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The effects of graphene (G) nanofiller content on enhancing the mechanical and thermal resistance of
the polyvinyl alcohol (PVA) matrix are disentangled by performing all-atom classical molecular dynamics
(MD) simulations. The crux of the computational work is to assess several key performance-limiting
factors of the functional hybrid material, including the strain rate, temperature, and the size and
distribution of the graphene nanofiller. Adding graphene nanofiller to the polymer results in more
compact polymer chains, with the most significant impact observed in the 2% graphene composite.
Uniaxial compression MD simulations revealed that the yield strength of the material is impacted by the
proportion of nanofiller present. Specifically, the calculated stress—strain responses at a strain rate of
1.5 x 108 571 show that incorporating 2% graphene nanofiller remarkably enhances the yield strength.
Conversely, increasing the graphene content to 5-10% led to a reduction in yield stress, which is primar-
ily attributed to the disruption of hydrogen bond networks and destabilization of non-covalent
interactions. Further analysis shows that increasing the strain rate led to higher yield stress in the G-PVA
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composite, while elevated temperatures caused its yield stress to decrease. Additionally, the glass
transition temperature of the PVA composite rises with the graphene content and strongly correlates
with the polymer chain mobility. The proposed theoretical approach may serve as a quantitative
framework for elucidating the crucial role of interfacial interaction between polymers and nanomaterials
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rsc.li/pccp in modulating the conformational, thermodynamic, and macroscopic properties of the hybrid materials.
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1. Introduction

Due to the unique properties of graphene nanostructures
including high electrical conductivity, mechanical robustness,
and large surface area, there is a strong zeal to employ them in
the diverse fields of materials science and engineering.'™®
Graphene is a two-dimensional carbon structure with a hex-
agonal atomic arrangement that offers a promising approach
for creating multifunctional hybrid materials with polymer
materials.”* To modulate the electrical conductivity, thermal
conductivity, gas barrier properties, and mechanical resistance
of graphene-reinforced polymer composites, there has been a
plethora of research work focused on examining the critical
factors influencing the functionality of the nanocomposites
including the compatibility between polymers and graphene-like
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materials, the nature of interaction between the nanomaterial and
polymer, the functionalization of graphene surface and cross-
linking, the distribution of the nanofiller, the mobility of polymer
chains, and the effectiveness of stress transfer between the nano-
filler and the polymer matrix.*>™?

To produce a graphene-polymer-based functional material
with excellent strength and toughness, polyvinyl alcohol (PVA),
which is a synthetic vinyl polymer, has emerged as a promising
polymeric material due to its exceptional film-forming, emulsify-
ing, and adhesive properties.** When graphene nanofiller is
added to the PVA matrix, the resulting nanocomposite shows
enhanced gas barrier performance, superior mechanical strength,
and improved thermal stability.'®**"'®>'"23 In addition to this, the
charge transport properties of the PVA matrix are significantly
enhanced by the addition of graphene nanofiller, which in turn
extends its potential use in electronic and electrochemical
applications.>*® Moreover, the unique morphology and interfa-
cial interactions between the PVA polymer and graphene filler can
be tailored using feasible experimental techniques which expands
the utility of the composite material for diverse applications
ranging from water resistance to drug delivery.**™*

This journal is © the Owner Societies 2025


https://orcid.org/0000-0001-7300-4959
https://orcid.org/0000-0001-5290-6136
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp04706k&domain=pdf&date_stamp=2025-04-22
https://doi.org/10.1039/d4cp04706k
https://doi.org/10.1039/d4cp04706k
https://rsc.li/pccp
https://doi.org/10.1039/d4cp04706k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027018

Published on 09 April 2025. Downloaded on 2/25/2026 10:31:09 PM.

Paper

To date, numerous theoretical and experimental investiga-
tions have been carried out to assess the compatibility between
the PVA and graphene-based materials including graphene
oxide (GO) to yield high-performance graphene-polymer com-
posite materials.'"'®**7° The presence of oxygen-containing
functional groups on GO produces strong hydrogen bonding
and molecular interactions with the thermosetting polymers.
By performing molecular dynamics (MD) simulations, Ding
et al.*® demonstrated that the interaction between the GO
nanosheets and the PVA matrix increases with an increase in
the extent of GO oxidation, leading to the enhancement of the
mechanical strength and glass transition temperature of the
PVA/GO composite. In another study, Wang et al.*' employed
MD simulation-based techniques to explore the impact of
diverse functional groups including carboxyl (-COOH), carbox-
amide (-CONH,), ether (-O-), and hydroxyl (-OH) on the
mechanical properties of a PVA matrix reinforced by functional
graphene nanofiber (FGF). The study revealed that the elastic
modulus, tensile strength, and stretchability of the PVA/FGF
composite could be competently improved by introducing edge
functionalization with hydroxyl and carboxyl groups. Later, the
researchers demonstrated that the PVA composite coated with
GO nanofibers (GO-C-PVA) is one of the more promising
materials for enhancing both the mechanical strength and
glass transition temperature, compared to pristine PVA and
PVA integrated with randomly dispersed GO.*> Moreover, the
mechanical properties and glass transition temperature of the
GO-C-PVA composite material could be improved by increasing
the aspect ratio and concentration of GO nanofibers. In another
work, Wang and co-workers*® explored the impact of diverse
graphene oxide nanofiber (GOF) structures on the mechanical
and thermal properties of PVA/GOF composites by employing
classical MD simulation-based methods. The study revealed
that the columnar arrangement of GOF around the PVA matrix
significantly increased the tensile strength and glass transition
temperature of the composite material, compared to the ran-
dom dispersion or 3D core-shell structures of the GOF.

An extensive comparative experimental study* revealed that
graphene (G) is more effective than GO toward the enhance-
ment of the properties of the PVA matrix including mechanical
strength, thermal strength, and electrical conductivity. Moreover,
the interfacial binding strength and dispersion effect were identi-
fied to be the critical factors for yielding graphene-polymer
nanocomposites with distinct features. In a prior study, Zhao
et al.*® proposed a simple method to create a highly exfoliated
G-PVA nanocomposite with excellent nanofiller dispersion. The
resultant G-PVA nanocomposite was demonstrated to possess
remarkable mechanical properties, including a 150% increase in
tensile strength and a nearly 10-fold rise in Young’s modulus, due
to the incorporation of 1.8 vol% G-nanosheets. Furthermore, a
comparative experimental and theoretical study on the Young’s
modulus of the G-PVA nanocomposite suggested that the gra-
phene nanosheets are randomly dispersed throughout the poly-
mer matrix in the nanocomposite films. In another study,’® a
solution blending method was used to produce the G-PVA com-
posite with a homogeneous dispersion of the nanosheets, where
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water was used as the processing solvent and the partially reduced
GO was used as the nanofiller. Due to the enhanced interfacial
interaction between the nanofiller and the polymer matrix, the
G-PVA nanocomposites were shown to exhibit significant
improvement in their mechanical and thermal properties with
just 0.8 wt% graphene loadings. Notably, the tensile strength was
increased by 116%, and there was a 19 °C enhancement in the
inception of thermal degradation. A prior theoretical study®” used
MD simulations to explore the effects of G and GO nanofillers on
the structural and dynamic properties of two different polymer
systems comprising an apolar polymer (poly(propylene)) and a
polar polymer (poly(vinyl alcohol)). MD pullout simulations were
utilized to estimate the interaction energies between the polymers
and nanofillers. The obtained results showed that polymer chains
near the G and GO nanofillers exhibit greater orientation and
slower dynamics compared to the bulk polymer. The orientation
of the polymer chains at the interface was impacted by the
nanofiller type. The polymer chains were demonstrated to be
more oriented with the G-based nanofiller. However, the
increased roughness and heterogeneous shape of the GO nano-
filler, caused by the presence of oxygen-containing functional
groups, were mainly responsible for the lower amount of polymer
orientation in the GO-based nanocomposite.

Despite such advances, optimization of the chemical com-
position and the binding strength between the G nanofiller
and the PVA matrix is required for designing multifunctional
materials with the desired thermomechanical and transport
properties. Although the inclusion of graphene nanofiller in the
polymer matrix has been demonstrated to improve the thermal
resistance and tensile strength of the material, the mitigation
of graphene agglomeration during the fabrication of graphene-
polymer nanocomposites is a dauting task. The performance of
such nanocomposites relies heavily on the distribution of
graphene nanofiller as well as the amount of graphene loading.
For instance, high graphene loading is indispensable to
enhance the electrical conductivity of the polymer composites,
while lower graphene loading is desirable for augmenting the
mechanical strength. In addition to the distribution state of the
graphene filler, the nature of the interfacial interactions
between the polymer matrix and the nanofiller plays a signifi-
cant role in modulating the properties of the graphene-
reinforced polymer composites. A stronger interfacial inter-
action enables effective load transfer, which in turn improves
the tensile strength and toughness of the composite. On the
other hand, the estimation of structural, mechanical, and
thermophysical properties such as density, Young’s modulus,
and glass transition temperature necessitates the access to long
polymer chains for eliminating the discrepancies between the
computed data and the experimental results that stem from the
finite size effects. Previous studies*®*>***” have primarily
focused on model systems with short PVA chains (10-20
monomer units). However, the typical degree of PVA polymer-
ization ranges from 200-3000, which demands probing into the
effects of the longer PVA chains on the properties of graphene-
modified composites. Furthermore, despite the abundance of
MD simulation studies on the mechanical properties of
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graphene-PVA composites, a detailed theoretical investigation on
predicting the structure-property relationship with the alteration
of performance limiting factors such as temperature, stress rate,
chain length, and filler loading, remains an area of interest. This
article provides atomic-scale insights into the interfacial binding
strength, in particular to elucidate the nature of noncovalent
interactions between the longer PVA chains and the graphene
nanofiller that control the conformational, thermal, mechanical,
and surface properties of the nanocomposites. In the present
computational study, several key factors that influence the per-
formance characteristics of the G-PVA nanocomposite, including
the strain rate, temperature, and graphene content, are also
critically assessed. The structural aspects of polymer chain
dynamics induced by graphene nanofiller incorporation are cap-
tured through analyses of density profiles, radii of gyration, and
mean squared displacements. In addition to the conformational
analysis, the impact of graphene nanofiller on the mechanical
and thermophysical properties of the PVA nanocomposite is
probed by performing uniaxial deformation simulations and
simulated annealing-based molecular dynamics simulations.

2. Computational details

To investigate the impact of graphene nanofillers on the mechan-
ical and glass transition properties of the PVA composite, all-atom
classical MD simulations were performed for the pristine PVA
matrix and the G-PVA nanocomposites using the GROMACS code
(GPU version 2023).**>* The model system of the G-PVA nano-
composite was created by combining long PVA polymer chains,
each containing 300 monomers, with a small number of single-
layer graphene nanosheets comprising hydrogen-terminated dan-
gling bonds. An earlier benchmark study demonstrated that the
glass transition temperature of diverse polymer systems, compris-
ing 6 chains with 12000 atoms and more than 300 monomers,
remains unaltered due to the enhancement of system size con-
sisting of 16000-20000 atoms.”®> The lateral dimensions and
number of graphene nanosheets were varied to unveil the influ-
ence of graphene content on the mechanical response of the
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G-PVA nanocomposite. Detailed structural information for the G-
PVA nanocomposite model systems is provided in Table 1.

The inaccessibility of experimental morphology imposes con-
straints on modeling the polymer-nanomaterial composites. The-
oretically, searching for the lowest-energy structures of such
nanocomposites on the potential energy surface is a dauting task
as it requires large-scale MD simulation as well as the critical
assessment of statistical averages of polymer chain configurations.
To obtain a reliable starting conformation of the pristine PVA
composite, the model system of the amorphous polymer matrix
was generated by using a coarse-grained (CG) model as implemen-
ted in the CHARMM-GUI polymer builder.”® The parameterization
of the CG model of the polymer builder was formulated by
incorporating solubility parameters and machine learning meth-
ods, which were extensively validated against diverse experimental
data and all-atom MD simulations. The steps used to generate
polymer systems could be summarized as follows - first, the PVA
polymer chains are built using the monomer units. Each of these
polymer structures is then fragmented into coarse-grained (CG)
beads based on an estimated bead size tied to the monomer units
i.e., Kuhn length. To fit the all-atom Kuhn fragment structure to a
corresponding CG bead, spherical and positional restraints are
applied. The polymer builder tool can be used to examine the
chemical composition, bead diameter, and interaction strength
between CG beads. The estimation of interaction parameters relies
on the Flory-Huggins y parameter derived from the solubility
parameters. In the next step, to examine the spatial correlation
in the bead-spring model, a 20 nanosecond (ns) CG simulation of
the PVA polymers was conducted using the OpenMM software.””
Finally, the equilibrated CG beads from the previous step were
replaced by the all-atom segments to obtain the all-atom model
system of the PVA composite. For constructing the G-PVA nano-
composites, the CHARMM generalized force field (CGenFF)
parameters™® were employed to estimate the molecular mechanics
(MM) energies of the PVA polymer chains, while the interface force
field (IFF) parameters® were used to model the graphene surface,
as implemented in the polymer builder and nanomaterial modeler
of the CHARMM-GUL>*®

The model systems of pristine PVA and G-PVA nanocompo-
sites were fully relaxed by performing energy minimization

Table 1 Structural details of the pristine polyvinyl alcohol (PVA) matrix and graphene (G)-reinforced polymer nanocomposite systems

No. of Total no. of Total mass Nanofiller

Model systems Component Chemical formula components atoms (amu) proportion (%)
PVA matrix PVA chain (300 monomers) Cs00H12020300 10 21020 132173.76
G-PVA composite G nanosheet CzoHys 3 132 1123.23 0.84

PVA chain Cos00H12020300 10 21020 132173.76
(Model 1) 21152 133 296.99
G-PVA composite G nanosheet CiogHsg 1 236 2416.28 1.80

PVA chain Co00H12020300 10 21020 132173.76
(Model 2) 21256 134 590.04
G-PVA composite G nanosheet CiogH3g 3 708 7248.83 5.20

PVA chain Co00H12020300 10 21020 132173.76
(Model 3) 21728 139422.59
G-PVA composite G nanosheet Ci9gH3g 6 1416 14 497.66 9.88

PVA chain Co00H12020300 10 21020 132173.76
(Model 4) 22436 146 671.42
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using the steepest descent algorithm to eliminate any steric
clashes. Next, four independent molecular dynamics (MD)
simulations were executed for each system to commensurate
the simulation box size and achieve the desired system density.
The initial MD run was conducted for 10 ns under NVT
dynamics at 500 K, followed by a 50 ns relaxation period using
NPT dynamics at 500 K. Subsequently, a temperature annealing
process was performed under the NPT ensemble for 100 ns,
gradually cooling the system down to room temperature
(300 K), since the tensile measurements are commonly per-
formed at room temperature.’® The target temperature was
further varied to explore the thermomechanical properties of
the G-PVA composite beyond the glass transition temperature
of the PVA especially in the region of rubbery state. Before the
production stage, each graphene-polymer nanocomposite sys-
tem and the pristine PVA composite were further equilibrated
by running 200 ns of MD simulations under the NPT ensemble.
Finally, production runs of 200 ns were executed using the NPT
dynamics at the target temperature. Furthermore, to minimize
the underlying uncertainty in the computed properties, the
equilibrium structures were verified by repeating the simulated
annealing, NPT equilibration and production MD runs with
varying the annealing reference temperature (e.g., 800 K —
300K, 600 K — 300 K and 500 K — 300 K) as well as the rates of
heating and cooling. All MD simulations were performed using
periodic boundary conditions in all three directions to mitigate
edge effects. The leapfrog algorithm was applied to integrate
Newton’s equations of motion, with a time step of 2 femtose-
cond (fs). Long-range electrostatic interactions were computed
using the particle mesh Ewald (PME) method, and Lennard-
Jones (LJ) and Coulomb interactions were truncated at 1.2
nanometer (nm). Bonds involving hydrogen atoms were
restrained using the LINCS algorithm,*' with an expansion
order of four and a single iteration to correct for rotational
lengthening. Temperature was maintained at a constant value
using a velocity-rescaling thermostat with a coupling constant
of 7 = 1.0 picosecond (ps). The pressure was controlled at 1 bar
using a C-rescale barostat, with a coupling constant of 7, =
4.0 ps and a compressibility of f = 4.5 x 107> bar '. The
isotropic pressure coupling was applied for the MD simulations
of PVA and G-PVA nanocomposites under the NPT ensemble.

3. Results and discussion

The structural and thermodynamic properties of the simulated
systems are consecutively analyzed to assess the reliability of
the force field parameters, the simulation workflow, and the
model structure of the PVA composite. The adequacy of the
equilibration strategy adopted for obtaining the thermally
equilibrated structure of the pristine PVA and graphene-
modified PVA composites is probed by analyzing the temporal
changes in the volume and density of the composites as well as
the end-to-end distance and radii of gyration of the polymer
chains. Fig. S1-S5 (ESIf) illustrate the relative changes of the
calculated volume (V), density (p), end-to-end distance (R..) and
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radii of gyration (Ry) of the simulated systems of PVA matrix
and the 10% graphene-incorporated PVA composite as a func-
tion of total simulation time, as derived from the 200 ns NPT
equilibration and production MD trajectories at different tem-
peratures. The relative changes together with the estimated
error for the ensemble-average of the simulation box dimen-
sion before and after the equilibration and production MD
simulations are also provided in Table S1 (ESIt). The thermo-
dynamic stability of the equilibrated structures of the pristine
polymer and the G-PVA composite at a given temperature is
evidenced by the uniform changes of the measured observables
over the period of MD simulations. The comparison of
ensemble-averaged quantities extracted from NPT equilibration
and production MD runs (Fig. S1-S5, ESIt) shows that the
structural parameters remain almost unaltered, suggesting
substantial convergence of the MD trajectories. To reveal the
convergence of energetics of the pristine PVA and the graphene-
reinforced PVA composites, the temporal changes of dispersion
energy (Egisp), potential energy (Epo), kinetic energy (i), total
energy (Eq), and enthalpy (H) of the PVA and G-PVA composites
derived from the 200 ns production MD trajectory are compared
in Fig. S6-S13 (ESIt), due to the alteration of temperature and the
proportion of graphene nanofiller. The steady fluctuations with
reference to the ensemble-averages of the measured quantities
vindicate the viability of further analysis of equilibrium properties
of the simulated systems. To ascertain the simulation quality and
the extent of uncertainty in predicting the equilibrium properties
of the composites, we performed statistical error analysis of a few
observables over multiple block lengths. The error estimation was
executed over 1000 001 points, accumulated from the 200 ns NPT
production MD trajectory at different temperatures. Tables S2-S6
(ESI) illustrate the estimated error for the volume, density,
pressure, temperature, and total energy of the simulated systems
of PVA and 10% graphene-filled PVA composites. The viability of
simulated systems is reflected by the legitimate error bar pro-
duced by alteration of block averaging size.

Next, we place emphasis on the analysis of density profiles
of the pristine polymer material and the graphene-modified
PVA composites. Fig. 1(a) displays the thermally equilibrated
structure of the PVA composite along with the temporal evolu-
tion of the polymer matrix density, as obtained from the 200 ns
production MD trajectory. The calculated ensemble-averaged
density at 300 K is 1254.29 kg m > (1.25 g cm™?), which is
in accordance with the previous simulated density of PVA at
300 K.** The ensemble-averaged density of the PVA at 400 K is
predicted to be 1218.4 kg m > (1.22 g em™*) (Fig. S2, ESIY). The
obtained results also correlate well with the experimental data
which showed that the average density of the PVA could be
achieved as 1.19 g cm > and 1.31 g cm >, respectively, for the
amorphous and crystalline sample.®>®* After that, the density
of the graphene-reinforced polymer nanocomposites was esti-
mated from the 200 ns MD trajectory. Fig. 1(b) shows the
equilibrium structure of the 10% graphene-filled PVA nano-
composite, along with the computed density values at 300 K
across different graphene nanofiller loadings. The obtained
results clearly show that the ensemble-averaged density of the
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Fig. 1 Illustration of (a) time evolution of the density of the PVA matrix and (b) modulation of the average density due to the incorporation of graphene
nanofiller into the polymer matrix of PVA, as accumulated from the 200 ns of the production MD trajectory. The equilibrium geometries of the simulated
systems including the pristine PVA matrix and the 10% graphene-filled PVA nanocomposite are also displayed [color code: carbon atoms in green, oxygen
atoms in red, and hydrogen atoms in white for the polymer chains; and graphene atoms in blue].

G-PVA nanocomposite is enhanced by the addition of graphene
nanofiller, thereby indicating the augmented compactness of
the PVA polymer chains. The impact of temperature on the
density of the graphene-reinforced PVA composite is also
investigated. Fig. S3-S5 (ESIT) compare the temporal changes
of the simulated density at 200 K, 300 K, and 400 K for the 10%
graphene-filled PVA composite. As revealed by the calculated
ensemble-averaged density values at different temperatures,
the density value reduces from 1302.0 kg m™> at 200 K to
1286.28 kg m™* at 300 K and 1251.0 kg m~* at 400 K.

To obtain a more intuitive understanding of the polymer
conformation, the radii of gyration (R;) of PVA chains were
estimated for each composite. Fig. 2(a) demonstrates the
relative changes of the calculated R, of the simulated systems
of the PVA matrix and the graphene-incorporated PVA compo-
sites as a function of total simulation time, as derived from the
200 ns production MD trajectories at 300 K. The influence of
graphene nanofiller on the probability distribution of the R,
values of PVA chains is represented in Fig. 2(b)—(f). As shown in
Fig. 2, the calculated R, of the polymer chains decreases signifi-
cantly after the addition of graphene nanofiller. The reduction of
R, is more significant for the G-PVA composite containing 2%
graphene nanofiller. This indicates that the inclusion of gra-
phene nanofiller produces stronger intermolecular interactions
between the PVA chains, leading to a more compact conforma-
tion of the polymer chains. However, the addition of 5-10%
graphene nanofiller raises the R, value. This is probably due to
the disruption of the folding of the PVA chains caused by the
addition of excessive graphene nanofiller to the PVA matrix. The
calculated R, for the pristine PVA material is 2.49 nm, which
agrees well with the previously reported value of 2.2-2.5 nm.%*
The attenuation of R, for the 2% graphene-filled composite may
contribute to the enhanced mechanical strength of the material.
Furthermore, the increased compactness of the PVA chains in
the 2% graphene-filled nanocomposite could enhance the glass
transition temperature of the polymer. The influence of

9452 | Phys. Chem. Chem. Phys., 2025, 27, 9448-9462

temperature on the structural ordering of polymer chains is also
examined. Fig. S1 and S2 (ESIt) compare the time dynamics of
calculated end-to-end distances and radii of gyration of the PVA
matrix extracted from 200 ns MD simulations under NPT
ensemble at 300 K and 400 K, respectively. As evidenced by the
ensemble-averages of the R.. and R, the enhancement of
temperature perturbs the structural ordering of PVA chains.
The values of R.. and R, augments from 4.86 nm and
2.49 nm, respectively, at 300 K to 4.94 nm and 2.54 nm,
respectively, at 400 K. Furthermore, increasing the temperature
beyond the glass transition temperature of PVA yields fluctuation
over the 200 ns MD trajectory, however, the deviation of R.. and
R, values with respect to the ensemble-average is within 0.1 nm.
Fig. S3-S5 (ESIt) illustrate the impact of temperature on the Re.
and R, values of the PVA chains after the incorporation of
graphene filler. The calculated R.. and R, values anticipate that
the compactness of PVA chains is curtailed by rising temperature.
However, the enhanced structural ordering of PVA chains in the
presence of graphene nanofiller remains unchanged beyond the
room temperature (>300 K). The calculated ensemble-averaged
R and R, at 400 K for the 10% graphene-filled PVA composite are
4.33 nm and 2.11 nm, respectively. Thus, the estimated values of
R.. and R, at 400 K are found to be lowered by 0.61 nm and
0.43 nm, respectively, due to the introduction of 10% graphene
filler within the PVA matrix. Next, we explored the impact of
graphene nanofiller distribution on the mechanical and thermo-
physical characteristics of the PVA composites.

3.1. Mechanical properties

Uniaxial compression simulations were conducted on the fully
equilibrated G-PVA nanocomposite structures to analyze their
stress—strain profiles. To achieve uniaxial deformation, the
deformation velocities were applied in the X-direction to the
box elements, and a semi-isotropic pressure coupling was used.
In the stress response calculations, we used a compressibility of
B =45 x 1077 bar * for the transverse direction but set the
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Fig. 2 Representation of the (a) temporal evolution of radii of gyration (Rg) and (b)-(f) normal distribution of computed Ry values overlaid on a histogram or
binned data [the inset shows values of “mu” indicating the average or expected value of the distribution and “sigma” reflecting the standard deviation], as a
function of the proportion of graphene nanofiller present in the G-PVA composites, as acquired from the 200 ns of the production MD trajectory at 300 K.

compressibility to zero along the direction of deformation. To
control the semi-isotropic pressure coupling, the reference pres-
sure was set to 1 bar, and a coupling constant of 7, = 4.0 ps was
applied. This allowed the simulation box to elongate in the
deformation direction while compressing in the perpendicular
directions. The relative strain (¢) and stress responses (o) were
calculated as follows.

This journal is © the Owner Societies 2025

g = _Pi
&= (L — Loj)/Loi
The pressure tensor component P; in the direction of defor-

mation is calculated using the simulation box size L;, which
changes due to the uniaxial deformation. The original
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simulation cell size before deformation is denoted as L,;. The
pressure tensor is derived from the kinetic energy tensor E; and
the virial tensor =, using the formula P = 2(E; — Z)/V, where V is
the volume of the simulation cell. The kinetic energy tensor E;
is calculated as 1/2§:mivi ® v;, and the virial tensor Z is
i
—1/2 % ry ® Fy, where Fj; are the pairwise-additive forces
i<j

between particles i and j. Notably, the adequacy of uniaxial
deformation simulation executed by GROMACS code has been
previously assessed in estimating the influence of cooling rate,
deformation rate, temperature and pressure on the mechanical
properties of the thermoplastic polyimides.®> Furthermore, the
atomic-scale MD simulations are also indicated to be advanta-
geous for exploring the mechanical properties of such thermo-
plastic polymers reinforced by carbon nanofiller with distinct
shape and size.

To demonstrate the impact of graphene nanofiller on the
mechanical properties of the PVA composites, the stress-strain
responses were derived from the uniaxial deformation of the
simulation cell at a strain rate of 1.5 x 10° s~ along the principal
X-axis. The calculated stress—strain curves for the pristine PVA and
graphene-reinforced nanocomposites, as acquired from the uni-
axial deformation MD simulations at 300 K, are compared in
Fig. 3(a). The pristine PVA matrix has an ultimate tensile strength
of about 611 MPa, as estimated from the maxima in the stress-
strain curve. The addition of about 0.8% and 2% graphene
nanofiller to the PVA matrix increases the tensile strength to
626 MPa and 636 MPa, respectively. The findings are in accor-
dance with the previous studies which demonstrated that incor-
porating 1.8 volume percent graphene into PVA composite
substantially enhanced their tensile strength.*® In another study,
it was demonstrated that the tensile strength only slightly changes
from 69 MPa to 71 MPa when graphene loading is increased from
0.8 to 1.0 wt%.*® On the other hand, as shown in Fig. 3(a), the
tensile strength reduces to around 579 MPa and 572 MPa,
respectively, due to the incorporation of 5% and 10% graphene
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200 |
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0
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(b) -9.60x10*
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nanofiller to the PVA matrix. The calculated stress-strain plots
thus suggest that there is an optimum amount of graphene
addition to the PVA matrix for controlling the mechanical proper-
ties of the G-PVA nanocomposite. This observation accords with
previous experimental findings that the tensile strength of GO/
PVA films decreases significantly when the GO loading exceeds
20 wt%.%® The PVA chains may produce a crystalline structure
during solidification at room temperature from the melt yielded
at higher temperature. A higher degree of crystallinity is typically
responsible for enhancing the mechanical strength and stiffness
of the polymer as well as reducing the flexibility and impact
resistance. Notably, a previous experimental study demonstrated
that the crystallite size of PVA increases due to the addition of 2%
GO compared to the pristine PVA.®” However, the crystallite size of
GO-modified PVA successively decreases with the increase of GO
nanofiller loading from 2% to 3% and 20%. On the other hand,
the incorporation of higher amounts of graphene nanofiller may
develop the formation of nanoaggregates instead of being evenly
distributed in the PVA matrix, which in turn restrains the inter-
facial interaction between the graphene surface and the polymer
chains. This weak interaction may reduce the overall mechanical
strength at higher graphene nanofiller concentrations.

Next, we place emphasis on the estimation of non-bonded
energy to explore the key role of noncovalent interactions
controlling the stress-strain behavior of the graphene-
reinforced PVA composites. The non-bonded interactions are
estimated from the Lennard-Jones/6-12 interaction (LJ) and
Coulombic (Coul) energy terms, where Ejon-bondea = E(LJ) +
E(Coul). The E(L]) term is computed from the sum of the energy
contributions corresponding to the 1-4 pair interactions (Eg.14),
short-range interactions (Ey;.sg), and long-range dispersion cor-
rections (Epjspcorr): The E(Coul) term is calculated from the
energy contributions related to 1-4 pair Coulombic interactions
(Ecour14), short-range Coulombic interactions (Ecoursr), and
long-range reciprocal space Coulombic interactions (Ecoul-recip)-
Fig. 3(b) illustrates the change in calculated non-bonded energy
(Enon-bonded) as a function of applied strain, for both the pristine

-9.70%10*
3 -9.80x10%
£
'S -9.90x10*
L=
3 -1.00%10°
2
g
£ -1.01%10° -
uf ——PVA
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T
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Fig. 3 (a) Comparison of stress—strain responses of the PVA and the graphene-reinforced PVA nanocomposites due to the uniaxial tension with a strain
rate of 1.5 x 108 s71 along the Cartesian X-axis of the simulation cell. (b) Illustration of changes in non-bonded energy (E,on-bonded) as @ function of strain
for the PVA and the G-PVA nanocomposite comprising 2-10% graphene nanofiller.
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polymer material and polymer composites containing 2% -OH groups is stronger in the pristine material, whereas these
to 10% graphene nanofiller. In the pristine PVA matrix, the interactions are disrupted by the addition of graphene nanofil-
contribution of non-bonded energy to the potential energy is ler. The disruption is more pronounced at higher graphene
comparatively higher in the absence of any strain. This is loadings, leading to weaker non-bonded energy. When the
because the hydrogen bond network established by vinylic applied strain exceeds 30%, the non-bonded energy reaches a
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Fig. 4 Illustration of (a) modulation of the average number of hydrogen-bond interactions and (b)—(f) normal distribution of normalized hydrogen-bond
interactions contributed by per monomer of each PVA chain overlaid on a histogram/binned data [the inset shows values of “mu” indicating the average
or expected value of the distribution and “sigma” reflecting the standard deviation], as a function of the proportion of graphene nanofiller present in the
G-PVA composites, as acquired from the 200 ns of the production MD trajectory at 300 K.
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plateau and contributes more favorably to the potential energy in
the case of the 2% graphene-modified composite. This indicates
that the lower amount of graphene loading resulted in more
compact PVA polymer chains, thereby minimizing the non-
bonded interaction energy. Fig. 4(a) shows the variation of
hydrogen-bond interactions with the percentage of graphene
nanofiller, as extracted as an ensemble-average from the produc-
tion MD simulation trajectory. Fig. 4(b)-(f) demonstrate the
impact of graphene nanofiller on the probability distribution
of hydrogen-bond interactions, and the values are normalized by
accounting contributions from monomers of each PVA chain in
the G-PVA nanocomposites. The obtained results corroborate
well with the predicted trends in the yield strength of the
graphene-reinforced nanocomposites.

To explore the impact of strain rate on the mechanical
responses of the G-PVA nanocomposites, the uniaxial deforma-
tion simulation was further conducted at different strain rates.
Fig. 5(a) compares the calculated stress-strain curves of a G-
PVA composite with 10% graphene nanofiller obtained from defor-
mation MD simulations conducted at 300 K using three different
strain rates: 1.5 x 10° s7%, 1.5 x 10®° s7%, and 1.5 x 10" s~ .
As manifested by the calculated stress-stress responses, the
yield strength of the G-PVA nanocomposite increases with
higher strain rates. At a high strain rate of 1.5 x 10° ™", the
G-PVA nanocomposite exhibited a yield strength of 677 MPa.
This is significantly higher than the predicted yield strengths of
572 MPa and 402 MPa, respectively, as derived from the
uniaxial tension of the simulation cell with lower strain rates
of 1.5 x 10* s and 1.5 x 10" s~

Next, we emphasize evaluating the impact of temperature on
the mechanical properties of the G-PVA composite. To perform
the uniaxial compression simulations, the model system of the
G-PVA composite consisting of 10% graphene nanofiller was
appropriately equilibrated at a given temperature. As men-
tioned above in the computational details section, the G-PVA
composite was subjected to four independent MD simulations:
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(a) a 10 ns MD simulation under NVT ensemble at 500 K, (b) a
temperature annealing process under the NPT ensemble for
100 ns, gradually cooling the system to the target temperatures
of 200 K, 300 K, and 400 K, (c) 200 ns of MD simulations under
the NPT ensemble, and (d) 200 ns production runs using
NPT dynamics at the target temperatures. The stress—strain
responses were then extracted from the uniaxial deformation of
the simulation cell at a strain rate of 1.5 x 10° s~ along the
principal X-axis. Fig. 5(b) delineates the temperature depen-
dence of the stress—strain curves of the 10% graphene-modified
PVA composite. The yield stress reaches approximately 723 MPa
when the temperature decreases to 200 K, which is higher than
the estimated yield stresses of 572 MPa and 262 MPa at 300 K
and 400 K, respectively. As the temperature increases, the yield
stress of the G-PVA composite decreases. This is because the
higher temperature allows the polymer chains to move more
freely, allowing them to more easily accommodate the strain
during deformation, which in turn produces a lower yield
stress. Fig. 6 illustrates the temperature dependence of the
mean square displacement (MSD) curves for the 10% graphene-
filled PVA composite. We calculated the MSD over the 200 ns of
the production MD trajectories to demonstrate the influence of
temperature on the mobility of the polymer chains in the G-
reinforced PVA composites. The values of MSD are calculated as:

MSD(£) = (|r{t) — r{0)|?)

where, r(t) corresponds to the displacement of particle i at time
t, r(0) describes the initial displacement, and the brackets ()
define an average over all particles. A steeper slope of the MSD
curve indicates higher mobility of the polymer chains. As
shown in Fig. 6, the polymer chain mobility increases with
temperature, and a noticeable change in the slope of the MSD
curve occurs at 400 K which is higher than the glass transition
temperature (T,) of the pristine PVA observed typically around
358 K. By comparing Fig. 5(b) and 6, it can be observed that the
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Fig. 5 Illustration of computed stress—strain curves for the 10% graphene-filled PVA nanocomposite (a) obtained by uniaxial tension at 300 K with three
different strain rates viz. 1.5 x 10" s™%, 1.5 x 108 s7%, and 1.5 x 10° s * along the Cartesian X-axis; and (b) produced by uniaxial deformation at a strain rate

of 1.5 x 108 st and the alteration of temperature.
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Fig. 6 Demonstration of temperature dependence of the calculated
mean square displacement (MSD) curves for the PVA chains in the
graphene—-PVA composites comprising 10% graphene nanofiller.

PVA chains are relatively immobile and adopt a more ordered
structure at and below room temperature, leading to a glassy
state with high stiffness and mechanical strength. The eleva-
tion of temperature above T, perturbs the intra/inter-molecular
interactions and facilitates greater chain mobility, yielding a
rubbery/viscous state with reduced stiffness and strength.

3.2. Thermophysical properties

To investigate the impact of graphene nanofiller on the glass
transition temperature (T,) of the PVA composite, the simu-
lated annealing-based NPT MD simulations were performed.
This allows one to capture how the density of the graphene-
polymer nanocomposite changes with temperature. To accom-
plish the measurement of Ty, first, each nanocomposite system
was heated from 300 K to 600 K at a rate of 0.3 K ps~*. Then, the
system was equilibrated for 10 ns using NPT dynamics at 600 K
to ensure the density distribution had stabilized. Next, to
collect the density-temperature data, the system was progres-
sively cooled from 600 K to 50 K at a rate of 12 K ns™*,
dynamically reducing the reference temperature in the thermo-
stat algorithm. It is noteworthy to mention that the glass
transition temperature may vary with the quenching rate
applied for the simulated annealing MD simulations. For
instance, an earlier MD simulation study®® revealed that the
T, for the poly(4-hydroxybutyrate) with 100 monomers reduces
from 270.64 K to 242.91 K due to the lowering of quenching rate
from 100 K ns™* to 10 K ns™'. This indicates that higher cooling
rates yield higher estimates of T,. Conversely, another study®
demonstrated that the T, of polyethylene film confined
between graphene surfaces is not significantly impacted by
the cooling rate. On the other hand, the MD simulation with
an extremely slow cooling rate or experimental timescale (e.g.,
1K s~ ') demands immense computational resources. Thus, the
impact of further reducing the cooling rate below 12 K ns~ " on
the glass transition temperature of the PVA composite was not
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investigated. Furthermore, extracting the macroscopic property
from the atomistic simulation strongly relies on the initial
configuration of the system. Consequently, there is inherent
uncertainty in estimating T, from MD simulations. In previous
studies, a range of independent MD simulations were carried
out to obtain a statistically meaningful average value of Ty,
including single, three, four, five, six, and ten simulations of
the same system.70 Therefore, to obtain better statistics, we
considered three independent thermally equilibrated starting
configurations for each system to estimate the T, values from
the density-temperature data.

The calculated density-temperature curves for the pristine
PVA composite and the G-PVA composites with 2% and 10%
graphene nanofiller are compared in Fig. 7. Using a bilinear fit
with an R* value of at least 0.99, the glass transition tempera-
ture was estimated from the low-temperature (glassy) and high-
temperature (rubbery) regions of the curves. The value of T,
was then determined as the intersection point of these two
fitted lines. The fitting protocol basically seeks to minimize the
following objective function:”*

t

~gle 2 - Tu 2
JED </’[ —f<gllj§S(Ti)) +> (Pj _f<r+b1b,7\§>(Tj)>

i=1 j=1+1

where p corresponds to the density data extracted from the
simulated annealing-based MD simulations, &% and f™°Per
refer to the linear regressions on the low-temperature and high-
temperature regions, N denotes the total number of density-
temperature data points, and the point ¢, which belongs to the
range (3,N — 3), represents the value derived from the simu-
lated set that minimizes the function y.;. To determine the
optimal fitting range, we also evaluated the R* values as a
function of temperature (7) for a series of linear regressions.
The fitting ranges used were [T, T + a], where a was set to 50,
100, 150, 200, 250, and 300 K. Furthermore, to assess the
impact of density fluctuations on the glass transition tempera-
ture of the composites, we estimated the standard deviation of
density for each temperature step. However, the predicted T,
value was not significantly affected by the inclusion of density
fluctuations. The details of the R*-based fitting protocol and the
density fluctuation analysis are fully described in ref. 72.

Fig. S14-S16 (ESIY) illustrate the effect of the fitting ranges
on Ty values as acquired from the bilinear fit of the glassy and
rubbery states on the density vs. temperature curve for three
independent thermally equilibrated starting configurations of
the pristine PVA, 2% graphene-filled PVA composite, and 10%
graphene-filled PVA composite, respectively. Noticeably, the
calculated T, values due to the alteration of fitting ranges of
150-250 K are not deviated much. Since the maximum R* value
is less than 0.9 especially for the rubbery states on the density
vs. temperature curve, the fitting range of 300 K is excluded in
obtaining the statistical average of T,. On the other hand, the
T, estimated with the fitting ranges of 150 K and 200 K show
better agreement with the experimental value for the pristine
PVA material. Thus, the fitting ranges of 150 K and 200 K are
selected to estimate the statistics of T, from three independent
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Fig. 7 Rendering of the bilinear fit of the glassy and rubbery states on the density vs. temperature curve of the (a) pristine PVA composite, (b) 2% graphene-
filled PVA composite, and (c) 10% graphene-filled PVA composite, as used in estimating the glass transition temperature using the 200 K fitting range.

MD simulations for each system. Fig. 7 illustrates the predicted
T, for the pristine PVA and graphene-modified PVA nanocom-
posites, as estimated from the bilinear fit of the glassy and
rubbery states on the density vs. temperature curves using the
200 K fitting range. The 95% confidence interval for the
calculated T, values of the pristine PVA composite from the
three initial configurations is 84.7 &+ 3.6 °C. The predicted T,
value aligns with the typical literature range of 75-85 °C (348-
358 K) for PVA.”> To demonstrate the influence of graphene
reinforcement on the glass transition temperature of the PVA
composite, the T, values are further estimated for the inclusion
of 2% and 10% graphene filler into the PVA matrix. The
estimated T, of the 2% graphene-filled PVA composite, across
the three initial configurations, falls within a 95% confidence
interval of 86.7 £ 4.5 °C. The calculated T, of the 10%
graphene-filled PVA composite, derived from three initial con-
figurations, exhibits a 95% confidence interval of 91.5 £+ 1.2 °C.
This shift toward higher temperatures indicates that adding
graphene fillers to the PVA polymer matrix enhanced the
thermal stability of the composite systems.

The higher glass transition temperature of nanocomposites
of polymeric systems is commonly associated with reduced
chain mobility and intermolecular interactions. To examine
the influence of graphene nanofiller on the PVA chain mobility,
we estimated the MSD of PVA chains across 200 ns of the
production MD trajectories accumulated from the NPT

9458 | Phys. Chem. Chem. Phys., 2025, 27, 9448-9462

dynamics of the pristine PVA matrix and G-PVA nanocompo-
sites at 400 K. As revealed by the calculated MSD curves shown
in Fig. 8, the polymer chain mobility consecutively decreases
with the addition of graphene nanofiller to the PVA matrix. The
analyses of hydrogen-bond interactions and MSD data, as
shown in Fig. 4 and 8, indicate that the reduced chain mobility
effects outweigh the hydrogen-bond reduction effect when
higher amounts of graphene nanofillers are incorporated into
the PVA matrix. The overall effect is an increase in the T, of the
10% graphene-filled PVA composite compared to the 2%
graphene-filled PVA composite.

4. Conclusions

The influence of graphene nanofiller on the structural,
mechanical, and thermophysical properties of PVA composites
is explored within the framework of classical MD simulations.
The calculated ensemble-average density of the PVA matrix,
obtained from a 200 ns NPT dynamics trajectory, is approxi-
mately 1.25 g cm >, Increasing the graphene nanofiller propor-
tion from 0.8% to 10% enhances the density of the G-PVA
nanocomposite by around 2.6%. Analysis of the computed
average radii of gyration for the PVA chains reveals that the
incorporation of graphene filler causes the polymer chains to
become more folded. This compactness is most pronounced in
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Fig. 8 Comparison of the calculated mean square displacement (MSD)
curves for the PVA chains in the pristine polymer material and the
graphene-modified composites, as extracted from the 200 ns of the
production MD trajectory at 400 K.

the composite with 2% graphene. Uniaxial deformation MD
simulations were used to derive the mechanical properties of
graphene-reinforced PVA composites. The results show that the
mechanical strength of the G-PVA composites is highly depen-
dent on the weight percentage of the graphene nanofiller added
to the PVA matrix. Specifically, the calculated stress-strain
responses from the uniaxial deformation of the simulation cell
at a strain rate of 1.5 x 10°® s reveal that the yield strength of
the G-PVA composite is maximized when the graphene loading is
just 2%. The predicted trends in the yield strength of the pristine
PVA matrix and the graphene-modified PVA nanocomposites
align with the calculated non-bonded energy derived from the
energy components of the Lennard-Jones and Coulombic inter-
actions. The analysis of hydrogen-bond interactions anticipates
that the reduction of the yield stress of the G-PVA composite at a
higher percentage of graphene nanofiller addition (5-10%) is
correlated with the disruption of hydrogen bond networks
established between polymer segments. The stress responses
of the G-PVA polymer are consistent with the mobility of its
polymer chains, as demonstrated by the analysis of mean-
squared displacement (MSD) curves. The impact of strain rate
on the mechanical properties of the G-PVA nanocomposite is
studied by calculating stress-strain responses at different strain
rates: 1.5 x 10° s, 1.5 x 10% s7%, and 1.5 x 10 s *. As the strain
rate increases, the PVA oligomers and graphene nanostructures
in the composite material are unable to adequately relax and
accommodate the strain during deformation. Consequently, the
composite exhibits a higher yield stress compared to when the
strain rate is lower. The effect of temperature on the mechanical
responses of the polymer and graphene-polymer composites is
also investigated. As evidenced by the calculated stress-strain
curves at different temperatures, elevated temperatures cause
the yield stress of the G-PVA composite to decrease. This occurs
because the increased molecular motion at higher temperatures
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enables the PVA chains to more readily rearrange and conform
to strain during deformation, thereby lowering the yield stress.
Finally, computational analysis of the glass transition temperatures
confirms the enhanced thermal stability of the graphene-reinforced
polymer nanocomposites. The enhancement of glass transition
temperature is strongly correlated with the suppression of poly-
mer chain mobility. The atomistic MD simulations of graphene-
polymer nanocomposites thus provide the detailed structural
basis for enhancing the mechanical and thermal resistance of
the G-PVA nanocomposites. The acquired information could
guide the development of functional hybrid materials of poly-
mers and nanomaterials with superior mechanical properties.
The simulation strategy laid out in this study could be expanded
to analyze the thermomechanical behavior of other polymer-
nanofiller composite systems. Furthermore, the development of
a more generalized MD simulation approach along with trans-
ferable force fields becomes a subject of concern in the ongoing
research studies to predict the thermal conductivity and dielec-
tric properties of such nanocomposites.
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