHeHUs. Cneyuatusu-
posaHHbLX yempoticme. ITonumouesuHa (pyuHoz20» HaHeceHust yoobHa 8 sxcnayamayuu U He mpe-
byem cneyuaibHoll N0020MosKU.

Knroueewsle cnosa: nosiumouesuHa, sepemst KU3sHU, nojslumMepHole noKpoulimus, (puswco-mexal-tu-
yeckKue ceoticmaa

/s yumuposanus: Pomanos C.B., boreunora O.A., TumakoB E.A., Umxora JI.A., TTanos 10.T. Pa3paborka KOMITO3UIINK
HA OCHOBE IMOJMMOYCBHHBI C YBEJIMYCHHBIM CPOKOM XH3HH. Tonkue xumuueckue mexnonoeuu. 2021;16(2):176—183. https://doi.
org/10.32362/2410-6593-2021-16-2-176-183
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Development of a polyurea-based composition with an extended life span

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 properties!?.

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

i i R
C\\ /R\//C + HZN/ \NH2—>
N N
1 2

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).

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

) )
N N N
-~ -~
» \ﬁ NG » .
O
1

R1
OXC/N_H
(0]
il
o N N
6]
3

Fig. 2. Biuret production process: (1) disubstituted urea, (2) isocyanate, and (3) biuret.

" 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.).
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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 21751-76% 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

(TABER® Industries, USA), disk H18, 1000 cycles.
Meanwhile, hardness was determined according to
GOST 263-75% 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.

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.
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Performance characteristics of coatings with different contents of the NCO-groups in component B

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

10.5 14 60A

12.5 11 T5A

14.0 9 80A

15.5 7 92A

18.0 5 70D
The graphs show that the maximum possible
025 amount of plasticizer that can be introduced into
52 - | component A of the system does not exceed 5%.
g /___/ With the addition of a larger amount of plasticizer,
§ 15 / the system lifetime significantly increases, but
2 / the physicomechanical parameters dramatically
210 - decrease. When 5% is added, these indicators
3 __/ practically do not deteriorate. Such indicators as
s abrasion and eclongation at break even slightly

0 2 4 6 8
Plasticizer content in component A, %

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

135

125 /

/
105 /
- /
N S

NS

-
=
(3]

Taber abrasion, mg

75
0 2 4 6 8 10
Plasticizer content in component A, %
b

450

550 —_—

350

\

Elongation at break, %

250

\

150

\

0 2

6 8 10

Plasticizer content in component A, %

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.
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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.
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Polyester content in component A, %

Fig. 5. Dependence of the composition lifetime
on the polyester content 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.
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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.

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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HAYYHAS CTATbBA

O ko3¢ PpuumeHTe MPOXOKACHUA CBEPXIIPOBOASIIIEH YACTHIbI
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AHHOMAauus

Ienu. Obwiast meopusi ceepxXnpo8oouUMOCMU, CNOCOOHASL NOJITHOCMBIO ONUCAMb OAHHOE s8leHUe,
omcymecmeyem, umo HaK1aobleaem ceou mpyoHOCMU 8 NOUCKE HOBbLX C8EPXNPOBOOSIULUX Mame-
puanos u uccnedosaHuu ux ceoticme. B uacmrocmu, HeuUCCn1e008aHHOU SA8Aemest 91eKmpoou-
Hamura ceepxnpogodsuieli cucmemol. C yeavio 803MONKHO20 OabHellule20 ONUCAHUSL 21eKmpo-
OUHAMUKU C8EepXNPO8OOHUIK08 8 pabome paccmampuearomes. memnepamypHole 3a8UCUMOCMU
9HepeemuuecKux napamempos KYyneposcrkoil napsbl 8 NOMEHUUANLHOM noJie suxpst Abpurxocoeaa.
Memooust. OcHogoll 015t NONYUEHHBIX Pe3ybmamog pabombl SEASI0Cb PACCMOMPEHUE KOIgh-
duyueHma NPoxoIKOeHUsT ceepxnpogodsiyell uacmuybl 8 npubiuxxeHuu memooa Benmuyesns—
Kpamepca—-BpunntosHa, a makxKe Cesi3b Kpumuueckoi. memnepamypsl ¢ JOHOOHOBCKOU anybu-
HOU NPOHUKHOBEHUSL U OJIUHOU KO2EPEeHMHOCMU HA OCHO8E MOO0eaU NAAZMOHHO20 PA3pyuleHUs.
C8EPXNPOBOOSIULE20 COCTNOSTHUSL.

Pesynemameul. [lonyueHbl 3a8UCUMOCMU BPEMEHU IJKUSHU UACMUYULL 8 NOMEHUUANLHOU sime,
21YbUHbL NPOHUKHOBEHUSL, UACMOmbl Yoapos Uacmuybl 0 NOMeHUUAIbHbLI bapbep, pasmbimo-
cmu 9HepeemuUecKo20 YposHsi, K0IhpuyueHma NPoxoiO0eHUsl, NOMEHUUANbHOU, KUHEeMUUecKol
aHepeuu uacmuybl. om memnepamypot. IlonyueHol xapaKxmepHole 3HAUEHUSL OAHHbLX napame-
mpoe npu abCoNOMHOM HYAE O/ PA3UUHBLX KYNPAMHBLX, OP2AHUUECKUX U OpYaux ceepxnpo-
g8o0siuux mamepuanos. IlonyueHsl 3a8UCUMOCMU KPUMUUECKO20 3/1eKMPUUECcK020 NOMEHUUAA
om memnepamypbl, TOHOOHOBCKOU 21YybUHBbL NPOHUKHOBEHUSL, OJIUHBL K02EPEHMHOCMU, dleKmpPU-
YecKo20 NOMEHUUAIA 0m KOI(PPUUUEHMA NPOXOHOEHUSL NPU PA3HBbIX SHAUEHUSIX memnepamy-
poL. Bud 3asucumocmeti kauecmeeHHO coomeememayem 3KCnepuUMeHmatbHbim OaHHbIM.
BubLeoout. [TosiyueHHble pe3yibmambl Mo2ym 6bimb UCNOb308AHbL Ot nocmpoeHust obuwieti me-
opulU C8epxXNpPo8ooUMOCMU, ONUCAHUU INEKMPOOUHAMUKU CEEPXNPOBOOSAULE20 COCMOSTHUSL, PA3-
pabomrKu HOBbLX CEEPXNPOBOOHUKO8, 0biadarouux 6osee blCOKUMU 3HAUSHUAMU KPUMUUECKUX
moxos.

Knroueenvle cnoea: meopusi ceepxnpogooumocmu, Kynepogckas napa, suxpo Abpurocosa,
INeKMPOOUHAMUKA CBEPXNPOBOOHUKO8

Jna yumuposanusa: Maracos A.B., lomanoB A.A., baOsiukuna JI.M. O xoadduiente IpoxoxIeHUs CBEPXIPOBOLALICH
qacTulbl. ToHkue xumuueckue mexnonozuu. 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.
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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 & << A, where
& is the coherence length, which is the characteristic
size of the Cooper pair, and A 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:

—4E(T), %’[(U(T)*E(T))
e

b
—48(T) %‘(U(T)*E(T)) )

D(T) = (1)

(1+0.25¢

where m is the mass of the Cooper pair (in this paper it
is twice the mass of the electron), 7 is the Dirac constant,
and £ 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 K [5] and is often normalized to a
certain unit of length. In this paper, the coherence length
was used as the unit of length:

U(r) = PEE) K(}[émj, @

Amu A7) (AT

where @ is the magnetic flux quantum, p is the magnetic
constant, and A is the London penetration depth.

Using the analogy of an energy gap, the energy of a
superconducting particle can be expressed as £ = 24T,
where T 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:

EMN =" )

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

The dependences of the measured & and A on
temperature were determined using standard expressions:

4no&(T)
MT)

)

e =—2 . )
-l L
T,

ATy =—MO__ )

We plotted the dependences of the energies and
the transmission coefficient on the temperature for
the YBa,Cu,O, superconductor at A(0) = 180 nm,
€(0) = 0.4 nm, and 7, = 90.8 K [8] (Figs. 1 and 2).
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Fig. 1. Dependence of the potential, U, and kinetic, E,
energies and the energy difference on temperature
for YBa,Cu,O..
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Fig. 2. Dependence of the transmission coefficient
on temperature for YBa,Cu,O..

Based on the obtained transmission coefficient, we
were able to obtain the dependence of the frequency of
the particle impacting on the barrier », the lifetime of the
particle in the well #, the depth of penetration under the
potential barrier L, and the blurring of the energy level
on the temperature 7 [6]:

1 [2ED)
"=V m ©

h

M= B £y

(8)

AE(T) = h/T) (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 7= 0 K (Table 1). For
this analysis, materials were selected which validated
the expression (3) and corresponded with the calculated
(T*) and experimental (7)) 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.

1(T) = 1 R In the first approximation we assumed that the

n(T)D(T) energy of the Abrikosov vortex does not depend on

Table 1. Typical values of the energy parameters of some superconductors at 7= 0 K
Material D(0) U(0), eV E(0), eV n(0), s L(0), m AE(0), eV
La, ,Sr,,,CuO 0.021 0.042 5.606 x 107 | 1.827 x 10" | 3.623 x 107'° | 1.567 x 10°¢
YBa,Cu,0, 0.02 0.13 0.016 7.29 x 1010 2.04 x 10710 5.909 x 10°®
Bi,Sr,CuO,, 1.55x 107 0.025 3234 x 1072 | 7457 x10° | 4.638x 107" | 4779 x107*
Bi,Sr,CaCu,O,,, 2.636 x 107" 0.193 0.016 4459 x 10" | 1.642x107'° | 4.86x 107"
HgBa,CuO,, 9.739 x 1077 0.175 0.016 5.325x 101 | 1.734 x 107 | 2.144 x 107°
HgBa,CaCu,O,, 1.242 x 10712 0.336 0.027 8.337 x 101 1.24 x 1071° 4281 x 1071
HgBa,Ca,Cu,0O,, 6.248 x 107" 0.318 0.026 8.437 x 10" | 1.277 x 1071 2.18 x10™
k-(BEDT-TTF),Cu(NCS), 0.108 0.011 1.794 x 1073 | 4.623 x10° | 7.366 x 107'° | 2.059 x 10°°
(BEDT-TTF),Cu[N(CN),]Br 0.233 0.01 1.928 x 107 | 5.883 x 10° | 7.534x 10 | 5.674 x 10
B,-(BEDT-TTF),|, 0.088 2.098 x 1072 | 4.08 x 10 | 6.055 % 108 1.68 x 107 221 %107
B-(BEDT-TTF),|Br, 1.164 x 107 0.014 1121 x 1073 | 7.025x 10% | 5.978 x 1071° | 3.382 x 107
B-(BEDT-TTF),|Au, 8.041 x 1072 0.011 1.002 x 1073 | 8.302x 10®% | 7.076 x 1071° | 2.760 x 1072#
CNT(5,0) 1.139 x 10713 0.027 259 %103 | 3.513x10° | 4429 %107 | 1.654 x 1078
NbSe, 5.705 x 10 0.012 1.626 x 1073 | 2.82 x10° | 6.695x 107" | 6.653 x 107
H,S(155 HPa) 1.471 x 10718 0.468 0.034 1.019 x 10" | 1.047 x 107 | 6.200 x 1072

Note: BEDT-TTF is bis(ethylendithio)tetratiafulvalen and CNT(5,0) is a carbon nanotube with a chirality of (5,0).
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Table 2. Comparison of the calculated (7,*) and experimental (7)) critical temperatures of various superconductors

Material & nm A, nm T c*, K T,K Reference
La, St, .CuO 0.7 430 32.5 34 8]
YBa,Cu,0, 0.4 180 90.8 92.4 8]
Bi,Sr,CuO,, 1.5 800 18.8 13 9]
Bi,Sr,CaCu,O,, 2 200-300 at 300 94.3 94 9]
HgBa CuO,, 1.2 200-450 at 252 94.9 95 9]
HgBa CaCu,0,, 1.7 205 154 127 9]
HgBa,Ca,Cu,0O,, 1.5 130-200 at 200 150 135 9]
k-(BEDT-TTF),Cu(NCS), 0.8 500-2000 at 961 10.41 10.4 9]
(BEDT-TTF),Cu[N(CN),]|Br 0.5-1.2 at 0.5 550-1500 at 783 11.19 11.2 [9]
B, -(BEDT-TTF),|, 2 3500 2.37 1.5 [9]
4000-5000 6.5 22 9]

B-(BEDT-TTF),|Br, 44-46 at 44 at 5000
B-(BEDT-TTF), |Au, 18-25at 18 4000 5.81 42 9]
CNT(5,0) 6.6-12 at 6.6 1430-1570 at 1520 | 15.03 15 [10]
NbSe, 2.5 1500 9.44 7 9]
H_S(155 HPa) 2.15 189 195.56 | 190-203 [11]

the external applied electric field, allowing us to add 0.06

to the energy of the particle £ the dependence on the

applied potential ¢ as follows: E(7, ¢) = E(T) + 2q0¢, 0.051

where ¢ is the charge of the electron. 0.04

Then the critical electric potential was defined '

as ¢, = (U — E)2q (Fig. 3). We also determined the 5 0.03 -

dependence of the critical potential on the characteristic c

lengths that determine the superconducting state (Fig. 4). 0.02

The dependence of the electric potential on the

transmission coefficient at different temperatures 0.011

is shown in Fig. 5, which physically represents . . . . .

a qualitative description of the current-voltage 0 20 40 60 80

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.

T,K

Fig. 3. Dependence of the critical electric potential (¢_)
value on temperature for YBa,Cu,O..

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 H,S, 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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Fig. 4. Dependence of the value of the critical electric
potential (¢_) on the London depth of penetration
for various fixed coherence lengths.
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Fig. 5. Dependence of the electric potential on the transmission
coefficient at different temperatures for YBa,Cu,O,.

that their effective characteristic lengths match the
experimental critical temperatures more closely. The
obtained values for H,S 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 ¢(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].

In this study, the dependence on the electric
potential ¢ 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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