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В публикации представлены теоретические исследования адсорбции газов-поллю-

тантов на поверхности кадмийсодержащего полиакрилонитрила (Cd-полиакрилонитрила) 

при отсутствии и наличии в окружающей среде молекул воды и молекул кислорода. Опреде-

лен перечень газов, к которым поверхность Cd-полиакрилонитрила может проявлять 

наибольшую чувствительностью. В качестве газов-загрязнителей выбраны диоксид азота, 

метан, аммиак, оксид серы (II), сероводород, озон, монооксид углерода, оксид углерода (II), 

хлор. Для моделирования в работе использованы программные пакеты: HyperChem, Gaussian 

09, Сhemoffice 2010. По итогам работы в HyperChem, Gaussian 09 получены модели макромо-

лекул полиакринонитрила, из которых для получения кластера Cd-полиакрилонитрила вы-

брана макромолекула пентамера. Затем, реализуя метод молекулярной механики в 

Сhemoffice 2010, а именно в подпрограмме Chem3D, произведено построение модели кластера 

Cd-полиакрилонитрила. Далее методом молекулярного моделирования определены термоди-

намические показатели систем: «кластер Cd-полиакрилонитрила – молекула газа», «кла-

стер Cd-полиакрилонитрила – молекула кислорода», «кластер Cd-полиакрилонитрила – мо-

лекула воды», «кластер Cd-полиакрилонитрила – молекула кислорода – молекула газа», «кла-

стер Cd-полиакрилонитрила – молекула воды – молекула газа». В результате молекулярного 

моделирования установлено, что Cd-полиакрилонитрил в атмосферном воздухе проявляет 

чувствительность к газообразному хлору и монооксиду углерода; в бескислородной среде – 

также к сероводороду. Результаты молекулярного моделирования подтверждают ранее по-

лученные экспериментальные данные по оценке газочувствительности Cd-полиакрилонит-

рила и указывают на действие сил Ван-дер-Ваальса между поверхностью Cd-полиакрило-

нитрила и адсорбирующейся молекулой газа. Наличие или отсутствие в атмосферном воз-

духе молекул воды не должно сказываться на изменении чувствительности Cd-полиакрило-

нитрила к газам-поллютантам. 
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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 (II), hydrogen sulfide, ozone, carbon monoxide, carbon oxide (II), chlorine 
were chosen as pollutant gases. The following software packages are used for modeling: Hyper-
Chem, Gaussian 09, Сhemoffice 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 Сhemoffice 
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 
molecule», «Cd-polyacrylonitrile cluster – water molecule», «Cd-polyacrylonitrile cluster – oxygen 
molecule gas molecule», «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, 

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 (MNDO) 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 CdCl2 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 (Еmin = 1467.42 kJ / mol); (2) – in the 

center of the PAN cluster (Еmin = 1401.22 kJ / mol) 

Рис. 1. Внедрение хлорида кадмия в систему ПАН: (1) – с краю 

кластера ПАН (Еmin = 1467,42 кДж/моль); (2) – в центр кластера 

ПАН (Еmin =1401,22 кДж/моль) 

At the next stage, the possibility of adsorption 

of pollutant gases (nitrogen oxide (IV), ammonia, sul-

fur oxide (II), hydrogen sulfide, ozone, carbon oxide 

(IV), carbon oxide (II), 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 Å from the surface (Fig. 2). 

 

 
Fig. 2. The location of gas molecules at interacting with the sur-

face of a Cd-PAN cluster 

Рис. 2. Расположение молекул газов при взаимодействии с 

поверхностью кластера Cd-ПАН 

 

At this stage, the thermodynamic characteris-

tics (steric energy of the system (Еmin), binding energy 

(ΔE), energy minimum points (lmin)) and geometric in-

dicators (distances between gas molecules and the Cd-

PAN cluster (l)) 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 + O2 and ECd-PAN + H2O), 

the binding energy between the oxygen / water mole-

cule and the surface of the PAN cluster (ΔE), the points 

with the minimum energy (lmin), and also the distances 

between the molecules of pollutant gases and the oxy-

gen molecule (LO2) / water (LН2О). 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 + O2 < Emin Cd-PAN. In this case the interaction 

with the water molecule of this cluster is excluded (Emin 

Cd-PAN << Emin Cd-PAN+H2O), 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 

Таблица 1. Стерическая энергия системы «кластер Cd-

ПАН – молекула воды / кислорода – молекула газа» 

Gas 
Emin, kJ/mol 

Cd-PAN Cd-PAN + Н2О Cd-PAN + О2 

Cl2 1358.48 5206.33 1392.97 

CO 1398.45 5175.07 1389.57 

О3 6271.05 7383.83 2446.88 

NO2 3545.87 7782.97 10156.85 

H2S 1395.90 5485.63 1706.88 

СО2 2061.65 5665.42 2081.17 

SO2 2288.75 6042.02 2278.06 

NH3 4787.03 7263.41 4864.13 

 

Table 2 

Bond energy of the system Cd-PAN cluster – water / ox-

ygen molecule – gas molecule 

Таблица 2. Энергия связи системы «кластер Cd-ПАН 

– молекула воды / кислорода – молекула газа» 

Gas 
ΔE, kJ/mol 

Cd-PAN Cd-PAN + Н2О Cd-PAN + О2 

Cl2 12.46 9.09 0.71 

CO 2.85 4.44 4.15 

О3 18.98 8.34 1.76 

NO2 86.10 6.45 4.78 

H2S 5.36 8.25 1.38 

СО2 8.88 46.84 4.73 

SO2 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 Cl2 and CO. When interacting in an 

oxygenated and humid environment of Cd-PAN with 

H2S molecules, the energy costs will be relatively low 

due to the small ΔEmin 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 H2O/O2 

Таблица 3. Точки с минимальной энергией системы 

«кластер Cd-ПАН – молекула воды / кислорода – мо-

лекула газа» и расстояния молекул газов от Н2О/O2 

Gas 

lmin, Å  L,Å L,Å 

Cd-PAN 
Cd-

PAN+Н2О 

Cd-

PAN+О2 
Н2О O2 

Cl2 3.5 3.5 6 5.4 3.2 

CO 3.7 3.2 3 2.9 2.7 

О3 3.7 6 6 2.7 3.5 

NO2 2.5 3.7 6 2.7 5.8 

H2S 3.7 3.5 6 3.1 4.7 

СО2 3.2 3.4 3 3.3 3.1 

SO2 4 3.2 3 2.6 3.4 

NH3 3 2.5 4 4.7 2.7 

 

 
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 – H2S; 4 – CO2; 5 – SO2; 6 – NO2; 7 – NH3; 8 – O3 

Рис. 3. Зависимость стерической энергии от расстояния до моле-

кулы газа для системы «кластер Cd-ПАН – молекула газа». 1 – CO; 

2 – Cl2; 3 – H2S; 4 – CO2; 5 – SO2; 6 – NO2; 7 – NH3; 8 – O3 
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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 – Cl2; 3 – H2S; 4 – CO2 

Рис. 4. Зависимость стерической энергии от расстояния для 

систем «кластер Cd-ПАН – молекула кислорода – молекула 

газа» (вверху) и «кластер Cd-ПАН – молекула воды – моле-

кула газа» (внизу): 1 – CO; 2 – Cl2; 3 – H2S; 4 – CO2 

 

The analysis of the obtained binding energies 

(ΔE) 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 NO2 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 + O2), the interaction of NO2 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-

3.7 Å 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 (LO2
, LH2O). 

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 Van 

der Waals forces act between the gas molecules and the 

Cd-PAN surface. 
 

R E F E R E N C E S  
Л И Т Е Р А Т У Р А  

1. Karbownik I., Fiedot M., Rac O. Effect of doping polyacry-

lonitrile fibers on their structural and mechanical properties. 

Polymer. 2015. V. 75. P. 97–108. DOI: 10.1016/j.poly-

mer.2015.08.015 

2. Wenyu Wang, Yide Zheng, Xin Jin. Unexpectedly high pi-

ezoelectricity of electrospun polyacrylonitrile nanofiber mem-

branes. Nano Energy. 2019. V. 56. P. 588–594. DOI: 

10.1016/j.nanoen.2018.11.082. 

3. Stergios Logothetidis. Flexible organic electronic devices: 

Materials, process and applications. Mater. Sci. Eng.: B. 2008. 

V. 152. N 1–3. P. 96–104. DOI: 10.1016/j.mseb.2008.06.009. 

4. Efimov M.N., Sosenkin V.E., Volfkovich Yu.M. Electro-

chemical performance of polyacrylonitrile-derived activated 

carbon prepared via IR pyrolysis. Electrochem.Commun. 

2018. V. 96. P. 98-102. DOI: 10.1016/j.elecom.2018.10.016. 

5. Liang Chen, Yinze Zuo, Yu Zhang, Yanmin Gao. A novel 

CuCo2S4/polyacrylonitrile ink for flexible film supercapacitors. 

Mater.Lett. 2018. V. 215. P. 268-271. DOI: 10.1016/j.mat-

let.2017.12.119. 

6. Savest N., Plamus T., Tarasova E. The effect of ionic liquids on 

the conductivity of electrospun polyacrylonitrile membranes. J. 

Electrostat. 2016. V. 83. P. 63-68. DOI: 10.1016/j.el-

stat.2016.07.006. 

7. Kozlov V.V., Karpacheva G.P., Petrov V.S., Lazovskaya 

E.V. Formation of polyconjugated bonds in polyacrylonitrile 

by thermal treatment in vacuum. Polymer Sci. Ser. A. 2001. 

V. 43 (1). P. 20-26. 

8. Laffont L., Monthioux M., Serin V. An EELS study of the 

structural and chemical transformation of PAN polymer to 

solid carbon. Carbon. 2004. V. 42. N 12-13. P. 2485-2494. 

DOI: 10.1016/j.carbon.2004.04.043. 

9. Yoshida H., Sato N. Deposition of Acrylonitrile Cluster Ions 

on Solid Substrates: Thin Film Formation by Intracluster 

Polymerization Products. J. Phys. Chem. B. 2006. V. 110. N 9. 

P. 4232-4239. DOI: 10.1021/jp0546397. 

10. Semenistaya T.N., Ivanenko A.V. Choice of technological 

conditions for synthesis of sensing materials based on polyac-

rylonitrile on flexible substrate. J. Phys.: Conf. Ser. 2018. V. 1016. 

N 1. P. 014065. 



 

М.М. Avilova, E.A. Maryeva, O.V. Popova, Т.G. Ivanova 

 

54   Изв. вузов. Химия и хим. технология. 2020. Т. 63. Вып. 4 

 

 

11. Merdrignac-Conanec O., Bernicot Y., Guyader J. Humid-

ity effect on baseline conductance and H2S sensitivity of cad-

mium germanium oxynitride thick film gas sensors. Sens. Ac-

tuat. B: Chem. 2000. V. 63. N 1-2. P. 86-90. DOI: 

10.1016/S0925-4005(00)00302-6. 

12. Ravindra V. Ghorpade, Dong Won Cho, Sung Chul Hong. 
Effect of controlled tacticity of polyacrylonitrile (co)polymers 

on their thermal oxidative stabilization behaviors and the 

properties of resulting carbon films. Carbon. 2017. V. 121. 

P. 502-511. DOI: 10.1016/j.carbon.2017.06.015/. 

13. Avilova M.M., Petrov М.М. A study of gas-sensitive prop-

erties of cobalt-modified polyacrylonitrile films by the meth-

ods of molecular modeling and quantum chemistry. Russ. J. 

Phys. Chem. B. 2017. V. 11. N 4. P. 618-623. DOI: 

10.1134/S1990793117040029. 

14. Nechaev I.V., Vvedensky A.V. Quantum-chemical simula-

tion of the adsorption of chloride ion and water molecules on 

metals of the I B subgroup. Fizikokhim. Pover. Zashch. Mater. 

2009. V. 45. N 2. P. 150-159 (in Russian). Нечаев И.В., Вве-

денский А.В. Квантово-химическое моделирование ад-

сорбции хлорид-иона и молекулы воды на металлах I B 

подгруппы. Физикохим. пов-ти и защита мат-лов. 2009. 

Т. 45. № 2. С. 150-159. 

15. Meyer I. Selected chapters of quantum chemistry: proof of 

theorems and the derivation of formulas. M.: Laboratoriya 

znaniy. 2017. 387 p. (in Russian). Майер И. Избранные 

главы квантовой химии: доказательство теорем и вывод 

формул. М.: Лаборатория знаний. 2017. 387 с. 

16. Burkert U., Ellinger N. Molecular mechanics: translation 

from English. М.: Mir. 1986. 364 p. (in Russian).  

Буркерт У., Эллинджер Н. Молекулярная механика. М.: 

Мир. 1986. 364 с. 

17. Zaporotskova I.V., Kojitov L.V., Anikeev N.A. Theoretical 

studies of the structure of the metal-carbon composites on the 

base of acryle-nitrile nanopolimer. J. Nano Electronic Phys. 

2014. V. 6. N 3. P. 03035. 

18. Xinliang Yu, Bing Yi, Zhimin Xie. Prediction of the confor-

mational property for polymers using quantum chemical de-

scriptors. Chemomet. Intell. Labor. Syst. 2007. V. 87. N 2. 

P. 247-251. DOI: 10.1016/j.chemolab.2007.03.001 

19. Kun Ge, Qichang Yu, Shaohua Chen. Modeling CO2 ad-

sorption dynamics within solid amine sorbent based on the 

fundamental diffusion-reaction processes. Chem. Eng. J. 

2019. V. 364. P. 328-339. DOI: 10.1016/j.cej.2019.01.183. 

20. Masataka Nagaoka, Yusuke Ohta, Haruko Hitomi. Theo-

retical characterization of coordination space: Adsorption 

state and behavior of small molecules in nanochanneled 

metal-organic frameworks via electronic state theory, molec-

ular mechanical and Monte Carlo simulation. Coord. Chem. 

Rev. 2007. V. 251. N 21–24. P. 2522-2536. DOI: 

10.1016/j.ccr.2007.08.016. 

21. Jing Zhang, Yu-xi Liu, Re-Bing Wu. Quantum feedback: 

theory, experiments, and applications. Phys. Reports. 

2017. V. 679. P. 1-60. DOI: 10.1016/j.physrep.2017.02.003. 

22. Chemical Encyclopedic Dictionary. Ed. by I.L. Knunyants. 

М.: Sovetskaya Entsiklopediya. 1983. P. 231 (in Russian). 

Химический энциклопедический словарь. Под ред. И.Л. 

Кнунянц. М.: Советская энциклопедия. 1983. С. 231. 
 

 
Поступила в редакцию 25.02.2019 
Принята к опубликованию 20.02.2020 
  
Received 25.02.2019 
Accepted 20.02.2020 

 


