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Computer simulation of a composite based on a monolayer of
pyrolyzed polyacrylonitrile containing paired
metal atoms Cu, Co, Ni, Fe
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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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KoMmnbroTepHoe MofienpoBaHie KOMIIO3UTAa HA OCHOBeE
MOHOCTOA MUPOTU30BAHHOTO MOIMAKPUTIOHUTPUIA,
cofiep:Kaiero napubie arombl Mmetamnos Cu, Co, Ni, Fe
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B panHOI paboTe 6bUIM CO3aHBI MOV MOHOC/ION IMPOIM30BaHHOro nomakpunonntpuia (IITTAH), conepxamye mapst
aromoB MeTatoB Cu-Co, Cu-Ni, Ni-Co, Ni-Fe. [lannbie Mmopienu npencrasisiioT coboit knacteps: [IITTAH. IIpoBenena nonxas
OIITMMU3ALM MOJeTIeNl ¢ MCIIONb30BaHMeM MeTofia pyHkumoHana wiorHocty DFT ¢ ¢yuxumonanrom B3LYP u 6asucom
cc-pvdz. Vsydaemble Iapbl MeTa/UIOB pa3Mellaln B LeHTpe KIacTepa. VIcclemoBaHa reoMeTpudecKas CTPYKTypa MOfierielt
KOMIO3UTHBIX ciicTeM. OGHapy>KeHO 3HAYNTENbHOE VCKPUBJICHE MOJETUPYEMBIX CTPYKTYP, CBUJIETeIbCTBYIOLee O Ha/IU-
4y TYOY/LIPHBIX CTPYKTYP B peaJbHOM KoMIiosuTe. Ipadudyecky mpefcTaBieHbl OfHO3IEKTPOHHbIE CIIEKTPBI KJIACTEPOB
U NIOKAa3aHO, YTO aTOMHBle OpOUTaIM MeTa/UIOB JJAI0T OCHOBHBIE BK/IAfIbl B 30HY IpoBopumocTi. ITpoananmusupoBana
IIVMpYHA 3aIPeleHHO e 1 IPOBEieHO CpaBHEHNe ¢ aHajIornyHo xapakTepuctukoit [ITTAH, He comepskamero aToMoB
MeTasIta. YCTaHOBJIEHO, YTO aTOM KOOajIbTa HE3HAUNTEIbHO B/IMsIET HA I3MEHEeHNe I PUHBI 3aIIPeIEHHOI 1NN, B OTINYIe
OT HYIKe/IA, BBeleHJe KOTOPOTO CYIIeCTBEHHO e€ yMeHbInaeT. TakuM 06pa3oM, CTAHOBUTCA BO3MOXKHBIM CO3JIaBaTh Oojiee
9NIEKTPOIPOBOASIIE KOMIIO3UTHL. B CBOIO o4Yepenb B MOJENSX, COiEp)KAIUX MeJb, aTOMbl META/IOB JAIOT OOJBIINIT
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BKJIag B 06pa30BaHI/Ie ypOBHeﬁ ATOMHBIX Op6I/ITaTIeI7[ B 30HE NIPOBOAMMOCTN CUCTEMBI. Cpem/l MCCNIENOBAaHHbBIX MOIICTICI‘/'I
HaMEHbIIas MVPpNHA sanpeméHHoﬁ[ ey XapakKTepHa A1 CUCTEMbI [IITAH ¢ Hukenem u >kenesom. Pacuer mokasan
Hanm4due YCTOﬂqMBbIX XUMUYECKUX CBs3€il B CUCTEMAX. Or[pe;[eneHbI 3apAAbl METAJIZIOB C IIOMOIIBIO ATOMHOTO ITOJIAPHOTO
T€H30pa 3apsAJ0B. O6Hapy>KCH TIIEpeHoC SHeKTpOHHOﬁI IIVIOTHOCTU C aTOMOB META/IZIOB K aTOMaM MOHOC/IIOA, YTO AB/IACTCA
CBUETE/IbCTBOM o6pa3013aH1/m XUMUYECKON CBSA3U MEXOY N3y4aeMbIMI ME€Ta/lJIaMI I MOHOCTIOEM.

KnroueBbie cioBa: HI/IpOHI/ISOBaHbIﬁ TIO/IMAKPUJIOHUTPNII, DFT, KBAaHTOBO-XVMUNYECKNE pACYEThI, AaTOMbI IIEPEXOTHDIX METAJINIOB,

HAaHOKOMIIO3MT.

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
H,, CO, NH,, 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, the conduction band (Fig. 3). It was established that the Co
and the analysis of which allowed us to determine the band atom slightly affects the change in the band gap, in contrast to
gap width, calculated as the difference between the energiesof  Ni, the introduction of which significantly reduces it.
the upper filled and lower vacant molecular orbitals (Table 2).

. . . L Table 2. Electron- haracteristics of PPAN-based t
The atomic orbitals of metals make the main contributions to CCiron-energy characierisiies o ased NANosystems

with embedded pairs of metal atoms: AE, — band gap, E, — binding

. ) energy.
Table 1. The distance between metal atoms in the monolayer PPAN. Structure AE, eV E,, eV
Metal atoms Bond length, A PPAN 0.98 -9.93
Fe-Ni 2.57 Cu-Co 0.72 -9.15
Co-Ni 3.28 Cu-Ni 0.51 -9.16
Cu-Ni 247 Ni-Co 0.95 -9.16
Cu-Co 2.57 Ni-Fe 0.55 -9.19
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Fig. 3. (Color online) Single-electron spectra of nanosystems based on PPAN with embedded metal pairs: Cu-Co (a), Ni-Cu (b), Ni-Co (¢),
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.
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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.

Table 3. APT charges on metal atoms in MC.

Metal \ Structure Cu-Co Cu-Ni Ni-Co Ni-Fe
Fe 0.724
Ni 0.270 0.565 0.574
Co 0.513 0.509
Cu 0.320 0.287

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-Nj, 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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