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Abstract

Objectives. The purpose of the paper is to compare the adequacy of mathematical models of
vapor-liquid equilibrium (VLE) and their ability to reproduce the phase behavior of the ternary
system benzene—cyclohexane—chlorobenzene using different experimental data sets to evaluate
binary interaction parameters.

Methods. The research methodologies were mathematical modeling of VLE in the Aspen Plus V.10.0
software package using activity coefficient models (Non-Random Two-Liquid (NRTL), Wilson)
and the Universal quasichemical Functional-group Activity Coefficients (UNIFAC) group model,
which allows for independent information. For the benzene—cyclohexane—chlorobenzene ternary
system, the use of the NRTL equation is warranted because it provides a better description of the
VLE experimental data.

Results. The diagram construction of the constant volatility of cyclohexane relative to benzene
lines revealed three topological structures. Only one of them can be considered reliable because it
corresponds to the experimental data and coincides with the UNIFAC model diagram constructed
based on independent UNIFAC model data. The results indicate that to study systems containing
components with similar properties, it is necessary to improve the description quality of the
available data sets (the relative error should not exceed 1.5%).

Conclusions. The reproduction of the thermodynamic features of various manifolds in the
composition simplex obtained by processing direct VLE data can be used to supplement the
adequacy of the model. For the cyclohexane—-benzene—chlorobenzene system, the best NRTL
equation parameters are those regressed from the extensive experimental VLE data available in
the literature for the ternary system as a whole.
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HAYYHAS CTATbHA

OuneHka aIeKBAaTHOCTH MOJeJIUPoBaHNs (ha30BbIX PABHOBECHI
HA OCHOBE PA3JIMYHbIX HA0OPOB IKCIIEPUMEHTAIBHBIX TAHHbIX

A.B. ®poakoBa, B.I'. PepTHKOBa, E.B. PhITOBaY, A.K. PpoaKOoBa

MHPSA — Poccutickuil mexHonozudeckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02ULL
um. M.B. NomoHocosa), Mockea, 119571 Poccus
@Aemop ona nepenucku, e-mail: erytova@gmail.com

AHHOMaAyus

ITenu. CpasHumenbHblil AHANMU3 A0eK8AMHOCMU MAMEMAMUUECKUX MO0esell NaPOoIKUOKOCMHO20 paes-
Hogecust (II2KP) u ux 803M0OAKHOCMU 80CNpouU3800ums ocobeHHocmu paso8020 nogedeHust mpoti-
HOU cucmembl 6€H301-YUKI02eKCAH—XIOPOEH30l NPU UCNONb308AHUU PA3HBLX HABOPO8 sKCcnepu-
MEHMANbHBbLX OGHHbLX 0JIsl OUEeHKU napamempo8 6UHAPHO20 83aumoleticmaust.

Memooest. B kauecmee memoodo8 ucciedo8aHust 8blopamHo mamemamuuecKoe mMooesuposamrue
IT2KP e npozpammHom kKomnnekce AspenPlus V.10.0. ¢ ucnons3oeaHuem ypasHeHUll JIOKA/b-
Hulx cocmasoe (NRTL, Wilson) u epynnosoti modenu UNIFAC, noseonsiioujelli nonryuume He3a-
sucumyro uHgopmayuro. [ns cucmemsl 6eH30A-YUKN02EKCAH—-XN0pOEeH301 060CHO8AH 8bLOOP
ypasrerust NRTL, obecneuusarowiezo bosee 8blcoK0e Kauecmeo ONUCAHUSL 9KCNEePUMEHMANIbHbBLX
oanHwulx [I2KP.

Pesynemamelt. [Tocmpoerue ouazpammsl x00a JUHUT NOCMOSIHHOU Jlemyuecmu YUK102eKCcaHa
omHocumenbHO 6eH301a 8blI8UNO0 MPU MONOS02UUECKUX CMPYKMYPHbL, U3 KOMOPbLX MOLKO 00HA
Moxkem cuumamucsi 00CmMO8epPHOll, NOCKONbKY coomeememayem OAHHbILM HAMYPHO20 dKCnepu-
MeHma u cosnadaem ¢ OUuazpammoll, NOCMPOEHHOU HA OCHO8E HEe308UCUMBLX OAHHBLLX MOOesU
UNIFAC. IlonyueHHble pe3ysbmambsl ceudemenbcmayiom 0 mom, Umo npu uccaedosaHuu
cucmem, codeprkaujux bauskue no ceoticmeam KOMNOHEHMbL, HE06X00UMO nosblULAMb Ka-
Yecmeo ONnuUCAHUSL UMEUWUXCS MACCUB08 OAHHbBLX (OMHOCUMenbHAsl ouubka He O00NXKHA
npesviuiamse 1.5%).

BbLeoodbst. BocnpouszgeoeHue mepmoouHAMUUECKUX 0cobeHHocmell X00a PasiudHbLX MHO2000pa3UTL
8 KOHUEHMPAYUOHHOM CUMNIeKce, NOAYUeHHbIX obpabomroili npsimblx OaHHblx TIKP, moxem
CAYIRKUMBb 0ONOSHUMENLHOU OYeHKOlU adekeamHocmu mooenu. ns cucmemol yukiozekcaH—beH-
30/1-x10pbeH30 Haunyuwuum siensiemest Habop napamempos ypasHerust NRTL, komopsie oue-
HeHblL N0 0OUWUPHBIM dKCcnepumeHmaneHom 0arHHem TI2KP, umerouwjumecst 8 aumepamype Oss
mpoUHOU cucmembsl 8 YesI0M.

Knroueevle cnoea: mamemamuueckoe mooesuposaHue, napamemps. 6GUHAPHO20 83aumooleti-
cmeust, napoXKuoKocmHoe pasHogecue, SKCNnepuMeHmaibHole OaHHble, OMHOCUMENTbHASL Jlemy-
Yecmsb KOMNOHEHMO8
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INTRODUCTION

Computational experimentation with software
products is currently one of the most accessible,
widely used, and fast methods for studying phase
equilibria and various phase processes, especially
the distillation process. The choice of a mathematical
model that allows reproducing the physicochemical
properties of the object under study with an acceptable
error margin is crucial (usually, this margin of error
should not exceed 3—6%, depending on the complexity
of the system under consideration).

The creation of an adequate mathematical
model and the selection of its parameters should be
based on experimental data (ED) that has undergone
thermodynamic consistency tests [1—4]. Depending on
the phase behavior features of the system and the number
of components in it, the researcher may have different
information for carrying out the parameter estimation
procedure: data on different types of equilibrium
(liquid—vapor, liquid-liquid, liquid-liquid—vapor,
liquid—solid, etc.); boiling points at fixed pressure
and azeotrope compositions; data for its overall
system or its constituents. Moreover, the values of the
binary interaction parameters of the models can be
obtained, depending on the data used, their volume,
and quality, reproducing the known properties of the
system with varying accuracy. The model has good
predictive capabilities if it satisfactorily describes
not only direct ED but also the course diagram of
various isolines of scalar properties obtained on
their bases, such as the distribution coefficients of
components between phases or the coefficients of
relative volatility. These properties are important
in the development of flowsheets for distillation
separation of mixtures using sharp distillation [5]
or extractive distillation [6—9]. The presence of an
adequate mathematical model allows for the planning
of a computational experiment with a wide range of
device operating parameters to determine the optimal
modes for separation with the least amount of energy
consumption.

The present work aims at comparing description
results of the phase behavior of the benzene (B) —
cyclohexane (CH) — chlorobenzene (CB) system
using Non-Random Two-Liquid (NRTL) and Wilson
equations [10], of which binary interaction parameters
are determined from various ED sets, as well as the
equation of the Universal quasichemical Functional-
group Activity Coefficients (UNIFAC) group model.

RESULTS AND DISCUSSION

The B-CH-CB system is well studied in the
literature, including experimental vapor—liquid
equilibrium (VLE) data for three binary constituents

[11-13] and extensive data for the ternary system in
the entire composition simplex [13]. All data were
checked for thermodynamic consistency using the
Herington and Van Ness tests [1, 2].

To evaluate the parameters of the binary
interaction of the equations of local compositions,
three ED sets will be considered: ED (2) for the
VLE of binary constituents; ED (3) for the VLE of
a ternary system; ED (2 + 3) for the entire volume
of available data. For each set, the parameters of the
NRTL equation (1) and the Wilson equation (2) [5] are
evaluated in the AspenPlus V.10.0 software package:

Iny

:zijtﬁGj, Z x,G;, TA._Z x,%,,G,,; 0
l kakat Zxk g\ kakkj ’

where y, is an activity coefficient of the ith component;

b,
G, =exp(-a;1,); T;=0,;+ %+eﬁ InT+ f.T;
o, =c, +d,(T-273.15); 1,=0; G, =1.

AxG

Iny, =1- ln(z ! J Z LI, ()
// Z

A/kxk

where In 4, =a, +b%+cl.j 1nT+dU.T+e%2 .

Tables 1 and 2 show the average relative errors
in describing the VLE (AT—by boiling point, AY—by
vapor phase composition) at a pressure of 101.3 kPa,
as well as binary interaction parameters (4,4, B,

B, C,). The maximum errors in the descrlptlon of the
phase equilibrium of binary systems do not exceed
3%, and the ternary system is less than 6%.

A comparison of the parameter estimation results
shows that both models are capable of accurately
describing the VLE of the system under study.
However, the NRTL model parameters provide a
more accurate description, thus further calculations
will be performed using this model.

In the software package, the UNIFAC group
model was used to calculate the VLE of the ternary
system and its binary constituents at a pressure of 101.3 kPa.
The errors in the phase equilibrium description in
Table 3 also indicate a high reproduction quality
of the VLE ED of the ternary system and its binary
constituents.
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In most cases, the evaluation of the quality of
a mathematical model is complete when the values
are absolute and relative errors in the description
of direct ED are calculated. However, for systems
characterized by small differences in components and
mixtures, such as the boiling points of benzene and
cyclohexane (80.10 and 80.75°C) and the volatility
of benzene relative to cyclohexane [13] (in the
composition simplex, the range of variation of these
values is 0.8-1.4), additional characteristics must
be attracted to confirm the adequacy of the model.
The course structure diagram of the constant relative
volatility lines of components 7, j is chosen as such
a characteristic. In the AspenPlus software package,
the VLE in the B-CH-CB system was calculated
using three sets of binary interaction parameters

of the NRTL equation (Table 1). The values of the
relative volatility coefficients of the a, cyclohexane
(i)-benzene (j) pair are determined by the formula:

_ X

- >
XY

)

i

where y, . is the concentration of component i(j) in the
vapor phase, x, . is the concentration of component
i(j) in the liquid phase.

Isolines are constructed in the composition
triangle, along which the relative volatility takes
constant values ((xij-lines). The resulting diagrams are
shown in Fig. 1.

Table 1. Binary interaction parameters of the NRTL equation
and description results of various ED

fy‘;‘;ﬁ A4, 4, " B, c, AT, % AY, %
ED (2)
B-CH —8.20751 —8.1266 1779.9 4156.59 0.01906 0.16 1.66
B-CB —10.9556 2.22538 3832.44 —231.437 0.3 0.67 0.49
CH-CB 0.776229 2.52749 —690.951 —564.789 0.028905 1.23 1.21
ED (3)
B-CH 0.00252441 —8.85555 88.8179 3108.78 3.16605
B-CB 2.6802 —4.01723 —514.445 1050.66 0.3 0.92%* (iﬁ;
CH-CB —4.43646 2.34578 —409.339 1641.97 0.0303645
ED (2 +3)
B-CH —3.67734 —4.80805 1744.96 1426.44 0.3 1.01 2.09
B-CB 0.354308 0.345032 —170.497 —132.059 0.3 0.77 0.86
CH-CB —4.32852 0.619341 1216.07 537.117 0.3 1.03 1.97
B-CH-CB The sets of binary interaction parameters are the same 1.41% (2(1)421;‘

*Average errors in the description of the boiling point and benzene (B) (cyclohexane (CH)) concentration in the vapor phase

of the ternary system. CB — chlorobenzene.
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Table 2. Binary interaction parameters of the Wilson equation
and description results of various ED

Binary A, A, : B, AT, % AY, %
system i P i Ji
ED (2)
B-CH 2.22465 9.39094 —781.052 —3432.02 0.10 1.43
B-CB —0.2853 —0.2629 —420.976 421.622 0.65 1.41
CH-CB —5.21084 8.4696 584.647 —2928.92 1.20 1.49
ED (3)
B-CH 3.50955 1.8551 —1006.89 -1079.4
B-CB 0.0317 0.0239 114715 44.8354 1.25% (2}49;*
CH-CB 0.701629 2.71709 —1041.94 —696.601
ED (2 +3)
B-CH 2.74451 5.25204 —781.05 —2202.57 1.19 2.29
B-CB —0.2853 —0.2629 122.157 127.361 0.8 0.89
CH-CB —0.4298 3.62262 —490.08 —1078.44 1.00 1.99
B-CH-CB The sets of binary interaction parameters are the same 1.45% 5.06* (5.31)*

*Average errors in the description of the boiling point and benzene (B) (cyclohexane (CH)) concentration in the vapor phase
of the ternary system. CB — chlorobenzene.

Table 3. ED description results of the VLE by the UNIFAC equation

Binary system AT, % AYy cup %o
B-CH 0.20 3.36
B-CB 0.38 2.35

CH-CB 0.87 1.94
B-CH-CB 3.88 3.56 (0.23)

As seen, the structures of the stroke aij—line
diagram differ. Figure 1a shows two singular points on
binary constituents: elliptical type (constituent B-CB)
and hyperbolic type (constituent CH-CB); in Fig. 1b,
there are also two binary singular points, however, an

elliptical type point belongs to the CH—CB constituent
and a hyperbolic one belongs to the B—CB; there
are no singular points on the binary constituents in
Fig. 1b and 1d (these diagrams are similar not only
qualitatively, but also quantitatively).
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Fig. 1. Diagram of the relative volatility isolines of a cyclohexane (CH)—benzene (B) pair, constructed using the NRTL
equation parameters obtained based on ED: (a) ED (2); (b) ED (3); (¢) ED (2 + 3), as well as the UNIFAC equation (d).

It is worth noting that the structures of the
diagram for the last two systems are topologically
equivalent to the structure of the relative volatility
contour diagram constructed from ED of the VLE [13].

This fully concerns the recommendations of
works [13] on the use of chlorobenzene as a potential
separating agent in the extractive distillation process
of a binary benzene—cyclohexane mixture and the
fact that chlorobenzene has high selectivity. The use
of the ED (2) and ED (2 + 3) parameter sets will
lead to incorrect column performance and energy
consumption values of the extractive distillation
complex. Thus, for the B-CH-CB system, the best is
a set of NRTL equation parameters determined using
extensive ED of the VLE available in the literature
for the entire ternary system.

In the absence of the ED, the UNIFAC group
model has become widely used in modeling the
properties of mixtures. It satisfactorily describes
relatively simple objects, as evidenced by practice
[14-16]. Simultaneously, with the presence of many

liquid phases in the system [17], an increase in the
number of azeotropes and their components, and the
emergence of biazeotropic constituents [18-20], the
prognostic capabilities of the model decrease rapidly.
The use of the UNIFAC model becomes impractical
when the system significantly deviates from the ideal
behavior.

CONCLUSIONS

It has been demonstrated that different sets of
binary interaction parameters of the NRTL equation
accurately reproduce the VLE ED, on the basis
of which they were obtained. However, the phase
equilibrium calculation of the ternary system and
the constant relative volatility isoline construction
of the cyclohexane—benzene pair revealed the
presence of three different topological structures of
diagrams o -lines, of which only one (Fig. 1b) can
be considered reliable because it corresponds to the
field experiment data and coincides with the diagram
constructed using independent data from the UNIFAC
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model. The findings indicate that to study systems with
components with similar properties, the description
quality of the available data arrays must be improved
(the relative error should not exceed 1.5%). It is also
crucial to reproduce thermodynamic features of phase
behavior. The latter includes the VLE data-processed
course structures of various characteristic manifolds.
Only in this case can the obtained model parameters
be used for further regularities investigation and
calculation of the distillation process. Unfortunately,
ED for the ternary systems VLE is limited and is not
available for most systems. In conditions of limited
experimental information, it is necessary to conduct
at least a local full-scale experiment to confirm the
adequacy of mathematical modeling.
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Abstract

Objectives. The study aimed to analyze the current antiseptics and disinfectants, explore
the possibility of synthesizing various antiseptics including oligohexamethylene guanidine
hydrochloride (OHMG-HC) using microfluidic technology, and investigate the main synthesis
parameters affecting the properties of the resulting product.

Methods. This article presented a review of literature sources associated with investigations of
antimicrobial resistance, the uses of agents based on polyhexamethylene guanidine hydrochloride,
oligohexamethylene guanidine hydrochloride, and other salts, obtained using modern synthesis
technologies with microreactors.

Results. The relevance of developing production technologies for the “OHMG-HC branched”
substance was determined. The microfluidic method for the synthesis of polymers, and its
application prospects for obtaining the target substance were compared with the existing methods.
Advantages of the microfluidic method were indicated.

Conclusions. Microreactor technologies allow for more accurate control of the conditions of the
polycondensation reaction of the starting monomers and increase the yield and selectivity of
the oligomers obtained, leading to an increase in the product purity and process efficiency, in
contrast with other known methods. The use of microreactor technologies for the synthesis of
branched oligohexamethylene guanidine hydrochloride products is a promising strategy.

© Anh C. Ha, 2021
465


mailto:hcanh@hcmut.edu.vn
https://doi.org/10.32362/2410-6593-2021-16-6-465-475

Microfluidic method as a promising technique for synthesizing antimicrobial compounds

Keywords: antiseptic, disinfectant, alkylene guanidines, oligohexamethylene guanidine
hydrochloride, microfluidic technologies, microreactor

For citation: Ha A.C. Microfluidic method as a promising technique for synthesizing antimicrobial compounds. Tonk. Khim.

Tekhnol. = Fine Chem. Technol. 2021;16(6):465-475. https://doi.org/10.32362/2410-6593-2021-16-6-465-475

OB30OPHAS CTATHA

Muxkpo@arouIHbIA METO KAK MEPCHeKTUBHAA TEXHOJI0T A
JJISl CHHTE32a aHTUMHKPOOHBIX COeIHHEHU

A.K. Xal2@

I Xumuro-mexHonozuueckuii gaxynemem, TexHonozuueckuili yHusepcumem XOowWUMUHA,
268 Au TxwvloHe Kvem ya., 2. XowumuH, BoemHnam

?BbemHamcKuil HaUUOHANbHbLU YHugepcumem, Pation Txék, 2. XowumuH, BeemHam

@ Aemop ons nepenucku, e-mail: hcanh@hcmut.edu.vn

AHHOMAyus

IMenu. Llenb uccnedo8aHusl — NPOAHANUIAPOBAMb NPUMEHAIOUWUECS. AHMUcenmuku U 0esuHgex-
MaHmMbl, PACCMOMPEmMsb B03MONHOCMb CUHME3A PA3NUUHBIX AHMUCENMUKO08 U 0MOeslbHO CUHmMe-
3a onuzozexcamemusieH2yaHuouHa suopoxnopuoa (OIMI-I'X) ¢ npumeHeHuem MUKpogpaouUoHol
MexXHON02UU, @ MAaKIKe UYUuUmb OCHO8HblE Napamempsl CUHmMesa, 8Ausowue Ha xapaKkmepu-
CMUKU NOYUaemoz0 npooyxma.

Memooewl. [Ipedcmaener 0630p AUMEPAMYPHBLIX UCMOUHUKOS, C8AZAHHBLX C UCIeO08AHUIMU AH-
MuMUuKpobHoll pesucmeHmHocmu, npumeHeHuem cpeocmas Ha OCHO8e nosluzeKcamemuieH2ya-
HUOUHA 2UOPOXIOPUOQ, 01U202EKCAMEMUNEHR2YAHUOUHA 2UOPOXNI0pUOa, a maKiKe opyaux conetl,
NONYUEHHBLX COBPEMEHHBIMU MEXHON02USIMU CUHME3A C UCNOIb308AHUEM MUKPOPEaAKmopos.
Pesynomamet. OnpedeseHa aKkmyalbHOCMb paspabomKu mexHo02UuU NoAYUeHUst cybemanyuu
«I'MI-I'X pazsemenerHblil. PaccmompeHsl cyuiecmayoujue cnocodbl noayueHus cybcmaryuu
u ux Heodocmamxu. Taxxe paccmompeH MUKPOYIOUOHBLIL cnocob cuHmesa noaumepos, e2o 00-
CMoOUHCMBA U Nepcnexmugbl e20 UCNOb308aAHUSL 011 NONYUeHUS Yenesoll cybcmaHyuu.
Buleoodusl. MuipopeaikmopHble MexHOL02UlL NO380as1I0m 60iee MOUHO KOHMPOAUPO8AMb YCO0-
8Usl peaKyuu NOJUKOHOEHCAYUU UCXOOHBLX MOHOMEPOS U NOBLLLUUAMb 8blX00 U CeleKmuU8HOCMb
NONYUEHHBLX 0IU20MEPO8, UMO NPUBOOUM K NOBLLUUEHUIO UUCMOMbL NpodyKma U 3¢pchexmueHo-
cmu npouecca, 8 omauuue om 0pyaux uzeecmHsix cnocobos. Hcnonszosarue MuKkpopeaxmopHblx
MexHOoN02Ull O/l CUHME3a pa3eemeaseHHbLX NPOoOYKmos8 2u0poXIopuoa oluzozeKcamemusieHaya-
HUOUHQ s18/151emcest nepcnekmueHoll cmpamezuetl.

Knroueenwle cnoea: aHmucenmur, 0e3uHgpeKmaHm, alKuleH2yaHUOUHbL, 0lUz02ercamemuieHzya-
HUOUHA 2UOPOXNOPUOD, MUKPOGPIIHOUOHbBLE MEXHOI02UU, MUKPOPEAKMOP
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INTRODUCTION

Currently, one of the most important global
problems is the progressive resistance of pathogenic
microorganisms to applied biocidal drugs, and special
measures are being developed to combat this problem
[1]. Approximately 50000 people die annually from
infectious diseases caused by antimicrobial-resistant
microbes in Europe and the United States, with this
number reaching hundreds of thousands in developing
countries.

The resistance of microorganisms is manifested
by the presence of structural polymers in their cell
membrane, e.g., peptidoglycan. Peptidoglycan
provides mechanical strength and structure to the cell,
as well as thickness and shape, which depend on the
type of peptidoglycan.! To protect their cytoplasmic
membrane, gram-positive bacteria possess a thick
layer of peptidoglycan, while gram-negative bacteria
possess inner and outer membranes surrounding a
relatively thin peptidoglycan matrix and periplasmic
space. There are components associated with both
types of cell walls that limit the ability of antibiotics
and antiseptics to penetrate these structures (efflux
pumps that remove toxins, protective enzymes (e.g.,
B-lactamases), and complex carbohydrate networks).
In general, the resistance of microorganisms can
be divided into two types. The first is antibiotic
tolerance, i.e., where a cell under the influence of
chemical action reduces its growth and metabolism
or inactivates the targets of the antibacterial drug.
Antibiotic tolerance is not inherited, but is developed
under certain external conditions, where part of the
population evolve into persistent forms with multiple
tolerance. The second type is antibiotic resistance, in
which the targets are modified, destroyed, released
from the cell, or rendered inaccessible because of
the decrease in the cell membrane permeability.
This decrease in cell permeability is the nonspecific
resistance mechanism that leads to the development
of multidrug resistance. This resistance information
is transmitted at the genetic level and is an invariable
trait in particular species [2]. Furthermore, this
resistance problem is aggravated by the enclosure of
most pathogenic bacteria in biofilms, which create
an additional barrier for antimicrobial agents [3].
The biofilm contains a cellular component—one or
several cultures of bacteria—and an extracellular
matrix containing polysaccharides, glycopeptides,
nucleic acids, and lipids in its structure [4].

! The Review on Antimicrobial Resistance, 2014. Available
from URL: https://amr-review.org/sites/default/files/ AMR %20
Review%20Paper%20-%20Tackling%20a%20crisis%20
for%20the%?20health%20and%20wealth%200f%20nations_1.
pdf (accessed March 27, 2021).

In addition to antibiotic resistance, the resistance
of pathogenic microflora to disinfectants is attracting
significant concern. According to a study [5], several
microorganisms exhibit resistance to the ubiquitous
chlorhexidine, as evidenced by the increased value of
the minimum inhibitory concentration. Healthcare-
associated infections (HCAIs) pose a threat to patients
in hospitals. The inappropriate use of antibacterial
agents by medical institutions has led to the rapid
development of multidrug resistance. According to
expert forecasts, the mortality rate associated with
HCAI will increase annually, if effective measures
to combat resistance are not developed. There are
various/different routes for solving this problem,
from reducing the use frequency of antibiotics and
replacing them with antiseptics [6—9] to, of course,
exploring and implementing new antimicrobial agents
that meet modern requirements.

The development of new antibacterial agents
is a long and complex process, which is why large
companies are wary of investing in this area. The
results of screening new compounds against a group
of ESKAPE pathogens characterized by significantly
high resistance have been reported, and not a single
compound was found to be active against gram-
negative organisms. Many compounds that exhibit
good whole cell activity have been found to be
cytotoxic to mammals. In this regard, the development
of new and effective antibiotics requires an in-depth
study of the mechanisms of cell permeability, point
mutations using molecular modeling, and other
innovative methods; unfortunately, these require high
material costs that may be unjustified [10].

Regarding the above information, it is necessary
to review the antiseptics currently in use, considering
the advantages and disadvantages of each of the
presented classes.

TYPES OF ANTISEPTICS

The current classes of antiseptics can be
categorized as follows.

Oxygen-active compounds (hydrogen peroxide,
sodium percarbonate, peracetic and performic acids,
and others). The biocidal effect is manifested by the
released active oxygen. The representatives of this
class have several disadvantages, namely toxicity, the
ability to cause burns, and high cost?.

Chloractive compounds (bleach, chloramines,
sodium and lithium hypochlorites, and others).
The antimicrobial action is effected by the released

2 Policy for the Control of Multi-Resistant gram Negative
Bacteria. NHS, The document for the development and
management of UHSM-wide policy or procedural documents.
Available from URL: http://mft.nhs.uk (accessed March 30,
2021).
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chlorine. These compounds are economical and
effective against many groups of microorganisms;
however, they exhibit high toxicity [11, 12].

Aldehydes (glutaraldehyde, succinic aldehyde,
formaldehyde, glyoxal, and others). Most
representatives of this group are toxic and exert
allergenic, carcinogenic, mutagenic effects; further,
they cause diseases of the skin, mucous membranes,
internal organs [13, 14].

Alcohols (ethanol, 2-propanol, and others).
For the manifestation of antiseptic properties, the
concentrations of ethanol and isopropanol must be
above 70% and 60%, respectively. Alcohols are fire
hazardous substances and can have a narcotic effect [15].

Phenol and its derivatives have a film-forming
effect, which accounts for their prolonged action.
However, the representatives of this group are overly
toxic [16].

lodine compounds. They consist of iodine—
carrier complexes, which allow the release of iodine.
The main disadvantages of these compounds are their
weak sporicidal effect and the ability to cause burns [17].

Alkylamines. Here, the biocides are primary,
secondary, and tertiary amines. Although they
influence most microorganisms, they do not exert
any sporicidal effect. Thus, as a rule, they are used in
combined composition [18].

Quaternary ammonium compounds (QACs) are
widely used in practice and meet safety requirements.
However, they have a narrow spectrum of action,
which manifests in the absence of proper action
against spores, simple viruses, gram-negative
bacteria, and mycobacteria. Additionally, QACs
are inactivated by negatively charged surfactants.
Therefore, this group can be used in a combined
composition with guanidines, amines, and aldehydes.
In this combination, they are effective against both
non-enveloped and enveloped viruses [19, 20].

Guanidines. An important advantage of
guanidine derivatives is their propensity for prolonged
action. These compounds have a wide spectrum of
activity, including against bacteria from the ESKAPE
group [21] and viruses [22], as well as low toxicity
to humans and animals [23]. Compared to other
compounds, guanidine derivatives are promising and
have practically no drawbacks; therefore, their use as
alternatives to antibiotics and antiseptics that have
lost their relevance due to resistance is recommended.

GUANIDINE DERIVATIVES

Guanidine derivatives are referred to as cationic
surfactants. For most guanidines, the main targets are
important biogenic compounds and cell biopolymers,

which have a high affinity for nitrogenous bases, such
as pyridines and xanthines. There are two interaction
mechanisms for binding with the targets: 1) by
metabolite substitution and 2) competitive antagonism
with normal metabolites [24]. In general, the action
mechanism of guanidine derivatives is initiated by the
protonation of guanidine, followed by the formation of
a cation (Fig. 1), in which the positive charge is evenly
distributed among all nitrogen atoms [25].

®
NH ® NH,

H |
I
j

= NN

H,N NH, H,N NH,

Fig. 1. Guanidinium cation formation.

The subsequent processes are as follows. Upon
adsorption on the negatively charged surface of the cell
membrane of bacterial cells, guanidine polycations block
important vital processes, such as respiration, nutrition,
and the transport of metabolites through the bacterial
cell wall. Further diffusion of antiseptic macromolecules
through the cell wall causes irreversible damage to the
cytoplasmic membrane, nucleotide, and cytoplasm. This
process depends on many factors, including the magnitude
of the surface activity, lipophilicity, water solubility,
and the molecular volume of the guanidine derivative
molecule. The binding of guanidine derivatives with acid
phospholipids, proteins of the cytoplasmic membrane,
leads to its rupture. Subsequently, the blockage of the
respiratory system, loss of pathogenicity, and collapse of
the microbial cell occur [26].

Among the derivatives of guanidine are compounds
with polymeric and oligomeric structures, containing
fragments of wvarious guanidine derivatives. The
advantages of polyguanidines, which are applied in the
form of salts of various acids, enable their application as
biocidal agents in various fields.

Polyguanidines and their derivatives. The
prominent representatives of this class of compounds
are polyhexamethylene guanidine hydrochloride
(PHMG-HC) and PHMG phosphate (Figs. 2a and 2b).
The spectrum of antimicrobial activity of PHMG-HC
covers gram-positive and gram-negative bacteria,
aerobic and anaerobic bacteria, spore-forming bacteria,
mycobacteria, and viruses. Despite its wide spectrum,
PHMG-HC is hypoallergenic and has low toxicity
[27, 28]; it can also be used in conjunction with other
biocidal components, e.g., as a skin antiseptic [29, 30]
or in solid dosage form [31]. The antifungal activity
of PHMG-HC enables its application for conservation
[32] and as an effective sporicidal tool for combating
bacterial spores and nosocomial infections [33]. This
compound can be applied as a component of composite
nanofibers based on chitosan and polyethylene oxide [34].
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— (CH,)g—NH——C—NH——

NH - HCI

NH—ﬁ-—-NH(CHz)6

NH-H,PO, n

b

where n = 30-90

Fig. 2. Structural formulas of polyguanidine derivatives: (a) PHMG-HC and (b) PHMG phosphate.

Phosphate PHMG, similar to PHMG-HC, is
synthesized by incorporating an acid anion into the
structure of PHMG. In preclinical studies, this salt
has exhibited increased antimicrobial activity against
gram-positive and gram-negative bacteria, as well as
fungi [35]. Fungicides based on PHMG phosphate can
be formulated for use in dental practice [36, 37].

In addition to PHMG-HC and PHMG phosphate,
other salts of this guanidine derivative can be
used in practice. Gluconate and sulfate PHMG are
employed for the treatment of infectious diseases of
the gastrointestinal tract; hydrosuccinate PHMG, for
ophthalmic diseases, particularly conjunctivitis [38];
and stearate and myristate PHMG, for use as biocidal
additives [39, 40]. In addition, PHMG can be used in
combination with chitosan [41], since this combination
has good biocidal activity against gram-positive
bacteria.

According to the literature [42, 43], the salts of
PHMG can be widely used in medicine and pharmacy.
In particular, the oligomeric analogs of PHMG, namely
oligoguanidines, are known for their biocidal activity
and low toxicity.

Branched oligoguanidines have significantly lower
toxicity and pronounced bactericidal and antiviral
activities compared with polymer analogs with linear
structures [44, 45]. This confirms their application
potential as active ingredients in the development
of antibacterial drugs. A well-known representative
of oligoguanidines is oligohexamethylene guanidine
hydrochloride (OHMG-HC), the structural formula of
which is shown in Fig. 3.

RfCH;~CH,~CH,~NH~C~NH~CH,~CH,~CH,
NH-HCI

CH,~CH,"CH,~NH-

CH,

*R="CH,"CH,"CH,"NH, or _CHz_CHz'CHz_NH'ﬁ:_NHz
NH-HCI

PREPARATION OF POLYGUANIDINES
AND THEIR DERIVATIVES

Polyguanidines and their derivatives are obtained
mainly in bulk reactors under different conditions, e.g.,
by the interaction of melts of guanidine hydrochloride
(GHC), formed, in turn, from dicyandiamine and
ammonium chloride, and hexamethylenediamine
(HMDA) at 180°C, followed by heating to 240°C [46].
The disadvantages of this method are the impurities
introduced by the initial highly toxic substances and the
sublimation of HMDA at high temperatures. Later, a
method was proposed for obtaining these compounds at
relatively low temperatures by the fusion of GHC and
HMDA in the presence of polyethylene glycol (PEG)
[47]. However, with this method, it was impossible to
achieve the required degree of purity and activity of the
product. Preparation methods involving the stepwise
heating of a suspension obtained by adding crystalline
GHC to molten HMDA, followed by stirring and
heating, have been reported. Although these methods
allow one to obtain the final product with a sufficient
degree of purity, the compound obtained has a wide
molecular weight distribution, which negatively affects
its antibacterial properties [48]. A preparation method
has been reported, in which pre-crushed dicyanamide
and ammonium chloride are fused at 200°C in the first
stage, after which the melt is transferred to the second
reactor, where the HMDA melt is gradually introduced
at temperatures of 170-200°C. The disadvantage
of this method is the presence of melamine in the
product, which is formed by the thermal transformation

CH,~CH,~CH,~NH-C~NH-CH,~CH,~CH,T R

‘HCI NH-HCI
N4 CH,

z n2

CH2-CH2'CH2-NH-ﬁ:-NH-CHZ-CHg-CHZ R

NH-HCI
N3

where n =3-10, and z=0.15-1.10
Fig. 3. Structural formula of branched OHMG-HC.
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of dicyandiamide [49]. A synthesis method using
equimolar amounts of HMDA and GHC has also
been reported. Using this method, various derivatives
with trilinear and cyclic or branched structures can be
obtained (Fig. 4).

The main disadvantage of this method is the large
number of products, which complicates the isolation of
any particular compound.

Branched oligomers are obtained by the interaction
of HMDA and GHC in the melt, in molar ratios of
1.0:1.0 to 1.0:1.2, at temperatures of 180-230°C, with
a residence time in the range of 3—12 h [45].

In general, the existing methods for the synthesis
of polyguanidines and their derivatives in bulk reactors
have several disadvantages. In such methods, the heat-
and mass-transfer rates are inadequate. This induces
temperature and concentration anisotropies, which
subsequently affect the molecular weight characteristics
of the compound. Furthermore, large-volume reactors
require a more sophisticated design to ensure explosion
and fire safety, which leads to an increase in the process
cost and the cost of the final product. Alternatively, one
can consider the production of polyguanidines and their
derivatives using microfluidic hardware.

MICROREACTOR TECHNOLOGIES

Historical development of microreactor technology
The first solid publications on the possibilities
of using microfluidic technologies appeared in the
second half of the 20th century. Among others, it is
possible to highlight the manufacture and testing of

a gas chromatograph based on a microcircuit [50]
and research carried out in the field of miniature
analytical systems, which aroused the greatest interest
in this area of technology [51]. The development
became possible thanks to advances in the field of
microelectronics, which became the prototypes of
future microreactors.

A great contribution to the study of microfluidic
technologies was made by the staff of the Massachusetts
Institute of Technology (USA), as well as by scientists
from the Mainz Institute of Microtechnology
(Fraunhofer Institute for Microtechnology and
Microsystems) (Germany) [52, 53].

Currently, microfluidic technologies are actively
developing, the possibility of their implementation in
the production of various substances and compounds is
under discussion.

Technological principles of microreactor
hardware operation

Microfluidics includes devices, systems, and
methods for controlling fluid flows with characteristic
length scales that are in the range of micrometers, and
reaction volumes are in the range from nanoliter to
microliter [54]. Microfluidic systems exhibit properties
that are fundamentally different from generally known
concepts of the behavior of liquids. Fluid flow will be
driven by viscous forces and pressure gradients with
low moment of inertia and thus inertial effects. The
result is a laminar flow without turbulence. One of
the parameters is the Reynolds number (Re), which is
the ratio of inertial forces to viscous forces. At large
Re, inertial forces prevail, and at small Re, viscosity

NH NH NH H
H NJ\N NH, HoN N/U\N NH, H N)J\N N NH,
H H H H H H \ﬂ/
n n n NH

Type A

Type B

Type C

NH
NH
NH
o) 2 X
N Ho H N~ N
H
HoN NJ\N NH, H n
H H .

Type D

Type F

Type E
X
NH
m
N N
H H n Type G

Fig. 4. Polyguanidine derivatives formed during synthesis:
A, B, C (linear); D (branching); E, F (cyclic); G (cyclic branching).

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(6):465-475

470



Anh C. Ha

forces prevail. Consequently, a decrease in the channel
size has the same effect on the behavior of the liquid
in terms of Re as an increase in the viscosity of the
solution. In most microfluidic systems, the Re value
for fluxes is much less than ten, and often less than
one. With such a laminar fluid flow, the velocity at the
center of the capillary is greater than at its walls due
to the parabolic velocity profile [55], which leads to a
nonuniform velocity distribution over the fluid flow.
This adjusts, for example, the dwell time is distributed,
which can reduce the yield and selectivity. However,
the undeniable advantage is the absence of gradients of
both concentration and temperature relative to volume
and time.

It is also worth noting the high surface-to-volume
ratio and small diffusion distances, which leads to a
reduction in the diffusion time of particles, an increase
in conversion, and the overall efficiency of the process
[56]. One of the consequences of laminar flow is the fact
that the mixing of molecules in a liquid is solely due to
molecular diffusion. This can be a significant advantage
when mixing in a particular process is undesirable.
Diffusion plays an important role in the processes
of mass transfer; in microreactor technologies, the
diffusion distance is small.

The difference in the physical behavior of
microscopic and macroscopic systems makes it possible
to create functions that are difficult or even impossible to
obtain on a macroscopic scale; therefore, it is necessary
to strive for the development of microfluidic systems,
proceeding from the design rules, considering the
peculiarities of fluid physics, mechanics and diffusion
in a confined space [57].

The advantage of using microreactor devices is
associated with thermal processes and mass transfer.
The large surface area to volume ratio ensures thermal
uniformity in the reactor and fast heat transfer between
the device and the liquid contained in it, which
determines the high energy efficiency of the process
[58]. Microreactor technologies make it possible
to adjust the process temperature in a shorter time
compared to bulk reactors. It should be noted that the
use of microreactor technologies has a special economic
advantage, since small volumes of expensive reagents
are used, since the work is carried out with a minimum
amount of substance [59].

Microfluidic reactors have intrinsic properties that
enhance the safety of potentially hazardous reactions.
Small instantancous volumes mean that reactions
involving toxic or explosive intermediates can be
carried out safely [60]. In addition, the high surface
area to volume ratio inside the channel allows rapid
heat transfer during exothermic reactions [59].

In microreactors, the degree of control over the
conditions allows the product to be selectively produced

with high accuracy [61]. This has several advantages:
cleaning can be less stringent, more technologically
simpler. During the synthesis, the reagents are
continuously fed into the microreactor, and at the end
of the process they are immediately separated from the
initial mixture, which makes it possible to simplify
the process itself, less time is required for the reaction
to proceed, and more accurate process control can be
provided.

As mentioned earlier, heat transfer in microfluidic
reactors becomes more efficient as the reaction volumes
decrease, that is, the amount of energy consumed to
raise the temperature by one degree can be made very
small, which is beneficial from an environmental point
of view [59].

It is often claimed that microfluidic reactors allow
“faster reactions” than bulk reactor reactions. It is noted
that the product yield in microfluidic reactors is higher
than in similar processes using bulk reactors [62].

An important advantage is that when glass or
polymer parts are used, the uncontrolled decomposition
of reaction mixtures at the reaction temperature is
leveled [63].

Application of microreactor technologies
in the chemical industry

Currently, microreactor technologies find their
application in fine chemical technology, the synthesis
of organic, inorganic and polymer particles, pigments,
emulsions, in steam reforming. Since microfluidic
reactors can be used in organic chemistry, they must
be resistant to the action of various solvents, acids,
bases, oxidants and reducing agents. It is important
to maintain performance between —78 and 300°C.
It should also be possible to carry out the initial
purification of the reaction, for example, by extraction
[59]. Thus, microreactors are actively used in carrying
out a wide variety of reactions in compliance with all the
above requirements, for example, in high-temperature
processes, reactions with unstable intermediates that
are difficult to scale with traditional synthesis methods,
and reactions involving hazardous or toxic reagents,
which in turn can be converted into a safer product [64].
In [59] it was indicated that microreactors are used in
glycosylation reactions, Paal-Knorr synthesis, and for
fluorination and perfluorination of organic compounds.
The use of microfluidic reactors for multiphase
processes [65] gives clear advantages over traditional
methods (higher surface area to volume ratio).

Microfluidic technologies are also actively used
to carry out various types of polymerization. In all
examples of using microreactor technologies for
carrying out polymerization reactions, a decrease in the
polydispersity coefficient and an increase in yield are
noted due to efficient heat transfer and a larger specific
surface area. These advantages make it possible to
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achieve a homogeneous chemical process and, as a
result, to increase the homogeneity of the product.
In [65], the product obtained in a microreactor had a
lower viscosity compared to the product obtained in an
ordinary batch reactor, while their other characteristics
are comparable. In [67, 68], the polymers obtained
in a microreactor tended to be branching, which was
explained by the short diffusion path and the accelerated
mass transfer during this. Another example illustrates
how microfluidic devices can be used with aqueous
solutions and with melts. As a result, a high selectivity
of the process was achieved along with a low content
of impurities [69].

Industrial research has led to the development of
methods aimed at creating reliable microfluidic reactors
with production facilities on an industrial scale. One of
the important advantages of microfluidic reactors over
traditional manufacturing methods is the ease of scaling
up. Any microreactor can be used both for laboratory
research and for industrial production [70]. The use
of microfluidic reactors could also open new synthetic
pathways for industry.

Microfluidic hardware in drug development

and manufacturing

Microreactors have become more and more
important over time in the pharmaceutical formulation
industry due to their improved properties over batch
reactors. It has been suggested [71] that chemicals,
especially drugs, could be produced in miniature
factories at points of use rather than in large factories.

Over the past few years, drip microfluidic
systems have been widely used in drug discovery
research. Microfluidic technologies enable very high
throughput analyzes (up to thousands of samples per
second). Drug screening, high-throughput analysis is
one of the most exciting possibilities of microfluidic
technology.

The use of microfluidic systems as a valuable
tool for the discovery of new drugs is of great
interest. Compared to equivalent bulk reactions,
reactions carried out in a microreactor consistently
give cleaner products in a much shorter time. Roberge
et al. [72] believe that up to 50% of reactions in
the fine chemical or pharmaceutical industries can
benefit from a continuous process based mainly on
microreactor technology, and for the majority (44%)
a microreactor will be the preferred reaction device.
After optimization of the microreactor, it can be
easily introduced into industry [73].

Many large pharmaceutical companies, including
Roche and Pfizer (USA), are investing in capillary
microfluidic technologies for drug development.
RainDance Technologies (Billerica, MA, USA) has
developed commercial drip microfluidic systems that
enable targeted DNA sequencing and digital PCR.

They announced a collaboration with Roche for a
simple and cost-effective study of drug absorption,
distribution, metabolism and excretion [74].
Microreactors are used in the synthesis of various
drugs, for example, ibuprofen [75, 76] or an HIV
protease inhibitor [77]. Using microfluidic technology,
an antitumor drug docetaxel with an increased content
of a hydrophobic active substance with optimal
physicochemical characteristics is obtained [78].

Directions for the development
of microfluidic technologies

The field of microfluidics is evolving and, until
recently, was largely technology-driven. The focus
was on the development of new functional components
(pumps, valves, and new economical production
technologies), as well as their functional demonstration.
A wide range of components and manufacturing
technologies are currently available, and while new
technologies are emerging at a rapid pace, the focus
in the future is likely to shift toward implementation,
i.e., existing technologies will be transformed for new
applications. Undoubtedly, microfluidics will play a
critical role in the drug discovery process to develop
drugs with ever-improving quality [57].

CONCLUSIONS

The fight against the resistance of pathogenic
microflora to antibiotics requires special measures.
One strategy involves reducing the use frequency of
antibiotics and replacing them with antiseptic drugs
everywhere. Antiseptics, as a rule, are obtained using
volumetric reactors, which have drawbacks that affect
the quality of the target compound. Microreactor
technologies, considering their many advantages, are
considered suitable alternatives. This article describes
the advantages of microreactor systems over volumetric
reactors and testifies to the expediency of their
application in polycondensation and polymerization
reactions. Thus, it can be concluded that microreactor
technologies are applicable in the synthesis of
promising polyguanidines and their derivatives. The
proposed method allows for more accurate control
of the conditions of the polycondensation reaction
of the starting monomers. In addition, microreactor
technologies can increase the yield and selectivity of
the oligomers obtained, leading to an increase in the
product purity and process efficiency, in contrast with
other known methods.
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Abstract

Objectives. To evaluate the effect of cellular genes FLT4, Nup98, and Nup205 on the reproduction
of the influenza A virus in A549 human lung cancer cell line.

Methods. The work was carried out using the equipment of the center for collective use of the
LI Mechnikov Research Institute of Vaccines and Sera (Russia). The virus-containing fluid was
collected within three days from the moment of transfection and infection and the intensity of
viral reproduction was assessed by viral titration and hemagglutination reaction. The viral RNA
concentration was determined by real-time reverse-transcription polymerase chain reaction (RT-PCR).
To calculate statistically significant differences between groups, the nonparametric Mann-Whitney
test was used.

Results. In cells treated with small interfering RNAs (siRNAs) targeted at FLT4, Nup98, and
Nup205 genes, a significant decrease in their expression and indicators of viral reproduction
(virus titer, hemagglutinating activity, viral RNA concentration) was observed at a multiplicity of
infection (MOI) = 0.1. Additionally, it was found that a decrease in the expression of target genes
using siRNA does not lead to a significant decrease in cell survival. The viral titer in cells treated
with siRNA FLT4.2, Nup98.1, and Nup205 on the first day was lower by an average of 1.0 lg, and
on the second and third days, by 2.2-2.3 lg, compared to cells treated with nonspecific siRNA.
During real-time RT-PCR, a significant decrease in the concentration of viral RNA was observed
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with siRNA Nup98.1 (up to 190 times) and Nup205 (up to 30 times) on the first day, 26 and 29
times on the second day, and 6 and 30 times on the third day, respectively. For FLT4.2 siRNA,
the number of viral RNA copies decreased by 23, 18, and 16 times on the first, second, and third
days. Similar results were obtained when determining the hemagglutinating activity of the virus.
The hemagglutinating activity on the third day most strongly decreased in cells treated with
SiRNA Nup205 and FLT4.2 (16 times). In cells treated with siRNA FLT4.1, Nup98.1, and Nup98.2,
hemagglutinating activity decreased by 8 times.

Conclusions. In the present study, three cellular genes (FLT4, Nup98, and Nup205) were
identified—the decrease in the expression of which effectively suppresses viral reproduction—
and the original siRNA sequences were obtained. The results obtained are important for creating
therapeutic and prophylactic medication, whose action is based on the RNA interference
mechanism.

Keywords: influenza A virus, RNA interference, gene, messenger RNA, small interfering RNAs
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HAYYHAS CTATbHA

Hoxnayn kierounbix renoB FLT4, Nup98 n Nup205
KaK cynpeccop BUpycHoil akTuBHOCTH rpunmna A/WSN/33 (HIN1)
B KYJbTYype KJIeTOK A549

E.A. IIamukoB!%@, E.B. ®ai3yaoen?, E.P. KopueBaa?, A.A. Prumes?,
B.C. YepenoBuu?, A.B. Cunopos?, A.B. [loaayoukor?, E.Il. BeicTpuuKaa?,
I0.E. Apouunna'?, A.C. BeikoB!, O.A. CBuTH4'?, B.B. 3BepeB'?
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?HayuHo-uccnedogamenbCkuli uHCmumym 8aKyut u coleopomok um. H.H. Meuruxosa MuH3zopasa
Poccuu, Mockea, 105064 Poccus
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AnHOomauus

ITenu. OyeHKka 8rusHUSL nOoOA8IeHUsL IKcnpeccuu KaemouHrslx 2eHoe FLT4, Nup98 u Nup205 Ha
ouHaAMUKYy penpodyKyuu supyca spunna A 8 Kysabmype Ae20uHblX Kaemok uenogeka A549.
Memoobst. Paboma 6blnonHeHa ¢ UCNOAb308aHUEM 060pYI08AHUS UEeHMPA KOANEKMUBHO20 NOJb-
308aHus HayuHo-uccnedosamensbcko2o uHcmumyma 8aKyuH u coleopomorx um HM.H. Meurnurxosa
(Poccusi). Bupyccodeprkauyro 2kudKocms omoéupaniu 8 meueHue mpex oHell ¢ MOMEeHMA MpaHcC-
pexyuu u 3aparKkerHust U OYeHUB8ANU UHMEHCUBHOCMb 8UPYCHOU penpodyKkyuu memooamu mu-
mpo8aHUs NO yumonamuueckomy oelicmsuio U 8 peakyuu 2emazeromurayuu. KoHyeHmpayuro
supycroii PHK onpedensinu memodom noaumepasroil yenHoti peaxyuu (I1L[P) 8 peansHom epe-
MeHu ¢ obpamroti mpaHckpunyueti (OT-IIL[P-PB). /[na gbluucieHus Cmamucmuiecku 3SHaUUMbLX
pazauuuil mexk0y 2pynnamu UCnoNbL308anu Henapamempuueckuil kpumepuii ManHa—-Yumru.
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Pesynoemamet. B kniemkax, o6pabomarHbix manvimu unHmepgepupyrowumu PHK (muPHK) K ze-
Ham FLT4, Nup98 u Nup205, ommeuanoce 0ocmogepHoe nodasieHue IKCNPeCcCUuU Yesiesblx 2eH08
u noxazameseil BUPYCHOU penpooyKyuUl (mump 8upyca, 2emaze/Il0mUHUPYOUAs. AKMUBHOCMb,
KoOHUeHmpayust supycHoti PHK) npu xoaghgpuuueHme MHOIKeCmeeHHOCMU 3aparKeHuUsl, PagHOM
0.1. ZTononHumenbHo 6bL10 YCMAHOBNEHO, WMo NOO0aeeHUe IKCNPECCUU Yee8blX 2eHO8 C NOMOULLIO
MUPHK He npugodum K 3HAQUUMENbHOMY CHUNEHUIO 8blkusaemocmu Kiemok. BupycHulii mump &
Knemrax, obpabomarHoix MuPHK FLT4.2, Nup98.1 u Nup205, Ha nepegble cymKru 6bil MeHbULe
8 cpeorem Ha 1.0 lg, a Ha emopble u mpembu — Ha 2.2-2.3 lg, no cpagHeHUI ¢ Kiemkamu, obpa-
6omaHHblIMU Hecheyuguueckoli MuPHK. I1pu nposederuu OT-IIL[P-PB ommeueHo docmogepHoe
ymenbvuweHue koHyeHmpayuu supycHoii PHK ¢ muPHK Nup98.1 (0o 190 pas) u Nup205 (0o 30 pas)
Ha nepevle cymru, 8 26 u 8 29 pas Ha emopele u 8 6 u 30 pa3 Ha mpembvbu CYmru, COOMBEMCMBEEH-
Ho. [Insa muPHK FLT4.2 xonuuecmeo konuil supycrHoii PHK ymeHbswiunoce 8 23, 18 u 16 pas Ha
nepewvle, amopble U mpemvbu cymru. Cxorxue pesysbmamel OblU NOAYUEHbL NPU onpedesieHuUU
cemazenromuHupyrowett akmusHocmu supyca. Haubonee cunvHo, 8 16 pas, zemazeitomuHupyro-
wasi aKMUBHOCMb HA MpembU CYMKU CHUSUNLACL 8 Kaiemikax, obpabomarHbix MuPHK Nup205 u
FLT4.2. B knemkax, obpabomarHbix MuPHK FLT4.1, Nup98.1 u Nup98.2, cemazentomuHupyro-
wasi aKmueHoCmb YMeHbUWUNACh 8 8 pas.

Bwteoout. B xode uccredogarus ObLiu ebisiesieHbl mpu kaemouHslx 2eHa (FLT4, Nup98 u Nup205),
nooaesieHue sIKCnpeccul KOmopblx no3gossiem 3¢pheKmueHo YmMeHbUUMb 8UPYCHYH penpooyK-
Uuro, a makrke nonyueHvl opusuHaIbHble nocrtedogeamenvHocmu muPHK. ITonyueHHble pe3yb-
mamaul UmMerm 8arskKHoe 3HaueHue 0151 CO30aHUSL mepanesmuueckux U npoguiaKkmuueckux npe-
napamos, ube oeticmeue 0CHO8AHO Ha mexaHusme PHK-unmepgeperyuu.

Knroueeste cnoea: supyc epunna A, PHK-unmepgeperuus, 2eH, mampuurHas PHK, manvle uH-
mepgepupyrowue PHK

JMna yumuposanusn: Iamxos E.A., @aiizynoes E.b., Kopuesas E.P., Prumes A.A., Yepenosuu b.C., Cunopos A.B.,

[onny6uxos A.B., beictpunkas E.I1., /lponnna O.E., beiko A.C., Ceutuu O.A., 3BepeB B.B. HokxnayH kiietounsix renos FLT4,
Nup98 u Nup205 xax cynpeccop BupycHoi akruBHocTH rpunma A/WSN/33 (HIN1) B kyasrype kinetok A549. Tonkue xumuyeckue
mexnonoauu. 2021;16(6):476—489. https://doi.org/10.32362/2410-6593-2021-16-6-476-489

INTRODUCTION

Influenza infection is one of the most significant
problems in global health today. According to the
World Health Organization, up to 1 billion new cases
of influenza are reported worldwide each year, with 3-5
million cases of severe illness and 0.5 million deaths
[1]. Influenza viruses of the genus Alphainfluenzavirus
(Influenza A virus, (HAV))—with high epidemiological
significance and capable of causing pandemics—are
of particular clinical significance [2]. In addition
to causing respiratory system failure, influenza can
cause complications in the cardiovascular system,
central nervous system, and urinary system [3—7]. The
risk of developing bacterial and fungal complications
post influenza is no exception [8—10].

Despite the currently available specific anti-
influenza drugs, their use is often unjustified since
new viral strains resistant to these drugs are detected
every year [11, 12]. The problem with the use of
influenza vaccines is acute, as it is necessary to create

vaccines adapted to new strains of the influenza virus
every year, and the development of a universal vaccine
is far from complete [13—15]. In addition, influenza
vaccination as prophylaxis is challenging for people
who are allergic to chicken eggs [16].

To date, several etiotropic, symptomatic, and
specific drugs are used to treat influenza. Currently,
many influenza virus strains have 95% resistance to
derivatives of the adamantane series [17]. Certain
circulating strains are also known to be resistant
to fusion inhibitors (umifenovir) [18]. In different
epidemic seasons, the sensitivity of influenza A
and B virus strains varied dramatically in relation
to neuraminidase inhibitors. In 2008-2009, all
circulating influenza A (H1N1) viruses were resistant
to oseltamivir, but in 2018 they were fully susceptible
to oseltamivir, peramivir, and zanamivir [19-21].
Thus, despite the widespread knowledge of biological
function, structural organization, and pathogenesis of
the influenza virus, no effective means of therapy and
prevention exist as of yet [11, 12].
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RNA interference (RNAI) is a sequential regulatory
reaction in eukaryotic cells caused by an exogenous
double-stranded RNA molecule [22]. A. Fire and
C. Mell discovered RNAIi in 1998 in the nematode
Caenorhabditis elegans. They put forward several
provisions on the properties of RNAi: mRNA degrades
with it; the efficiency of double-stranded RNA
(dsRNA) fragment, which determines the recognition
of the complementary region of the target messenger
RNA (mRNA), is higher than that of single-stranded
RNA (ssRNA); a short dSRNA fragment is required to
suppress gene expression [23].

The mechanism of RNAI is to cleave exogenous
double-stranded RNA into small sequences ranging in
size from 21 to 25 base pairs; small interfering RNAs
(siRNAs). The size of the resulting siRNAs is small
based on the fact that larger siRNAs increase the
chance of interferon production. After the formation
of siRNA, it binds to the RISC (RNA-induced
silencing complex) complex, which consists of three
proteins: AGO2, PACT, and TRBP. The resulting
complex recognizes and cleaves the target mRNA
[24-26].

Several antiviral drugs based on the RNAi
mechanism are currently known and are at different
stages of clinical trials, namely: Miravirsen, hepatitis
C (Santaris Pharma); ALN-RSV0I, respiratory
syncytial viral infection (4/nylam Pharmaceuticals);
and pHIV7-shITAR-CCR5RZ, HIV infection (City of
Hope Medical Center)[27,28]. Patisiran and Givosiran
(Alnylam Pharmaceuticals) were also approved for
clinical use to treat amyloid polyneuropathy and
acute hepatic porphyria, respectively' [29].

A critical factor that compromises the efficiency
of RNA interference might be the development
of resistance to the siRNAs directed against viral
genes [30]. To overcome the drug resistance ability
of the influenza virus, the search for novel antiviral
siRNAs with antiviral activity and targeted to host
cell components is required for the replication of the
virus.

This study has shown that using siRNAs directed
to the cellular FLT4, Nup98, and Nup205 genes can
inhibit the reproduction of the influenza A virus in
the A549 lung cancer cell line. Here the cellular gene
FLT4 plays a vital role in the process of endocytosis in
the virus. While Nup98 and Nup205 encode proteins
of the nuclear pore complex that are involved in the
import and export of viral RNA segments into the
nuclear cavity.

! Multi-Discipline Review. Center for Drug Evaluation and
Research. Appl. No. 2121940rigl1s000. 167 p. URL: https:/
www.accessdata.fda.gov/drugsatfda_docs/nda/2019/2121940
rigls000MultidisciplineR.pdf (Accessed August 24, 2021).

MATERIALS AND METHODS

Selecting target genes for suppressing
viral reproduction

In this study, the criteria used to select genes that
encode the expression of cellular factors necessary
for viral reproduction are as follows: (i) genes
reported as a potentially successful target for siRNA
in publications related to siRNA screening; (ii) genes
reported as effective in early independent studies;
and (iii) genes showing low cytopathic effect from
the temporary suppression their expression [26-28].

siRNA

The siRNA was selected from the web-based
software, siDirect 2.0%. All oligonucleotides were
synthesized by Syntol (Russia). Oligoribonucleotides
were diluted with water to a concentration of 100 pmol/uL.
Then, complementary oligonucleotides were mixed,
incubated in a thermostat at 60°C for 1 min, and then
cooled to room temperature. Prepared RNA duplexes
were stored at —80°C. All work with finished duplexes
was carried out using a cold tripod. The sequences of the
siRNAs are presented in Table 1. As a nonspecific control,
we used siRNA L2, specific to the firefly luciferase gene
and not affecting the life cycle of A549 cells.

Evaluation of the suppression of cellular gene
expression

The expression level of the target genes was
determined after siRNA transfection. The cells were
treated with a lysis solution, and then cellular RNA
was isolated using the MagnoSorb kit (/nterlabservice,
Russia), 24 h post-transfection. OT-1 reagent kit
(Syntol, Russia) was used to set up the reverse-
transcription reaction. Changes in gene expression
dynamics were monitored using quantitative real-
time PCR with a set of primers for the FLT4, Nup98,
Nup205, and GAPDH genes [32]. To assess the effect
of siRNAs on target genes, the relative expression
level of the FLT4, Nup98, and Nup205 genes was
calculated according to the standard 24T method.’
For each siRNA, primers were synthesized according
to the gene regions affected by siRNA. Primers were
selected using Integrated DNA Technologies website*
and synthesized by Syntol (Table 2).

Virus
The influenza virus used in this study is A/WSN/33
(HIN1) (St. Jude Children’s Research Hospital,
USA). Cultivation and determination of the virus titer
were carried out on the culture of canine kidney cells
(Madin-Darby Canine Kidney (MDCK)).

2 http://sidirect2.rnai.jp/ (Accessed February 02, 2021).

> Bradburn S. How to Perform the Delta-Delta Ct Method.
URL:  https://toptipbio.com/delta-delta-ct-pcr/  (Accessed
August 27, 2021).

4 https://eu.idtdna.com/ (Accessed March 02, 2021).
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Table 1. siRNA sequences

siRNA Sequence

— AAUGACAUCUGAAUCUCAGAGAG
: CUGAGAUUCAGAUGUCAUUdTdA
FIT4o UGAAGUUCUGUUGAAAAAGAAAC
: CUUUUUCAACAGAACUUCAdCAA
Nup9S. ] AGUCUUUGUUUCAGAAAGCAGAC
up=o. GCUUUCUGAAACAAAGACUACdA
Nup98.2 UCCAAAUGUUGAAGUUGUGACAC
pZO. CACAACUUCAACAUUUGGAdCdA
Nun205 UCAAAAUCUUAUCAAGAAGAGAT
P CUUCUUGAUAAGAUUUUGAdAAG
12 (nonspecific siRNA) UUUCCGUCAUCGUCUUUCCATAT

GGAAAGACGAUGACGGAAAATAT

Cell culture

MDCK cells (Institut Pasteur, France) and
A549 human lung adenocarcinoma cells were used
(ATCC®CCL-185, USA) in this study. MDCK cells
were grown in minimum essential medium (MEM)
(PanEco, Russia), supplemented with 5% fetal
bovine serum (Gibco) (ThermoFisher Scientific,
USA), 40 pg/mL gentamicin (PanEco), and 300 pug/mL
L-glutamine (PanEco) at 37°C in a CO,-incubator.
A549 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (PanEco), supplemented
with 5% fetal bovine serum (Gibco), 40 pg/mL
gentamicin (PanEco), and 300 pg/mL L-glutamine
(PanEco) at 37°C in a CO_-incubator.

MTT assay
The cell viability of A549 cells treated with siRNA
was assessed with the MTT (methylthiazolyltetrazolium
bromide) assay. On days 1, 2, 3 after transfection, 20 pL
of MTT solution, 5 mg/mL (PanEco), was added to
the wells containing cells in a 96-well plate and
incubated at 37°C in a 5% CO, incubator for 2 h.
Further, the supernatant and 100 pL of dimethyl
sulfoxide (Sigma-Aldrich, cat. # D4540-1L) was
added to each well. The optical density values were
determined at 530 nm using a microplate reader
Varioscan (Thermo Fisher Scientific, USA), with the

background values set at 620 nm.

Transfection of siRNA cells

with subsequent infection
For siRNA transfection, A549 cells were plated
on 12-well plates at a density of 1 x 10° cells/mL.
After achieving 80% confluence, the cells were
washed with phosphate-buffered saline and serum-free
Opti-MEM medium (Thermo Fisher Scientific, USA). Then

a mixture of 24 pL Lipofectamine 2000 (7hermo
Fisher Scientific) and 600 puL Opti-MEM (Thermo
Fisher Scientific) was added to a solution of siRNA in
Opti-MEM medium and incubated at room temperature
for 20 min. The siRNA concentration required for
gene knockdown was 40 pmol/uL per well. After
incubation, the complexes were added to the wells.
siRNA L2 was used as a nonspecific control. The cells
were then incubated at 37°C in a CO, incubator. Four
hours later, the culture medium was removed from all
wells, except for the negative control, and 1 mL of viral
liquid consisting of DMEM, 0.001% chymotrypsin
inhibitor (Tosyl phenylalanyl chloromethyl ketone
(TPCK)) (Sigma-Aldrich, Germany), and 40 pg/mL
gentamicin was added with a MOI of 0.1. After that,
the cells were again placed in the CO, incubator. Over
the next three days, supernatant samples were taken
for the subsequent staging of the hemagglutination,
titration, and Reverse Transcription Polymerase
Chain Reaction (RT-PCR).

Detection of viral RNA

Viral RNA (VRNA) was isolated from the selected
supernatants using the High Pure RNA Isolation Kit
(Roche, Germany). OT-1 reagent kit (Syntol, Russia)
was used to set up the reverse-transcription reaction.
The concentration of viral RNA in the culture was
measured using quantitative real-time RT-PCR with
a set of primers and probes for the hemagglutination
assay (HA) M-gene [33]. For real-time PCR, a reagent
kit containing EVA Green dye, a reference ROX dye
(Syntol), and a 2.5-fold reaction mixture (Syntol)
were used. The working concentration of primers and
probes was 10 and 5 pmol/uL, respectively. The real-
time PCR reaction was carried out in a DT-96 thermal
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cycler (DNA-Technology, Russia). The temperature-
time regime for real-time PCR was as follows: 95°C-5 min
(1 cycle); 62°C—-40 s; 95°C-15 s (40 cycles). Table 2
shows primers and probes synthesized by Syntol.
Determination of HAV hemagglutinating titer

Saline (50 pL) was added to each well of a 96-well
round-bottom plate. Then, 50 uL of samples were added
to the wells, and subsequent 2-fold dilutions were made.
After that, 50 uL of 0.5% erythrocyte mixture was added
to the wells and left at room temperature for 40 min. The
viral titer was expressed in agglutinating units.’

Virus titration at the endpoint
of the cytopathic effect
The viral titer was determined using the endpoint
assay to assess the cytopathic effect in the MDCK cells.
MDCK cells were seeded in 96-well plates at a density

of (1 x 10* cells/mL). After 2 days, the nutrient medium
was removed from the wells; 10-fold serial dilutions of
viral samples were added in a support medium without
trypsin and incubated for 4 days in a CO, incubator at
37°C. On the fourth day, the titration results were visually
recorded under a microscope for the presence of a
specific cytopathic effect for the influenza virus (change,
deformation, detachment of dead cells from the bottom
of the well). The viral titer was calculated according to
the method described in [34] and was expressed as the

logarithm of tissue cytotoxic doses—TCD,, .

Statistical data processing
The statistical significance of the results obtained
was assessed using the Mann-Whitney test. The
difference was considered significant if 0.01 < p < 0.05.
Reliability indicators were calculated using Psychol-ok®.

Table 2. Primers for real-time RT-PCR for the IAV M-gene

Primer Sequence
FLT4.1F AAUGACAUCUGAAUCUCAGAGdG
FLT4.1R CUGAGAUUCAGAUGUCAUUdTdA
FLT4.2F UGAAGUUCUGUUGAAAAAGAdAdC
FLT4.2R CUUUUUCAACAGAACUUCAdCdA
Nup98.1F UGAGUAUGUUAGACUAUUGdAdT
Nup98.1R CAAUAGUCUAACAUACUCAdCdC
Nup98.2F AUUAAGGUUCUUCAAAACCdAdA
Nup98.2R GGUUUUGAAGAACCUUAAUdJAdA
Nup205F UUAUUCACAUCAAUCUGUGdAdC
Nup205R CACAGAUUGAUGUGAAUAAATAG
IAV M F- GGAATGGCTAAAGACAAGACCAAT
1AV M R: GGGCATTTTGGACAAAGCGTCTAC
1AV M Pr: FAM AGTCCTCGCTCACTGGGCACGGTG-BHQI
GAPDH F AGCCACATCGCTCAGACAC
GAPDH R GCCCAATACG ACCAAATCC

*MU 3.3.2.1758-03 Methods for determining the quality indicators of immunobiological drugs for the prevention and diagnosis of
influenza. https://www.rospotrebnadzor.ru/documents/details.php?ELEMENT ID=4727 (Accessed August 27,2021).
¢ https://www.psychol-ok.ru/statistics/mann-whitney/ (Accessed August 05, 2021).
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RESULTS

Justification for the choice of siRNA targets

Three target genes were selected for siRNA
experiments. All three genes actively interact with the
influenza virus at several stages of its reproduction. The
FLT4 gene encodes the Epidermal Growth Factor (EGF)
receptor protein of the tyrosine kinase receptor. According
to Eierhoff, the EGF protein is actively involved in the
process of viral endocytosis [35]. Proteins Nup98 and
Nup205 (encoded by genes of the same name) import
and export viral mRNA from nucleoplasm [36, 37].

We tested the ability of the synthesized siRNAs to
suppress the expression of their target genes. Compared
to cells treated with nonspecific siRNA L2, gene
expression decreased by more than 80% on the first day
for each of the five siRNAs. Figure 1 shows the efficiency
of mRNA knockdown in A549 cells. Evaluation of the
suppression of gene expression was carried out using the
2-44¢T method.”

Influence of siRNA on the survival
of transfected cells

The survival rate of A549 cells transfected with
siRNA was measured within three days (Table 3). The
survival threshold was set at 70%, according to a similar
study [26]. After 24 h, the viability of cells treated
with siRNA remained practically unchanged. On the
second day, the survival rate of cells treated with all
siRNAs, except for Nup205 and siRNA L2, decreased
by 14-21%. The survival rate of untransfected cells
was taken as 100%. All values were normalized to the
mean optical density of untransfected cells at each time
interval following transfection. Treatment of cells with
siRNA did not decrease cell survival compared with the
negative control.

Influence of siRNA on hemagglutinating activity
Table 4 shows the changes in the hemagglutinating
titer of the influenza virus on day 3 in the
hemagglutination assay (HA). The hemagglutinating
activity in cells treated with siRNAs Nup205 and
FLT4.2 decreased 16 times compared to 8 times in cells

treated with siRNAs FLT4.1, Nup98.1, and Nup98.2.

Influence of siRNA on the titer of the virus

The next step was to determine whether the change
in the infectious titer of the virus was due to the siRNA’s
effect on the target genes. Within three days after
transfection, the supernatant was removed and then
titrated on a monolayer of MDCK cells in 96-well plates.
It was found that the use of all siRNAs at MOl = 0.1 led
to a significant decrease in viral reproduction compared
to siRNA L2. As seen in Fig. 1, virus titers increased

" Bradburn S. How to Perform the Delta-Delta Ct Method.
URL: https://toptipbio.com/delta-delta-ct-pcr/ (Accessed
August 27, 2021).
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Fig. 1. Influence of siRNA on the expression
of genes FLT4, Nup98, and Nup205.

with time in nontransfected cell culture, reaching peak
values at 48 and 72 hours. The same was observed in cells
transfected with nonspecific siRNA L2. When the FLT4
gene expression was suppressed using FLT4.1 siRNA,
the viral titer decreased by about 0.9-1.0 1g TCD,,
compared to the control on the first, second, and
third day. With siRNA FLT4.2, there was a decrease
by 1.0 Ig TCD,,, , on the first day; however, there
was a decrease by 2.2 g TCD,,  on the second and
third day, compared to the control groups. Upon
transfection of siRNA to the Nup205 gene, the viral
titer decreased by 1.0 lg TCD, ~on the Ist day
and by 2.3 1g TCD,,  on the next day relative to
the control and nonspecific control. In cells treated
with Nup98.1 siRNA, a significant decrease in the
virus titer was observed (2.3 Ig TCD,, ) on the 2nd
day compared to the controls, while for Nup98.2, it
was 2.2 Ig TCD,, . on the 3rd day, compared to the
controls. The dynamics of changes in the viral titer
are shown in Fig. 2.

Influence of siRNA on the concentration
of viral RNA

The effect of siRNA on the concentration of viral
RNA is shown in Fig. 3. On the first day, a decrease
in the concentration of viral RNA was observed with
Nup98.1 siRNA (up to 190 times) and Nup205 siRNA
(up to 30 times) during real-time RT-PCR. A 29-fold
decrease in the VRNA concentration for Nup205 and
26-fold for Nup98.1 was noted on the second day.
While on the third day, the VRNA concentration
decreased by 6 and 30 times for Nup98./ siRNA and
Nup205 siRNA, respectively. For FLT4.2 siRNA,
the viral RNA concentration decreased by 23, 18,
and 16 times on the first, second, and third day,
respectively. In contrast, there was no significant
decrease in the concentration of viral RNA using
FLT4.1 siRNA on the first, second, and third days.
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Table 3. Cell survival after siRNA transfection in percentage, %

siRNA 1st day 2nd day 3rd day
FLT4.1 96 81 74
FLT4.2 94 80 81
Nup98.1 100 79 79
Nup98.2 97 86 87
Nup205 94 95 94
L2 94 99 99
K-(untranslated) 100 100 100

Table 4. Viral reproduction on the 3rd day according to HA data

Viral reproduction to HA (log,)

siRNA
A/WSN/33 (MOI = 0.1)
FLT4.1 1:8
FLT4.2 1:4
Nup98.1 1:8
Nup98.2 1:8
Nup205 1:4
K-(L2) 1:64
K-14V 1:64
DISCUSSION correlation between the expression of cellular genes and

Influenza is an acute infectious respiratory
disease caused by viruses of the Orthomyxoviridae
family. Diseases caused by the influenza virus are one
of the most pressing global public health problems
today. The search for new anti-influenza medication
is relevant because the influenza virus rapidly
develops resistance to known specific anti-influenza
drugs [38].

In this work, we performed a series of cell culture
experiments to assess the anti-influenza activity of
small interfering RNAs directed at FLT4, Nup98,
and Nup205 genes. A pronounced antiviral activity
of siRNAs directed to the mRNA of these genes was
observed, and consistent data were obtained on the

viral reproduction, assessed by different methods (virus
titration by cytopathic effect, real-time RT-PCR, HA).

An important factor for the successful use of
siRNA is that the knockdown of the target gene should
not affect the vital activity of cells. siRNAs targeting
the genes FLT4, Nup98, and Nup205 did not decrease
cell viability below the threshold level of 70%, by
analogy with the paper [26].

The use of siRNAs to suppress the expression
of cellular genes to reduce viral reproduction has an
advantage over siRNAs directed to the whole viral
genome. Thisis dueto the fact that influenza viruses have
a higher tendency for mutational variability that often
leads to substitutions of nucleotide sequences in their
genome [39]. This can cause siRNA to be ineffective
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Fig. 2. Effect of siRNAs directed to the FLT4, Nup98, and Nup205 genes on the reproduction of the influenza virus (MOI = 0.1).
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toward the virus since even a single substitution in the
target RNA sequence can completely neutralize the
action of siRNA [43]. For example, the ability to elude
the action of siRNA was experimentally demonstrated
in a model of HIV-1 infection, where nucleotide
substitutions occurred in the tat, nef, int, and att genes
[41]. In view of this, A. Karlas and M. Lesch suggest
that using siRNAs directed at the cellular genome is
more justified since the possibility of an alternate viral
reproduction pathway is very low [30]. The promise of
this approach—based on the suppression of the activity
of cellular genes necessary for the reproduction of the
influenza virus—has been shown in several independent
studies [26, 30, 42, 43].

CONCLUSIONS

Currently, there remains a need to create highly
effective drugs to treat influenza and its complications.
The present study shows that siRNAs directed to cellular
genes that play essential roles in viral endocytosis and
nuclear import and export of VRNA significantly reduce
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Abstract

Objectives. To create stable artificial polymer suspensions with a positive charge of particles
based on polycarbonate and polymethyl methacrylate using cationic surfactants and organosilicon
surfactants.

Methods. The size of droplets and polymer suspension particles was determined by photon
correlation spectroscopy (dynamic light scattering) using a Zetasizer NanoZS laser particle
analyzer (Malvern, UK).

Results. Domestic cationic surfactants Katamin-AB and Azol-129 were found to be capable of
producing stable artificial polycarbonate and polymethyl methacrylate suspensions. Based on
the polymer, the optimal surfactant concentration was 6 wt %. The effect of polymer concentration
in solution on the stability and particle size of final polymer suspensions was shown. It was
determined that the polymer concentration in the solution should not exceed 10%. When obtaining
a highly dispersed suspension during dispersion, a higher concentration causes an increase in
the viscosity of emulsions. As a result of a synergistic effect formation, we used mixtures of
cationic surfactants (Katamin-AB/Azol-138 and Azol-129/Azol-138) to enhance the stability of
the final polymer suspensions. The optimal surfactant ratio was 9:1. The total concentration of
the mixture is 10 wt %, based on the polymer. Polymer suspensions were stabilized with each of
2:1 mixtures of cationic surfactants Katamin-AB and Azol-129 withan organosilicon surfactant
U-851. The total mixture concentration was 9 wt %, based on the polymer.
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Conclusions. New methods of producing artificial polycarbonate and polymethyl methacrylate
suspensions in the presence of domestically produced cationic surfactants, as well cationic-
organosilicon surfactants mixtures, were proposed. The colloidal-chemical properties of the
obtained polymer suspensions were considered. It was found that using a 2:1 mixture of cationic
and organosilicon surfactants produces polymer suspensions that are stable during production
and storage.

Keywords: organosilicon surfactants, artificial polymer suspension, cationic surfactants,
polycarbonate, polymethyl methacrylate, structural and mechanical barrier
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HAYYHAS CTATbA

Bausinue npupoabl IMYJIbraTopa U KOHIEHTPAIMHU MOJIMMepPa
HA JUCHEPCHOCTH M YCTONYNBOCTh HCKYCCTBEHHBIX MOJUMEPHbIX
CYCIIEH3Hil HA OCHOBE MOJMKAPOOHATA M MOJIMMETHIMETAKPUIATA

A.H. Ctyxyk®, A.B. IlIkoAbHHKOB, II.C. 'op6aToB, H.A. I'puuxoBa

MHPSA — Poccutickuil mexHonoeuueckuil yHusepcumem (MHcmumym moHKUX XUMUMECKUX MexXHOI02ULL
um. M.B. ANomorocoea), Mockea, 119571 Poccus
@Aemop ons nepenucku, e-mail: aleksandr-stuzhuk@mail. ru

AHHOMAuus

Ienu. Co30aHue azpezamueHo YcmoluueblX UCKYCCMBEHHbIX NOJUMEPHBIX CYCneH3ull ¢ noso-
IKUMENbHbIM 3apsi0oM UaCMuUy HA OCHO8E NOAUKapboHama U NOAUMEeMUAMemaKpuiama ¢ uc-
Nnob308AHUEM KAMUOHHbBIX nogepxHocmHo-axmusHolx sewecms (KITAB), a marxoke ux cmeceil ¢
KpemMHUOp2aHUUeCKUM nogepxHOCmHo-akmugHoim seusecmaom (KOITAB).

Memooul. Pasmep kKanesb U 4acmuy NOAUMEPHBbIX CYCNEH3UT onpedessiii Memooom hpomoH-
HOU KOpPEeNSYUUOHHOU CNeKMpOoCKONUU (OUHAMUUECKO20 CBEMOPACCESHUSL) C NOMOULLIO IA3EPHO20
aHanuzamopa uacmuy Zetasizer NanoZS (Malvern, BeauxobpumaHusi).

Pesynomamelt. Bbuio YycmaHo8/1eHO, Umo O/t NOAYUEHUSL YCMOUUUBbLX UCKYCCMEBEHHbIX NOSU-
KapbOHAMHBIX U NOAUMEMUNMEMAKPUNLAMHBLX CYCneH3Uull mozym bblmb UCNOIb308AHBL Omeue-
cmeerHble KITAB KamamuH AB u A3on-129. OnmumaneHas KoHueHmpayusi IIAB cocmasguna
6 mac. % e pacueme Ha noaumep. ITokazaHo eausiHUE KOHUEHMpayuu noaumepa 8 pacmeope Ha
ycmotiuugocms U pasmep uacmuy KOHEeUHbLX NOJAUMEPHbLX cycneH3ull. OnpedeneHo, umo KOH-
ueHmpayust noaumepa 8 pacmeope He doaxHa npesviuwams 10%. [anvHelluiee nosvluieHue
KOHUEHMPAUUU NPU8ooUmM K NOBbLULEHUIO 8S13KOCMU IMYNbCUL NPU NOAYUEHUU 8bLCOKOOUCnepC-
HOUL cycneH3uu 8 npouecce oucnepauposaHrusi. Mcnoavzosarvl cmecu KITAB Kamamun AB/Ason-138
u Ason-129/Asz0n-138 0ns nogblUeHUsL Ycmoliuugocmu KOHEeUHbLX NOAUMEPHbLX CYcneH3ull 3a
cuem obpaszoeaHust cuHepzemuueckozo agpgpexma. OnmumansHoe maccogoe coomHowerHue [TAB
cocmasuno 9:1. Obwas kKoHueHmpayusi cmecu 10 mac. % e pacueme Ha noaumep. IlonyueHot
nosumepHwsle cycneHsuu, cmabunusuposarHole emecamu KIIAB Kamamun AB/KOIIAB U-851
u KITIAB A30n-129/KOIIAB U-851 8 coomHoweHuu 2:1 Ka»ooll cmecu 8 pacueme HaA noaumep.
Obwas KoHYUeHmpayus cmecu cocmasuna 9 mac. % e pacueme Ha noaumep.
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Bwi800bl. [IpedioskeHbl Ho8ble Cnocobbl NONYUEHUS. UCKYCCMBEHHbLX NOAUKAPOOHAMHBIX U NO-
AUMEMUAMEMAKPUNAMHBLX CYCNeH3Ul, noayueHHolx 8 npucymcemeuu KITAB omeuecmgeHH020
npouseoocmea, a maroke ux cmeceti u cmeceti KITAB ¢ KOIIAB. PaccmompeHbl KOMMOUOHO-XU-
MurecKkue ceolicmaa NONYUeHHbLX NOJUMEPHBLX CYCNEeH3Ull U NOKA3AHO, UIMo NpuU UCNO/Ib308AHUU
cmecu KITAB u KOIIAB, e3smblx 8 065bemMHOM coomHoweHuu 2:1, obpasyromest ycmotiuugole 8
npouecce noayueHusl U XxpareHus NoJauUMepHsle CYCneH3uu.

Knroueesle cnoea: kxpemHuiiopzarHuueckue IIAB, uckyccmeeHHast NOAUMEPHASL CYCNeH3Usl,
KramuoHHble IIAB, noaukapboHam, noaumemuamemaxpuiam, cCmpyKkmypHo-mexaHuue-

ckuil bapvep

Jna yumuposanus: Cryxyk A.H., llIkonsaukos A.B., Top6aros I1.C., I'puiikoBa M. A. BiusiHue npupo/sl SMylibratopa u
KOHIIEHTPALUK TOJIMMEpPa Ha TUCIIEPCHOCTh U YCTOWYHBOCTH NCKYCCTBEHHBIX ITOJMMEPHBIX CyCIIeH3MIT Ha OCHOBE MOJIMKapOOHaTa
U TOJMMEeTHIIMeTaKkpuiiata. Toukue xumuueckue mexronozcuu. 2021;16(6):490-501. https://doi.org/10.32362/2410-6593-2021-16-

6-490-501

INTRODUCTION

Recently, artificial polymer suspensions have
become increasingly important because they are used in
a wide range of industries, including the rubber industry
(films, coatings, gloves, rubber threads, etc.), light
industry (adhesives and textile materials), food industry
(protective coatings on food), pulp and paper industry,
construction industry (binders, sealants, compounds),
agricultural industry (soil protection against erosion),
and other industries.

Artificial polymer suspensions (artificial latexes)
are obtained by emulsifying polymer solutions in an
organic solvent in the presence of different surfactants,
followed by replacing the organic phase with an
aqueous phase, solvent distillation, and concentration to
attain the required polymer content. In the preparation
process, it is essential to maintain stability at all stages.
For this, cationic surfactants of various structures
are used. It is well established in the literature that
combining different types of surfactants is the best
way of obtaining stable polar polymer suspensions.
The preparation of artificial polymer suspensions has
not been described in the literature. It was best to rely
on the fact that synthetic polar polymer suspension
stability is characterized by high stability when using a
mixture of different surfactants.

In this work, mixtures of different surfactants
were used to enhance polymer suspension stability.
This ensured the formation of structural-mechanical
and electrostatic stabilization barriers, according to
Rebinder [1].

This study aims at obtaining stable artificial
polycarbonate and polymethyl methacrylate
suspensions with a positive particle charge in the
presence of cationic surfactants and their mixtures with
other surfactants.

MATERIALS AND METHODS

The  feedstocks selected were  granular
polycarbonate from the Makrolon brand (Bayer,
Germany) and polymethyl methacrylate from
the Acrypet VH 001 brand (Mitsubishi Chemical
Corporation, Japan).

Without additional purification,
(reagent grade) was used as a solvent.

The surfactants used were cationic surfactants
synthesized at Kotlas Chemical Plant. Katamin AB
(alkyldimethylbenzylammonium chloride, where alkyl
is a mixture of normal C10-C16 alkyl radicals); Azol-129
(quaternary ammonium base of coconut oil ferz-alkylamine
acids and benzyl chloride with a hydrocarbon radical of
coconut oil fatty acids C8-C14 as a substituent; active
substance content is 75%); Azol-138 (N,N,N-trimethyl-
-N-(alkyl 12-14) ammonium methyl phosphite);
Azo0l-139 (quaternary ammonium base from dicoco-
alkyldimethylamine and dimethyl phosphonate with a
hydrocarbon radical of coconut oil fatty acids C12—C14).
We also used an organosilicon surfactant (U-851 a,m-bis[3-
-methylsiloxy]polydimethylmethyl-(10-carboxydecyl)
siloxane) synthesized at the N.S. Enikolopov Institute of
Synthetic Polymeric Materials of the Russian Academy of
Sciences.

chloroform
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The size of droplets and polymer suspension
particles was determined by photon correlation
spectroscopy (dynamic light scattering) using a
Zetasizer NanoZS laser particle analyzer (Malvern,
UK) [2].

Dynamic light scattering (DLS) is a combination
of the following phenomena: a change in frequency
(Doppler shift) and an intensity and in motion direction
of light transmitted through a medium of moving
(Brownian) particles. It is a method for measuring
particles that are up to 6 um in diameter. The Brownian
motion of particles is measured by DLS and correlated
with their size. Elastic (Rayleigh) scattering occurs
when a light beam passes through a suspension. In DLS,
coherent and monochromatic laser radiation is used.
The autocorrelation function, which is determined from
the time variation of scattered radiation intensity, is the
quantity being measured:

Glt) = VN SIIG, ~ 1) = DI~ 1),

where G(¢)) is the autocorrelation function; N is the
number of measurements performed at time 7; (7, — 1)
is the light scattering intensity after a certain delay
time 7.

Suspensions were prepared by combining a
hydrocarbon phase (a polymer dissolved in a solvent)
with a surfactant aqueous solution in a 1:1 ratio. The
first stage involved using a magnetic stirrer to prepare
a low-dispersed emulsion. The droplet size ranged
from 20 to 100 um. The second stage involves using
a rotor-stator homogenizer DIAX-900 (Heidolph,
Germany) to disperse a low-dispersed emulsion
to obtain a highly dispersed emulsion. Dispersion

speed: 24000 rpm, dispersion time: 7—10 min. A rotary
evaporator RV 10 (/KA4, Germany) was used to distill
the solvent.

RESULTS AND DISCUSSION

According to the published data, the emulsion
dispersity (expressed by the polydispersity index,
Pdl), average particle diameter (d,), and charge
(C-potential) are the main parameters that determine
suspensions stability [3-5].

Investigations began with the study of the
colloidal-chemical properties of the polycarbonate
(PC) and polymethyl methacrylate (PMMA)
suspensions obtained in the presence of different
cationic surfactants.

Artificial polymer suspensions were obtained
using a 5% polymer solution. For the polymer, the
concentration of the surfactant was 6 wt %.

Tables 1 and 2 and Figs 1 and 2 show the
colloidal-chemical properties of the polycarbonate
and polymethyl methacrylate suspensions obtained
using Katamin AB and Azol-129 in different
concentrations.

Table 1 and Fig. 1 show the number-average
particle diameters of polycarbonate artificial
polymer suspensions determined using Katamin AB,
Azol-129, Azol-138, and Azol-139. The polymer
suspension sample obtained using Katamin AB as a
stabilizer had great stability, a narrow particle size
distribution, and particle diameters ranging from 500 nm
to 700 nm (80% of the particles by number). The
samples stabilized with Azol-129 and Azol-138 had
the largest diameter and particle size distribution. In
the presence of Azol-139, it is impossible to obtain
stable artificial polymer suspensions. A significant

Table 1. Comparative analysis of the colloidal-chemical properties of artificial polycarbonate

polymer suspensions stabilized by Katamin AB,

Az0l-129, Azol-138, and Azol-139, taken at different concentrations

Polymer Surfactant d_,nm Pdl C-potential, mV Coagulum, wt %
Katamin AB 620 0.140 +30 -
Azol-129 830 0.290 +24 -
PC
Azol-138* 1050 0.330 +25 10
Azol-139 - - - 100

*The size of the coagulum-free polymer suspension.
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Table 2. Comparative analysis of the colloidal-chemical properties of artificial

polymethyl methacrylate PS stabilized by Katamin AB,
Az0l-129, Azol-138, and Azol-139

Polymer Surfactant d_,nm Pdl C-potential, mV Coagulum, wt %
Katamin AB 260 0.270 +39 -
Azol-129 300 0.359 +28 -
PMMA
Azol-138 310 0.375 +23 -
Az0l1-139 - - - 100
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Fig. 1. The number-average particle size distributions of polycarbonate artificial polymer suspensions when used
in the production process as a surfactant: (a) Katamin AB, (b) Azol-129.

part of the polymer coagulated when the solvent was
removed under vacuum. This could be due to the poor
stability of the particles in the presence of the atypical
cationic surfactant with two alkyl radicals with a
chain length of C12—C14 in the hydrophobic part of
the surfactant molecule. The most stable suspensions
were obtained using Katamin AB. The fact that it has
a higher surface activity than the other stabilizers
presented [6] explains this outcome.

Data on the stability of the polymethyl
methacrylate polymer suspensions using different
surfactants revealed that Katamin AB allows for the
narrowest particle size distribution (Table 3 and Fig. 2).

The polymer concentration effect in the initial
chloroform solution at all the preparation stages was
evaluated using the final properties of the polymer
suspensions. The polymer concentration in the solution
was varied from 5% to 20% (Table 4).

As shown, the suspensions obtained using
polymer solutions with concentrations of 5% and
10% are stable. The average particle diameters and
PdI increase as polymer concentration increases.

The viscosity of solutions with a polymer
concentration of more than 10% was high. As a result,
polymer suspension emulsification, degassing, and
concentration was difficult.

According to the literature, a synergistic effect,
which significantly affects the colloidal-chemical
properties of polymer suspensions, can occur when
using mixtures of surfactants in a certain volume ratio of
components [6].

Azol-129/Az01-138 and Katamin AB/Azol-138
were selected as the surfactant mixtures. The colloidal-
chemical properties of the polymer suspensions obtained
in the presence of these mixtures are presented in
Tables 5 and 6 and Fig. 4.
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Fig. 2. The number-average particle size distributions of polymethyl methacrylate artificial polymer
suspensions when the following surfactants were used in the production process:
(a) Katamin AB, (b) Azol-129, and (c) Azol-138.

Table 3. The stability of artificial polycarbonate and polymethyl methacrylate polymer

suspensions depending on the polymer concentration

Stability in time
Polymer concentration in solution
PC PMMA
5 + +
10 + +
20 +/- +/=

The conducted study reveals that it is necessary
to use a mixture of surfactants Azol-129/Azol-138 and
Katamin AB/Azol-138 in a ratio of 9:1, respectively,
to achieve the maximum effect (to reduce the particle
diameter). When using Azol-129/Azol-138 and
Katamin AB/Azol-138 mixtures, there is a significant
increase in stability compared to polymer suspensions
where these surfactants are wused separately.

Polymer suspensions stabilized with Azol-129 were
characterized by low stability and an average particle
diameter of about 800 nm. By adding one mass part
of Azol-138 to the system, the polymer suspension
stability was greatly improved, and the particle
diameter was reduced to 580 nm. The addition of AB
Azol-138 to Katamin AB allowed for a reduction in
the average diameter (from 620 nm to 400 nm).
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Table 4. Colloidal-chemical properties of polycarbonate suspensions stabilized using
Katamin AB and obtained at various polymer concentrations in solution

Concentration, % d_,nm Pdl Coagulum, wt %
5 620 0.140 -
10 1260 0.330 -
20 840 0.270 50
S SR :
dav.; = 620 nm
O 201+ ie e L
5 E
e} .
S :
> .
P4 .
([0} SEREEEE EEREEN EERERRRRRRY | CARRCERLERELERELERS 5
0 N — i
1100 1000 10000 1100 1000 10000
d, nm d, nm
a b
O\O ..................
o]
Q
1S
>
P4
© o100 1000 " 10000
d, nm
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Fig. 3. Numerical distributions of particle size in polymer suspensions for the suspensions
presented in Table 3: (a) 5%, (b) 10%, and (c) 20%.
Table 5. Colloidal-chemical properties of polycarbonate polymer suspensions obtained
using varied ratios of the surfactants Azol-129/Azol-138
Surfactants Surfactants ratio d ,nm Pdl C-potential, mV Coagulum, wt %
Az0l-129/Az0l-138 9:1 588 0.101 +22 -
Azol-129/Azol -138 3:1 770 0.331 +16
Azol-129/Azol -138 2:1 1510 0.255 +6 10
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Table 6. Colloidal-chemical properties of polycarbonate polymer suspensions

stabilized with Katamin AB/Azol-138 in different mass ratios

Surfactants Surfactants ratio d _,nm Pdl C-potential, mV Coagulum, wt %
Katamin AB/Azol-138 9:1 402 0.136 +32 no
Katamin AB/Azol-138 3:1 607 0.320 +13 5
Katamin AB/Azol-138 2:1 694 0.382 +7 10
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Fig. 4. Numerical distributions of polymer suspension particle size for suspensions
presented in Table 4: (a) 9:1, (b) 3:1, and (c) 2:1.

Recently, there have been interests in water-
insoluble organosilicon surfactants, owing to the
possibility of obtaining aggregate-stable polymer
suspensions through the polymerization of vinyl
monomers [7, 8].

The formation of an interfacial adsorption layer
on particle surfaces in their presence was found to be

different from that observed in the presence of water-
soluble surfactants.

This difference is due to the formation of a thick strong
interphase layer, which is due to the adsorption of a water-
insoluble surfactant from the monomer phase. These results
were demonstrated when studying the colloidal-chemical
properties of different organosilicon surfactants [9—-16].
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Carboxyl-containing  organosilicon  surfactant
a,m-bis(trimethylsiloxy-oligodimethylmethyl-(10-
carboxydecyl)siloxane (U-851) and its mixture with the
cationic surfactants Azol-129 and Katamin AB were used.

The surfactants mixture had a concentration of
9 wt % calculated for the polymer, with a cationic
surfactant/organosilicon surfactant ratio of 2:1. The
concentration of U-851 was calculated to be 3 mass
fractions for the polymer.

In these works, it was found that the formation of
an interfacial adsorption layer on the surface of particles
in their presence is fundamentally different from that
observed in the presence of water-soluble surfactants [3,7].

To obtain stable polymer suspensions, we used a
mixture of the cationic surfactants Katamin AB and
Azol-129 with the carboxyl-containing organosilicon
surfactant U-851.

The surfactants mixture had a concentration of
9 mass fractions calculated for the polymer, with a
cationic surfactant/organosilicon surfactant ratio of
2:1. The concentration of the surfactant U-851 in
the suspension stabilized only with it was 6 mass
fractions calculated for the polymer.

The stability properties of the obtained
suspensions and their colloidal-chemical properties
are presented in Tables 7 and 8 and Fig. 5.

Table 7. Stability of polycarbonate suspensions over time when a mixture

of a cationic surfactant and an organosilicon surfactant is used

Surfactant

Stability over time

Katamin AB/U-851

Azol-129/U-851

U-851 _
Table 8. Colloidal-chemical properties of artificial polycarbonate suspensions
obtained using U-851 and its mixture with a cationic surfactant
Surfactant d _,nm Pdl C-potential, mV Coagulum, wt %
Katamin AB/U-851 360 0.240 +32 -
Az0l-129/U-851 410 0.287 +25 -
U-851 - - 100
L1 R R T p : 407 T
dai. = 360 nm 410 nm
2 L]0 S Dol B0 gl
o}
e}
Eoofi M Bl
pd
10 -------- ------------------------------------------------------------------------
1 100 1000 10000 1100 1000 10000
d, nm d, nm
a b

Fig. 5. Numerical distributions of polycarbonate suspensions particle sizes
depending on the choice of surfactant mixtures: (a) Katamin AB/U-851 and (b) Azol-129/U-851.
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Both suspensions were characterized by a rather
narrow particle size distribution, with an average
particle diameter of 360 nm and a charge of +32 mV
for the Katamin AB/U-851 mixture, and an average
particle diameter of 410 nm and a charge of 25 mV
for the Azol-129/U-851 mixture.

CONCLUSIONS

The article proposed a methodology for obtaining
stable artificial polycarbonate and polymethyl
methacrylate polymer suspensions with a positive
particle charge. It was shown that to obtain them,
domestically produced cationic surfactants with a
concentration of 6 wt % calculated for the polymer
can be used. It is proposed to use a 9:1 mixture of
surfactants: Azol-129 and Azol-138; Katamin AB
and Azol-138, with a total surfactant concentration
of 10 wt % calculated for the polymer to form a
more durable electrostatic stability barrier in the
interfacial adsorption layers. It is possible to increase
stability over time using Katamin AB/U-851 and
Azo0l-129/U-851 mixtures because of the formation
of structural-mechanical and electrostatic stability
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Abstract

Objectives. The study aimed to develop new methods for the synthesis of cobalt ferrite (CoFe,O,),
which is a precursor for the synthesis of CoFe,O,-based functional materials, as well as to study
the physicochemical properties of the obtained phases.

Methods. Two methods were used for the synthesis of CoFe,O,: (1) heterophase interaction
of hydrated iron oxide with cobalt(Il, III) oxide and (2) heterophase interaction of hydrated
iron oxide with an aqueous solution of cobalt(Il) sulfate (C, = 0.147 mol/L, solid/liquid = 1:43).
In both cases, the precursor was hydrated iron oxide (Fe,O,, 84.4 wt %), which was obtained
by the heterophase interaction of iron(Illl) chloride with a concentrated ammonia solution
(6.0-9.5 mol/L). The resulting intermediate products were subjected to thermal treatment at 750°C
(synthesis 1) and at 900°C (synthesis 2) for 10-30 h in increments of 10 h. The synthesized
phases and products of their thermolysis were studied by differential thermal analysis and
differential thermogravimetry (DTA-DTG), X-ray diffraction analysis (XRDA), and granulometry.
Results. The hydrated iron oxide sample remained amorphous even up to the crystallization
temperature of 445°C, which corresponds to the exothermic effect on the DTA curve. Further
heating led to the a-modification of iron(Ill) oxide of the hexagonal system (a = b = 5.037 + 0.002 A;
c=13.74 £ 0.01 A), which has an average particle size of 1.1 um. XRDA results showed
that a synthesis temperature of 750°C (synthesis 1) and a heat treatment duration of 30 h
were sufficient for the formation of a single-phase cobalt ferrite (a = 8.388 + 0.002 A) with
an average particle diameter of 1.9 um. For synthesis 2, a higher temperature of 900°C was
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used because sample weight loss (about 12.5%) was observed in the temperature range
of 720-810°C based on the DTA results, which was due to the removal of SO, and SO,.
Moreover, when synthesis temperature and duration were at 900°C and 30 h, respectively,
CoFe,O, with a = 8.389 + 0.002 A was formed. The results of the granulometric analysis
showed that particles of different diameters were formed. The smallest particle size (1.5 um) of
cobalt ferrite was obtained by the heterophase interaction of hydrated iron(Ill) oxide (Fe,O,,
84.4 wt %) with an aqueous solution of cobalt sulfate with C. = 0.147 mol/L.

Conclusions. Depending on the method used for the synthesis of cobalt ferrite, particles of
different diameters are formed. The smallest particle size of cobalt ferrite was obtained from the
heterophase interaction of hydrated iron(Ill) oxide with an aqueous solution of cobalt(ll) sulfate.

Keywords: iron, cobalt, ferrite, oxides, thermal analysis, X-ray phase analysis, particle size
analysis
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AHHOMAQuUUs

Ilenu. Paspabomka HO8blLX memodoge cunmesa geppuma robanoema (CoFe,O,), asrsouezocs
npeouecmeeHHUKOM 0Nl cuHmMe3a (PYHKUUOHANTbHBIX MAMEPUATIO8 HA e20 OCHO8e, A makike
uccnedosaHue PusuKo-XUMUUECKUX C8OUICME NONYUEHHBLX Pa3.

Memooust. 'udpamuposaHHbsLil 0KCUd )Kere3a u heppum Kobaibma NOAYUAIU 2emepodhasHbIM
Mmemoodom. CuHmesupoeaHHble pasol U NPOOYKmMbl UX MEePMOAU3A U3YyUaru memooamu ougge-
PEHUUANBHO-MEepMUUECK020 AHANU3A U JudgeperyuanbHoli mepmoepasumempuu (ATA-TT),
permeeHogaszo08020 aHanuda (PPA) u epaHyromempuul.

Pe3synomamet. B cmambe U3102KeHblL pe3yibmamel 08YX memooo8 cuHmesa gpeppuma Kobasib-
ma (CoFe,O,) u uccnedogarus nonyueHHolx gas. B oboux cayuasx € Kawecmee npeouecmeeH-
HUKA 8blcmMynas 2udpamuposarHsblil oxcud skenesa(lll) ¢ cooeprxaruem Fe,O, — 84.4 mac. %,
noyueHHsll eemepogpasHbim 83aumooeticmauem xaopuoa skenesa(lll) ¢ KoHUeHMpuUpPo8aHHbLIM
pacmeopom ammuara (6.0-9.5 moav/n). Ilepawlii cnocob 3axiouancs 8o gsaumooeticmaul au-
opamupogaHHozo okcuoa skenesa(lll) c oxcudom kobanema(ll, III), emopoii — 8o e3aumodeticmauu
2udpamupogaHHozo okcuoa senesa(lll) ¢ eooHbIM pacmeopom cyavgpama kobanrema(ll) ¢ KoH-
uenmpayueti C, = 0.147 mono/n (T : 2K = 1 : 43). [Tonyuusuuecs npomesKymouHsle npooyrKmaot
noodsepzanu mepmuueckoii obpabomre npu 750 °C (cunmesz 1) u 900 °C (cunmes 2) 8 meueHue
10-30 u c wazom 10 u.
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Bobteodst. deppum robanoma (CoFe,O,) nonyuern dsyms cnocobamu. C ucnonososaHuem
Komnaerxca memooos (PPA, ATA-ATT, eparHysiomempuu) ucciedo8aHbl PuUusuKo-xumuuecKue
ceolicmea CuUHmMesUpo8aAHHbLX 06pa3yu08. YCmaHo81eHo, umo 2ud0pamupo8aHHbLll okcuoa sKe-
nesa(lll) ennombe 0o memnepamypsl kpucmaanusayuu (445 °C), coomeemcmeyrouieii 3K30-
mepmuueckomy sgpgpexmy Ha kpueoil [ATA, ocmaemcsi peHmeeHoamoppHbum. anvHeliuee
HazpesaHue e20 npusooum Kk obpazoeaHuro a-moougurayuu oxkcuoa sxenesa(lll) zekcazorHane-
HOU cuHzoHuu (@ = b =5.037 + 0.002 A; c = 13.74 £ 0.01 A), cpednruii pasmep uwacmuy Komopoil
paser 1.1 mxm. CoenacHo daHHbiM PDA, ¢ cunmese 1 npu 750 °C u npodosxumenbHoCMu
mepmoobpabomiu 30 u ob6pasyemcs 00HogasHblll heppum kobarema (a = 8.388 + 0.002 A) co
cpedHum ouamempom uacmuy 1.9 mxm. B unmepeane memnepamyp 720-810 °C e obpasue
Habarodaemest ybounb maccol (okono 12.5%), ceasannas ¢ yoarenuem SO, u SO,. Ilosmomy &
cuHmese 2 memnepamypy Hazpesarus ygeauuusanu 0o 900 °C. ITokazaro, umo npu 900 °C
u npodomumeﬂbuoﬂcmu cunmesa 30 uw marxxe obpasyemcs gpeppum robanema (CoFe,O,)
(a = 8.389 = 0.002 A). Peaynomamel 2paHYSOMEMPUUECKO20 AHANU3A YKA3bleAoMm HA 3A8UCU-
Mocmeb ouamempa o6pa3yrouLuUxXcst uacmuy om cnocoba noayueHust peppuma kobanema. Hau-
MeHbwull pasmep uacmuy, (1.5 mrm) obHapyxxeH Yy heppuma kobanema, NOAYyueHHo20 zeme-
pogasHeim esaumodeticmeuem 2udpamuposarHozo oxkcuda sxenesa(lll) (Fe,O, — 84.4 mac. %) c
B800HbIM pacmeopom cyabgpama kobanema ¢ koHueHmpayuetl C(Co?*) = 0.147 monw/ .

Knroueevle cnoea: skeneso, kobanoem, heppum, 0KCudbl, MepMUUeckKull AHAU3, PEHM2eHOpAa30-
8blil AHANUS, 2PAHYSIOMEMPUUECKUTL AHANIU3S

Jna yumuposanusn: Huxummna E.E. Terepodasubiii cuHTe3 (epputa kobanbTa. ToHKUe Xumuueckue MmMexHOI02UU.
2021;16(6):502-511. https://doi.org/10.32362/2410-6593-2021-16-6-502-511

INTRODUCTION

Due to their unique properties, spinel-structured
ferrites are widely used in various fields of science and
technology. This class of magnetic ceramics is used in
various applications, such as information storage systems,
magnetic fluids, gas sensors, catalysts, rechargeable
lithium batteries, magnetic cores, microwave absorbers,
medical diagnostics and therapy, wastewater treatment,
and biosensors [1-7].

The ferrite formula can be represented as AB,O,.
It has a spinel structure (Fig. 1), where the tetrahedral
A-position is occupied by ions in the oxidation state of
+2 (e.g., Mg*, Fe*, Ni**, Co*", and Mn?"). The octahedral
B-position is mainly occupied by Fe*" ions, but they can
be replaced by other ions in the oxidation state of +3
(e.g., AI¥, Cr*). If the A-position is occupied by ions
in the +3 oxidation state and the B-position is equally
populated by ions in the +2 and +3 oxidation states, the
spinel structure is called reversed [8, 9].

Fig. 1. Ferrite spinel structure [9].

One of the representatives of this class of materials
is cobalt ferrite (CoFe,0,), a well-known magnetic hard
material with a high coercive force associated with a small
size of crystalline grains and strong magnetocrystalline
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anisotropy and moderate magnetization. It has an
inverted spinel structure, where all or most of the Co*
ions occupy an octahedral B-position and Fe*" ions
occupy both tetrahedral (A) and octahedral (B) positions.

These properties, along with high chemical
stability, make it possible to use cobalt ferrite in
various applications, such as medicine, catalysis,
magnetic data carriers in audio and video cassettes,
high-density digital recording discs, various sensors,
recording devices, and solar cells [10—13].The
purpose of this work was to develop methods for the
synthesis of cobalt ferrite, which is a precursor for
the synthesis of CoFe O,-based functional materials,
as well as to study the physicochemical properties of
the obtained phases.

MATERIALS AND METHODS

Iron(III) chloride hexahydrate, which was used
as the starting material in the study, cobalt(Il, III)
oxide, and cobalt sulfate were supplied by Merck,
Germany, while aqueous ammonia was sourced from
Himmed, Russia.

Hydrated iron(Ill) oxide was obtained by the
heterophase interaction of iron(IIl) chloride with a
concentrated solution of ammonia hydrate (6.0-9.5 mol/L).

Cobalt ferrite was synthesized using two
heterophase synthesis methods.

Synthesis 1. Samples of hydrated iron(I1l) oxide
and cobalt(II,III) oxide in the ratio of 1.5:1 were
placed in a glass flask with a lapped stopper. The
hydrated iron oxide to cobalt oxide ratio used was
based on the oxide content of hydrated iron oxide
and CoFe,O,. Distilled water was poured into the
flask with the substance, and the flask containing the
reaction mixture was shaken on a vibrating apparatus
at roomtemperature (22 + 2°C) for 10 h. The resulting
suspension was transferred to a crucible and subjected
to slow evaporation. Then, the intermediate product
obtained was subjected to heat treatment at 750°C for
10-30 h in increments of 10 h.

Synthesis 2. A suspension of hydrated iron(III)
oxide was placed in a glass flask with a lapped
stopper, to which a solution of cobalt(Il) sulfate with
C., = 0.147 mol/L (solid/liquid = 1:43) was added.
Then, the flask was shaken on a vibrating apparatus at
room temperature for 10 h. The resulting suspension
was transferred to a crucible and subjected to slow
evaporation, and the intermediate product obtained
was subjected to heat treatment at 900°C for 30 h in
increments of 10 h.

The oxide content in hydrated iron(IIl) oxide
was determined by gravimetric analysis.

Differential thermal analysis and differential
thermogravimetry (DTA-DTG) of the samples
was conducted on a Q-1500 D air derivatograph
(MOM, Hungary) with simultaneous recording of
four curves: differential (DTA), temperature (7),
differential thermogravimetric (DTG), and integrated
mass change (TG) curves using a hardware—software
complex in LabVIEW 8.21 (National Instruments,
USA). The temperature was measured with a
platinum—platinum rhodium thermocouple (PP-1)
with an error of +5°C in the temperature range of
20-1000°C, using a-Al,O, as a standard.

X-ray diffraction analysis (XRDA) was
carried out on a D8 Advance diffractometer
(Bruker, Germany) under SiK  radiation with
continuous rotation of the sample (1°/min, step-by-step
20 = 0.02°, exposure 0.5 s) and modes in the angle
range 20 = 5°-80°. An ICDD card file was used for
phase identification.

Granulometric analysis (determination of the
particle size distribution function) was performed
using a DelsaNano laser particle analyzer (Beckman
Coulter, USA). Specific surface area and pore size
were measured using a SA 3100 analyzer (Beckman
Coulter, USA). Surface area was calculated from
adsorption isotherms using the Brunauer—Emmett—
Teller (BET) method. A nonporous sample ASX 1 4
(specific surface area according to BET was 4.18 m*/g)
GSO 9735 2010' (a set of standard samples of
nanostructured aluminum oxide ASX 1) was
used as a standard. The measurement range of the
specific surface was 0.1-2000 m?/g. The resolution
of the pressure sensor was 0.0062 kPa. The limit of
the permissible relative error of the analyzer when
measuring the specific surface was £5%. Preliminary
degassing of the samples was carried out for 1 h at
t =70°C and a pressure of 0.1 Pa.

Heat treatment of the samples was conducted
in a TK-12.1250.N.1F laboratory furnace with a
Thermomatic-N automatic temperature controller
that has an error of £1°C at nominal temperature.

RESULTS AND DISCUSSION

The heterophase synthesis of hydrated iron(III)
oxide involves the interaction of solid ferric chloride
with a concentrated ammonia solution (6.0-9.5 mol/L).
The synthesis proceeded at a high rate at room
temperature.  Simultaneously, a  well-filtered
hydrated iron(III) oxide powder with a high content
of Fe,0O, (84.4 wt %) was obtained, which was easily

Uhttps://gsso.ru/wp-content/uploads/2016/08/catalog
gso 2020 3.pdf
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washed off from impurities and retained a high
reactivity. When obtaining hydrated iron(III) oxide,
the prewashing operation is important, and it was
conducted by the repeated treatment of the sediment
with distilled water. Washing removes chloride ions in
hydrated iron(III) oxide precipitate, thereby lowering
its content to less than 0.05 wt %. Figure 2 shows the
particle size distribution of hydrated iron(IIl) oxide.
On the histogram (Fig. 2), there is a pronounced
maximum corresponding to the maximum amount of
powder particles with a size of 0.8—1.2 um. Hence,
it can be assumed that the hydrated iron(IIl) oxide
was a relatively monodisperse powder. About 95%
was accounted for by particles with a size of 0.7-2.0 pm.

| | I | T

05 1 5 10 50
Particle diameter, um

Fig. 2. Particle size distribution of hydrated
iron(I1I) oxide.

T, °C 157mg
1000 —

exo

Studies have shown that the average particle size
is 1.1 pm. The specific surface area of hydrated
iron(IIl) oxide measured by the BET method was
76.72 m?/g.

Thermolysis of hydrated iron(Ill) oxide was
studied in the temperature range of 20-1000°C.
Figure 3 shows the results of the DTA. It was
found that the loss of the bulk of water in hydrated
iron(I1l) oxide at temperatures as high as 200°C
corresponds to the endothermic effect on the
DTA curve (Fig. 3). The resulting phase remains
amorphous, which was confirmed by the results
of XRDA. With a further increase in temperature,
there are no other endoeffects that could indicate
a stepwise dehydration. The exoeffect at 445°C
corresponds to the transition from an amorphous
state to a crystalline state. Further heating above
the specified temperature is accompanied by the
formation of crystalline oxide Fe,O,. Figure 4 shows
the diffractogram of the thermolysis products of
hydrated iron(Ill) oxide at 500°C. Obviously, at
500°C, a hexagonal a-modification of iron(III)
oxide was formed. The parameters of the a-Fe,O,
lattice are as follows: @ = b =5.037 £ 0.002 A and
c=13.74+0.01 A.

To establish the effect of the precursor on the phase
composition of cobalt ferrite, two synthesis methods
were conducted with hydrated iron(Ill) oxide acting
as a precursor in both. Either cobalt oxide Co,0,
(synthesis 1) was added to it, or an aqueous solution
of cobalt(II) sulfate (C,., = 0.147 mol/L, synthesis 2).

Figures 5 and 6 show the results of the thermal
analysis of the intermediate products obtained
during syntheses after evaporation of suspensions.

DTG

DTA

0 L L

0 500 1000 1500 2000 2500

T — T 1 T T
3500 4000 4500 5000 5500
T,8

T
3000

Fig. 3. Thermogravitogram of hydrated iron(IlI) oxide (Fe,O,, 84.4 wt %).
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of hydrated iron(I11) oxide with cobalt(Il, III) oxide (synthesis 1).

Thermogravitograms showed an endothermic effect
associated with the dehydration processes (50—135°C,
Fig. 5; 75-160°C and 275-330°C, Fig. 6) and with
the removal of SO, and SO, (725-805°C and
805-870°C [15], Fig. 6). In both cases, there was no
exothermic effect at 445°C that corresponds to the
crystallization of individual hydrated iron(III) oxide.
On the thermogravitogram of the intermediate product
obtained by the interaction of hydrated iron(III) oxide
with cobalt(Il, III) oxide (Fig. 5), an exoeffect was
observed at 710-770°C, which can be associated with
the formation of a compound of a given composition,
but the sample annealed at 710°C was amorphous.
The resulting intermediates were subjected
to heat treatment. In the case of synthesis 1, a
temperature of 750°C was used, corresponding to the

exothermic effect on the DTA curve (Fig. 5), and the
synthesis duration was 10-30 h in increments of 10 h.
In all cases, fine crystalline powder of CoFe,O, (cubic
syngony) was obtained, which is confirmed by the results
of XRDA (ICDD 79-1744: a = 8.390 A). However, in
the case of 10-h annealing, the diffraction peaks of
unreacted iron and cobalt oxides were observed on
the diffractogram (Fig. 7). Annealing for 30 h turned
out to be the most optimal—pronounced peaks of
only one phase are present on the diffractogram,
which is cubic (CoFe,O,, Fig. 8). The calculated
lattice parameter of the synthesized cobalt ferrite is
a=18.388+0.002 A.

In synthesis 2, an annealing temperature of
900°C was selected. This is due to the fact that up
to a temperature of 8§70°C, there was a decrease in
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Fig. 6. Thermogravitogram of the intermediate product obtained by the interaction of hydrated iron(IIl) oxide with
a solution of cobalt(Il) sulfate (synthesis 2).
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Fig. 7. X-ray diffraction pattern of cobalt ferrite synthesized at 750°C
and annealed for 10 h (synthesis 1).
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Fig. 8. X-ray diffraction pattern of cobalt ferrite synthesized at 750°C
and annealed for 30 h (synthesis 1).
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Fig. 9. X-ray diffraction pattern of cobalt ferrite synthesized at 900°C
and annealed for 30 h (synthesis 2).
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Fig. 10. Particle size distribution of cobalt ferrite: (a) synthesis 1, 750°C, 30 h; (b) synthesis 2, 900°C, 30 h.

sample mass (about 12.5%, Fig. 6). The duration of
annealing was 30 h. Figure 9 shows the diffractogram
of the resulting product. The lattice parameter of the
synthesized cobalt ferrite is a = 8.389 + 0.002 A.
The influence of the choice of precursors on
the size of cobalt ferrite particles has been studied.
Figure 10a shows the size distribution of cobalt
ferrite particles (synthesis 1, 750°C, 30 h). On the
histogram (Fig. 10a), there is a pronounced maximum
corresponding to the maximum presence of powder
particles with a size of 1.5-3.0 pm. The main fraction
consisted of particles with a size of 1.0-5.0 pm
(~85%) with an average diameter of 1.9 pm (for the
initial hydrated iron(I11) oxide, it was 1.1 um).
Figure 10b shows the size distribution of cobalt
ferrite particles (synthesis 2, 900°C, 30 h). In this
case, it is obvious from the histogram that a maximum

number of cobalt ferrite powder particles have a size
of 1.2-3.0 um, and the average particle diameter was
1.5 pm.

As can be seen from the distributions, the smallest
particles were formed in cobalt ferrite obtained by
the heterophase interaction of hydrated iron(III)
oxide (Fe,0,, 84.4 wt %) with an aqueous solution of

cobalt(Il) sulfate with C. = 0.147 mol/L.
CONCLUSIONS

CoFe,O, was synthesized in two ways. The
first method is the heterophase interaction of
hydrated iron(Ill) oxide with cobalt(Il, III) oxide
with subsequent thermal treatment at 750°C for
30 h (synthesis 1), and the second method is the
heterophase interaction of hydrated iron(IIl) oxide
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(Fe,0,, 84.4 wt %) with an aqueous solution of cobalt(II)
sulfate (C.,, = 0.147 mol/L) with subsequent heat treatment
at 900°C for 30 h (synthesis 2).

Using various methods (XRDA, DTA-DTG, and
granulometry), the physicochemical properties of the
synthesized samples were investigated. The results of
the studies on hydrated iron(IIl) oxide showed that
up to the crystallization temperature of 445°C, which
corresponds to the exothermic effect on the DTA
curve, the sample remained amorphous. Further heating
led to the a-modification of iron(IIl) oxide hexagonal
syngony (a=b=5.037+0.002 A; c=13.74 £ 0.01 A),
which has an average particle size of 1.1 pm.

Using the XRD method, it was found that in the
case of synthesis 1, a temperature of 750°C and a heat
treatment for 30 h were sufficient to form a single-
phase cobalt ferrite (¢ = 8.388 + 0.002 A) with an
average particle diameter of 1.9 pm. The temperature
used in synthesis 2 was increased to 900°C due to
a decrease in sample mass (about 12.5%) observed
during synthesis in the temperature range of 720-810°C
based on the results of differential thermal analysis.
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Abstract

Objectives. To determine the ion mobility of N-methylimidazole, establish the structure of ions
corresponding to characteristic signals, and determine the detection limit of N-methylimidazole
on the ion-drift detector Kerber.

Methods. Ion mobility spectrometry was used to study the ionization processes. The enthalpies
of the reactions of monomer and dimer ions were calculated in the ORCA 4.1.1 software by the
B3LYP density functional method with a set of basic functions 6-31G (d, p).

Results. The drift time and ion mobility values of N-methylimidazole were determined. A method
for mathematical processing of spectra and a program for its implementation was developed.
The changing peculiarities of the ion mobility spectrum during measurement at a given time were
studied. According to the interpretation of the spectrum signals, the structure of the generated
ions was proposed, and the enthalpies of ion formation were determined.

Conclusions. The characteristic signal of the N-methylimidazole ion protonated at the nitrogen
atom of the pyridine type was revealed. It was found that two signals in the ion mobility spectra
of N-methylimidazole correspond to the presence of the monomer and dimer ions. The detection
limit of N-methylimidazole on the ion-drift detector Kerber was determined, amounting to 3 pg.
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AHHOMAyust

ITenu. OnpedenerHue 3HAUeHUU UOHHOU noodsurkHocmu N-memunumuoasona. YcmaHoesieHue
CMPOEHUSL UOHO8, COOMEEMCMBYULUX XapaKmepHbim cuzHaniam. OnpedeneHue npedena obHa-
pyrxeHust N-memunumuoasona Ha UoHHo-Opetichogom demexmope Kepbep.

Memoodst. Memod cnekmpomempuu UOHHOU NOOSUXKHOCMU Obl/l UCNO/B308AH OJ151 UCCAe008a-
HUSL NPOUEeCcco8 UOHU3AUUU. DHMaNbNuu peaKyuli MOHOMEPHBIX U OUMEPHBLX UOHO8 PACUUMAHbL
8 npozpamme ORCA 4.1.1 memodom ¢pyHKyuoHana naomHocmu B3LYP ¢ Habopom 6a3ucHuix
pyHryuti 6-31G(d,p).

Pesynomamet. OnpedeneHsbl 3HaueHUst epemeHu opeticha u UoHHOU nodsurkHocmu N-memunu-
Mmuodasona. PaspabomaHa memoouka mamemamuueckoli obpabomrKu cnekmpog u npozpamma
ons ee peanuzayuu. M3yueHovl ocobeHHOCMuU U3MEHEeHUSsL XxapaKkmepa cnekmpa UOHHOU no08U K-
HOCcmMUu 8 npouyecce uamepeHust 8 O0aHHbLU MOMEHM epemeHU. [IpediokeHo cmpoeHue 2eHepupye-
MblLX UOHO8 8 coom8emcemeuu ¢ uHmepnpemayueti cuzHanoe cnekmpa. OnpedesieHbl IHMatbnuu
06pas3o0eaHUsL UOHO8.

Bbleoosl. Bouisienien xapaKkmepucmuueckuil CuUzHaL UWoHA N-mMemuaumudasona, npomoHUpo8at-
H020 N0 amomy azoma NUpPUOUHO8020 MuUnd. YCmaHo8/ieHo, umo 08a CUZHAA 8 CNeKmpax UOH-
HoUl nodsuxxHocmu N-memuaumuoasona coomeememayrom HAAUUUID MOHOMEPHOU U OUMEepHOU
opmbl uoHo8. Onpedener npedesn obHapysxxeHus N-memuaumuoasona Ha UOHHO-Opelichogom
demexmope Kepbep, cocmasasowuii 3 ne.
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INTRODUCTION

Ion mobility spectrometry is a promising fast
modern method for analyzing chemical compounds
in the gas phase [1, 2]. The method is promising for
solving a wide range of analytical problems because
of'its speed, high sensitivity, lack of vacuum systems,
and portability [3-9]. However, a large number of
possible ion-molecular reactions take place in the
drift space of an ion mobility spectrometer, as well as
an incompletely studied mechanism of ion formation
complicate the reliable interpretation of ion mobility
spectra. Expanding the capabilities of the method is
of great theoretical and practical interest.

Recently, the so-called “designer drugs” have
become popular. Small changes in the chemical
structure of legally controlled substances (homologs
and small newly introduced functional groups)
make it possible to circumvent existing bans and
sell potentially hazardous substances disguised as
legal drugs. Often the consequences of exposure
to modified substances on the body cause the
rapid development of physical and psychological
dependence (addiction) to them, which turns out to
be far more dangerous than the original drugs. Such
compounds are difficult to detect because they are
not included in the major databases of analytical
instruments.

As aresult, determining the characteristic signal
of a whole class of compounds becomes important
for detecting synthetic cannabinoids [10, 11].

Earlier, to develop conditions for the detection of
synthetic cannabinoids based on imidazole by ion mobility
spectrometry, a research on the behavior of imidazole
was conducted on the ion-drift detector Kerber, which is
already used by the Ministry of Internal Affairs, Federal
Security Service, Ministry of Emergency Situations,
and Federal Customs Service of the Russian Federation
to detect main drugs and explosives [12—15]. It was
discovered that the spectrum of the ion mobility of

imidazole always contains two signals with ion mobility
of 2.100 cm?(V-s) and 1.700 cm?/(V's), corresponding
to the monomer and dimer ions, respectively. The
effect of concentrations on the characteristics
of the spectrum is investigated. An assumption
was made about the structure of the dimer, and it
was demonstrated that the interconversion of the
monomer—dimer forms occurs during measurement,
depending on the concentration of the sample.

According to the published data, imidazole can
form dimers as well as long chains associated with
water [16, 17]. However, in the range of spectrum
registration, a multitude of signals of oligomeric
chains was not recorded; instead only one signal of
the dimer was recorded, therefore, it was assumed
that it was this signal that was formed. Its structure
was proposed considering the formation of'a complex
with water [1].

The results of the study of N-methylimidazole,
which is not prone to the formation of stable dimer
forms, are presented in this paper to obtain additional
data on the nature of the ion mobility spectra of
imidazole derivatives.

The goal of this work is to determine the
characteristic signals of N-methylimidazole using
ion mobility spectrometry, thereby confirming the
proposed structure of ions formed during corona
discharge ionization.

EXPERIMENTAL

The studies were conducted on an ion-
drift detector (IDD) Kerber'! manufactured by
Yuzhpolimetal-Holding Group of Companies (Russia).
The characteristics of the device are given in Table 1.

Ion mobility spectra were obtained at atmospheric
pressure using ambient air as the drift gas. Target

' Yuzhpolymetal Holding. Kerber-T portable ion-drift detector.
http://www.analizator.ru/production/ims/kerber-t/. ~ Accessed
September 16, 2021.
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Table 1. Specifications of IDD Kerber

Characteristic

IDD Kerber value

Detection range of low-volatile organic substances
by 2.,4,6-trinitrotoluene (TNT), g

from 1.0 x 107" t0 2.0 x 1077

Low-volatile organic matter detection limit for 2,4,6-trinitrotoluene (TNT)

— for solid particles, g
— in pairs, g/cm?

no more 1.0 x 107"
no more 1.0 x 107"

Tonization method

Pulsed corona discharge

Drift tube temperature, °C 100
Time of detection and identification for all detectable substances, s no more 5
The probability of a false alarm, % no more 1
Detector cleaning time in case of contamination with target substances within 16 more 180

the detection range, s

substances were registered using the software IDD
Kerber in the “Spectrum” format. The measurement
results were text files containing information about
the parameters of the system, the detected target
substances and the drift time. lonograms were
constructed according to the indicated data.

A sample of N-methylimidazole produced by
Acros Organics (USA) with a purity of 99% was
selected for the study.

We used a balance of the brand A&D GR-120 (AND,
Japan) with a discreteness of 0.0001 g.

A Lenpipet Light 1-10 pL dispenser (Thermo
Scientific, USA) was used to prepare solutions of the
required concentrations and to apply the substance to a
sampling napkin. The sampling napkin is an aluminum
foil with dimensions of 120 x 60 mm and a thickness of
11-16 pm.

The enthalpies of reactions were calculated using
the ORCA 4.1.1 program of the Max Planck Institute for
Energy Conversion Chemistry (Germany) by the density
functional method B3LYP with a set of basic functions
6-31G (d, p).

POSITIVE ION FORMATION
BY CORONA DISCHARGE

The method of ion mobility spectrometry is based
on the ionization of the molecules of the investigated
substance at atmospheric pressure. First, reactant ions

H'(H,0), are formed in the discharge chamber, whose
concentration significantly exceeds that of the substances
to be detected.

Reactant ions transfer charge to molecules of
the target substances by the mechanism of chemical
ionization presented below:

M"+H'(H,0), » MH'(H,0), - MH'(H,0) ,_+xH,0 (1)

where M—test compound molecule, H'(H,0) —reactant
ion, MH'(H,0) —cluster ion, MH'(H,0), —test
compound ion.

In the process, product monomer and dimer
ions can be formed, M ,H'(H,0) , as well as other
molecular ions. Product ions are associated with water
molecules. Depending on the nature of the compound,
the number of water molecules in the resulting cluster
can vary from one to three [1, 2].

The drift time t, (the arrival time of ions to the
collector) is determined by the charge, mass, and
effective cross-section of the formed ion. The drift
time is proportional to the length of the drift chamber
L(cm) and inversely proportional to the electric field
gradient E:

t,= /K x LIE @)
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where K—mobility coefficient, cm?/(V-s). Ion mobility
depends on temperature and atmospheric pressure.
To compare the values of ion mobility, the values of
K obtained under different conditions lead to normal
conditions and obtain the reduced mobility K (or
reduced coefficient of mobility):

K,= (K x P)/101325 x 273/T 3)

where T—temperature (Kelvin) and P—pressure
(Pascal) of the gas atmosphere in which the ions
move [2]. This work shows the values of the reduced
ion mobility.

The results are presented in the form of a
“spectrum” of ion mobility (ionograms).

METHODS

The spectrum of ion mobility of N-methylimid-
azole was obtained while passing through the drift
chamber’s ionized molecules.The analyte sample was
collected either at room temperature 22°C or after
heating the substrate to 100°C for some seconds. The
spectrum was captured at a frequency of 1 s. This
approach to the analysis of spectra made it possible
to determine both the ion mobility of characteristic
signals and the redistribution of their intensities,
which characterizes the formation and interconversion
of ions in the drift chamber of an ion-drift detector.

It was discovered that the ion mobility of
N-methylimidazole is unaffected by temperature of
the analyte sample. As a result, the sampling was
carried out by heating to 100°C to obtain a signal with
a high value of the ion current.

For mathematical data processing, a program was
developed that allows obtaining data and processing a
large number of ion mobility spectra for the purpose
of their subsequent study and analysis. The interpreted
programming language Python 3.3 was used to create
the program.

In general, the operation of the program can
be described as follows. The program consists of
three scripts, each with a specific task. In the first
step, the list of source files is sorted alphabetically,
as the os.walk() function returns filenames in no
particular order. This operation is necessary in order
to accurately reproduce the order of recording spectra
on the Kerber IDD.

The presence of substance signals is considered
relative to background signals, since the air always
contains a certain amount of ions (impurities), and
the spectrum of the background signal may change
depending on the current concentrations of impurities
in the air. Therefore, it is imperative that a “zero”

or “background” measurement is performed first.
Background data is also required when determining
the detection limit of a sample.

IDD Kerber of Classic and Next series saves
spectra files in .dat and .spe formats, respectively.
Depending on the format of the files in the directory,
the program calls the corresponding function from
the imported local modules imp spe and imp dat.
Further processing is carried out by procedures
described in the imp_dat and imp_spe modules. The
reduced ion mobility is calculated at each moment
of time, considering the conversion factor, which
contains the values of temperature and atmospheric
pressure during the measurement.

Next, the program requests data to remove
noise signals. During the subsequent processing of
the spectra, the values of the ion current signals of
the ambient air background are subtracted from the
values of the ion current signals of the sample, which
increases the visibility of the spectrum. Before this
operation is performed, the initial signal of the device
is stored in adjacent columns; if necessary, it is
possible to construct a spectrum with the initial data.

Further investigation of the ionization processes
requires the calculation of the peak areas of the
sample characteristic signal. In terms of mathematical
analysis, all signals on the ionogram are curved
trapezoids. Therefore, to obtain additional data on the
structure and interconversion of analyte ions, the area
of'a curved trapezoid was calculated using the method
of middle rectangles. The length of the rectangle
was taken as 1/2 the sum of the values between the
corresponding points along the ion current axis.
The spectrum was used to determine the boundaries
of the signal of the substance (along the abscissa)
and the area of the peak (curvilinear trapezoid) was
calculated by summing the corresponding values. The
boundaries of the array to be summed for the formula
=SUM(numberl; [number2]; ...) were determined
manually or using the formula =MATCH(search value;
lookup array; [match_type]). Further, depending on
the tasks of the user and the nature of the investigated
substance, one can compare the intensity of signals,
their changes, similarities and differences.

As a result of the mathematical processing, an
Excel file was created that included all the selected
data in both the positive and negative ionization
regions.

Figure 1 illustrates the processing of the ion
mobility spectrum using the program.

To determine the Ilimit of detection of
N-methylimidazole on the Kerber IDD, a method of
serial dilution of the solution was developed. For this,
a solution of N-methylimidazole in diethyl ether with
a concentration of 0.0003 g/cm?® was used. One mm?
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Fig. 1. Ion mobility spectrum of N-methylimidazole before (a) and after (b) mathematical processing.
(1) Background and (2) N-methylimidazole.

of the solution was applied with a dispenser onto
a sampling tissue. After evaporation of the solvent,
a sample weighing 3-1077 g was taken with heating
for 5 s. As a result, a spectrum was obtained with
an amplitude of 5000 analog-to-digital conversion
units (a.u.). Then the analyte solution was diluted in
order to decrease the concentration of the solution
by one order of magnitude by adding a solvent, until
a signal of the sample with a mass of 3 pg with an
amplitude of 800 a.u. was obtained. The signal of
the substance did not exceed the noise values with a
decrease in the concentration of the solution by one
more order of magnitude.

RESULTS AND DISCUSSION

Heterocyclic nitrogen compounds that have
basic properties and an sp’>-hybrid nitrogen atom of
the pyridine type were selected for the studies. As a
result of the research, a series of N-methylimidazole,

5000
4500 3
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3500
3000
2500
2000
1500
1000
500

0
2.2

Ton current, a.u.

2.1 2.0

1.9

imidazole, and pyridine spectra were obtained.
They were mathematically processed to identify the
characteristic signals of ions (Fig. 2).

As seen from Fig. 2, in all spectra of ion
mobility, a characteristic signal is observed in the
range of 2.1 c¢cm?/(V's), previously assigned to the
protonated form of the monomer at the pyridine
nitrogen atom, which is consistent with preliminary
studies of other heterocyclic compounds [12, 14, 15].
This signal is the only characteristic in the spectrum
of ion mobility of pyridine. The spectra of imidazole
and N-methylimidazole (Fig. 1) also show stable
signals with ion mobility of 1.7 and 1.6 cm?/(V"s),
respectively, preliminarily assigned to the protonated
forms of their dimers. It should be noted that the nature
of the spectra of imidazole and N-methylimidazole is
identical in the number of signals obtained, which
suggests the formation of an N-methylimidazole
dimer, despite the presence of a methyl substituent on
the pyrrole nitrogen atom.

1.8 1.7 1.6

Ion mobility, cm%(V-s)

Fig. 2. lonogram of N-methylimidazole (1), imidazole (2), and pyridine (3).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(6):512-525

517



Ion mobility spectrometry of N-methylimidazole and possibilities of its determination

To establish the structure of generated ions,
we calculated the enthalpies of specific reactions
occurring during the formation of analyte ions (Table 2).

There have been several proposed structures for
monomer and dimer analyte ions. The enthalpies of
reactions were calculated in the ORCA 4.1.1 program
using the B3LYP density functional method with a set
of basis functions 6-31G (d, p). Based on the obtained
data, the most probable structures of imidazole and

N-methylimidazole ions were proposed. The structure
of the monomers of the ions of imidazole No. 2 and
N-methylimidazole No. 4 coincides, as evidenced
by the enthalpies of the reaction processes and close
values of the ion mobility. The presence of a water
molecule in the structure of an analyte ion is in
complete agreement with the data on the formation
of ions during a corona discharge in the form of
associates with water [1].

Table 2. Monomeric ion reaction enthalpies of imidazole and N-methylimidazole

No. Ion structure Reaction enthalpy, kJ/mol
+
ANH
1 HN 247
/
. H
~xNH /
’ Ny -331
/
+
N/\N
3 H,C— -265
/
H
+
N/\NH of
4 H,C— NH ~346
/
Table 3. Reaction enthalpies of dimeric and trimeric ions of imidazole and N-methylimidazole
No. Ion structure Reaction enthalpy, kJ/mol
H
n
PN
1 ~n 0 ~96.4
H'N/\ /\NH
— -
+ H
HN/§N/ N%\N H
2 Ho/ -112
AN
H
+
PN
H H
3 N/§N N= -97.6
H,C— —CH,
= S
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Table 3. Continued

No. Ton structure

Reaction enthalpy, kJ/mol

H
4 <N H— +
HN/\ \H

/

—85.4

H
5 N/\N H—d + —84.1
HSC— \H
/

b,

Various structures were proposed for dimer ions
(Table 3).

Since imidazole tends to form chains under nor-
mal conditions and the enthalpy of formation of such
a dimer is lower, the formation of dimer No. 2 is most
likely. For N-methylimidazole, such a structure
is impossible due to the substituent at the first

3000

2s
/ 1s
2500 /—

=

Z 2000

—

§ 1500 3s

D

B 4s
g

< 1000 5s

500

0
22 2.1 2.0 1.9 1.8 1.7 1.6 1.5

Ton mobility, cm?(V-s)

a

atom; therefore, dimer No. 3 is formed. Signals
corresponding to oligomer forms of ions were not
observed in the spectrum.

To establish the limit of detection of
N-methylimidazole, the ion mobility spectra were
studied at various concentrations. The corresponding
ionograms are shown in Figs. 3 and 4.

250
200
150

100

Peak area, cn?-a.u./(V-s)

W
S

Time, s

b

Fig. 3. Ion mobility spectrum of N-methylimidazole with a mass of 3 ng and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole: (1) monomer ion and (2) dimer ion.
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Fig. 4. Ion mobility spectrum of N-methylimidazole with a mass of 0.3 ng and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole:

(1) monomer ion and (2) dimer ion.

The change in the peak areas completely
correlates with the signal intensity and indicates the
simultaneous presence of two ions. A simultaneous
increase and then a decrease in the intensity of the
signals of both peaks was observed, with the monomer
peak having a higher amplitude than the dimer peak
(Fig. 3).

With a decrease in the mass of the sample, the
following changes occur in the spectrum (Fig. 4).
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<
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—
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o
& 2000
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1000
ls
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22 21 2.0 1.9 1.8 1.7 1.6 1.5 14
Ion mobility, cm?/(V"s)

a

The ion mobility of the monomer signal
corresponds to the mobility of the 3-ng
N-methylimidazole sample (Fig. 3). And the dimer
peak is practically absent. With a decrease in the
concentration of N-methylimidazole in the sample
in the ion mobility spectrometer, the destruction of
the dimer begins due to collision with gas molecules
in the drift chamber, which is reflected in the ion
mobility spectrum.

400
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150 2

100

Peak area, cm?a.u./(V-s)

50

Fig. 5. Ion mobility spectrum of N-methylimidazole in water solution and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole:

(1) monomer ion and (2) dimer ion.
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The analysis of the ion mobility spectra of
N-methylimidazole water solution is below. The obtained
ionogram and the corresponding dependence of the
change in signal intensity on time are shown in Fig. 5.

The dimer ion of N-methylimidazole shows
non-stability and degrades within 4 s after the start of
the measurement, while the monomer concentration
decreases gradually. Due to the destruction of the dimer
ion, the monomer concentration begins to increase

6000
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2s
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Ton current, a.u.

2000

1000

0

2.3 22 2.1 2.0 1.9 1.8 1.7 1.6
Ton mobility, cm?/(V-s)

a

again. Similar processes were observed for unsubstituted
imidazole, which is demonstrated in Fig. 6.

For the limiting detection value of N-methyl-
imidazole with a mass of 3 pcg, a decrease in the
intensity of the signal with an ion mobility of 2.1 to
800 a.u. and a complete disappearance of the signal
with a lower ion mobility attributed to the signal
of the dimer ion are observed (Fig. 7). The nature
of the ionogram is identical to the spectrum shown

600
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Peak area, cm?-a.u./(V-s)

100

Fig. 6. Ion mobility spectrum of imidazole in water solution and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of imidazole (spectra were taken every 1 s
after the start of measurement); (b) ion mobility change in the spectrum of imidazole:

(1) monomer ion and (2) dimer ion.
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Fig. 7. lon mobility spectrum of N-methylimidazole with a mass of 0.3 pg and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole:

(1) monomer ion and (2) dimer ion.
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for a sample weighing 0.3 ng. It is noteworthy that
the detection limit for imidazole is 0.3 ng. The
difference can be explained by the higher volatility of
N-methylimidazole.

CONCLUSIONS

It was discovered that the two signals in the ion
mobility spectra of N-methylimidazole correspond to
the presence of protonated monomer and dimer ions.
It was also discovered that there was no redistribution
of peak intensities as the analyte ions pass through the
drift chamber. Nevertheless, the spectrum of the ion
mobility of a solution of N-methylimidazole in water
was characterized by an increase in the monomer
concentration due to the decomposition of dimer ions.
When the spectra of monomer ions were compared
to the spectra of imidazole, it was discovered that the
values of the ion mobility of monomer ions appear in a
relatively narrow range.

The ion protonated at the pyridine nitrogen atom
signal corresponds to ion mobility of 2.1 +0.7% cm?/(V-s)
and can be used to identify the pyridine nitrogen atom
in the molecule. Moreover, the stability of dimer ions
and the detection limits of compounds differ. The dimer
ion is more stable for imidazole. The detection limit of
N-methylimidazole was determined to be 0.3 pg.
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Abstract

Objectives. This study mathematically describes the mutual influence of micro- and macrostages
of the process of destruction of polymer materials and determines its main parameters and
limiting characteristics. In addition, a relationship is established between molecular constants
characterizing the structure of a material and those characterizing its macroscopic characteristics
of strength. Finally, theoretical representations of the thermokinetics of the process of thermal
destruction of polymer fibers from the standpoint of the kinetic thermofluctuation concept are
developed, which makes it possible to predict the thermal durability of a sample under thermal
loading.

Methods. The structural-kinetic thermofluctuation theory was used to describe the initial stages
of the fracture process and to derive a generalized formula for the rate of crack growth. The
mathematical theory of cracks is used to describe the thermally stressed state of a material in
the vicinity of an internal circular crack under mechanical and thermal loadings of the sample.
Results. A theoretical formula for the full isotherm of durability in the range of mechanical
stresses from safe to critical, as well as a theoretical relationship for the time dependence of the
strength of polymer fibers under purely thermal loading in the full range of heat loads from safe to
critical and at the stage of nonthermal crack growth, is given. The main parameters and limiting
characteristics of durability under thermal loading are also indicated.
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Conclusions. A generalized structural-kinetic theory of the fracture of polymer fibers under
purely thermal action on cracked specimens is presented. The developed theory combines
three independent approaches: structural-kinetic (thermofluctuation theory), mechanical, and
thermodynamic. The obtained theoretical relations are of practical interest for the development of
methods for localization, intensification, and control of the crack growth kinetics.

Keywords: polymer fibers, time dependence of strength, thermal loads, durability at thermal
dest
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HAYYHAS CTATbBA

TeruioBoe paspyuieHue MOJUMEPHBIX BOJTOKOH
B TEOPMH BPEMEHHOM 3aBUCHMMOCTH MIPOYHOCTH

9.M. KapTaiios

MHPSA — Poccutickuil mexHoo2uueckull yHusepcumem (Mremumym moHKUX XUMUUECKUX MEXHOI02UTL
um. M.B. AomoHocosa), Mockea, 119571 Poccus
@ Aemop ons nepenucku, e-mail: kartashov@mitht.ru

AHHOMauus

IMenu. Mamemamuuecku onucame 83AUMHOE 8AUSHUE MUKPO- U maKpocmaduill npoyecca pas-
PYUWeHUsL NONTUMEPHBIX MAMepuatos, onpedeiums e20 OCHO8Hble napamempol U npeoesbHble
Xxapaxmepucmuru, YcmaHo8ums C8513b MeXK0Y MONEKYNAPHbIMU KOHCMAHMAMU, XapaKmepu-
3YUUMU CMPYKMYPY MAMEPUANA C 00HOTL CMOPOHbBL U MAKPOCKONUUECKUMU XAPpaAKmMepucmu-
Kamu npouHocmu ¢ opyzoti. Paspabomams meopemuueckue npedcmasaeHusi mepmoKuHemuKu
npoyecca mensiogozo paspyuleHust NOJUMEPHBLIX B0JI0KOH C NO3UYUUL KUHemuueckoil mepmo-
PAYKMYAYUOHHOT KOHUENYUU, No38oastoujeli NpozHO3UPO8aMb mepMuUecKyro 0071208€eUHOCMb
obpasuya npu e2o menio8om HaZpYieHuuU.

Memooewl. FHcnonw3o8aHa cCmpyKmypHO-KUHEMUUECKas: MepMOPAYKMYAUUOHHASL Meopust ONst
ONUCAHUSL 3/IeMEeHMAPHO20 AKMa npoyecca paspyuleHus U 8oleo0a 0606w eHHOT popmYyibl CKO-
pocmu pocma mpeujuHsbl U MAMeMAmuUecKast meopust mpewuHr Ok ONUCAHUSL MEePMOHANDSL-
JKEHHO020 COCMOSIHUSL MAMEPUANA 8 OKPECMHOCMU 8HYMpeHHell KpYy2080U mMpeujuHsl npu mexa-
HUUECKOM U Menio8oMm HazpyrKeHusx obpasua.

Pesynomameut. [Ipusodumcess meopemuueckas popMyaa nOAHOU usomepmsl 007208eUHOCMU 8
uHmMepsaie MexaHuuecKux HanpsaxKeHuil om 6e3onacHozo 00 Kpumuueckozo, a makske meope-
muuecKkoe coomHouleHue 05l 8peMeHHOU 3a8UCUMOCMU NPOUHOCMU NOJIUMEPHBLX 80JIOKOH NpU
UUCTO MEeNnyio8OM HAZPYIKEeHUU 8 NOJHOM UHMepesasle mensosulx Hazpy3ok om be3onacHoli 00
Kpumuueckoil U Ha cmaouu amepmuueckozo pocma mpeuwuHsl. YKasaHbl OCHO8Hble napamempbsl
U npedenvHble XapaKmepucmuku 0071208€UHOCMU NPU MEeN080M HAZPYIKEHUU.

Buleooul. [IpedcmasnieHa 0606ueHHas CMpYKmMypHO-KUHEMUUeCcKas. meopust paspyuleHus no-
JUMEPHBLX 80JIOKOH NPU UUCMO Menyiogom go3deticmauu Ha obpasysl ¢ mpewuroi. Pazsumas
meopust 06 veduHsiem mpu camocmosimesibHblX n00X00a: CMPYKMYpPHO-KUHemuueckuil (mepmo-
PAYKMYAYUOHHASL Meopust), mexaHuueckuil u mepmoouHamuueckuil. [lonyueHHsle meopemuue-
CcKUe COOMHOWEeHUSs. npedcmasasom npakmuueckuil uHmepec ot paspabomru cnocobos soxa-
AU3AYUU, UHMEHCUPUKAYUU U YNPABIEHUSL KUHeMUKOU pocma mpeuiuHasL.
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Knroueewie cnosa: nojsiumepHvle 80J/10KHA, 8pemMeHHAasl 3a8UCUMOCmsb NpouUHoCcmMu, mernjiossole
Haepy3Ku, 00./1208€UHOCMb npu menJjioeom paspyuleHuu

Jna yumuposanua: Kapramos 3.M. TersoBoe paspylieHHE NOJIMMEPHBIX BOJOKOH B TEOPUM BPEMEHHOW 3aBHCHMOCTH
npouHocTH. Tonkue xumuueckue mexnonoeuu. 2021;16(6):526-540. https://doi.org/10.32362/2410-6593-2021-16-6-526-540

One of the fundamental characteristics of
polymer materials is their strength. Even in cases
where other properties of polymers are directly used
(e.g., optical, electrical, thermal, and magnetic), the
material must have a certain minimum strength. In
this regard, theoretical methods for assessing the
strength of polymers without lengthy laboratory tests
are of great importance. This problem is one of the
most urgent challenges in the physics and mechanics
of polymer strength, both in practical and scientific
terms. Its solution is complicated by the need to
consider the effect of various operational factors on
the strength of polymers, especially when they act
together. An important step in this direction is the
construction of appropriate generalized models that
allow describing the behavior of materials in a wide
range of external influences. However, the general
methodology for constructing such models is still far
from complete, primarily to models describing the
processes of thermal destruction of materials caused
by the interaction of intense heat fluxes with solids.
The direction of research is the content of the problem
of thermal strength, whose relevance has grown
especially in recent decades in connection with the
creation of powerful energy emitters and their use in
technological operations. New technological methods
in various industries are based on intensive heating of
materials by plasma flows, laser, or electron beams.

A huge number of publications have been
accumulated describing these processes in nuclear
power engineering, aircraft and rocket engineering,
space technology, turbine engineering, and others
[1-6]. The intensive development in these areas, as
well as in microelectronics and electrical engineering,
required the creation of structural especially polymer
materials that are characterized by thermal shock
resistance and thermal strength [7—11]. The issues
of thermal destruction of materials have become
especially relevant in connection with the practical
requirements of modern technology [12—14].

Many aspects of this problem have been
theoretically and experimentally developed [15-17].
At the same time, the issues of thermokinetics of
the process of destruction of materials, especially
polymer fibers, under purely thermal loading have
not yet been sufficiently developed in the theory
of thermal destruction from the standpoint of the
kinetic theory within the framework of the time
dependence of strength [18]. This article is devoted
to the construction of this theory for polymer fibers
and continues the research begun in [19] and [20].
The proposed theory combines three independent
approaches, namely, structural-kinetic, mechanical,
and thermodynamic, within the framework of
mathematical modeling for the study of such complex
phenomena. Of greatest interest are the cases of the
steady-state thermal state 7(x, y, z) in solids with a
crack. Experimental data in [21] indicate that with a
steady-state heat flow in a body with a crack, there is
a significant increase in temperature stresses caused
by a local increase in the value of the temperature
gradient in a small vicinity of the crack fluctuation
volume.

It can be assumed that thermoelastic expansion
fields, like their mechanical analogs, increase the
stress intensity at the crack tip, forcing it to grow.
Experiments confirm this assumption [22]. A polymer
sample in the form of a bar (final solid cylinder) with
an internal disk-shaped axisymmetric crack was
exposed to a heat flow along the sample symmetry axis
orthogonal to the crack. As the sample was heated,
the stress state of the sample changed: the stress
concentration increased in the (small) circular vicinity
of the crack, and after a while, the sample collapsed.
Since the mechanical load remained unchanged during
the experiment, the factor determining the fracture was
the thermoelastic field. Thus, this case is of particular
interest for the theory of thermal destruction from the
standpoint of the kinetic thermofluctuation concept:
it is necessary to describe the growth of the fracture
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crack and calculate the corresponding durability,
main parameters, and limiting characteristics of the
thermal destruction process, depending on the type of
thermal load, physicomechanical, and thermophysical
characteristics of the material and its structure. This is
important in order to develop methods of localization,
intensification, and control of the kinetics of crack
growth. It is obvious that knowledge, prevention, and
control of this kind of process is an urgent task of
materials science.

The corresponding model concepts are based
on experimental data [18, 20] obtained on the basis
of direct physical methods on the accumulation of
violations in loaded samples (i.e., force perturbation
and rupture of bonds in polymers), on submicroscopic
cracks and their characteristics, on fractographic
studies of rupture surface, on the kinetics of the growth
of the main crack when the specimen is stretched with
a uniform stress ¢ = const, and on temperature—time
dependence of durability in the full range of stresses
o,< 6 <o from safe to critical.

MAIN APPROACHES IN STUDYING
THE STRENGTH OF SOLIDS

To date, studies of the problem of brittle fracture
of solids (in particular, polymer materials) are
developing in two main directions: mechanical and
kinetic approaches. The first direction is associated
with calculating the strength of defective bodies by
methods of fracture mechanics. It is based on the
difference between theoretical and real values of
strength, which is interpreted in terms of the classical
elastic model of Griffith [23]. The mechanical
approach uses the concept of a limiting state as a
fracture criterion, upon reaching which fracture
occurs. The second direction is associated with
the development of the kinetic thermofluctuation
concept based on the ideas of Frenkel [24] on thermal
motion in solids. In the kinetic approach, main
attention is paid to the atomic—molecular process of
destruction, and the rupture is considered as the result
of the gradual development and accumulation of
microdestructions or as the process of development
of a microcrack. In this concept, the durability of the
body under load is taken as a fundamental quantity
that determines the strength and is the basis for the
kinetic thermofluctuation theory of fracture, which
finds its natural expression in the equations of the time
dependence of strength t = (o, 7) [19]. Both aspects
should be included in a complete description of the
polymer degradation process in order to construct
a generalized theory of strength that considers the
structural features of polymer materials. The first
results in this direction are presented in an author’s
survey [21] and in a book [20].

The urgent need for generalized approaches to
solve the problem of the strength of solids is now
generally recognized. According to the authors [18]:
“For further progress in the theory of fracture, it is
necessary to develop both physical research and
phenomenological, mechanical theories of fracture.
The connection between both approaches can be seen
primarily in the further development of the concept
of damage accumulation at different levels (from the
molecular level to the propagation of main cracks).
It is necessary to compare the fracture models with
the results of direct experiments, where the damage
parameters are directly measured.”

Temperature—time dependence of strength

A characteristic feature of the durability
depending on lgt (o, 7) at different temperatures
is the presence of a linear section described by the
Zhurkov equation [18]:

T= g exp(2 1) (1)

where 1, U, and y are material constants, which can be
considered constant in a certain range of stresses and
temperatures, corresponding to a certain mechanism
of destruction [20, 25]. Equation (1) has certain limits
of applicability. The lower limit of its applicability
is the safe stress, and the upper (maximum) limit is
the critical stress o . Experiments have confirmed
the existence of safe and critical voltages. Thus, in
the region of small values of ¢ for the brittle state,
where deformation processes in polymers are weakly
expressed, a deviation of the dependence lgt (o, 7)
from linear is observed and a sharp rise in the life
curve occurs. The curve asymptotically approaches
the vertical 6 = o

lim,,  1g1(c,T) =+, (2)

corresponding to the safe stress o,. In quasi-brittle
fracture, the deflection is smoother, which is
associated with the relaxation properties of polymers;
however, in this case, condition (2) also holds.
According to the authors of [26], there is a certain
limit for solids, below which, in the absence of
aggressive media, destruction does not occur. In the
region of high stress intensity (¢ > o), a transition to
the limiting value t_ is also experimentally observed,
associated with the existence of the maximum growth
rate of the fracture crack v_. Thus, Kerkhoff [27]
showed the tendency of the fracture crack velocity
in the region of high stresses to the value v = const.
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Experiments carried out on glass and rosin [28]
showed that v does not depend on temperature and
practically on voltage, indicating that it is a nonthermal
value. With a sample width of L = 3 mm and a value of
v_ = 700-800 m/s characteristic of polymers, the t
value is 107® to 107 s. The existence of a segment
of the curve Igt = const for 6 > 6, was theoretically
predicted in [29] and later experimentally confirmed in
[30]. On the Igt (o, T) graph, this case corresponds
to the bend of the curve toward constant values of
durability, which is associated with the transition to
the nonthermal mechanism of destruction. Analyzing
the state of the matter, the author of [20] comes to
the following conclusion: the dependence lgt (o, T)
has the form shown in Fig. 1. In the range of stresses
(6, ©,), not too close to the safe and critical, the
dependence 1gt (o, T) is linear. In the vicinity of o
and c_, the indicated curve bends to the vertical and
horizontal asymptotes, respectively, based on the
fulfillment of the limit relation (2), as well as on the
following condition:

lim 1(c,T)=1,. 3)

G—>C,

Shown in Fig. 1 is the graphical dependence Igt (o, 7)
in the full range of stresses [c,, c_], which is called
the complete isotherm of durability. The graph shows
four areas of manifestation of the thermofluctuation
mechanism of destruction: I (¢ < 6) and IV (6 = o)
are the boundary areas of the safe and nonthermal
mechanisms, I (6, <o <c_) is the area of pure thermal
fluctuation mechanism, and IIl (o, < 6 < o) is the
transition region, where the nonthermal mechanism
begins to appear.

IgT, s

12 -

8_

-13 N p

Fig. 1. Temperature—time dependence of strength
in the full stress range.

Ideological research scheme

Registration of submicroscopic cracks in real
polymer fibers made it possible to establish their disk-
like shape, their location within the sample volume
perpendicular to the loading axis, and very small sizes of
microcracks (900-3000 A) with a 2R* sample diameter
of several millimeters. It was also established that the
critical crack length R is independent of the sample
cross-section. Thus, for the characteristics of the crack,
there is a very important relation:

A< R, <R{)<R,<R,0<t<t, (4)

where R is the initial radius of the crack, R(?) is the
current value of the radius, 1 is the sample lifetime, and
A is the fluctuation propagation of the crack. A direct
study of the kinetics of the fracture process in each
specific case of loading a polymer sample (e.g., thermal,
mechanical, and electrical) is carried out on the basis
of the analytical formula for the rate of crack growth
as a function of its current radius R(¢), stress field ¢* in
the defect region V (fluctuation volume), temperature
T in the circular vicinity of the crack, and molecular
constants characterizing the polymer structure, as well
as the elementary act of breaking strained bonds:

v=v(R,c",T

B

5I/;iaUa-'~), (5)

where U is the activation energy of the bond-breaking
process in the fluctuation volume. The main problem in
this case is to obtain a specific expression for (5), taking
into account the basic physical laws of the kinetics of
the destruction process, which were experimentally
revealed for this case, and their influence on the
elementary act of destruction in the volume V. Local
stress in (5) ¢° = ¢(o, B, R...) is one of the most
important strength characteristics. The value of ¢
depends on the external stress ¢ applied to the sample,
current radius of the crack R = R(t), geometry of the
sample, configuration of the crack and its location
in the sample, and stress concentration factor .
The value ¢ is calculated by the methods of brittle
fracture mechanics based on the solution of boundary
value problems of the mathematical theory of cracks.
In fact, on the basis of (5), the mutual influence of
the macro- and microstages of the fracture process is
studied. Using (5), the main parameters and limiting
characteristics of the fracture process are determined,
a connection is established between the molecular
constants characterizing the structure of materials
and the macroscopic characteristics of strength, and
finally a methodology for calculating the durability
of a specimen under various test conditions is being
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developed. Thus, within the framework of this
research scheme, three approaches are combined:
structural-kinetic approach (thermal fluctuation
theory for describing the initial stages of the of the
destruction process, which is associated with the
derivation of (5)), mechanical approach (methods of
brittle fracture mechanics for describing local stress
at the crack tip under conditions of a certain specimen
loading mode), and thermodynamic approach (to
calculate the value of the safe voltage).

The durability of the specimen t = (o, T) (T is
the test temperature, which is generally different
from the temperature T, at the crack tip) is the
sum of the times of the rupture process at the first
(fluctuation) stage t(c, 7) when the crack grows
at a rate (5) from the initial radius R to the critical
radius R and the second (nonthermal) stage 6 with
the limiting velocity of fracture propagation in a solid
v, =0.38\/m (Roberts—Wells formula), where E is
Young’s modulus and p is the material density:

S dr R-R,
T=T,+T, = I - + .
v(r,o",T,...) Vv

Ry cr

(6)

STRESS INTENSITY COEFFICIENTS
IN THE REGION OF A CIRCULAR CRACK

Calculation of the magnitude of the local stress
¢ is fundamental in the development of this theory
of fracture. Based on (4), a fiber-like sample is
interpreted as an elastic space (x, y, z) with an internal
circular axisymmetric crack 0 < r < R(7? = x* + )?)
in the plane z = 0. Considering that the fracture of
brittle polymers is localized in a small vicinity of a
crack in the volume (V)), for the mathematical theory
of cracks, it is of interest to study the asymptotic
distribution of stresses near the crack front in a
homogeneous, elastic, and isotropic continuum.
The problem is to find the stress intensity factors
K™ of mechanical and K™ thermal loads in the
asymptotic representation of axial (breaking bond)
stress 6_(r,0)=K(c,R)//2(r —R),r > R from the basic
equations of thermomechanics. It should be noted
that the approach proposed below for finding the
asymptotic solution of the problem is of independent
interest for the mathematical theory of cracks.

In a cylindrical coordinate system (7, ¢, z) under
the conditions of symmetry about the z axis, as well
as symmetry about the plane z = 0, the formulated
problem is reduced to solving a thermoelastic
axisymmetric problem for a half-space z > 0,
consisting of the equilibrium (7), geometrical (8), and
physical (9) equations:

i + rz + P9 — 0
or 0z r ,z>0,r>0 (7)
a(Srz aGzz Grz — 0
or Oz r
oU U ow
€, =—3€,=—3E, =—
" 61” °e r aZ (8)
1 oU ow
8rz = _(_ —
2 0z oOr
Y 1+v )
c,=2G|¢g, + e— a. T
(1-2v) (1-2v)
v 1+v
c =2G|g_+ e— o1
o0 { ® o 1-2v)  (1-2v) " } *r 9)
6, =2G|g_+ LA Iy a. T
(1-2v) (1-2v)
6, =2Geg,_.

Here, G, = cij(r, z), = (5!,/,(}", z) are the components
of the stress tensor and strain tensor (i, j = 7, @, z),
respectively; U = U(r, z) and W = W(r, z) are the
components of the displacement vector in the radial
and axial directions; 7' = T(r, z) is the temperature
function, v is Poisson’s ratio, G is the shear modulus,
a, is the coefficient of linear thermal expansion, and
e is the volumetric deformation:

oU U ow
— =t

e(r,z)= Tt

(10)

The boundary conditions for the problem posed are
as follows:

6..(r,2)|..o=—0. (11)
6,.(r,z)|,,,=0,r>0, (12)
W(r,z)|..,=0, >R, (13)

|GU. (r,2),W(r,2),U(r,2),¢, (r,z)| <o, r20,z20.(14)
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The temperature function included in (5) is a
solution to the heat problem:

2 2
6—7;+18T 8——0 z>0,r>0, (15)

ot ror o7

oT(r,z) 1
— _=—¢q., 0<r<R, 16
o 2=0 A qr r (16)
=0, >R, (17)
_.=0,r>0, 18
o B (18)

where A, is the thermal conductivity of the material
and g, is the value of the heat flux entering the sample
through a unit of area per unit of time. In (15)—(18),
for the convenience of the solution, which does not
affect the final result, the heat problem is written with respect
to the reduced function 7{r, z) = 7(r, z)* + (q, / A)z, where
T*(r, z) is the temperature function, corresponding
to the initial experiment when the heat flow enters
the sample through its end (07"/ 0z) | =g ).
Furthermore, it is assumed that the flow does not go
(0T /0z|._,=0, 0<r<R), and the transfer of heat by
radiation through the crack can be neglected, which is
true for not too high temperatures.

A similar problem in the presence of only
mechanical loads and only surface temperature of the
crack was studied by Sneddon and by Sheil, respectively.
Borodachev considered both cases in the original setting,
generalizing at the same time the dependences reported
by Goodyear and Florence as well as those of Sneddon
and Lovengrub [20, 31, 32]. Below is a different approach
to solve the problem that is more rational from the point
of view of the generality of the results obtained.

Let us introduce the thermoelastic potential of
displacements @(r, z) by the following relations [33]:

(e(r,z) =AD(r,z)). (19)

If we substitute (9) in (7) and then (8) into the
obtained relation, then equalities (7)—(9) can be written
in displacements:

ALyt e 2V, O,

r 1— 2V 8r 1—2V a]" (20)
aw L e 2xv), oL _,

1-2voz  1-2v oz

Substituting relation (19) into (20) and integrating
the first of them over r and the second over z, we find the
following equation:

(1+v)o

AD(r,z)=—LT(r,z). 21

If any particular solution of (21) is found, then
strains and stresses can be calculated based on this
solution as follows:

s _ach,g 100 5 oD - D 22)
Tt " ror Zzﬁz’ o oréz’
_ 2
r r or
(23)
2 2
Gzz 2G aCD_Aq) G,z=2Ga(D
oz’ oroz
In the Hankel expression
D(E,2) = [ 1], (Er)D(r, 2)dr,
0
T(8,2) = [ 1, (&N T (r, 2)dr (24)
0

the general solutions of (15) and (21) have the following
forms, respectively:

T(&,z) = T(%,0)exp(-E2), (25)
6(& z) =
oz (I+v) = B
ch 6= (£,0) p aTT(é,m}exp( &2). (26)

The unknown functions of & entering into (26) are
found from boundary conditions (11) and (13) and from

relations (19) for W (& z)=dT (& z)/dz. This leads to a
dual integral equation

[e@J,@&)de=h(r), 0<r<R,
; @7)
[ 7@, E&de=0,r>R

where the following labels are made:
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7(©)= %VEZ (£.0)+ (1 +v)a, T(E,0)
1-v @8)
h(r)= —TG +(1+v)a,T(r), 0<r<R

here, T (r) = T (r, 0). The author of this article has
previously developed extensive tables of dual integral
equations and paired summation series [34]. We find
from the tables the solution of the dual integral (27):

2% . y (y)dy
= d

where from (28), we find in the space of originals

gzz(r,o):
_ 2G| ndn yh(y)dy <1+v)aT
n(l—v)!.. (r “J -v) 7(,0)- (30)

Relation (30) refers to the case when either the
temperature (then at » > R, the value is 0T/ 62|Z:0 =0),
or heat flow is set.

According to Irwin [18], the asymptotic behavior
of the voltage o.. in the region of the circular crack is
expressed as

B K(o,R)

[Eﬂ (r, 0)1% 0B

, >R, (31)

where K(o, R) is the stress intensity factor, i.e., parameter
reflecting the redistribution of stresses in the body due to
the presence of a crack:

K(0.R)=1im,_, .y 20— B) [ 5=(r,0) . (32)

In (30), we sequentially consider the cases of
only mechanical loading at a constant test temperature
(T(r) = 0) and only thermal loading in the absence of
mechanical stress. From (32) in the first case, we have
K™ =(2/m)ov/R, and from relation (31), the maximum
tensile stress in the vicinity of a circular crack, attained
in the plane of the crack, is expressed as follows:

ov2R

[E;M) (r,O)]max - (33)

Direct experiments by IR spectroscopy to
measure stresses on individual chemical bonds for

solid polymers [18] showed that as the crack front
approaches the maximum stress bonds, the load increases
up to a certain value, after which it remains constant and
exceeds the average stress on bonds in sample volume
by several orders of magnitude. Such bonds are highly
deformed and break in the first place. Their rupture is due
to the stress applied to the bond, which is spaced from
the crack tip at the distance of its fluctuation advance.
Thus, the sought local stress in the vicinity of a circular
crack can be written as oy, = (2 /m)sy/R/ % , but in the
final form, it is expressed as follows:

Sy = OB(R)JR/ R, . (34)

where R = R(¢) is the variable radius of the growing
crack, 2R is the diameter of the initial (in the sample)
circular microcrack, and B(R,) is the stress concentration
factor for an internal circular crack defined as

B(R,)=0.5\R,/\. (35)

In experiments on creep (o = const) [18], it was
shown that the coefficient B practically does not change
during the lifetime of the sample and is determined only
by the initial dimensions of the defect in the sample.
From (35), we find an estimate of the diameter of the
initial microcrack in polymer fibers:

R, = 4AB*. (36)

According to [18], for oriented fibers (e.g.,
polyethylene, polypropylene, and polycaproamide)
L=4 A, B=4-7, the value from (36) is the radius of
the initial microcrack R, = (10*-1077) m, which is
experimentally confirmed.

Let us further find the local stress with only thermal
loading in the modes (15)—(18), for which it is necessary
to find the value 7{(r, 0). In the Hankel expression (24),
the solution of (15) with boundary conditions (16)—(18)
is reduced to a dual integral equation:

Téz‘] V(ENT(E,0)dE =—(Ay/qy), O<r<R
‘2’ 37)
[er,enTE0de =0, r>R
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where, according to the tables in [34], we find the

equation ET(&,0) = —(2¢, / T )_[nsm nédn, as well as the
original

T(r,0)=—(2q; / I )R> =y, 0<r<R. (38)

As a result, from (30)

[Eg ‘(r, 0)} = A{ \/IZ(RI)QZ I H () dn} >R, (39)
m 2R 14
2
H(n) = j y—"yz dy, 4=—2E%4r (40)
n-y T (1=v)A;

From (32) and (39)—(40), we find K™ = (4 / 2)R*? and,
at the same time, the desired local stress in the vicinity of
a circular crack under thermal loading of the sample in
the framework of the thermal problems (15)—(18):

o = 0B(R)(R/ R, (41)
o =TI Bk =05V, “2)

The resulting ratio for ¢ in (42) is a fundamental
result for the theory of thermal destruction of
polymer fibers: o is a mechanical analog of thermal
loading and connects the thermophysical, elastic, and
structural characteristics of polymers, which makes
it possible to trace the influence of each factor on the
thermal reaction of a polymer material from the initial
circular microcrack. As the temperature 7, included
in (5), we take the average integral temperature in
the ring R < r < R + A with a fluctuation increase in
the radius of the circular crack by A. This gives the
following estimate for the value of T';:

_24B(R). )
t )\‘T

Here, as well as in (42), the relationship between the
macro- and microparameters and their influence on the
thermal state of the polymer material in the vicinity of
the circular crack is traced.

Thus, all quantities included in (5) and (6) have
been calculated, which makes it possible to describe
the thermokinetics of the growth of a circular crack in
polymer fibers and calculate the corresponding durability,
both under mechanical and thermal loads.

To complete the solution of the thermoelastic
problems (7)—(18), it is necessary to return to boundary
condition (12). Since the stresses ¢ (7, z) determined in
(23) using the thermoelastic potential may not satisty
condition (12), then solution of (20) should be imposed
on the resulting solution at 7= 0 so that condition (12) is
satisfied. To do this, we use the Love movement function
L(r, z) as follows [1]:

UL L.

(1-2v) oroz
__1 _oarZL|s _
_(l—2v)|: (1-v)AL P }e AL_,(L,=0L/0z) (44)
- 26 0 [ ] )
G = -

(1-2v) oz
= 2G 0 ( 1aL)
Ogp = -

(1-2v) oz ror

T (45)

= 2G 0
Oz ="—"7"T"T—

(1-2v) oz ( j
= 2G 3 [ o’L ]
G =

(1 2v) or oz’ J

Moreover, the function L(r, z) is in accordance with
the biharmonic equation as follows:

ANL(r,z)=0, r>0, z>0. (46)

If the function L(r, z) is defined, then the total
stresses amount to the following equation:

0, (r,2) =03 (r, 2) +0(r,2), (irj = 1,0,2) (47)

Inthis case, the movements are always unambiguous.
Using the above relations, let us calculate 6 (7, 0):

0r(r,0) = j {

where

j (n)sin n&dn}J (rE)dE,  (48)

yh(y)dy

() = I —

h(r)=- U G )G+(1+v)a T(r,0).
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If the following condition is required

0 (,2)|._y=~0(r,0), r 20, (50)

0-(r,2)|_,=0, r>0, (51)

then all boundary conditions (11)—(14) will be satisfied.
In the Hankel expression, the bounded solution to
(44) has the following form:

L(&2) =] 4(&) + B(&)z |exp(-&2). (52)

To determine the constants in (52) from boundary
conditions (50)—(51), we write the following equations
using (45) and (52):

6-(r,z)=
- z)jamz){ LLED e z)}d& (53)
ZZ(;»,Z):
- 5] 26 [es,0r a)[a >d32§’”—(2—v>de2’Z)}da. (54)
Equations (51), (52), and (54) give
- 1-2
e --"2Fe), (55)

Equations (49), (50), (52), and (53) give:

(12)

B(©)= i

I(p(n) sinnédn, (56)

which concludes in finding the desired solution for

(M-(18).

MAIN PARAMETERS, LIMITING
CHARACTERISTICS AND DURABILITY
UNDER THERMAL STRESS

Thermofluctuation processes of destruction at the
atomic—molecular level are described using the model
of weakly coupled harmonic oscillators, where the
elementary act of destruction is interpreted as a classical
transition through a potential barrier. At the atomic—
molecular model, taking into account the frequencies of
rupture and restoration of chemical bonds at the crack
tip, the average rate of crack growth is described by the
following expression [1]:

v(l,6",T,...) =2\, exp{ M( —GZ)}, (57)

where A is the fluctuation crack propagation upon
breaking one or a group of bonds; v, is the frequency
of thermal vibrations of the kinetic units involved
in breaking and restoring bonds (v, ~ 1077 s7'); k is
Boltzmann’s constant; U = U, — ¢7, is the activation
energy of the destruction process, which linearly
decreases with increasing temperature; U, is the
fracture activation energy extrapolated to absolute
zero; q is the coefficient of temperature dependence
of activation energy (for polymer (organic) glasses
g ~15-20 J/(mol'K); and o, is the thermal fluctuation
fracture threshold (safe overvoltage at the crack
tip). For stresses ¢ that are not too close to and do
not exceed the safe critical intensities (6, <o <o),
respectively, the probability of bond recovery at the
crack tip is negligible compared to the probability of
their breaking. If we neglect the bond recombination
process in the vicinity of the crack tip, the rate of its
growth will take on a simpler form:

U—K%}
—a 0] (58)

Mo T =k eXp{_ kT(1,t)
t\bs

In our case, we have

V(R,0,.,,T) =Ly, ex —%
O (7)o L) = AV, €XP T 5 (59)
t

where all basic values are calculated. Calculating
integral (6), we obtain the desired expression for the
durability T = 1.+ t_ under purely thermal loading of
a specimen with an internal circular crack within the
thermal models (15)—(18):

_ 2R, exp(—q/ k) exp U, —V,Bo; "
3,00, kT,

t

(60)
+2.63R"\/p/ E(1-4)B>/ R"),

where o = V. / kT, Several important parameters and
limiting characteristics of the fracture process should
also be added to these ratios. The characteristic of o
corresponds to the voltage at which a sharp rise in the life
isotherm curve is experimentally observed to the region
of arbitrarily long-time values. In the kinetic theory, this
quantity is introduced by the following relation:
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c,=0a/(Br,), (61)

where o is the free surface energy of material (in a
vacuum) and A_ is the pre-breaking bond lengthening.
The value from (61) is the safe voltage. It should be
emphasized that the question of the existence of a safe
stress has been controversial for many decades. Only
recently when investigating the true meaning of the
Griffith energy criterion for brittle polymers, this article
has shown [35] that the value o coincides with the
Griffith (safe) fracture threshold for a disk-shaped crack:

% 2R, 1V

Critical stress is expressed as follows:

_U,—qT

Ou VB (63)

The main external factor causing the growth of a
crack at a rate (59) is the heat load with power g, which
is one of the stress components in (42). Relationships
(61) and (62) (at 7= T,) determine the range of stresses
from safe o\ to critical G(TC'), which makes it possible
to identify the corresponding values of external thermal

stress from safe (64) to critical (65):

3630, [(1=v)a,
0) T s 3/2
= R 64
T oy (1+v)E (64)

@ _12A =) VAU, —qT) R . (65)
qr = 0
o EV,

Thus, the reduced interval of external thermal
loading (¢%,¢\") determines the time dependence of
strength (60). For values ¢, >¢'"(c; >6%") the time
dependence (60) ceases to be fulfilled, and the crack
grows with a maximum speed v_. The latter means that
the dependence (Igt, o) or (Igt, ¢,) is parallel to the
stress axis o or the heat load axis ¢,.

Figure 2 shows the curve of durability for a sample
in the form of a monofilament made of organic glass,
which was calculated from the following obtained ratios:
0, =39-107 J/m? o, = 8-10° grad™', A, = 0.197 W/(m-K),
v, =107 s, A=12-10"* pm, ¥ =210 W/mm?,

¢t = 1700 W/mm2, R, = 10" m, U, = 133 kJ/mol,
B=9,¢=8.2J/(mol'K), V.= 14102 m’, R* = 10" m,
v, =800 m/s, E=3.93-10° N/m?, p = 1.2-10° kg/m’,
o, =21 MPa, and 6 = 168 MPa.

lgT, s

12 -

Fig. 2. Life curve for the plexiglass
monofilament sample.

The resulting curve gives a clear idea of the possibility
of predicting the time dependence of the ‘“thermal”
durability of a sample under its thermal loading within the
framework of the above thermal model. The calculated
relations of dependence (60) contain a complex of
physicomechanical, thermophysical, and structural
characteristics of a material with a crack, which makes
it possible to evaluate their individual influence on the
thermokinetics of crack growth and possible control of
the process of thermal destruction. Similarly, one can
consider other cases of thermal loading of a polymer
sample with an internal circular crack, as well as more
general ones, when thermal fields are simultaneously
coupled with fields of different physical nature,
including relaxation processes at the initial stages of heat
propagation [36].

CONCLUSIONS

Modern structural and functional polymer materials,
which are a set of micro- or nanostructures, have unique
mechanical and thermophysical properties that allow
them to be used in structures subject to various external
influences. An important stage in the creation and use
of these materials is the development of appropriate
mathematical models to describe their behavior in a wide
range of changes in the presence of external operating
factors. First, this refers to models describing the
thermokinetics of the process of destruction of polymer
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materials (in particular, polymer fibers) caused by the
interaction of intense heat fluxes with solids: heating of
materials by plasma flows, laser, or electron beams.

The mutual influence of micro- and macrostages
of the process of destruction of polymer materials
is mathematically described, its main parameters
and limiting characteristics are determined, and a
relationship is established between molecular constants
characterizing the structure of a material and those
characterizing macroscopic characteristics of strength. A
generalized structural-kinetic theory of the destruction
of polymer fibers under purely thermal action on cracked
specimens is presented. The developed theoretical
concepts of the thermokinetics of the process of thermal
destruction of polymer fibers from the standpoint of
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