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In this work, models of a single layer of pyrolyzed polyacrylonitrile (PPAN) containing couples of Cu-Co, Cu-Ni, Ni-Co, Ni-Fe 
atoms have been created. The models are PPAN clusters. A complete optimization of the models was carried out using the 
density functional method DFT with the B3LYP functional and the cc-pvdz basis. The atom couples under study were located 
in the center of the cluster. The geometric structure of the models of composite systems was investigated. A significant curvature 
of the simulated structures was found. The single-electron spectra of the clusters were presented graphically, and it was shown 
that the atomic orbitals of the metals make the main contributions to the conductivity band. The band gap is analyzed and 
compared with a similar characteristic of PPAN without metal atoms. It was found that the cobalt atom insignificantly affects 
the change in the band gap, in contrast to nickel, the introduction of which significantly reduces it. In turn, couples of Cu-Co, 
Cu-Ni atoms make a greater contribution to the formation of levels of atomic orbitals in the conduction band of the system. 
Among the models studied, the smallest band gap corresponds to the PPAN system with a couple of Ni-Fe atoms. The energy 
calculation showed the presence of stable chemical bonds in the systems. The charges of metals were determined using the 
atomic polar charge tensor. Charge transfer from metal atoms to single layer atoms was found, which is the evidence of the 
formation of a chemical bond between the studied metals and the single layer.
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В данной работе были созданы модели монослоя пиролизованного полиакрилонитрила (ППАН), содержащие пары 
атомов металлов Cu-Co, Cu-Ni, Ni-Co, Ni-Fe. Данные модели представляют собой кластеры ППАН. Проведена полная 
оптимизация моделей с  использованием метода функционала плотности DFT с  функционалом B3LYP и  базисом 
cc-pvdz. Изучаемые пары металлов размещали в центре кластера. Исследована геометрическая структура моделей 
композитных систем. Обнаружено значительное искривление моделируемых структур, свидетельствующее о нали- 
чии тубулярных структур в реальном композите. Графически представлены одноэлектронные спектры кластеров 
и  показано, что  атомные орбитали металлов дают основные вклады в  зону проводимости. Проанализирована 
ширина запрещенной щели и проведено сравнение с аналогичной характеристикой ППАН, не содержащего атомов 
металла. Установлено, что атом кобальта незначительно влияет на изменение ширины запрещённой щели, в отличие 
от никеля, введение которого существенно её уменьшает. Таким образом, становится возможным создавать более 
электропроводящие композиты. В  свою очередь в  моделях, содержащих медь, атомы металлов дают больший 
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вклад в  образование уровней атомных орбиталей в  зоне проводимости системы. Среди исследованных моделей 
наименьшая ширина запрещённой щели характерна для  системы ППАН с  никелем и  железом. Расчет показал 
наличие устойчивых химических связей в системах. Определены заряды металлов с помощью атомного полярного 
тензора зарядов. Обнаружен перенос электронной плотности с атомов металлов к атомам монослоя, что является 
свидетельством образования химической связи между изучаемыми металлами и монослоем.
Ключевые слова: пиролизованый полиакрилонитрил, DFT, квантово-химические расчеты, атомы переходных металлов, 
нанокомпозит.

1. Introduction

Currently, due to the specific properties that appear during 
the transition of substances to the nanoscale state, researchers 
are particularly interested in composite materials consisting 
of a polymer matrix and a filler. One of the most popular 
materials in recent years is materials that can effectively 
absorb electromagnetic radiation. This interest is due to the 
increase in the number of devices operating in the microwave 
range, which is accompanied by an increase in the density 
of electromagnetic radiation. Radio-absorbing materials are 
used not only to ensure electromagnetic compatibility of 
various devices, but also to protect biological objects from 
negative electromagnetic impact [1– 4]. Such materials 
include carbon-based polymer composites comprising 
transition metal nanoparticles such as nickel, cobalt, 
iron, copper [5 – 9]. These nanocomposites can be used in 
various fields of technology: magnetic recording systems, 
high-frequency devices, magnetic resonance tomography, 
biomedicine, radiation protection systems, electronics and 
others [10 –12].

In composites, nanoscale objects are embedded in the 
matrix, which leads to their minimal interaction with each 
other and provides their protection from agglomeration and 
oxidation [13 –17]. Metal-polymer nanocomposites are able 
to show synergy between the unique properties of polymers 
(solubility, high coordinating ability, chemical and thermal 
resistance, biocompatibility, etc.) and metal nanoparticles 
(catalytic, magnetic, optical, etc.), which makes them in 
demand in high-tech fields. Magnetic composites, in which 
ferromagnetic metal nanoparticles are embedded in non-
magnetic arrays, are of great scientific and practical interest. 
Unusual phenomena were found in these materials: high 
magnetization, a large magneto-caloric effect, the possibility 
of changing the values of coercive force due to the dependence 
of this value on the size of nanoparticles, a lower Curie 
temperature, high anisotropy, etc. Investigation of metal 
nanoparticle formation processes involving polymers enables 
to obtain new metal composites with controlled properties 
required for a specific application [18,19].

The polymer matrix of nanocomposites is often 
polyacrylonitrile (PAN) [20]. The PAN polymer chain is a 
hydrocarbon chain with side nitrile groups, due to which 
intermolecular crosslinking and interaction with metal 
compounds can be carried out. Due to the presence of 
5 electrons in the nitrogen atom on the outer shell, of which 
only 3 are involved in interaction with carbon, transition 
metals, due to their high coordination numbers, are able to 
form complexes with nitrile groups of the polymer. PAN has 
a number of advantages optimal for the synthesis of metal 
composites: manufactured on an industrial scale at Russian 

enterprises; due to complexation, it is able to form joint 
solutions with metal compounds of different concentration, 
which allows uniform distribution of the metal over the 
polymer volume.

One of the promising methods for the synthesis of 
nanoparticles is the pyrolysis method using IR heating of a 
system of transition metal salts and polyacrylonitrile (PAN). 
With IR heating in PAN, structuring occurs with the release of 
H2, CO, NH3, etc., reducing metal salts, and the formation of 
a matrix of a polymer material — pyrolized polyacrylonitrile 
(PPAN), which has a graphite-like layer structure, in which 
metal nanoparticles are dispersed. The main advantages of 
such hybrid magnetic nanomaterials when used to absorb 
electromagnetic radiation are the provision of magnetic 
losses due to the interaction with the magnetic component 
of electromagnetic waves and an increase in the complex and 
dielectric permeability compared to individual components 
of the material.

To date, a number of nanocomposites have been synthesized 
both with single metals (Fe, Co, Ni, Cu, Pt, Pd, Ru, Re, Rh, 
Ag) and with various binary systems of nanoparticles (Cu-Zn, 
Pt-Re, Pt-Ru, Co-Pd, Fe-Co, Fe-Ni, Fe-Pd, Ni-Co) [24 – 28]. 
Research is underway to develop effective methods for the 
synthesis of three- or more component nanoparticles. Thus, 
when two different metal salts were simultaneously added 
to the precursor, composites containing the paired FeNi 
and FeCo systems were obtained [27, 28]. Depending on the 
cobalt concentration, the composites exhibited paramagnetic 
or ferromagnetic properties. The metal composite containing 
NiCo alloy nanoparticles was synthesized from precursors 
consisting of polyacrylonitrile, nickel chloride and cobalt 
chloride. The lattice parameter of the solid solution NiCo 
calculated from the results of PPA was 0.3527  nm. The 
electrical conductivity in the nanocomposite is ensured by 
the formation of a graphite-like structure and depends on the 
size and quantity of included metal particles [28].

Despite numerous experimental studies of nanocomposites 
based on pyrolyzed polyacrylonitrile (PPAN), the geometric 
structure (morphology) and peculiarities of the electron-
energy structure of these metal-carbon materials remain 
unexplored to date. In [22] composites based on PPAN with 
single atoms of transition metals were theoretically studied. 
It is necessary to consider the structural features of metal 
composites containing paired metal systems (paired alloys).

To solve the problem, it is advisable to consider a 
cluster model of one layer of pyrolyzed polyacrylonitrile 
with embedded pairs of selected atoms Cu-Co, Cu-Ni, 
Ni-Co, Fe-Ni, which are structural units of binary alloys in 
polymer nanocomposites. The choice of pairs is determined 
by successful experiments on the synthesis of such metal 
composites [24, 27]. Analysis of the features of the structure 
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and electron-energy structure of such a model material will 
allow searching for the most likely stable spatial configurations 
of the elements of the nanosystems under consideration, 
which gives detailed information on the electron-energy 
structure and, accordingly, the main properties (electronic, 
physical, magnetic, optical, mechanical), which in turn 
provides an opportunity to closely approach the solution of 
forecasting problems.

The work presents the results of calculations performed 
in the framework of the molecular cluster model (MK) using 
the DFT (Density Functional Theory) method. The hybrid 
functionality is B3LYP using the cc-pvdz base set. This 
functionality is preferred for calculations of systems with 
transition metals. The cc-pvdz basis, which is an analogue 
of the known and often used basis 6-31G (d), belongs to 
the group of correlatively matched basis sets and includes 
polarization functions [28, 29]. The effect of cobalt and nickel 
in binary alloys on the peculiarities of the electron-energy 
structure of the composite was evaluated.

2. Geometrical and electronic energy structure 
of composite sistem “PPAN+atoms of metals”

Several models of a PPAN monolayer containing pairs of 
selected metals were investigated. Six carbon atoms were 
removed from the center of the monolayer cluster for the 
formation of a structure containing 70 % carbon atoms, 
19 % nitrogen atoms, and 11 % hydrogen atoms (Fig.  1). 
The number of atoms to be removed was determined by 
the possibility of creating a pore in the structure of the 
monolayer, the parameters of which would be sufficient 
to accommodate rather large of 3d transition metal  
atoms [30] in it.

This space was filled alternately with pairs of metal atoms 
Cu-Co, Ni-Co, Ni-Cu and Ni-Fe. The system geometry 
analysis obtained after calculations performed with full 
optimization revealed a significant curvature of the monolayer 
with the introduction of all considered pairs of atoms (Fig. 2). 
The distances between metal atoms are presented in Table 1.

Fig.  1.  (Color online) Optimized structure of PPAN clusters with a pore formed by removing six carbon atoms (grey — C atoms; blue — B atoms; 
white — H atoms). 

Fig.  2.  (Color online) The optimized PPAN cluster with Cu and Co atoms; in the pore: left — cobalt, right — copper.
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Single-electron spectra of nanosystems were constructed, 
and the analysis of which allowed us to determine the band 
gap width, calculated as the difference between the energies of 
the upper filled and lower vacant molecular orbitals (Table 2). 
The atomic orbitals of metals make the main contributions to 

the conduction band (Fig. 3). It was established that the Co 
atom slightly affects the change in the band gap, in contrast to 
Ni, the introduction of which significantly reduces it.

Structure ΔEg, eV Ebe, eV
PPAN 0.98 −9.93
Cu-Co 0.72 −9.15
Cu-Ni 0.51 −9.16
Ni-Co 0.95 −9.16
Ni-Fe 0.55 −9.19

Table  1.  The distance between metal atoms in the monolayer PPAN.

      a                     b

      c                      d
Fig.  3.  (Color online) Single-electron spectra of nanosystems based on PPAN with embedded metal pairs: Cu-Co (a), Ni-Cu (b), Ni-Co (c), 
Ni-Fe (d). The orbitals of the Fe are highlighted in red, Ni — in yellow, Cu — in orange, Co — in green, others — in grey. Last occupied 
molecular orbital is marked by two arrows denoting electron spins.

Metal atoms Bond length, Å 
Fe-Ni 2.57
Co-Ni 3.28
Cu-Ni 2.47
Cu-Co 2.57

Table  2.  Electron-energy characteristics of PPAN-based nanosystems 
with embedded pairs of metal atoms: ΔEg — band gap, Ebe — binding 
energy.
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Also, for all studied structures, the binding energies were 
calculated (Table  2), the values of which turned out to be 
comparable with the value for pure PPAN, which confirms 
the stability of the obtained complexes.

The charge distribution analysis obtained by using the 
atomic polar tensor charge (APT charge) showed that in all 
cases the metal atoms are positively charged, and the atoms 
of the nearest environment are negatively charged. Clearly, 
there is a transfer of electron density from metal atoms to 
atoms of the PPAN monolayer. The charges of metal atoms 
are presented in Table  3. These results are consistent with 
ideas about the interaction between metals and the system of 
conjugated bonds in the PPAN. A shift of the electron clouds 
of metal to the nearest atoms of the PPAN monolayer arises.

3. Conclusion

Models of composite nanosystems based on a monolayer of 
pyrolyzed polyacrylonitrile with embedded pairs of Ni-Co, 
Fe-Ni, Cu-Co, Cu-Ni, which make it possible to determine 
the optimal spatial configuration of the mutual arrangement 
of nanoparticles and the PPAN matrix, the effect of metals on 
the morphology and structure of the polymer are presented. 
The optimal spatial configuration of a monolayer of pyrolized 
polyacrylonitrile containing embedded pairs of atoms was 
established, the features of geometric structure and electron-
energy characteristics showing the characteristics of the 
interaction of nanoparticles and a matrix of nanocomposites 
were studied.

Theoretical studies have proved that the investigated 
metal-carbon nanosystems based on a monolayer of pyrolyzed 
polyacrylonitrile with embedded pairs of Ni-Co, Fe-Ni and 
Cu-Co, Cu-Ni, are stable systems. The distances found between 
metal atoms made it possible to conclude that they correspond 
to the interatomic distances in the cubic lattice, which proves the 
fact that there are not isolated atoms in the layered polymer, but 
a binary alloy consisting of selected and considered iron, cobalt 
and nickel atoms of the compositions NiCo, FeNi, CuCo or 
CuNi. The introduction of metals into PPAN leads to a decrease 
in the width of the energy gap compared to pure pyrolyzed 
polyacrylonitrile due to the appearance of additional metal 
levels near the slot boundary. By type of conductivity, the system 
refers to semiconductors. Such metal composites can be used 
as new magnetically soft materials having the ability to absorb 
electromagnetic radiation due to possible electron transitions 
using the emerging levels of metal atoms. The obtained results 
will allow us to further begin to study the features of the 
formation of metal clusters in the structure of the PPAN.
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