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B nybauxayuu npeocmaenenvt meopemuueckue uccie008anus adcopoyuu 2a306-nouio-
mManmoe Ha NOBePXHOCMU Kaomuiicooeprcauiezo nonuaxkpunonumpuna (Cd-nonuakpunonumpuna)
HpU OMCYMCMEUN U HATTUYMUN 8 OKPYICAIOuell cpede MOIeKYl 600bl U MOJIEKY KUc10pooa. Onpede-
JleH nepeueHb 2a308, K Komopvim noeepxnocmyv Cd-noauakpunoHumpuia Moxcem npoAIAANb
HaubonbuLyl0 yyecmeumenbHocmolo. B kauecmee 2azo6-3azpasnumeneil v10pansvl OUOKcUo azoma,
Meman, ammuax, oxcuo cepwt (Il), cepoeodopood, o3on, monookcuo y2nepooa, oxcud yzuepooa (Il),
xnop. [na mooenuposanus e pabome ucnoiv3oeansvt npozpammusie nakemot: HyperChem, Gaussian
09, Chemoffice 2010. I1o umozam pabomut 6 HyperChem, Gaussian 09 nosyuenst mooeau Mmakpomo-
J1eKyl ROJIUAKPUHOHUMPUIA, U3 KOMOPbIX 015 hofyuenusn kiacmepa Cd-nonuakpunonumpuna évl-
Opana makpomonekyna nenmamepa. 3amem, peanuzya Memoo MONEKYAAPHOU MeXAHUKU 6
Chemoffice 2010, a umenno 6 noonpozpamme Chem3D, npouszeedeno nocmpoenue mooenu Knacmepa
Cd-noauakpunonumpuna. /lanee menooom monekyisapHozo MoOeaupo8aHus OnpeoeneHsvl mepmoou-
Hamuueckue nokazamenu cucmem: «kanacmep Cd-nonuakpunonumpuna — mojiexkyia 2a3a», «Kid-
cmep Cd-nonuaxkpunonumpuia — MoaeKyaa KUucaopooar, «kanacmep Cd-nonuaxkpunonumpuia — mo-
JeKyna 600uty, «kaacmep Cd-nonuaxpuioHumpuia — MoaeKyaa KUcaopooa — MoaeKyia 2azay, «Kia-
cmep Cd-nonuakpunonumpuia — MoaeKyna 600bl — moeKyna zaza». B pesynomame monexynapnozo
MoOenupoeanus ycmanosieno, umo Cd-noauakpuionumpui 6 ammochepuom 6030yxe npoaeisem
YYECMEUMETLHOCHb K 2A3000PA3ZHOMY XJ10PY U MOHOOKCUOY y2nepood; 6 0ecKuciopoonoii cpede —
makoice K ceposooopoody. Pezynomamovl MOJEKYAAPHO20 MOOETUPOBAHUS NOOMBEPIHCOAION PaAHee no-
JIy4eHHble IKCnepUMEeHmalbHble OaHHble RO OyeHKe 2azouyecmeumenvrHocmu Cd-nonuakpunonum-
puna u ykasvieaiom na Oeiicmeue cun Ban-oep-Baanvca mexcdy nosepxnocmoio Cd-nonuaxpuno-
Humpuna u aocopoupyrouieiica monekynoit zaza. Hanuuue unu omcymcmeue 6 ammocghepnom 603-
oyxe MOJIeKYJ1 600bl He 00IHCHO CKA3bIBAMbCA Ha usmeHenuu yyecmeumensnocmu Cd-nonuaxpuno-
Humpua K 2a3am-noiomaHmam.
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The paper presents theoretical studies of the adsorption of pollutant gases on the surface
of cadmium-containing polyacrylonitrile (Cd-polyacrylonitrile) in the absence and presence of wa-
ter molecules and oxygen molecules in the environment. The list of gases to which the Cd-polyac-
rylonitrile surface may have the highest sensitivity is determined. Nitrogen dioxide, methane, am-
monia, sulfur oxide (1), hydrogen sulfide, ozone, carbon monoxide, carbon oxide (I1), chlorine
were chosen as pollutant gases. The following software packages are used for modeling: Hyper-
Chem, Gaussian 09, Chemoffice 2010. Polyacrylonitrile macromolecule models were obtained
from HyperChem, Gaussian 09, from which a pentamer macromolecule was chosen to produce a
Cd-polyacrylonitrile cluster. Then, implementing the molecular mechanics method in Chemoffice
2010, namely in the Chem3D subroutine, the Cd-polyacrylonitrile cluster model is constructed.
Further, using the molecular modeling method, the following thermodynamic parameters were de-
termined: «Cd-polyacrylonitrile cluster — gas molecule», «Cd-polyacrylonitrile cluster — oxygen
moleculey, «Cd-polyacrylonitrile cluster — water molecule», «Cd-polyacrylonitrile cluster — oxygen
molecule gas moleculeyn, «Cd-polyacrylonitrile cluster — water molecule — gas molecule». As a re-
sult of molecular modeling, it was established that Cd-polyacrylonitrile in the atmospheric air ex-
hibits selective sensitivity to gaseous chlorine and carbon monoxide; in an oxygen-free environ-
ment — also to hydrogen sulfide. The results of molecular modeling confirm the previously obtained
experimental data on the evaluation of the gas sensitivity of Cd-polyacrylonitrile and indicate the
presence of van der Waals forces between the Cd-polyacrylonitrile and the adsorbed gas molecule.
The presence or absence of water molecules in atmospheric air should not affect the change in the
sensitivity of Cd-polyacrylonitrile to pollutant gases.

Key words: polyacrylonitrile, cadmium-containing polyacrylonitrile, molecular modeling, water (oxy-
gen) molecules effect, pollutant gases adsorption, Van der Waals forces

INTRODUCTION

Modified polyacrylonitrile (PAN) is used to
create supercapacitors, flexible electronic devices,
self-cleaning coatings, photocatalysts, gas sensors, as a
material for creating highly porous activated carbons
[1-6]. The introduction of alloying additives into the
PAN allows one to change its physicochemical, elec-
trical, mechanical properties, which makes it possible
to synthesize composite materials with given parame-
ters of properties. After thermal treatment by IR an-
nealing, PAN acquires the properties of sensitivity to
atmospheric air gases at room temperature [7-12] and
can serve as the basis for the synthesis of metal-con-
taining composites, which, in turn, have the property
of selective sensitivity to polluting gases. To improve
the metrological indicators of polyacrylonitrile films,
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they often resort to varying the time and temperature
parameters for producing PAN films, as well as the
type and concentration of modifying additives (transi-
tion metal salts) [9, 10]. One example of a PAN-based
nanocomposite material is Cd-PAN, which has selec-
tive sensitivity to hydrogen sulfide [10, 11]. However,
to obtain a highly efficient gas-sensitive material, the-
oretical studies of the causes of the selective gas-sensi-
tivity of Cd-PAN films are required, as well as the ef-
fect of various components in the analyzed air-gas me-
dium on the adsorption of gases.

The purpose of this paper is to study the gas
sensitivity of Cd-PAN according to the results of mo-
lecular modeling of the interaction of a Cd-PAN clus-
ter with molecules of pollutant gases with different at-
mospheric air composition.
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RESEARCH TECHNIQUES

The method of quantum chemical calculations
in the HyperChem program using semi-empirical com-
putational schemes (MNDQ) was used to obtain spatial
configurations of PAN pentamer macromolecules.
Further, for maximum accuracy of the results in the
Gaussian09 software package using the Pople base set
(6-31 G*) within the framework of the density func-
tional theory (DFT), we calculated the thermodynamic
indicators of PAN macromolecules [13-15].

To obtain the Cd-PAN cluster and estimate its
gas sensitivity, the molecular modeling method (or
minimization of the potential energy of the system in a
modified version of the force field (MM2) developed
by Ellinger [16]) was used in the Chem3D sub-pro-
gram of the Chemoffice program [13, 17-21].

Synthesis of Cd-PAN films is carried out by
the method of pyrolysis under the influence of IR radi-
ation under low vacuum [10]. Cadmium (II) chloride
dissolved in dimethylformamide is used as the alloying
component. As a rule, IR annealing of Cd-PAN films
is carried out at temperatures not exceeding 350-400 °C.
Since the melting point of cadmium chloride is 568.5 °C
[22], cadmium salts are likely to be present in films of
thermally stabilized Cd-PAN).

According to the foregoing, as a model of a
Cd-PAN cluster, we take a system consisting of chains
of macromolecules of PAN and cadmium chloride
molecules located in the interlayer space. To simplify,
we consider a system of 2 parallel oriented macromo-
lecular chains of pentamers and one molecule of cad-
mium parallel to each other. When implementing the
molecular mechanics method in the Chem3D software
package, we set different positions for the location of
the cadmium chloride molecule: (1) from the edge and
(2) in the center of the interlayer space (Fig. 1). We
establish that the most energetically favorable arrange-
ment of CdCl; is in the central part of the interlayer
space (2).

Fig. 1. Introduction of cadmium chloride in the PAN system: (1) —on
the edge of the PAN cluster (Emin = 1467.42 kJ / mol); (2) —in the
center of the PAN cluster (Emin = 1401.22 kJ / mol)

Puc. 1. Buenpenue xsopuza kaamus B cucremy ITAH: (1) — ¢ kparo
knacrepa [TAH (Emin = 1467,42 xTxx/Monb); (2) — B LIeHTp Kiactepa
TTAH (Emin =1401,22 xJI5x/M0I1b)
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At the next stage, the possibility of adsorption
of pollutant gases (nitrogen oxide (IV), ammonia, sul-
fur oxide (I1), hydrogen sulfide, ozone, carbon oxide
(IV), carbon oxide (I1), chlorine) on the surface of the
Cd-PAN cluster was investigated. At the same time,
different positions of gas molecules were set: (1) — in-
side the cluster and (2) — (12) — in the middle of the
cluster at a distance of 2-10 A from the surface (Fig. 2).

(12) 1I=10 A

Fig. 2. The location of gas molecules at interacting with the sur-
face of a Cd-PAN cluster
Puc. 2. PacrionoxeHue MoJIeKyJl ra30B IIpU B3aUMOJEICTBUY €
noBepxHocThIo Ki1actepa Cd-ITAH

At this stage, the thermodynamic characteris-
tics (steric energy of the system (Emin), binding energy
(AE), energy minimum points (Imin)) and geometric in-
dicators (distances between gas molecules and the Cd-
PAN cluster (1)) were identified.

Then, similarly to the above, the systems
“PAN cluster - oxygen molecule” and «PAN cluster —
water molecule» were studied, namely the steric en-
ergy of this system (ECd-PAN + 0z and ECd-PAN + H.0),
the binding energy between the oxygen / water mole-
cule and the surface of the PAN cluster (AE), the points
with the minimum energy (Imin), and also the distances
between the molecules of pollutant gases and the oxy-
gen molecule (LO2) / water (LH20). At the last stage of
implementation of the molecular modeling method, the
systems Cd-PAN cluster — oxygen molecule — gas mol-
ecule and Cd-PAN cluster — water molecule — gas mol-
ecule were investigated.

According to the results of the comparison of
the thermodynamic parameters of the studied systems,
first of all their steric energies, the possibility of inter-
action of gas molecules with Cd-PAN was evaluated.

RESULTS AND DISCUSSION

As a result of molecular modeling of the Cd-
PAN cluster, it was found that the steric energy of
this cluster is 1401.22 kJ/mol, the steric energy of
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the «Cd-PAN cluster — oxygen molecule» system is
1397.62 kJ/mol, and the steric energy of the «cluster
Cd-PAN is a water molecule» — 5206.33 kJ/mol. Based
on the obtained results, it can be concluded that oxygen
adsorption is most likely due to the fact that Emin Cd-
PAN + O; < Emin Cd-PAN. In this case the interaction
with the water molecule of this cluster is excluded (Emin
Cd-PAN << Emin Cd-PAN+H;0), therefore, the effect
of humidity on the adsorption of pollutant gases in this
case is unlikely. This is also confirmed by the study
[11]. The results of molecular modeling of the adsorp-
tion of pollutant gases on the surface of Cd-PAN in
various gaseous medium are presented below in tables
1-3 and in fig. 3 and 4.

Table 1
Steric energy of the system Cd-PAN cluster — water /
oxygen molecule — gas molecule
Tabnuya 1. Crepuyeckasi 3Heprusi cucremsl «kJjacrep Cd-
ITAH — Mos1eKyJia BO/IbI / KHCJIOPOJA — MOJIEKYJI1a ra3ay»

Gas Emin, kd/mol
Cd-PAN Cd-PAN + H,O | Cd-PAN + O,
Cl 1358.48 5206.33 1392.97
Co 1398.45 5175.07 1389.57
03 6271.05 7383.83 2446.88
NO; 3545.87 7782.97 10156.85
H.S 1395.90 5485.63 1706.88
CO; 2061.65 5665.42 2081.17
SO, 2288.75 6042.02 2278.06
NH; 4787.03 7263.41 4864.13
Table 2

Bond energy of the system Cd-PAN cluster — water / ox-
ygen molecule — gas molecule
Tabnuya 2. Jneprus cesazu cucreMsl «kiaacrep Cd-ITAH
— MOJICKYJIA BOJAbI / KHCJI0POaa — MOJIEKYJIAa ra3a

Gas AE, kd/mol
Cd-PAN Cd-PAN + H,O | Cd-PAN + O,

Cl 12.46 9.09 0.71
Co 2.85 4.44 4.15
O3 18.98 8.34 1.76
NO; 86.10 6.45 4,78
H.S 5.36 8.25 1.38
CO2 8.88 46.84 4,73
SO, 3.18 22.12 6.33
NH3 9.43 12.99 1.68

The minimum values of steric energy were ob-
tained for the interactions of the Cd-PAN cluster with
chlorine and carbon monoxide molecules and hydro-
gen sulfide. Regardless of whether there are oxygen or
water molecules in the environment, Cd-PAN films
will be sensitive to Cl, and CO. When interacting in an
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oxygenated and humid environment of Cd-PAN with
H>S molecules, the energy costs will be relatively low
due to the small AEni, value, which may indicate the
presence of hydrogen sulfide sensitivity under the in-
dicated conditions.

Table 3
Points with the minimum energy of the Cd-PAN cluster
— water / oxygen molecule — gas molecule™ system and
the distance of gas molecules from H20/02
Tabnuya 3. Toukn ¢ MUHMMAJIBHOI SHepruei cucreMbl
«kiacrep Cd-ITAH — mostexyna BojbI / KHCJI0poAa — MO-
JIEKYJIa ra3a» ’ paccTossHUs MoJieKyJ1 ra3os ot H20/02

|min, A L,A L,A
Gas Cd- Cd-
Cd-PAN PAN+H,0 | PAN+O; H0 | O
Cl, 35 35 6 54 | 32
co 3.7 3.2 3 29 | 27
O3 3.7 6 6 27 | 35
NO; 25 3.7 6 27 | 58
H.S 3.7 35 6 31 | 47
CO 3.2 3.4 3 33 | 31
SO, 4 3.2 3 26 | 34
NH3 3 2.5 4 47 | 27
7000 F
6500 F
8
6000 F
5500 F
5000 | }
g 4500
= 4000
[Sa] i
3500 6
3000
2500
5
2000 4
1500 P —
.
Emin Cd-HAH/
1 0 0 0 1 1 1 1 1 1 1 1 1

1 234567
R.A

Fig. 3. The dependence of steric energy on the distance to the gas
molecule for the system «cluster Cd-PAN — gas molecule». 1 — CO;
2—Cl2; 3—H3S;4-C02,5-S02; 6 — NO2; 7 — NH3; 8 — O3
Puc. 3. 3aBUCHMMOCTb CTEPUYECKON YHEPTHHU OT PACCTOSTHUSI JI0 MOJIe-
KyJibl ra3a it cucteMsl «kiactep CA-ITAH — moekysa razay. 1 — CO;
2—Cly; 3—H2S;4-CO2;5—-S02 6 — NO2; 7—NH3; 8— O3

8 9 10
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Fig. 4. The dependence of steric energy on the distance to the gas
molecule for the systems «cluster Cd-PAN — oxygen molecule —
gas molecule» (at the top) and «Cd-PAN cluster — water molecule —
gas molecule» (at the bottom): 1 — CO; 2 — Clz; 3—H2S; 4 — CO2
Puc. 4. 3aBHCUMOCTD CTEPUUECKOM SHEPTUH OT PACCTOSHUS IS
cucreM «kiacrep Cd-ITAH — mosekyia Kicioposa — MoJieKyia
rasay» (BBepxy) u «kinactep Cd-ITAH — moJekyra BobI — MOJIe-
kyina rasza» (Buusy): 1 — CO; 2 — Clz; 3 H2S; 4 - CO2

The analysis of the obtained binding energies
(AE) between the gas molecules and the cluster surface
showed that in most cases, van der Waals interaction
forces arise between the components of the system. An
exception is the interaction of nitrogen dioxide mole-
cules with a Cd-PAN cluster in an oxygen-free envi-
ronment, where the binding energy reaches a higher
value than in the case of other gases, which is ex-
plained by the possible coordination interaction of
PAN with NO. dimers according to the following
scheme:

Since in the case of adsorbed nitrogen dioxide
molecules, sufficiently high energy costs are required,
exceeding the energy of the Cd-PAN cluster (Cd-PAN
/ Cd-PAN + Oy), the interaction of NO, with the cluster
surface at standard temperature is excluded.

For the gases considered, the smallest points
with the minimum energy are in most cases within 2.5-

M.M. ABuiioBa, E.A. Mapnesa, O.B. Ilonoa, T.I'. iBanoBa

3.7 A from the Cd-PAN cluster (Table 3). This distance
between the gas molecule and the surface of the cluster
allows intermolecular interactions, but excludes the
possibility of overlapping electron clouds and the ap-
pearance of a chemical bond. For this reason, the ap-
pearance of a chemical bond is also excluded between the
oxygen / water molecule and the gas molecule (Lo,, L+,0)-

CONCLUSION

Studies carried out by molecular modeling
have established that Cd-PAN will be sensitive to chlo-
rine, carbon monoxide and, in an oxygen-free environ-
ment, also to hydrogen sulfide in atmospheric air. As-
suming that the binding energy in most cases does not
exceed the value of 20 kJ/mol, we can assume that VVan
der Waals forces act between the gas molecules and the
Cd-PAN surface.
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