I.Ll I.Ll

Pt ot 'y Journal of K\
ety . . MD\PH
it Composites Science

o R >
Article

Nanocomposite Material Based on Polyvinyl Alcohol Modified
with Carbon Nanotubes: Mechanism of Formation and Electronic
Energy Structure

Lusine Elbakyan *({, Irina Zaporotskova ! and David Hayrapetyan >

check for
updates

Citation: Elbakyan, L.; Zaporotskova,
I.; Hayrapetyan, D. Nanocomposite
Material Based on Polyvinyl Alcohol
Modified with Carbon Nanotubes:
Mechanism of Formation and
Electronic Energy Structure. ]. Compos.
Sci. 2024, 8, 54. https://doi.org/
10.3390/jcs8020054

Academic Editor: Francesco

Tornabene

Received: 7 December 2023
Revised: 19 January 2024
Accepted: 23 January 2024
Published: 30 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Priority Technologies, Volgograd State University, 100 Prospect Universitetsky,
Volgograd 400062, Russia

Institute of Engineering and Physics, Russian-Armenian University, 123 Hovsep Emin St.,
Yerevan 0051, Armenia

*  Correspondence: elbakyanlusine90@gmail.com

Abstract: The physical chemistry of surface phenomena in polymers is an important issue when
studying the interaction of polymers with solid surfaces. This is due to the fact that most of the
modern polymer materials are heterogeneous systems with highly developed phase separation
surfaces. An example of such materials can be reinforced plastic, filled thermoplastics, reinforced
rubber, paint coatings, etc. Polymer adsorption at the boundary of the phase separation process
in solids plays an important role in the reinforcing effect of fillers, adhesion, gluing and obtaining
composite materials with high strength properties. Compositions based on polyvinyl alcohol (PVA)
modified with carbon nanotubes (CNTs) can be used as an interesting and informative system for
studying the structure and properties of polymer nanocomposites, especially in a highly oriented
state. PVA has one of the simplest chemical structure among the polymers, containing a functional
(hydroxyl) group capable of participating in interphase interactions. In turn, carbon nanotubes
with unique strength properties are currently products of industrial production, which makes it
possible to control and modify their properties. To prove the possibility of creating new composite
materials with improved strength characteristics, the mechanisms of interaction between PVA and
CNTs are studied by modeling the adsorption processes of a polymer fragment on the outer surface of
single-layer carbon nanotubes of different chirality, performed within the framework of the modern
DFT calculation method. The main adsorption characteristics of the process and the features of the
electron energy structure of the resulting composite systems are determined.

Keywords: carbon nanotubes; polymer nanocomposite; polyvinyl alcohol; adsorption interaction;
electronic energy structure; density functional theory calculations

1. Introduction

Polymer materials are used in the automotive industry, aircraft, ship and rocket
engineering, medicine and pharmacology, the oil industry, household appliances and
construction due to their unique properties, such as low density, high plasticity, elasticity,
thermal and wear resistance, chemical and radiation resistance, low electrical and thermal
conductivity, crack resistance in conditions of high-intensity loads, etc. Nowadays, the
sphere of use of polymer materials is constantly growing. In this regard, there is a need to
improve their physicochemical, operational, conductive and other characteristics.

The problem of creating new types of polymer composite materials is becoming quite
relevant. These are the so-called polymer nanocomposites, in which the level of dispersion
of the filler or reinforcing element lies in the nanometer size range, which in some cases
makes it possible to create materials with new performance properties.

Carbon nanotubes (CNTs) are widely used as electrically conductive fillers due to
the inherent properties of this material. CNT has outstanding electrical and thermal
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conductivity values. In addition, the high aspect ratio of CNTs can reduce the thermal
contact resistance between the CNTs and the polymer matrix, allowing the composites to
exhibit excellent electrical conductivity and thermal performance. Carbon nanotubes with a
complex of unique properties (sorption, strength, etc.) can be used as such a filler. Currently,
they are products of industrial production. This makes it possible to control the properties
of the obtained materials [1-5]. Therefore, it is possible to propose the creation of new
composite materials obtained by modifying polymers with carbon nanotubes to improve
their physicochemical properties and, as a result, contribute their entry to the consumer
market. The created polymer nanocomposite materials based on carbon nanotubes will
enable us to combine the advantages of the polymer material and the unique strength
properties of CNTs, and the resulting composite materials will be characterized by low
weight, cheapness, ease of production and storage. Although there are quite a large
number of works devoted to the study of the structure and properties of nanostructured
composites [6-10], the range of tasks that need to be solved is still very wide, since the
objects that can be attributed to nanocomposites are extremely diverse and numerous.

One of the main aspects of obtaining composite-material doped CNTs is an equal
distribution of CNTs into the polymer matrix. Many attempts have been made to incor-
porate CNTs into various polymer matrices. The polymer matrix must be selected as a
material to provide the desired physical, mechanical or chemical properties of the final
composite product.

Well-known and inexpensive polymers can act as a matrix polymer, for example,
polyvinyl alcohol (PVA), which is widely used in many fields [11,12]. PVA, among the
polymers, has one of the simplest chemical structures, containing a functional (hydroxyl)
group capable of participating in interphase interactions. The introduction of carbon
nanotubes into this polymer will improve its operational characteristics and ensure the
creation of better-quality products based on it.

In order to establish the mechanisms occurring in the composite between CNTs and
PVA, and to prove the possibility of doping the polymer matrix with carbon nanotubes,
we have performed theoretical quantum chemical studies of the interaction of single-layer
carbon nanotubes with fragments of polyvinyl alcohol, which have not been conducted to
date. This determines the relevance of this work.

2. Material and Methods
2.1. Investigated Material

A polymer material based on polyvinyl alcohol was selected as the object of research.
Polyvinyl alcohol (PVA) is a non-expensive, hydrophilic, non-toxic, stable and thermoplastic
polymer. Among the various properties of PVA, the ability of this alcohol to impart adhesive
properties to materials stands out. Polyvinyl alcohol-based adhesive is characterized by
high density and viscosity. It is used in the process of packaging production and tailoring,
among others. It is resistant to gasoline, oils and acids, which makes it an indispensable
component in the production of building materials and protective coatings. The production
of polyvinyl alcohol helps doctors to perform blood transfusions and perform fixations
while collecting samples. Another rather important advantage of this polymer is its ability
to easily mix with fillers. This greatly expands its scope of application, since in recent
years, polymer composite materials have become very popular; these are materials that,
in addition to the main component called the matrix, include other components in certain
ratios, otherwise called fillers, which differ from the matrix in properties.

2.2. «Polymer Nanofill» System

It is known that the properties of a polymer composite material are determined not
only by the properties of the matrix and the filler, but also by the filler-matrix interaction
process. However, obtaining new polymeric nanocomposite materials with predictable and
reproducible properties is difficult due to the high tendency of uncontrolled aggregation
of the nanodispersed elements. It is obvious that in order to solve these problems and to
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reveal the general principles of controlling the dispersion of nanofillers in polymer matrices,
a detailed systematic study of the structure and properties of such composites is necessary,
using the examples of “model” objects with well-characterized components that allow for
the optimization of the properties of the polymer nanofiller system as a whole.

The introduction of CNTs into polymer materials as a filler is an important mean of
regulation of the physical and chemical properties of polymers [13,14]. As it is known,
CNTs are among the most promising nanomaterials due to their mechanical, electrical,
thermal and sorption properties. This allows them to be used as fillers in order to create
new materials with a unique set of consumer and operational properties. However, it
should be noted that carbon nanotubes with the highest surface energy show an increased
ability to stick together and form conglomerates. In this case, the effect of improving the
electrophysical characteristics of the matrix material, characteristic of uniformly distributed
carbon nanotubes, is not achieved. This negatively affects the properties of the resulting
composite. A number of studies [15,16] have proven that the use of ultrasonic vibrations
ensures the uniform dispersion of carbon nanotubes in a polymer matrix.

The introduction of CNTs into the polymer matrix can provide the possibility of
using polymer materials in electronics. The electrical properties of CNTs are an important
parameter. The usage of CNTs for various purposes depends on these properties. There
are several factors to determine the electrical conductivity of CNTs: the type of CNTs
(single-layer or multi-layer), the density of defects, the existence (or absence) of adsorbed
molecules and—one of the most important—chirality (symmetry groups that a particular
nanotube belongs to). According to many experimental studies, the usage of CNTs as a
conductive filler in a polymer matrix leads to very low thresholds of CNT concentrations,
where a noticeable current flow begins, in contrast to the theoretical values predicted by
percolation theory [15-18]. Thus, a noticeable conductivity in the dielectric matrix of the
polymer is already observed at CNT concentrations from 0.0001 to a few percent, while the
percolation theory predicts about 16% [10]. This makes it possible to control the electrical
properties of initially dielectric polymers over a wide range with small perturbations of
volumetric physical properties, such as strength and flexibility [15-17].

3. Theory/Calculation

Methods of modern quantum chemistry are widely used in solving a variety of phys-
ical and chemical problems and are not only used for the interpretation of experimental
data, but also for assessing the possibility of existence and predicting the physicochemi-
cal properties of new chemical compounds, including those based on carbon nanotubes.
Quantum chemistry methods help to estimate the stability of various CNT derivatives and
choose those that may be of theoretical or practical interest.

The density functional theory methods have been widely used in the ab initio modeling
of nanostructures. The essence of this method lies in the use of electron density distributions
in the description of atomic—molecular systems. The density functional theory (DFT) is
used to study the features of the electronic energy structure of a nanocomposite based on
PVA doped with carbon nanotubes, and the mechanisms of interaction between CNTs and
fragments of polyvinyl alcohol [19]. The essence of this method lies in the use of electron
density distributions in the description of atomic—molecular systems. Thus, according to
DEFT, all the electronic properties of the system, including energy, can be obtained from the
electron density p(r), without knowledge of the wave functions. Therefore, the electron
energy in the DFT method can be calculated as:

E[p]= T[p]+Ven[p]+Vee[p] 1)

where:
T[p]—Kinetic energy;
Ven[p]—Potential energy of electron—nuclear interactions;
Vee[pl—Energy of interelectronic interactions.
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The energy of interelectronic interactions can be represented as

Vee [p} = Vcoul [p] +Vixe [p] ()

where Voulp] is the energy of the Coulomb interaction between an electron and Vy[p] is
the exchange correlation energy.

A hybrid method of approximation, named the B3LYP method, was used to study the
system. The B3LYP method gives accurate results for energetics, structure and vibrational
properties of molecules and solids. Based on its superior performance in numerous en-
ergy assessments of small molecules, BLYP is the most widely used method. The B3LYP
reproduces the geometries of smaller and larger molecules very well.

The main advantage of the B3LYP method is its high accuracy. Calculations were
carried out using a basis set of type 3-21G. This functionality with the selected basis set is
well adapted to the selected systems. One very economical, small split valence basis set
is the 3-21G basis set. The non-valence electrons are described by single basis functions
composed of a contraction of three Gaussians. Each valence electron is described by two
basis functions. The first of these basis functions is composed of two Gaussian primitives,
while the second consists of a single uncontracted Gaussian primitive [20-22].

4. Results and Discussion
4.1. The Effect of Adsorption of Polyvinyl Alcohol on the Surface of Carbon Nanotubes

To predict the possibility of creating a new composite material, the problem of the
adsorption activity of the polymer material under study in relation to carbon nanotube is
of fundamental importance. To study this process, we carried out theoretical studies of the
interaction of a structural unit of a nanomaterial—polyvinyl alcohol (PVA)—with the CNT
surface via quantum chemical modeling in the Gaussian software product using the DFT
calculation method. A model of a CNT molecular cluster with boundary pseudo-atoms was
used. This model allows you to select a certain section of the extended nanotube system and
perform the necessary calculations specifically for it. The cluster length was chosen so as to
avoid the influence of edge effects on the process. Pseudo-atoms were used to compensate
for broken chemical bonds at the cluster boundary. In the case under consideration,
hydrogen atoms playing the role of pseudo-atoms are well suited for this role.

We calculated the energy characteristics of the adsorption processes of one monomeric
link (C,H40) of polyvinyl alcohol on single-layer CNTs of the achiral type of two types:
(a) “arm chair” of the chiral indices (6,6); (b) “zig-zag” of the chiral indices (9,0). Table 1
presents the main parameters of the CNTs under consideration and the lengths of the molec-
ular clusters considered by us. The diameters of the selected nanotubes were calculated

using the formula:
D= gdox/m2+mn+n2 3)

where djy = 0.142 nm and represents the distance between adjacent carbon atoms in the
graphite plane; and (m, n) represents the chiral indices of single-layer carbon nanotubes.

Table 1. The main parameters of CNTs.

CNT Cluster Length,

Types of CNTs Diameter D, nm Chirality Angle, « nm/Number of Atoms Type of Conductivity
(6,6) 0.814 30 24.4/264 Metal
9,0) 0.705 0 23.9/234 Metal

The geometry of two types of nanotubes, (6,6) and (9,0), as well as the geometry
of the polyvinyl alcohol monomer itself, were previously optimized. The process of
adsorption of the C;H4O fragment of polyvinyl alcohol to the central part of the CNT
cluster was modeled by approaching the molecule stepwise to the selected carbon atom of
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the nanotube perpendicular to the CNT surface (the straight line of monomer displacement
is perpendicular to the longitudinal axis of the nanotube). In the structure of the PVA
monomer, the most active centers were chosen, which are capable of providing a stable
bond of the fragment under study with the surface of nanotubes of the “arm chair” (6,6)
and “zig-zag” (9,0) types: center 1is an oxygen atom, center 2 is a hydrogen atom (Figure 1).
In this case, in the case of center 2, two variants of monomer orientation relative to CNTs
are considered: the monomer plane is perpendicular to the CNT axis and parallel to the
CNT axis (Figure 2a—c).

Figure 1. Active centers in the structure of the PVA monomer.
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Figure 2. Variants of the orientation of the monomer relative to the CNT, which are considered in the
study on the example of CNT (9,0): (a) the active center 1 is an oxygen atom; (b) the active center 2 is
a hydrogen atom (the plane of the monomer is perpendicular to the axis of CNT); (c) the active center
2 is a hydrogen atom (the plane of the monomer is directed along the axis CNT).

As a result of the performed calculations, the energy values of the systems at each
step were obtained, which made it possible to construct curves of the dependence of the
interaction energy on the distance between the selected monomer and the CNT (Figure 3).
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Figure 3. Energy curves of the interaction of the C;H4O monomer: (a) with CNT type (9,0) using
active center 1—oxygen atom (option 1), (b) with CNT type (6,6) using active center 1—oxygen atom
(option 1).

It is established that each curve has a minimum corresponding to the interaction at
certain distances. The adsorption energy was calculated as the difference between the total
energies of the adsorption complex and the sum of the energies of noninteracting CNTs
and the monomer under study (CoH4O):

AEa = Ejg k- — (Eent + Emol) (4)

where:
E,qx—The energy of the adsorption complex obtained as a result of calculations;
Ecnt—The energy of the CNT;
Emol—The energy of the C;H,O.
The values of AEa revealed the physical interaction (adsorption) of the C;H4O monomer
with a CNT cluster of type (6,6) (Table 2):
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Table 2. The results of adsorption interaction of PVA monomer C,H;O on the outer surface of CNTs.

. Adsorption Adsorption Energy,
Types of CNTs Active Center Distance, R4, A AE,, eV
(6,6) 1 3.0 0.16
2
(6,6) (the plane of the monomer is 2.8 0.14
perpendicular to the CNT axis)
2
(6,6) (the plane of the monomer is 2.7 0.07
directed along the CNT axis)
9,0 1 3.0 0.1
2
(9,0) (the plane of the monomer is 2.9 0.08
perpendicular to the CNT axis)
2
(9,0) (the plane of the monomer is 2.6 0.05

directed along the CNT axis)

(1) The energy value during the interaction between C;H4O and the CNT using active
center (1) turned out to be 0.16 eV, with an adsorption distance of Rad = 3.0 A.

(2) The value of the adsorption energy during interaction with active center (2) was
0.14 eV at a distance of Rad = 2.8 A (if the plane of the monomer was perpendicular to
the CNT axis) and 0.07 eV at a distance of Rad = 2.7 A (if the plane of the monomer was
directed along the CNT axis).

In the case of interaction of the C;H4O monomer with a CNT cluster of type (9,0), the
values of AEa also confirmed the realization of the physical adsorption of the fragment on
the surface of the nanotube (Table 2):

(1) The value of the adsorption energy at the interaction of active center (1) was 0.1 eV,
with an adsorption distance of Rad = 3.0 A.

(2) The value of the adsorption energy at the interaction of active center (2) was 0.08 eV
at an adsorption distance of Rad = 2.9 A (if the plane of the monomer was perpendicular to
the CNT axis) and 0.05 eV at a distance of Rad = 2.6 A (if the plane of the monomer was
directed along the CNT axis).

Therefore, the established interaction of the structural unit of the polymer PVS with
the surface of achiral single-layer carbon nanotubes of the “arm chair” and “zig-zag” type
explains the mechanism of creating a composite polymer material based on polyvinyl
alcohol reinforced with nanotubes during the adsorption interaction of the polymer with
CNT, leading to the creation of stable complexes.

It is important to know how the process of interaction of carbon nanotubes with a
fragment of PVA containing several structural units of polyvinyl alcohol occurs. For that
purpose, based on the results of the theoretical studies presented above, we have performed
DFT calculations of the interaction processes of single-layer carbon nanotubes (6,6) and
(9,0), with a polymer fragment [-CH,CH(OH)-],, where n is the number of structural units.
In our case, n = 16 was chosen. A polyvinyl alcohol fragment consisting of 16 monomer
units was also previously optimized. Calculations were carried out within the framework of
density functional theory at the level of B3LYP/3-21G theory. Figure 4a shows the structure
of this PVA fragment after optimization, performed in the GaussView software package.

To simulate the process of adsorption interaction, the oxygen atom isolated in Figure 2a
was selected as the active center in the structure of the polymer compound. The choice of
the active center is due to the previously obtained results on the study of the adsorption
of the PVA monomer on the surface of carbon nanotubes. The interaction process was
modeled based on the step-by-step approximation of the PVA fragment to the carbon atom

on the surfaces of the selected types of nanotubes with a step of 0.1 A. A molecular cluster
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model was used to model nanotubes. The carbon atom that the fragment [-CH,CH(OH)-]
was approaching was located approximately in the middle of the cluster, which made it
possible to avoid edge effects. Figure 2b shows a model of an interacting nanotube (6,6)
and a fragment of PVA. The energy curves of the interaction process “CNT+PVA” was a
result of the calculations performed (Figure 5).
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Figure 4. (a) A fragment of the PVA, consisting of 16 structural units (monomers), after optimization;
(b) a model of the interacting system “CNT (6,6) + PVA”.
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Figure 5. Energy curves of the interaction of the polymer cluster [-CH2CH(OH)-]16: (a) with CNT
(6,6), using active center 1—oxygen atom (option 1); (b) with CNT (9,0), using active center 1—oxygen
atom (option 1).
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The value of the adsorption energy during the interaction of PVA by active center
(1) with CNT (6,6) was about 0.04 eV, and the adsorption distance was Rad = 4.1 A, whereas
CNT (9,0) displayed 0.07 eV at a distance Rad = 4.1 A (Table 3).

Table 3. The results of adsorption interaction of PVA fragment [-CH,CH(OH)-];4 on the outer surface
of carbon nanotubes.

Types of CNTs Active Center Adsorption Distance, = Adsorption Energy,

R,q, A AE,, eV
(6,6) 1 4.1 0.04
(9,0) 1 4.1 0.07

The results obtained indicate that the selected carbon nanotubes can form complexes
with a PVA fragment containing several structural units while the resulting complexes are
stable. Interaction distances are characteristic of physical adsorption.

4.2. Features of the Electron Energy Structure of Polymer Nanocomposites Based on Polyvinyl
Alcohol and Carbon Nanotubes

The analysis of the electron energy structure of complexes formed by CNTs of vari-
ous types and a fragment of PVA [-CH,CH(OH)-]14 has been performed. For the study,
nanotubules that showed the maximum sorption activity against PVS were selected. The
band gap AEg was chosen as the quantity that determines the electronic properties of the
carbon nanotube.

The band gap was calculated as the difference between the energy of the Highest
Occupied Molecular Orbital (HOMO) and the energy of the Lowest Unoccupied Molecular
Orbital (LUMO):

AEg = Erumo — Enomo ®)

An analysis of the band gap width AEg of adsorption complexes found that the system
is a semiconductor by type of conductivity (the value of AEg varies from 1.175 eV to 1.307
eV for different complexes). Thus, the introduction of CNTs into the polymer matrix of PVA,
which is a dielectric by type of conductivity, leads to the appearance of semiconducting
properties in the resulting polymer nanocomposite. The values of the orbital energies were
calculated using the program “Gaussview”, which is a set of routines used in combination
with the main program “Gaussian” [23].

The values of AEg are given in Table 4; the visualization of the single-electron energy
levels of polymer clusters and the “PVA + CNT” is shown in Figure 6.

Table 4. The results of the analysis of the band gap width AEg of adsorption complexes.

Types of CNTs Connection Option (Active The Forbidden Zone Width

PVA Center) AEg, eV
(6,6) oxygen atom 1.175
(9,0) oxygen atom 1.307

Therefore, the results obtained allow us to predict the possibility of using nanocom-
posites based on polyvinyl alcohol doped with carbon nanotubes as a material used in
micro- and nanoelectronics devices with semiconductor properties.
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Figure 6. Visualization of single-electron energy levels of polymer clusters and the “PVA + CNT”
system: (a) PVA; (b) PVA + CNT (6,6); (c) PVA + CNT (9,0).

5. Conclusions

(1) Based on theoretical calculations performed using the DFT method, the adsorption
activity of the structural unit of the polyvinyl alcohol polymer against single-layer carbon
nanotubes of two types (6,6) and (9,0) has been proven. The most effective centers of the
selected fragment were established: in all cases, it turned out to be an oxygen atom of the
examined monomer. The results that have been obtained prove that the main mechanism
for obtaining stable polymer complexes based on polyvinyl alcohol doped with carbon
nanotubes is the adsorption interaction of the structural components of the PVA polymer
with single-layer carbon nanotubes.

(2) To confirm the possibility of creating polymer composite materials based on
polyvinyl alcohol reinforced with carbon nanotubes, theoretical calculations of the ad-
sorption interaction process between carbon nanotubes and a PVS fragment containing
several structural units of polyvinyl alcohol (1 = 16) were carried out. The results obtained
confirm the possibility of creating stable complexes—polymer composite materials based
on polyvinyl alcohol doped with carbon nanotubes. Interaction distances are characteristic
of physical adsorption.

(3) The features of the electron energy structure of a polymer nanocomposite based
on polyvinyl alcohol doped with carbon nanotubes have been studied and analyzed. It
is established that the width of the band gap of the adsorption complexes, defined as
the energy difference between the Lowest Unoccupied Molecular Orbital (Epymo) and
the Highest Occupied Molecular Orbital (Enomo), by the type of conductivity allows the
created nanocomposite to be attributed to semiconductors, which distinguishes it from
the original polymer with dielectric conductivity. The results obtained make it possible
to predict the creation of new composite polymer materials with variable conductive
properties and their application in micro- and nanoelectronic applications.
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