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Abstract
Introduction. Obtaining highly sensitive gas sensors is an urgent task, the solution to which will allow you to accurately

and quickly assess changes in the air-gas composition of a given medium. Gas sensors based on metal-containing
pyrolyzed polyacrylonitriles (Me-pPAN) are among the cheapest and most environmentally friendly gas-sensitive
materials with a fast response. One of the types of sensor materials included in the Me-pPAN list is pyrolyzed
polyacrylonitrile (pPAN) modified with a chromium (111) oxide molecule. The reasons for selective adsorption of pPAN
and Me-pPAN to pollutant gases, which would allow controlling this process and obtaining sensory materials with
increased sensitivity to gases, are not enough studied. Therefore, the aim of this work was to establish the main causes
of selective adsorption of semiconductor electrically conductive films by modeling methods in the framework of
molecular and quantum mechanics.

Materials and Methods. The authors used modeling methods in the framework of molecular and quantum mechanics
(MM2), the density functional theory (COSMO) method and the semi-empirical PM7 method in the MOPAC software
package.

Results. MM2 and PM7 methods were used to obtain models of adsorption complexes of "Cr-pPAN - gas-pollutant"
systems. Thermodynamic parameters of the system were calculated for standard environmental conditions. The
dependence of the adsorption of pollutant gases on the surface of Cr-pPAN on temperature has been established.
Discussion and Conclusion. As a result of calculating the thermodynamic parameters of gas-pollutant-pPAN/Me-
pPAN systems and obtaining positive values of Gibbs energies of these systems, it was confirmed that the adsorption of
polluting gases on the surface of Cr-pPAN was not a spontaneous phenomenon and was effective at high temperatures.
Considering that when chromium (I11) oxide was introduced into the pPAN matrix, the charge on nitrogen atoms
increased. It could be concluded that a chromium (11l) oxide molecule had a positive effect on the semiconductor
properties of pPAN. It was found that the adsorption of polluting gases (SO2 and NO;) was most likely on the surfaces
of pPAN and Cr-pPAN. The results obtained in the work can be used to obtain gas-sensitive materials with specified
metrological characteristics.

Keywords: pyrolyzed polyacrylonitrile (pPAN), chromium-containing polyacrylonitrile, quantum chemical model,
molecular modeling, adsorption of pollutant gases, semi-empirical method, electron density, thermodynamics of the
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AHHOTAIHUSA

Beeoenue. TlomyueHne BBICOKOUYBCTBHTEIBHBIX CEHCOPOB Ta3a SIBISCTCS AKTYaJIbHON 3amadei, pemeHne KOTOpOoH
MO3BOJIAT TOYHO W OBICTPO OLIEHMBaTh W3MEHEHHsS B BO3IYLIHO-Ta30BOM COCTaBe 3aJaHHOW cpensl. K HaumOoiee
JICIIEBBIM U HKOJIOTHYHBIM Ta309yBCTBUTEIBHBIM MaTepuayiaM, OTIHYAIOMIMMCS OBICTPBIM OTKJIMKOM, OTHOCSTCS
CEHCOpHl Ta30B Ha OCHOBE METAIUICOICPXKAIIMX MHPONN30BaHHBIX NonuakpuiaoHuTpuioB (Me-nllIAH). Oxaum u3
BU/IOB CEHCOPHBIX MaTepHaIoOB, BXOAAMMX B mnepedeHb Me-nlIAH, sBisercss mUponm30BaHHBIA MOJHAKPHIIOHUTPHII
(nlTAH), momudunuposantbiit Monekynoi okcuma xpoma (I11). Ipuunnsr cenexktuBHo# aacopbunn y mlIAH u y Me-
nllIAH x ra3am-noJuIIOTaHTaM, KOTOpPbI€ MO3BOJMJIM OBl YHPaBJISITH JaHHBIM IPOLECCOM M MOJy4YaTh CEHCOPHBIC
MaTepHalbl C MOBBIIICHHON YyBCTBUTEIBHOCTBIO K I'a3aM, B HACTOAIIEE BpeMs He M3ydeHBI. [103ToMy menbio HaHHOH
paboThl OBLIO YCTAHOBJICHHE OCHOBHBIX MPUYWH CEJIEKTHBHON afcOPOLUH HOIYPOBOJHUKOBBIX 3JIEKTPOIPOBOISIIIX
IUIEHOK METOJIaMH MOJICIMPOBAHMS B PAMKaxX MOJIEKYJIIPHOI U KBaHTOBOM MEXaHUKH.

Mamepuanst u memoosi. Vcrionp30Bauch METOABI MOJICTUPOBAHNS B PAMKAX MOJICKYJIIPHOH M KBAaHTOBOM MEXaHHKH
(MM2), merton teopuu ¢(ynknuonana miotHoctd (COSMO) u momysmnupuveckuit PM7-meTos B OpOrpaMMHOM
nakere MOPAC.

Pesynomamut uccneoosanus. Metonamu MM2 u PM7 nonyueHsl MoJienu aacopOIMOHHBIX KOMIUIEKCOB cucteM «Cr-
nlIAH — raz-zarpssHnTens». PaccunTaHsl TepMOAMHAMHWYECKHE ITapaMeTphl CHCTEMBI Ul CTaHIAPTHBIX YCIIOBHH
OKpY’KalOIIeH cpenbl. YCTAaHOBICHA 3aBHCHMOCTH aJCOPOIMHU Ta30oB-3arps3HuTesicii Ha moBepxHoctu Cr-nlIAH or
TeMInepaTypsbl.

Oé6cyycoenue u 3aknwuenue. B pesynprare pacuera TEpMOAWHAMHYECKMX IIOKa3aTelNed CHCTEM  «ra3-
3arpsizauTeNnens — nIIAH/Me-nilIAH» u monydeHHs TOJOXHUTENBHBIX 3HAUYCHUN BENWYHWH dHepruil ['mb0ca maHHBIX
CHCTEM MOTBEPKACHO, YTO aJcOpOIMs ra3oB-3arpsi3uutenicii Ha nmoBepxuoctu Cr-mlIAH He siBiseTCS CIOHTaHHBIM U
CaMOIIPOU3BOJIBHBIM siBJICHHEM M 3()(EKTHBHA MPU BBICOKHX TEMIIEpaTypax. YUHUThIBas, YTO NPU BHEAPEHUH OKCHIA
xpoma (Ill) Bwmarpumy nllAH, npomcxomur yBenWdeHHE 3apsga Ha aToMax a30Ta, MOXHO CHAENaTh BBIBOA O
MIOJIOKHUTEIHHOM BIMSHUM MOJIeKyJbl okcuaa xpoma (111) Ha nomynpoBogaukoBsie cBoiicTBa IIAH. YcranoBneHo, 9to
Ha noBepxHoctix NIIAH u Cr-nlIAH nHaubosee BeposTHa ajcopouust razos-zarpsizauteneii (SO2 u NOy). Pesynbrarsl,
MOJyYeHHble B paboTe, MOXHO HCIIOIb30BaTh ISl TOJYYECHUsS] TI'a304yBCTBHTENBHBIX MAaTepHajoB C 3aJaHHBIMU
METPOJIOTHUECKUMU XapaKTEPUCTHKAMHU.

KiloueBble cJjioBa: TUPOJIN30BaHHBIA monuakpwioHuTtpun (nlIAH), Xxpomcoaepamuii TOJHAKPHIOHUTPHII,
KBaHTOBO-XUMHYECKasi MOJIEIb, MOJIEKYIISIPHOE MOJECITUPOBAHNE, aJICOPOIHS ra30B-3arpsi3HATENEH, TOTy3MITHPUISCKAN

METOM, JICKTPOHHAA IJIOTHOCTh, TCPMOJUHAMHUKA ITpoHecca az[cop6111/m

BaarogapHocTu. ABTOpPHI BBIPOXAIOT OJaroJapHOCTh PEAAKIMH M PEICH3EHTaM 3a BHUMATEJIBHOE OTHOIIEHHE K

CTaTb€ U YKAa3aHHBIC 3aMC€UYaHUA, KOTOPBIC IMO3BOJIMUIIN TOBBICUTH €€ KAYE€CTBO.
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Introduction. Rapid monitoring of changes in the air mixture composition in the atmospheric air and in the working
area of an industrial enterprise is a necessary measure to assess the impact of production activities on the environment.
For these purposes, resistive gas sensors based on modified nanocomposite semiconductor materials are used [1-7]. Gas
sensors based on metal-containing pyrolyzed polyacrylonitriles (Me-pPAN) are the cheapest and most environmentally
friendly. They are characterized by a rapid response to the presence of pollutants in the air mixture (NO», Cl,, H,S, CO)
among sensor devices [8—11].

In [12-16], to determine the causes of selective adsorption of polluting gases on the surface of pyrolyzed
polyacrylonitrile (pPAN) modified with metal oxides, contact processes were simulated using quantum and molecular
mechanics methods. In the course of the conducted studies, it was found that one of the promising gas-sensitive
materials was pPAN modified with chromium additives (Cr-pPAN) [17]. The fundamental reason for the use of this
material was the registration of high indicators of electrical conductivity, more than nine times higher than those for
unmodified pPAN [11, 12].

Studies [11, 17], showed that the Cr-modified pPAN surface had a unique feature and selectivity of adsorption with
respect to NO,, Cl, and NH3 under standard environmental conditions. In order to determine the causes of selective gas
sensitivity in Cr-pPan, studies were conducted using quantum and molecular mechanics methods [17]. As a result of the
research, it was determined that during the adsorption of the pollutant gas on the surface of the sensor-Cr-pPAN, a Van
der Waals interaction occurred between the components of the system at the level of 3.5A-5A.

According to [18, 19], it is known that the presence of a modifying additive in pPAN contributes to an increase in its
semiconductor properties, which was demonstrated in previously published works. According to [17], COSMO method
within the framework of the density functional theory confirmed that the introduction of chromium (III) oxide
molecules into the pPAN structure led to an increase in semiconductor properties.

Thin-film material based on Cr-pPAN was obtained as a result of polymerization of chromocarbonyl PAN at IR
annealing temperatures from 200°C to 400°C [7]. Based on the data of X-ray emission spectroscopy [11], Cr-pPAN
films were a pPAN matrix with a chromium (III) oxide molecule embedded in the interplanar spacing.

In previous works [12-17] devoted to the study of the interaction of pollutant gases with the surface of Cr-pPAN, the
influence of environmental conditions on adsorption processes was not taken into account. Currently, the causes of
selective adsorption of pPAN and Me-pPAN to pollutants, which would allow controlling this process and obtaining
sensory materials with increased sensitivity to gases, have not been studied. In addition, an important task is to evaluate
the efficiency of the adsorption of polluting gases on the surface of Cr-pPAN under various temperature conditions, the
choice of conditions that ensure the most beneficial interaction of components in the "Cr-pPAN — gas-pollutant" system.
Therefore, the aim of this work was to determine the main causes of selective adsorption in semiconductor electrically
conductive films by modeling methods in the framework of molecular and quantum mechanics, as well as to study the
formation process of pPAN modified by a chromium (III) oxide molecule within the framework of the density
functional theory. Within the framework of this aim, the main objective of the study for obtaining highly efficient gas
sensors was to study the adsorption properties of electrically conductive pyrolyzed polyacrylonitrile modified with
chromium (IIT) oxide.

Materials and Methods. Calculation of thermodynamic parameters of the process of interaction of pollutant gases
with Cr-pPAN was carried out using a semi-empirical method within the framework of the MOPAC program.

In the framework of the MM2 method, the energetically advantageous configurations of the initial compounds —
chromium (I11) oxide in the pPAN matrix, the unmodified pPAN model were obtained. The adsorption complexes (AC)
"Cr-pPAN - gas-pollutant” were modeled and the interaction energies were calculated (Fig. 1). Then, in order to predict
the adsorption of gases-pollutants (H.S, NHs;, CHi, CO2, NO; SO, 0s; CO, Cly) on the Cr-pPAN surface,
thermodynamic parameters of the process were calculated by the semi-empirical PM7 method in the MOPAC program.
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When implementing the calculations, the initial structures and models of the "Cr-pPAN — gas-pollutant” adsorption
complexes were subjected to preliminary optimization by the method of coordinate descent. At this stage of modeling,
the distances from the extreme atom of the adsorbate molecule to the nearest atom of the adsorbent, the modified and/or
unmodified pPAN surface, were estimated.

The PM7 method was used to evaluate the spontaneity of interaction and the efficiency of adsorption of pollutant
gases on the surface of unmodified pPAN and on the modified surface of Cr-pPAN.

At each stage we calculated the thermodynamic parameters (AH, AS, AG) of the processes at a temperature of 298K
according to the following formulas:

AH adsorbtion AH AKC (AHgas + AHsurface )
ASads!)rbtion = ASAKC - (Asgas + Assurface )
AG =AH -T AS&dSOI’btiOH

adsorbtion adsorbtion

To construct interaction schemes, charge (¢a, au), spatial (r, A) characteristics and the amount of charge transfer

(Ag, au) in model adsorption complexes were calculated.

Results. The Cr-pPAN cluster model obtained using the MM2 and PM7 methods is represented by a pPAN matrix
with a chromium (I11) oxide molecule embedded in the interplanar spacing (Fig. 1). The distance between interacting
atoms inside the cavity was fixed at the level of 2.0-3.0 A

. ? &‘# 3“0 6‘-@ g ¢ g ‘t
@ < @ @m.

Fig. 1. A model of pPAN cluster modified by a chromium (111) oxide molecule

For example, below is a diagram of the hydrogen sulfide adsorption process:
Cr203(PAN)2 + st = [CI‘203(PAN)2...H28]
Similarly, adsorption schemes for other polluting gases were formed. Figure 2 shows a model using an example of

the "Cr-pPAN — SO," adsorption complex.
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Fig. 2. Model of the "Cr-pPAN — SO2" adsorption complex

Table 1 provides the calculated thermodynamic parameters of the processes of adsorption of polluting gases on the
modified surface, in comparison with the data on the adsorption of these gases on the unmodified pPAN surface.
Table 1
Thermodynamic parameters of the processes of adsorption of polluting gases

Parameters at 298 K

Interaction model

AH, J/mol AS, J/(mol-K) AG, J/mol
H2S...pPAN. Cr.0s pPAN -29.947 -413.888 93.392
NHs...pPAN. Cr,03 pPAN -18.258 —295.817 69.896
CHa...pPAN. Cr203, pPAN -15.134 —264.146 63.581
COs...pPAN. Cr,0z pPAN -8.317 -232.773 61.050
NO....pPAN_Cr,03 pPAN —7.354 232.601 61.961
SOz...pPAN..Cr203. pPAN —2.291 —208.585 59.868
Os...pPAN. Cr,03 pPAN -17.887 —222.424 48.395
CO...pPAN. Cr,03 pPAN —41.647 —-412.237 81.200
Cl,...pPAN_Cr,0s pPAN ~17.176 -217.306 47580
H.S...pPAN_pPAN ~1.215 ~146.581 42.466
NHs...pPAN_pPAN —4.416 ~160.438 43.394
CHa...pPAN_pPAN -3.197 ~161.675 44,982
CO;...pPAN_pPAN 2472 ~150.947 42,510
NO,...pPAN_pPAN -0.759 ~176.267 51.768
SO,...pPAN_pPAN -2.393 ~181.495 51.693
Os...pPAN_pPAN —2.914 -280.125 80.563
CO...pPAN_pPAN -2.192 ~160.186 45.543
Cla...pPAN..pPAN 0.341 -153.047 45.949
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In the adsorption complex "Cr-pPAN —pollutant gas”, the internuclear distance from the extreme atom of the
molecule of the studied pollutant gas to the nearest atom on the modified and unmodified pPAN surface was fixed at a
level of more than 2.5 A. These results are in good agreement with those obtained earlier [17] and confirm the presence
of Van der Waals interaction occurring in the adsorption complex.

The charge change and electron density redistribution were not observed during the adsorption of pollutant gases on
the unmodified pPAN surface (AH at the level of —3.0 kJ/mol).

It was established that the adsorption of SO, and NO; was equally possible both on the modified pPAN surface and
on the unmodified pPAN surface, since as a result of the adsorption of these gases, there were no significant changes in
the electron density on the surface of Cr-pPAN.

From the presented list of polluting gases, only CO gas shows off-scale results for the modified surface. In the
process of adsorption, not only the maximum convergence between interacting atoms was carried out, but also an
increase in the charge transfer index (Aq) from 0.3 au for an unmodified surface to 1.2 au for a modified surface.

Discussion and Conclusion. The calculated thermodynamic parameters of the system for standard environmental
conditions, presented in Table 1, show that the adsorption of gases cannot be attributed to a spontaneous and self-
existing process (AG > 0). The general orderliness of the system established during the study of the adsorption
processes of polluting gases demonstrates that adsorption is effective at high temperatures.

An increase in the charge in Cr-pPAN and a redistribution of electron density are most effective in the adsorption of
polluting gases saturated with hydrogen atoms, namely, H,S, NH3, CHa.

The occurrence of Van der Waals interaction between gases and the surface of Cr-pPAN has been confirmed during
the adsorption of polluting gases on the surface of Cr-pPAN. This is justified by the absence of changes in the electron
density at the Cr-pPAN polarity during interaction with polluting gases, as well as by the internuclear distance from the
extreme atom of the molecule of the studied contaminant gas to the nearest atom of the modified and unmodified pPAN
surface exceeding 2.5 A.

In addition, the study showed that the introduction of chromium (I11) oxide into the pPAN matrix contributed to an
increase in the charge on nitrogen atoms (before/after: —0.366 au charge / —0.383 au charge). This led to a redistribution
of electron density on carbon atoms in cycles (in the ortho position before/after: 0.357/0.428 au charge; in the meta
position before/after: —0.159/-0.232 au charge).

Due to the fact that when chromium (111) oxide is introduced into the pPAN matrix, the charge on nitrogen atoms
increases, it can be concluded that the chromium (111) oxide molecule has a positive effect on the semiconductor
properties of pPAN.

Based on the calculations performed, it is confirmed that the adsorption of polluting gases (SO2 and NO>) is most
likely on the surfaces of pPAN and Cr-pPAN.

Thus, the theoretical studies carried out allow us to conclude that the modification of pPAN with chromium (l1)
oxide molecules makes it possible to obtain a promising electrically conductive material with the property of selective
adsorption of polluting gases, which can subsequently be successfully used in gas electronics.
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3asenennvlil 6Kk1A0 COABMOPOE:

M.M. ABuiioBa — IpOBEJAEHUE PACUETOB B paMKaxX METOAA MOJIEKYJISIPHOM MEXaHUKH, IOATOTOBKA TEKCTa, aHAJIN3

PE3YyIbTAaTOB UCCIICAOBAHU, (bOpMPIpOBaHI/Ie BBIBOJOB,

H.B. 3onorapeBa — mnpoBeneHHe pacyeToB B paMKax KBAaHTOBOW XHMMHH, JIOPaOOTKAa TEKCTa M KOPPEKTHPOBKA

BBIBOJIOB.
Kongpauxkm unmepecos: aBToOpbl 3a4BISIOT 00 OTCYTCTBHN KOH(INKTa HHTEPECOB.

Bce agmopul npouumanu u 0006punu OKOHYAMENbHbIN 6APUAHT PYKONUCU.
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