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ABSTRACT: We employed nonequilibrium molecular dynamics simulations
to elucidate the viscoelastic properties of nanosheet (NS)-filled polymer
composites. The effects of NS loadings and NS−polymer interaction on
viscoelasticity were examined. The simulation results show that the NS-filled
polymer composites exhibit an enhanced storage modulus and loss modulus
as the NSs are loaded. There are three regimes of the enhanced process based
on the NS loadings. At lower NS loadings, the motion of polymers slows
down owing to the interaction between NSs and polymers, and the polymer
chains generally follow the Rouse dynamics. As the NS loadings increase, the
polymer chains are confined between NSs, leading to a substantial increment
in dynamic moduli. At higher NS loadings, a transient network is formed,
which strengthens the dynamic moduli further. In addition, the attractive
NS−polymer interaction can improve the dispersion of NSs and increase the storage and loss moduli. The present work could
provide essential information for designing high-performance hybrid polymeric materials.

1. INTRODUCTION
The addition of organic/inorganic nanofillers including carbon
black, silica, graphene, clay, and carbon nanotube into polymer
matrixes can provide materials significantly enhanced proper-
ties such as viscoelasticity, electrical conductivity, flame
retardation, and thermal conductivity.1−6 The viscoelasticity,
an essential class of properties, plays a dominative role in the
processing and application of polymer nanocomposites
(PNCs). When subjected to a low degree of strain, the
nanocomposites usually show a distinct rheological response
that deviates from the classical theory of linear viscoelasticity.
The enhancement in the storage moduli (G′) and loss moduli
(G″) is usually more pronounced at low frequencies, and G′ is
more significantly enhanced than G″. However, there is much
controversy over the issue of understanding the universal
appearance and underlying mechanism.7 For example, the
solidlike behaviors observed in PNCs at low frequencies could
be attributed to either the jamming of particles or the
percolation network. Hence, an examination of the viscoelastic
properties of these kinds of nanocomposites is crucial in both
fundamental research and engineering applications.
The shape of nanofillers plays a role in the viscoelasticity of

PNCs. Liu et al. examined the geometrical effect on the
properties of polyethylene nanocomposites by constructing five
different carbon forms, including graphene, buckyball, nano-
diamond, X-shaped single-walled carbon nanotube (SWNT)
junction, and Y-shaped SWNT junction.8 They found that the
surface-area-to-volume ratio of nanoparticles (NPs) plays the
dominant role in both static and dynamical properties of
polymer matrixes. Among all the abovementioned NPs, two-

dimensional graphene sheets bear the largest ratio of surface
area to volume and have the strongest interaction with the
polyethylene matrix. PNCs containing two-dimensional nano-
sheets (NSs), as a vital branch of nanocomposites, have
attracted considerable interest because of the characteristic
topological structure of NSs.9−14 To date, much effort was
made to improve the viscoelastic properties of NS-based PNCs
via increasing the dispersion of NSs in the polymer
matrix.15−23 Tang and coauthors investigated the effect of
graphene dispersion on the mechanical properties of epoxy
resins and found that good dispersion of graphenes can lead to
increased strength and fracture toughness of the epoxy resins.24

Zhang et al. studied the effect of surface chemistry of graphene
on the rheological property of polymethylmethacrylate
composites.25 They found that graphene sheets with higher
oxygen contents can be well dispersed in the polymer matrixes,
and the corresponding composites exhibit a higher storage
modulus and complex viscosity as well as a smaller rheological
percolation threshold. Sadeghipour et al. investigated the
effects of modified and nonmodified clay on the rheological
properties of high-density polyethylene.26 It was found that the
nonmodified clays increase the elastic behavior, yet the
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modified clays increase the viscose behavior of the composites
because of increased interactions with the matrix and partial
intercalation. What is noteworthy is that the increase in the
interaction between the NS and the polymer can not only
achieve a good dispersion of NSs but also exert retardation on
the dynamics of polymer chains.
Apart from the experiments, theoretical simulations,

including molecular dynamics (MD),27−29 Brownian dynam-
ics,30,31 and dissipative particle dynamics,32−34 have been
applied to investigate the dynamics and viscoelasticity of
PNCs. For instance, Smith et al. utilized equilibrium MD
simulations to investigate the viscoelasticity of model PNCs
and found that the addition of NPs can strongly perturb the
viscoelastic properties of the matrix polymers.29 In contrast to
equilibrium MD, nonequilibrium MD simulations can
potentially reduce the computer load by producing a signal
considerably larger than the background thermal noise. Li et al.
performed nonequilibrium MD simulations to study the effect
of interfacial chemical coupling on the viscoelasticity of
nanocomposites under oscillatory shear and found that the
formation of chemical coupling can weaken the “Payne
effect”.35 Lin and coauthors employed the nonequilibrium
MD to investigate the mechanical and viscoelastic properties of
NP-tethering polymers and found that the tethering polymers
exhibit an improved tensile modulus and improved dynamic
moduli compared to the pure polymers as well as the blends of
NPs and polymers.36,37

Several MD simulation studies on structural and dynamical
properties of NS−polymer systems, which are strongly
associated with viscoelasticity, have been reported re-
cently.38−41 Among them, Bacǒva ́ and co-workers performed
atomistic MD to investigate edge-functionalized graphene
dispersed in low-molecular-weight polymer matrixes.40 Strong
structural and dynamical heterogeneities were observed, and
the motions of the polymer were slowed down in the adsorbed
layers close to the graphene. Until now, however, only limited
simulation studies are available for the viscoelasticity of NS-
based PNCs. The dynamics of polymers in NS-based PNCs,
which may deviate from the classical Rouse model, is unclear.
In addition, the physical origin of improved viscoelasticity in
the NS-based PNC systems is not well understood. It is still
necessary to utilize the coarse-grained MD simulation to bridge
the gap between the viscoelastic and dynamic properties of
NS−polymer systems. The success of nonequilibrium MD
simulations makes them ready to be applied to investigate the
viscoelastic properties of NS-based PNCs.
In the present work, we performed nonequilibrium MD

simulations to investigate the oscillatory viscoelasticity of NS-
based PNCs. The effects of NS contents and interactions
between NSs and polymers on the viscoelasticity of NS-based
PNCs were examined. It was found that the dynamic moduli
can be enhanced by increasing the content of NSs and the
NS−polymer attraction. We discovered that the enhancement
of dynamic moduli could be divided into three regimes in
terms of the NS loadings, which are associated with the Rouse
dynamics, chain confinement, and percolation network. The
present study can establish linkages between the dynamic
behavior and viscoelastic properties of NS-based PNCs and
could provide essential information for designing advanced
hybrid nanomaterials.

2. METHODS AND THE MODEL
We employed nonequilibrium MD simulations to study the
viscoelasticity of NS-based PNCs in melted states. A coarse-
grained model of NS-based PNCs was first constructed, which
is shown in Figure 1. Each polymer is modeled as a linear chain

consisting of L beads, where each bead represents a cluster of
monomers.42−44 Each NS is modeled as a square sheet with N
beads. All beads in the sheet move together as a rigid body.45

The mass and diameter of each polymer/NS bead are set as m
and σ, respectively. The potentials in the present MD
simulations include the bonding potential Ubond and the
nonbonding potential Uij, which are given by the finitely
extensible nonlinear elastic potential and modified Lennard-
Jones (LJ) 12:6 potential,46,47 respectively. In the LJ potential,
the cutoff distance rij

c determines whether the interaction
between beads i and j is attractive (rij

c > 21/6σ) or repulsive (rij
c

< 21/6σ). In this work, the cutoff distance is fixed at 2.5σ
(attractive) for the polymer−polymer interaction. The cutoff
distance is set to be 21/6σ (repulsive) for the NS−NS
interaction to prevent the NSs from aggregation. The
interaction parameters εpp (between polymer beads) and εnn
(between NS beads) are fixed as 1.0ε for convenience. εnp and
rnp
c are varied to simulate the systems with various NS−
polymer interactions, that is, strongly attractive, weakly
attractive, and repulsive interactions. All physical quantities
in the simulations adopt reduced units. The units of energy,
length, and mass are defined by ε, σ, and m, respectively. The
time unit τ is obtained by τ = (mσ2/ε)1/2. In principle, all
reduced units can be converted into real units.48 The details of
the MD method can be found in Section S1 of the Supporting
Information.
Following our previous work, the nonequilibrium MD

simulation was adopted to simulate the NS-based PNCs
subjected to an oscillatory strain.36 The SLLOD equation of
motion, which is the most widely used in the shearing systems,
is implemented. We employed a “box deforming” technique to
induce a shear field instead of Lees−Edwards “sliding brick”
boundary conditions.49,50 A deforming-box implementation of
the SLLOD algorithm was adopted to produce a shear flow in
the x-direction and a velocity gradient in the y-direction.
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where fi, ri, and vi are the force, position, and velocity of bead i,
respectively. ex is the normalized vector along the x-direction.
vi,y and ri,y are the magnitudes of the corresponding vectors,
where the subscript i denotes bead i and y represents the y-
component of the vector. γ̇, called the shear rate, is the time
derivative of the shear strain γ. As an alternating strain was

Figure 1. Coarse-grained models of (a) NS and (b) polymer. The
polymer is a bead-spring chain with 30 beads, and the NS is a square
sheet with 25 beads.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c04235
J. Phys. Chem. B 2020, 124, 6437−6447

6438

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c04235/suppl_file/jp0c04235_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c04235/suppl_file/jp0c04235_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04235?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c04235?ref=pdf


imposed on the simulation box, the stress was monitored
simultaneously. When the equilibrium is achieved, both strain
and stress alter sinusoidally, but the strain lags behind the
stress. The expressions are as follows

tsin( )0γ γ ω= (2)

tsin( )xy 0σ σ ω δ= + (3)

The stress consists of two components, that is, G′ sin ωt and
G″ cos ωt. Here, G′ and G″ are the storage modulus and loss
modulus, respectively. They are given by

G Gcos( ), sin( )0

0

0

0

σ
γ

δ
σ
γ

δ′ = ″ =
(4)

We can obtain σxy readily through the tensor version of the
virial theorem

V
mvv r F

1 1
2i

i i
i j

ij ij∑ ∑σ = +
≠ (5)

Here, V is the volume of the simulation box and the angular
bracket denotes the ensemble average.
In the present work, the length L of the polymers in the

matrix is 30, and each NS contains N = 25 beads to meet the
experiments where the size of the NS is comparable to or larger
than the chain dimensions.6,13 The distance between adjacent
beads of the NS is fixed as 0.75σ so that the square NS has a
width of 3σ, which is in the order of the length scale of the
polymers. For generating an initial configuration, an NS-based
PNC system with a lower density ρ was first constructed within
a large simulation box of 100 × 100 × 100σ3 and was then
compressed until ρ = 0.45. Here, the density ρ is the ratio of
the volume of beads (including NS and polymer beads) to the
volume of the simulation box. The isothermal−isobaric (NPT)
ensemble was applied to equilibrate the compressed box by
using the Nose−Hoover thermostat and barostat. Therefore,
the size of the box for different systems was varied to maintain
the fixed density ρ. For instance, the edge lengths of the box
are 24.77σ for the pure polymer system. It was proved that the
box size effects were eliminated. The velocity Verlet algorithm
was adopted to integrate the equations of motion. We carried
out 8 × 107 MD steps with a time step of Δt = 0.004τ for all
the structures. After the equilibrium structures were obtained,
the nonequilibrium MD simulations were performed by
changing the cubic box to a triclinic one.

3. RESULTS AND DISCUSSION
The present work focuses on the linear viscoelasticity of NS-
based PNCs, which is organized as follows. We first
investigated the effect of volume fraction of NSs on the
viscoelastic properties of NS-based PNCs. Then, we examined
the effects of NS−polymer interactions on the viscoelastic
properties. The PNCs filled with spherical NPs have received
extensive research over the past decades.7 The shape of the
nanofiller has a substantial impact on the viscoelasticity of
PNCs. Therefore, we made a comparison of the viscoelasticity
between NS-based and NP-based PNCs to reveal the
uniqueness of the NS. Finally, a comparison with the existing
experimental observations was made.
3.1. Enhanced Dynamic Moduli with the NS Loaded.

It has been documented that the dispersion of NSs has a
marked influence on the linear viscoelasticity of NS-based

PNCs. In this subsection, we focused on the linear
viscoelasticity of NS-based PNCs with attractive NS−polymer
interactions that can enhance the dispersion. Therefore, the
interaction strength εnp between NSs and polymers and the
cutoff distance rnp

c were set as 5.0ε and 2.5σ, respectively. The
equilibrium structures of NS-based PNCs with various volume
fractions of NSs are shown in Figure S1 of the Supporting
Information. As shown, the NSs have a good dispersion in the
polymer matrixes.
The linear viscoelastic region of the PNC systems is

determined via dynamic amplitude scan measurements so as
not to destroy the structures of the samples. Figure 2 shows the

dependence of the storage modulus G′ and loss modulus G″ of
PNCs on the strain under shear frequencies of ω = 0.01τ−1 for
samples with various volume fractions of NSs. For ϕ = 0, that
is, pure polymers, G′ almost shows no strain dependence over
the range of strains studied, indicating a very weak Payne
effect.35,49 However, G′ of NS-based PNCs becomes sensitive
to the oscillation amplitude. The strain independence at small
amplitudes and strain dependence at large amplitudes were
observed. The equilibrium structures are not destroyed under
small strain, resulting in the plateau of G′ and G″. The
decrease in G′ and G″ occurs under large strain, which derives
from the increase of energy dissipation and structural breaking.
It is noteworthy that there is a peak for G″ of systems with an
NS loading larger than 0.2, which indicates the formation of
the interpenetrating network. In addition, both G′ and G″
increase, and the linear viscoelastic regions become narrow
with the increase of NS loadings. The result manifests that the
NS-based PNCs exhibit the Payne effect, which is enhanced
with the increase of NS loadings. To guarantee the linear
viscoelastic behaviors in the following simulations, a strain
amplitude of γ = 0.05 proved in the linear regime (see Figure
2) is applied.

Figure 2. Dynamic (a) storage moduli G′ and (b) loss moduli G″ as a
function of strain amplitude for the NS-based PNCs with various
volume fractions of NSs under a shear frequency of ω = 0.01τ−1.
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Figure 3a,b shows the plots of storage modulus G′ and loss
modulus G″ versus shear frequency ω for NS-based PNCs.

The results at lower frequencies are not presented because of
the sharp thermal fluctuation. As shown in the figure, both G′
and G″ of NS-based PNCs increase with the increase of the NS

loading and are larger than those of pure polymers (ϕ = 0).
For the pure polymer system, the relationship, G′ ∼ G″ ∼ ω0.5,
was observed at intermediate frequencies (τR

−1 < ω < τ0
−1,

where τR and τ0 denote the Rouse relaxation time and
monomer relaxation times, respectively), indicating that the
polymer chains generally follow the Rouse dynamics.51 The
frequencies applied are not low enough such that the terminal
behaviors were not observed in the pure polymers. The G′ and
G″ profiles of PNCs with an NS loading of ϕ = 0.05 show
similarity in shape to those of the pure polymers. Both storage
and loss moduli of pure polymers can be shifted by an almost
constant factor across the entire frequency range to approach
those of PNCs with ϕ = 0.05. At intermediate NS loadings (ϕ
= 0.1 and 0.15), the G′s of these PNCs display a power-law
dependence on frequencies in which the exponent is less than
0.5, deviating from the Rouse dynamics. The power-law
exponent decreases with the increase of NS loadings, which is
ascribed to the lack of complete relaxation of polymer chains in
the presence of NSs. In addition, the NSs are constrained and
incapable of freely rotating when subjected to a small
amplitude shear. At higher NS loadings (ϕ ≥ 0.2), the
PNCs show solidlike behaviors (G′ ∼ ω0), indicating the
formation of a transient percolation network in which the
movement of polymers and NSs is highly restrained.

3.2. Origin of Enhanced Dynamic Moduli. In order to
get a deep insight into the physical origin of enhanced
viscoelasticity of NS-based PNCs, we evaluated the relaxation
time for polymer chains in the pure polymers and PNCs. To
this end, we obtained the normal modes for each polymer
chain given by33,51

t
L

p
i

L
tX R( )

2
cos

1/2
( )p

i

L

i
1

i
k
jjj

y
{
zzz∑ π= −

= (6)

where p is the mode and Xp(t) is the pth normal mode of the
polymer chain. Ri(t) denotes the position vector of the ith
bead at time t. The time correlation function of the normal
modes is given as Ap(t)

Figure 3. Dynamic (a) storage moduli G′ and (b) loss moduli G″ as a
function of shear frequency for the NS-based PNCs with various
volume fractions of NSs.

Figure 4. Relaxation spectra Ap(t) of the polymer chains in NS-based PNCs with various volume fractions of NSs for the four slowest Rouse
modes: (a) p = 1, (b) p = 2, (c) p = 3, and (d) p = 4. The relaxation times for p = 1 are highlighted in the plots.
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t
tX X

X X
( )

( ) (0)

(0) (0)p
p p

p p
Α =

⟨ · ⟩
⟨ · ⟩ (7)

Here, the angular bracket denotes the ensemble average over
all polymer chains and time. We can obtain the relaxation time
by fitting Ap(t) to a decaying exponential function. For the
pure polymer, the spectra for various modes can be well
represented by a stretched exponential function

t tA ( ) exp ( / )p pτ= [− ]β
(8)

where the exponent β is the stretching exponent, characterizing
the “heterogeneous” nature of the dynamics. τp is the relaxation
time for the pth mode.
For the NS-based PNCs, we found that the function Ap(t)s

show a long-time tail, which cannot be well fitted by the
stretched exponential function. Ultimately, a modified equation
proposed earlier was adopted to fit the spectra across various
modes,27,29 which is

t C t C tA ( ) exp ( / ) (1 )exp /p p lτ τ= [− ] + − [− ]β
(9)

where C and τl are the additional fitting parameters
representing a decay of two exponential-like functions.
We have computed the function Ap(t)s of the polymer

chains in systems with ϕ = 0, 0.05, 0.1, and 0.15 for the four
slowest modes (p = 1, 2, 3, and 4). The relaxation times of the
whole chain τ1 (p = 1) are obtained by fitting the curves with
eq 8 for pure polymers and with eq 9 for PNCs. The results are
shown in Figure 4. Note that the relaxation of PNCs with
higher NS loadings is so prolonged that we cannot monitor the
relaxation process completely (the relaxation data for PNCs at
a long time scale are not shown for visual clarity). For p =
1,Ap(t) in the pure polymer shows a single exponential decay,
while those in NS-based PNCs exhibit a double exponential
decay (see Figure 4a). The decay of the time autocorrelation
function slows down gradually with the increase of NS
loadings. The longest relaxation times are 1171.1τ, 1810.1τ,
5449.8τ, and 30,233.9τ for the PNCs with NS loads of ϕ = 0,
0.05, 0.1, and 0.15, respectively (see Figure 4a). For p = 2, 3,
and 4, the relaxation spectra of polymer chains in the pure
polymer and NS-based PNCs exhibit a similar tendency (see
Figure 4b−d). It is evident that the addition of NSs increases
the relaxation times, and the relaxation times have a dramatic
increase at middle NS loadings (ϕ = 0.1 and 0.15). As shown
in Figure 4, there is a long-time tail in the decay of the time
autocorrelation for the PNCs. The second relaxation time
could be related to the dynamic adsorption−desorption
process of polymer chains from NS surfaces.
Rouse theory elaborates that the storage and loss moduli are

of quadratic and linear growth with respect to the relaxation
time, respectively.51 We compared the G′ and G″ values of
pure polymers with those of PNCs with ϕ = 0.05, which is
presented in Figure S2. As shown, the relaxation time increases
by 1.55 times, and therefore, the G′ and G″ values of PNCs
with ϕ = 0.05 are about 1.552 and 1.55 times higher than those
of the pure polymer system, respectively. The data are
consistent with the results predicted by the Rouse theory.
Such an analysis manifests that the polymer chains generally
follow the Rouse dynamics at a lower NS loading (ϕ = 0.05).
The substantial increase of relaxation time at middle NS
loadings (ϕ = 0.1 and 0.15) could be attributed to the chain
confinement between NSs.

At higher NS loadings (ϕ = 0.2, 0.25, and 0.3), the storage
modulus becomes frequency-independent (see Figure 3), and
the relaxation dynamics is extremely slow, indicating a solidlike
rheological behavior and the formation of NS networks.
Therefore, there should be a critical NS concentration above
which the microstructure has a sudden change. To further
investigate the influence of NS loading on the viscoelasticity,
we examined the dependence of the enhancement in low-
frequency G′ on the NS loadings. Figure 5a shows the low-

frequency G′ under a shear frequency of 0.01τ−1 as a function
of the NS loadings. As shown in the figure, G′ increases
monotonically with the increase of the NS loading. However,
the extent of increase is related to the NS loadings. G′
increases slightly at lower NS loadings, followed by a dramatic
increase at middle NS loadings. The viscoelasticity of PNCs at
lower loadings is dominated by the Rouse relaxation of
polymers, while chain confinement leads to slow relaxations
and substantial enhancements in elasticity at middle loadings.
However, there is only a slight and steady increase in storage
modulus at higher loadings. The solidlike viscoelastic response
at higher loadings arises from the formation of a percolation
network in PNCs (see Figure 3). Based on the above analysis,
we can use a power-law relation to evaluate the rheological
percolation threshold according to the percolation theory13

G ( )perϕ ϕ′ ∝ − υ
(10)

where G′ is the storage modulus at a low frequency, υ is the
critical exponent, and ϕ and ϕper are the NS volume fraction
and percolation threshold, respectively. The percolation
threshold can be evaluated by applying eq 10, which is

Figure 5. (a) Storage modulus G′ of the NS-based PNCs as a
function of NS loading at ω = 0.01τ−1 and (b) log−log plot of G′ vs
reduced volume fraction of NSs. The solid line is the fitting curve, and
the fitting parameters are highlighted in the plot.
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shown in Figure 5b. The calculated threshold fraction is about
0.198, above which the elastic plateau can be observed (see
Figure 3). These results manifest the fact that NS-based PNCs
with higher NS loadings form a percolating network structure
and show solidlike viscoelastic behaviors.
To understand the mechanisms of enhanced viscoelasticity

behavior, we examined the structural characteristic of the
matrix polymer chains by calculating the mean square end-to-
end distance ⟨Re

2⟩ and the radius of gyration ⟨Rg
2⟩. The results

are given in Figure 6a. As shown, the variation of ⟨Re
2⟩ and

⟨Rg
2⟩ as a function of NS loading can be divided into three

regions, that is, region I (ϕ ≤ 0.05), region II (0.05 < ϕ < 0.2),
and region III (ϕ ≥ 0.2). In region I, ⟨Re

2⟩ and ⟨Rg
2⟩ decrease

slightly with the increase of NS loadings, indicating that the
structures remain stable, and the addition of NSs has a less

marked effect on the chain stretching. One can see that both
⟨Re

2⟩ and ⟨Rg
2⟩ decrease sharply with the increase of NS

loading in region II, demonstrating the confinement of
polymer chains. ⟨Re

2⟩ and ⟨Rg
2⟩ remain almost unchanged in

region III, suggesting that the structures remain stable and the
percolation network forms. In addition, the relaxation time as a
function of the mode p is shown in Figure 6b. For the pure
polymers and the PNCs with a lower NS loading (ϕ = 0.05),
the relaxation time τp scales with the mode as τp ∼ p−2, which
is consistent with the prediction of the Rouse model. This
indicates that the influence of NSs on the dynamics of matrix
polymers is the same for all length scales. However, for the
PNCs with intermediate NS loadings (ϕ = 0.1 and 0.15), the
scaling relations τp ∼ p−2.27 and τp ∼ p−2.22 are observed,

Figure 6. (a) Mean square end-to-end distance ⟨Re
2⟩ and the mean square radius of gyration ⟨Rg

2⟩ as a function of the NS loadings. (b) Relaxation
time τp as a function of modes p for the five slowest Rouse modes in NS-based PNCs with various NS volume fractions. (c) Schematic illustration
of the NS-based PNCs evolving from low-to-intermediate-to-high loadings. The red solid line and red dashed line represent the adsorbed and free
polymer chains, respectively. The NSs are represented as green rectangles.

Figure 7. Equilibrium structures of NS-based PNCs at ϕ = 0.05 with (a) repulsive, (b) weakly attractive, and (c) strongly attractive NS−polymer
interactions. Frequency sweeps of (d) G′ and (e) G″ in the pure polymers and NS-based PNCs at ϕ = 0.05 with repulsive, weakly attractive, and
strongly attractive NS−polymer interactions.
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indicating the slight deviation from the Rouse model
prediction.
From the above results, our implementations divide the

enhancement of dynamic moduli into three regimes, that is, the
Rouse dynamics at lower NS loadings, chain confinement at
intermediate NS loadings, and percolation network at higher
NS loadings. Figure 6c shows the schematic illustration of the
typical topological structure of PNCs at various NS loadings.
At lower NS loadings, the polymer chains adsorb on the
surfaces of NSs because of the attractive interaction between
the NS and polymer. The adsorption and desorption behaviors
reach the dynamic balance, and the motion of polymer chains
slows down uniformly, resulting in the “dynamic homoge-
neity”. At intermediate NS loadings, the ⟨Re

2⟩ and ⟨Rg
2⟩ values

of matrix chains start to decrease sharply, demonstrating that
the polymer chains are confined between the NSs. At higher
NS loadings, there are sufficient NSs to connect the single
chains, resulting in the formation of a percolation network.
3.3. Effect of NS−Polymer Interactions. In this

subsection, we focused on the effect of NS−polymer
interactions on the viscoelasticity of NS-based PNCs. Three
kinds of NS−polymer interactions, including strongly
attractive, weakly attractive, and repulsive interactions, were
considered. The type of NS−polymer interactions is
determined by the cutoff distance rnp

c and the interaction
parameter εnp in the LJ potentials. rnp

c was set as 2.5σ for the
attractive systems (including strong and weak attractions) and
21/6σ for the repulsive system. In addition, the values of εnp
were set as 5.0ε and 3.0ε for the strongly attractive and weakly
attractive systems, respectively. A PNC system with an NS
volume fraction of ϕ = 0.05, obeying the Rouse dynamics, was
chosen in the following studies.
Figure 7a−c shows the equilibrium structures for the NS-

based PNCs with strongly attractive, weakly attractive, and
repulsive NS−polymer interactions. As shown in the figure, the
NSs are uniformly dispersed in the weakly attractive and
strongly attractive systems (see Figure 7b,c), while the NSs
tend to agglomerate in the repulsive system (Figure 7a). These
observations manifest that the attractive interaction between
the NS and polymer can improve the dispersion of NSs. Figure
7d,e shows G′ and G″ as a function of shear frequency for
these three systems, respectively. As shown, both G′ and G″ for
these three systems exhibit similar tendencies as the response
of pure polymers to shear frequency. The G′ and G″ of the
strongly attractive system are larger than those of the weakly
attractive and repulsive systems, and the moduli of the
repulsive system are the smallest among the three systems and
are comparable to those of pure polymers. The results
demonstrate that the attractive NS−polymer interaction can
enhance the G′ and G″ of PNCs at lower NS loadings. For
repulsive systems, the dynamics and viscoelasticity are not
influenced dramatically because of the poor dispersion of NSs.
In addition, we also observed that at a higher NS loading (ϕ >
0.05), the PNCs with the strongly attractive NS−polymer
interaction exhibit enhanced G′ and G″ compared to the PNCs
with the weakly attractive and repulsive NS−polymer
interactions.
The above enhancement in G′ and G″ arises from the

slowdown in the dynamics of the matrix polymers. To verify
this, we calculated the time autocorrelations Ap(t) with p = 1
for PNCs with various NS−polymer interactionsthe result is
shown in Figure 8. Ap(t) of PNCs with the repulsive
interaction remains a single exponential form, while those of

PNCs with the strongly attractive and weakly attractive
interactions consist of two exponential functions. The
relaxation time can be obtained by fitting the curves to eq 8
for the repulsive interactions or eq 9 for the two attractive
interactions. The relaxation times are 1810.1τ, 1459.3τ, and
1098.3τ for the strongly attractive, weakly attractive, and
repulsive systems, respectively. The Rouse time in the repulsive
system is close to that in pure polymer systems (1171.1τ, see
Figure 4a), which is attributed to the absence of the effective
interaction between NSs and polymers. The relaxation time
increases as the interaction changes from weak to strong
attraction. These results verify that the NS−polymer attraction
can suppress the motion of matrix polymers, which leads to an
increase in relaxation time. It is noteworthy that the second
relaxation time τl in the weakly attractive system is much less
than that in the strongly attractive system. These further
demonstrate that the NS−polymer attraction can enhance the
adsorption of polymers on NSs and, therefore, the moduli.

3.4. Comparison with NP-Based Nanocomposites. We
have shown above that the storage and loss moduli are
enhanced in the NS-based PNCs as compared with the pure
polymers. Herein, we made a comparison of the viscoelastic
properties between NS-based PNCs and widely studied NP-
based PNCs. The PNCs filled with NPs, bearing a wide range
of practical applications, have received considerable interest in
the past decades.3,7,33 In our simulation, the spherical NP was
designed as a rigid dodecahedron composed of a center bead
and 20 vertex beads (see Figure S3). The distance between
adjacent vertex beads (i.e., the edge length of the
dodecahedron) is fixed as 0.75σ, and therefore, the radius of
the NP is ca. 1.05σ. The mass and diameter of each vertex bead
are set as m and σ, respectively. The mass and diameter of the
center bead are fixed as 5m and ca. 1.71σ, respectively. As such,
the mass of the spherical NP is 25m, which is equal to that of
the NS. Additionally, to make the two systems comparable, the
length of polymer chains in these systems was taken to be
identical, and the volume fractions of the NSs and NPs were
fixed to be 0.1. Because the attractive systems exhibit distinct
viscoelasticity, the viscoelasticity of NS-based PNCs and NP-
based PNCs with attractive interactions was explored by
setting the interaction strength εnp and cutoff distance rnp

c to be
5ε and 2.5σ, respectively.
Figure 9a shows G′ and G″ of the NS-based and NP-based

PNCs. The NSs and NPs disperse uniformly in the matrix
polymers because of the attractive interaction (see the insets of

Figure 8. Relaxation spectra Ap(t) of the whole polymer chain in NS-
based PNCs with strongly attractive, weakly attractive, and repulsive
NS−polymer interactions. The solid lines are the theoretical fitting
curves. The longest relaxation times are highlighted in the plot.
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the figure). As can be seen, G″ is larger than G′ for NP-based
composites over the entire frequency regime, indicating
liquidlike viscoelasticity. However, a crossover was observed
in the NS-based composites, demonstrating that a solid-to-
liquid transition occurs with the increase of frequency. In the
NS-based systems, both G′ and G″ are larger, and the power-
law exponents for G′ and G″ are smaller, as compared with
NP-based systems. These results suggest that the NS-based
PNCs exhibit enhanced viscoelastic properties relative to NP-
based PNCs as the fillers and polymers are attracted.
Figure 9b shows the relaxation spectra of the slowest mode

in NS-based and NP-based composites. It was found that the
autocorrelation function in NP-based composites shows a
double exponential decay, which is similar to the decay in NS-
based composites. The relaxation time, obtained by fitting the
curve to eq 9, is 3564.7τ. Compared with the relaxation time of
the NP-based composites, the relaxation time of the NS-based
system is much larger. Clearly, for equal particle loadings, the
motion of polymer beads in NS-based PNCs is slower than
that in NP-based PNCs, and therefore, the former exhibits
higher storage and loss moduli than the latter. The slowdown
in polymer dynamics is related to the larger surface-area-to-
volume ratio of NSs and chain confinement between two-
dimensional plates.
Moreover, the confinement of polymers in the NP-based

system can be neglected when compared with that in NS-based
composites, especially at higher loadings. In our simulations,
the motion of polymers is highly restricted, and the NSs can
form a perfect transient network at higher loadings. However,

there is a striking difference between NS-based and NP-based
PNCs. Pryamitsyn and Ganesan have used a nonequilibrium
method to investigate the viscoelasticity of polymer−NP
composites.33 The relaxation dynamics of the normal modes
show a single exponential decay and remain homogeneous at
lower and higher NP loads. They found that the viscoelastic
response at low frequencies is dominated by the particle
jamming effects rather than the transient network. In short,
NS-based PNCs have higher storage and loss moduli than NP-
based PNCs at lower loadings because of the larger surface-
area-to-volume ratio of the NS. At middle and higher loadings,
the chain confinement and percolation network exist in NS-
based PNCs, leading to the substantial enhancement in
dynamic moduli. Different from NS-based PNCs, particle
jamming effects dominate the viscoelastic response and lead to
slow relaxations and enhanced moduli in NP-based PNCs.

3.5. Comparison with Existing Experimental Obser-
vations. Our study has shown that the NS-based PNCs
exhibit the Payne effect, which is enhanced as the NS loadings
increase. Similar results can be found in experiments on the
clay- and graphene-based polymer composites. For example,
Wu et al. studied the rheological behavior of poly(butylene
terephthalate)/montmorillonite nanocomposites (PBT/
MMT).21 They found that with the addition of MMT, the
linear viscoelastic region of PBT/MMT hybrids lessens
gradually. For the PBT/MMT hybrid with higher MMT
loadings, its linear viscoelastic region is much narrower than
that of the PBT matrix. Gao et al. investigated graphene
networks with a low percolation threshold in acrylonitrile−
butadiene−styrene nanocomposites.52 A pronounced reduc-
tion of G′ with increasing strain was observed in their study.
Moreover, they found that the linear viscoelastic regime
decreases with increasing graphene content. These exper-
imental observations are consistent with our simulation results,
that is, the linear viscoelastic region in NS-based PNCs
becomes narrower with the increase of NS loadings (see Figure
2).
In addition, we found that the NS-based PNCs show

enhanced storage and loss moduli compared to the pure
polymers, and the moduli can increase further with the
increase of NS loadings. Some experimental observations in
the literature are available to support these re-
sults.1,12−15,25,52,53 For instance, Kim and Macosko studied
the morphology and properties of polyester/exfoliated graphite
nanocomposites.13 They found that the shear modulus of the
nanocomposites increases as the concentration of the graphite
increases. Our simulation results also reveal that the NS-based
PNCs form a percolation network at higher NS loadings.
Similar results can be found in experiments.13,14,25,53 For
example, He and co-workers investigated the rheological
behavior of epoxidized natural rubber−graphene composites.14

They found that the storage modulus becomes frequency-
independent at low frequencies, indicating the formation of a
graphene network. The rheological threshold was determined
to be 0.17% (volume fraction) according to the threshold
theory.
In addition to the reproduction of general features of

experimental findings for NS-based PNCs, the simulations
reveal the microscopic origin of the viscoelasticity of polymeric
systems to deepen the understanding of experimental
observations. So far, the linear rheology of PNCs has many
problems unsolved. For example, introducing NPs can retard
the motion of matrix polymers. Experimentally, the origin of

Figure 9. (a) Frequency sweep of G′ and G″ in the NS-based and NP-
based PNCs with ϕ = 0.1. The insets show the equilibrium structures
of NS-based and NP-based PNCs (the polymer beads are not shown).
(b) Relaxation spectra Ap(t) of the whole polymer chain in the NS-
based and NP-based PNCs. The solid lines are the theoretical fitting
curves. The longest relaxation times are highlighted in the plot.
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slow relaxation may be the physical or chemical absorption,
particle jamming, polymer confinement, and so on. In the
simulations, it is convenient to visualize the dispersion state
and orientation behaviors of NSs in simulations (Figure 7a−c).
Moreover, the dynamics and structural information of polymer
chains can be elucidated easily (Figures 4 and 6a,b). Utilizing
the nonequilibrium MD simulation, we discovered that the
mechanisms underlying the viscoelasticity behavior could be
divided into three aspects in terms of the NS loading, that is,
the Rouse dynamics at lower NS loadings, chain confinement
at intermediate NS loadings, and percolation network at higher
NS loadings. Notably, the substantial enhancements in storage
modulus can be observed at intermediate NS loadings because
the polymer chains are confined between the NS platelets. Our
simulations can give a more in-depth insight into the
mechanisms of distinct viscoelasticity of PNCs with various
NS loadings.

4. CONCLUSIONS
In the present work, the nonequilibrium MD simulations were
conducted to study the viscoelastic properties of NS-based
PNCs. The results show that the NS-based PNCs exhibit
significantly enhanced storage and loss moduli compared to
pure polymers. The effects of NS loading and NS−polymer
interactions on the viscoelastic behavior of NS-based PNCs
were examined. The storage and loss moduli were found to
increase as the NS loadings increase. The enhancement of
dynamic moduli can be divided into three regimes, which are
related to the Rouse dynamics, chain confinement, and
percolation network. The chain confinement at intermediate
NS loadings results in the slow relaxations and substantial
enhancements of storage moduli. The attractive interaction
between NSs and polymers, favoring the excellent dispersion of
NSs into the polymer matrix, further slows down the motion of
polymer chains and enhances the viscoelasticity of PNCs. The
simulations revealed the microscopic origin of distinct
viscoelasticity of NS-based PNCs, and the gained results
could provide information for designing advanced composites
filled with two-dimensional organic/inorganic plates.
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(40) Bacǒva,́ P.; Rissanou, A. N.; Harmandaris, V. Edge-Function-
alized Graphene as a Nanofiller: Molecular Dynamics Simulation
Study. Macromolecules 2015, 48, 9024−9038.
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