
RESEARCH ARTICLE
www.mts-journal.de

Physical Origin of Distinct Mechanical Properties of
Polymer Tethered Graphene Nanosheets Reinforced
Polymer Nanocomposites Revealed by Nonequilibrium
Molecular Dynamics Simulations

Xu Zhang,* Jialiang Chen, and Tianxi Liu

A non-equilibrium deformation simulation based on standard molecular
dynamics is employed to reveal the physical origin of distinct mechanical
properties of polymer nanocomposites (PNCs) reinforced by polymer tethered
graphene nanosheets (P/G-T). The effect of tethered polymer length (L) and
interaction strength on the mechanical properties, including tensile stress,
modulus, and yield strength, are examined. The simulation results show that
the P/G-T systems exhibit improved mechanical properties as L and
interaction strength increases. The strengthening in attractive interaction
between matrix polymer and tethered polymer has a better effect on
mechanical properties than that between P and graphene nanosheets. It is
found that the bond orientation and nonbonding potential is of crucial
importance in determining the mechanical properties of the P/G-T
nanocomposite systems. The calculations of radial distribution functions and
mean-squared displacement are further performed to reveal the physical
origin of enhanced mechanical properties, suggesting that the stronger
interfacial interactions will induce the closer packing distance with smaller
free volume, higher polymer chain entanglement, and higher restriction of
polymer chain movement, which synergistically contribute to the
improvement in the mechanical properties. The results may provide useful
guidance for promoting the development and practical application of the
advanced PNCs with excellent performance.

1. Introduction

Incorporating the nanomaterials into polymer matrices to pro-
duce the polymer nanocomposites (PNCs) can endow the
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polymer materials with various improved
properties and functionality,[1,2] such as
mechanical,[3,4] thermal,[5,6] electrical,[4,6–8]

optical,[9] and rheological[3,10,11] properties
thanks to the synergistic effect between the
nanomaterials and polymer matrices. Car-
bon nanomaterial is one kind of widely used
nanomaterials as distinct reinforcements
for the high-performance PNCs, which has
good mechanical properties,[4,12–14] ther-
mal and electrical conductivity,[7,8,13] etc.
As “the most marvelous material in 21st
century”, growing research attention has
been paid to graphene as well as its deriva-
tives, which is one-atom-thick 2D layer of
sp2-bonded carbon nanosheet materials,
arranged in a honeycomb structure.[15,16]

Due to the excellent mechanical, electri-
cally and thermally conductive properties
as well as lightweight, there has been an
explosion of emphasis on the graphene
nanosheets (GN) reinforced PNCs, which
show many potential applications in the
field of sensors,[17] flexible and wearable
devices,[18,19] electrodes,[20,21] electromag-
netic interference shielding,[22,23] and other
high-performance functional composite
materials.[24–27]

However, the self-aggregation of GNs seriously do harm to
or even destroy the properties of the final PNCs. Instead of the
pristine GNs, the functionalized GNs, decorated by surface mod-
ifier through covalently bonding or non-covalent interactions,
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Figure 1. Sketch of the CG model of polymer tethered GNs reinforced PNC (P/G-T) system. a) Linear beads-spring chain model of the flexible matrix
polymer. b) Model of surface functionalized GN with 12 tethered points.

are usually produced as nanofillers to improve the immiscibil-
ity and dispersion of the GNs in polymer matrices and provide
additional functionality for the finally fabricated GNs reinforced
PNCs.[14,28–31] The oriented arrangement of GNs and the interac-
tion between GNs and polymers is of crucial importance in de-
termining the performance of all aspects. In the previous work
of Pang et al.,[32] the lightweight polyethylene (PE) composite
films reinforced with exfoliated thermally reduced graphene ox-
ide (TrGO) fabricated from by using a roll-to-roll hot-drawing
process were shown to possess the excellent mechanical proper-
ties. The specific ultimate tensile strength and Young’s modulus
reaches up to 3.2 ± 0.5 and 109.3 ± 12.7 GPa, respectively, with a
drawing ratio of 60× and only 1 wt% loading of TrGO, which rep-
resent by far the highest reported to date for a polymer/graphene.
The employed experimental characterizations and molecular dy-
namics (MD) simulations revealed that the orientation of the
TrGO and the stronger interactions between PE matrix and TrGO
than the PE intermolecular (van der Waals) interactions could
boost the load transfer from PE matrix to TrGO and take full
advantage of the ultrahigh mechanical properties of TrGO. Fur-
thermore, Zhang et al. implemented a non-equilibrium deforma-
tion technique based on the dissipative particle dynamics to dis-
cover that the hierarchically packed network structure of polymer
tethered GNs plays an important role in governing the mechan-
ical properties of the PNCs, which is also found that the strain
hardening behaviors, emerged in the PNCs with larger polymer
length, mainly benefit from the stretching behaviors of the poly-
mers grafted to GNs.[33]

Despite of the advanced development of PNCs reinforced by
GNs both in experiments and theories, it is still room for the the-
ory about how the nature of the surface modifier bonded to GNs
influences the mechanical properties. The reinforcing mecha-
nism behind the surface modification of GNs is also not clear.
To offset these deficiencies, in the present work, we employed a
non-equilibrium deformation simulation based on standard MD
to explore the physical origin of distinct mechanical properties
of PNCs reinforced by polymer tethered GNs. The effect of teth-

ered polymer length and interaction strength on the mechani-
cal properties was first examined. Based on the calculations of
bond orientation and nonbonding potential, the contributions of
conformational entropy loss and interaction enthalpy gain to the
mechanical properties during the stretch process were clarified.
Finally, the radial distribution functions were performed to in-
dicate that the closer packing distance leads to the smaller free
volume and effectively restrict the movement of polymer chains,
which greatly contributes to the improvement in the mechanical
properties. The simulation results may provide useful guidance
for designing and preparing high-performance PNCs as well as
other advanced polymer matrix composite materials.

2. Experimental Section

2.1. Coarse-Grained Molecular Dynamics

A coarse-grained (CG) model of polymer tethered GNs reinforced
PNC (P/G-T) system was constructed, as illustrated in Figure 1.
In the present CG model, a bead represents a cluster of atoms,
involving plenty of repeat units. The matrix polymer (denoted by
P, Figure 1a) is modelled by a linear beads-spring chain consist-
ing of LP beads linked by LP-1 bonds (Bond-1, the blue lines in
Figure 1a). Each GN (denoted by G, Figure 1b), containing NG =
120 beads connected by bonds (Bond-2, the dark gray lines in Fig-
ure 1b), have 12 functional points (Figure 1b, i.e., surface func-
tionalized by 10%) to tether the surface-modifier polymer T. Like
the matrix polymer (P), the polymer (T) tethered to GN (G) is
also mimicked as a linear bead-spring chain consisting of L beads
linked by L bonds (Bond-1, the first bond is tethered to the poly-
mer tethered point on GN marked by a red arrow in Figure 1b),
which is omitted in Figure 1. The mass and diameter of each
polymer and GN bead is set to be m and 𝜎. To make the model
of GN (G) more reasonable, another kind of bonds (Bond-3, the
olive lines in Figure 1b) and the bond angles (denoted by 𝜃0, in-
dicated by the red arc in Figure 1b) were also introduced into the
model.[33] In according to the hexagonal structure of graphene,
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the bond angle (𝜃0) of Bond-2, the bond length of Bond-2 (lb2)
and Bond-3 (lb3) must satisfy[33]

𝜃0 = 120◦ (1)

lb3 =
√

3lb2 (2)

In general, for the CG simulations of polymer and carbon
materials, both the CG bond and angle potentials should be
considered.[34] Herein, the considered polymers, including P and
T, are modelled as flexible or coil chains, and therefore, the an-
gle potentials of the polymer chains vanished and were not con-
sidered. However, the angle potentials of the GNs could not be
omitted and would be discussed in the following. It is notable
that the CG hexagonal structures in Figure 1b do not correspond
to the carbon hexagonal structures in the GNs due to the fact that
one CG bead represents a cluster of carbon atoms in the GNs.
Actually, there are many feasible CG strategies for the GNs or
other kind of sheet-shaped nanofillers based on the single regular
polygon patterns,[10,33] known as (36), (44), and (63) Archimedean
tiling patterns.[35,36] In the present CG model, the simplest and
most reasonable pattern with regular hexagons were selected to
effectively mimic the structural, bendable, and foldable nature of
the GNs tailored by the two kinds of bond potentials (Bond-2 and
Bond-3) and the angle potentials of Bond-2.[33]

In the present MD simulations, the interaction potential in-
cludes the nonbonding potential Uij and bonding potential Ubond.
The nonbonding potential Uij is given by the modified Lennard–
Jones 12:6 (LJ126) potential acting between any pair of ith and jth
beads

Uij =
⎧⎪⎨⎪⎩

4𝜀ij
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(3)

where the 𝜖ij is the interaction parameter between beads i and j.
The rij

c is the cutoff distance for rij at which the potential is trun-
cated and shifted to yield zero energy and force. In the modified
LJ126 potential, the cutoff distance (rij

c) determines the attractive
(rij

c > 21/6𝜎) or repulsive (rij
c ≤ 21/6𝜎) interaction between i and j

beads, where the 𝜎 represents the distance unit in the MD simu-
lations. To prevent the GNs from aggregation, the cutoff distance
is set to be 21/6𝜎 (repulsive) for the G–G and G–T interaction,
that is, rGG

c = rGT
c = 21/6𝜎. The cutoff distance for P–P, P–G,

P–T, and T–T interaction is fixed at 2.5𝜎 (attractive). For conve-
nience and clearness, we use the superscript of positive (+) and
negative (−) sign for the interaction strength parameter (𝜖ij

+ or
𝜖ij

−) to describe the repulsive and attractive interaction between i
and j beads. In the present work, the length of matrix polymer LP
is set to be 24 without changing, while the interaction strength
of G–G, P–P, and T–T is fixed at 1.0𝜖, that is, 𝜖GG

+ = 1.0𝜖, 𝜖PP
−

= 1.0𝜖, and 𝜖TT
− = 1.0𝜖, where the 𝜖 represents the unit of en-

ergy in the MD simulations. The length of tethered polymer (L)
and the interaction strength parameters (𝜖GT

+, 𝜖PG
−, and 𝜖PT

−)
are variable.

The bonding potential Ubond is given by the modified finite ex-
tensible nonlinear elastic potential

Ubond = −0.5kbR0
2ln

[
1 −

(
r

R0

)2
]

(4)

where kb = 20𝜖/𝜎2 and R0 = 1.5𝜎 (for Bond-1 and Bond-2) or 2.5𝜎
(for Bond-3) is the elastic coefficient and the maximum extensi-
ble bond length, respectively. A cosine harmonic function (angle
potential) was used to further constrain the hexagonal structure
of graphene, written as

Uangle (𝜃) = 1
2

ka

(
cos𝜃 − cos𝜃0

)2
(5)

where ka = 50𝜖 is the angle spring constant and 𝜃0 = 120° is the
equilibrium angle.

In the present work, the total number of CG MD beads
was fixed at 12 000, containing 10 nanosheets of polymer teth-
ered graphene (each GN includes NG = 120 beads, that is, the
mass fraction of GNs in the P/G-T nanocomposite systems was
10NG/12 000 × 100% = 10%). All the MD simulations were car-
ried out by the large scale atomic/molecular massively parallel
simulator, developed by Sandia National Laboratories.[37] In the
MD simulations, to generate the initial configurations, a large
system was constructed with low volume fraction, which was
compressed to the volume fraction of 0.45. Based on the ini-
tial configurations, the MD simulations were performed in the
isothermal-isobaric (NPT) ensemble by using the Nose–Hoover
barostat and thermostat. During the MD simulations, the peri-
odic boundary conditions were imposed with a time step Δt =
0.004𝜏 (𝜏 denotes the unit time).

2.2. Nonequilibrium Simulation

The nonequilibrium deformation technique based on the stan-
dard MD method (NEMD) were implemented to simulate the
tensile behaviors of the P/G-T nanocomposite systems after
enough equilibration (107 MD simulation steps) subject to a uni-
axial deformation on the MD simulation box along the z direction
under the NVT ensemble with T = 1.0 and Δt = 0.001𝜏. As the
box is elongated in the z direction, the box lengths in the x and
y directions are changed simultaneously to keep the system vol-
ume constant. To make sure more physical sense, the simulated
P/G-T nanocomposite systems are assumed to have no volume
change and incompressible, and the Poisson’s ratio 𝜇 is set to
be 0.5. The uniaxial deformation occurs over the period of 100𝜏
and the strain rate is set as 0.0327/𝜏. For the assemble average of
stress, eleven tension tests were performed based on the equili-
brated structures and dynamics data collected from the last 105

MD simulation steps at every 104 steps. The more details of MD
model, MD simulations, and NEMD method can be found in the
former reported works.[10,11,38]

3. Results and Discussion

First, we examined the effect of L (the length of tethered poly-
mer) and 𝜖GT

+ (the strength of repulsive interaction between G
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Figure 2. a) Tensile properties of the pure homopolymer (P24) and polymer tethered GN reinforced PNC (P/G-TL) systems with different tethered
polymer lengths (L = 24 or 5) and repulsive interaction strengths (𝜖GT

+ = 1.0𝜖 or 10.0𝜖). Effect of the attractive interaction strength of a) P-G (𝜖PG
−), b)

P-T (𝜖PT
−), and c) comparison of the 𝜖PG

− and 𝜖PT
− on the tensile properties of the P/G-T nanocomposite systems with L = 24 and 𝜖GT

+ = 10.0𝜖.

and T) on the tensile properties of P/G-TL nanocomposite sys-
tems, as presented in Figure 2a. As a comparison, a model of pure
homopolymer with 24 beads (P24) was also constructed, where
the cutoff distance and repulsive interaction are corresponding
to the matrix polymer (P) in the P/G-T nanocomposite systems,
which is 2.5𝜎 (attractive) and 1.0𝜖, respectively. In general, the
P/G-T nanocomposite systems show a relative higher stress than
the pure polymeric system (P24, the blue curve in Figure 2a) at
the same strain, suggesting that the simulated P/G-T nanocom-
posite systems possess the better mechanical properties than the
pure polymeric system. For the interaction parameter (𝜖GT

+), the
stronger repulsive interaction between G and T produces the
higher tensile stress at the same strain (the red curve with 𝜖GT

+ =
1.0𝜖 and the black curve with 𝜖GT

+ = 10.0𝜖 in Figure 2a), which is
also revealed in the nanoparticle tethering polymers.[11,37] In ad-
dition, the length of tethered polymer (L) on GN unquestionably
shows an important role in determining the mechanical prop-
erties of the P/G-T nanocomposite systems, comparing the red
curve (larger L = 24) with the olive curve (smaller L = 5). In
the present work, the primary purpose is to clarify the effect of
reinforcements (including the tethered polymers and the GNs)
on the mechanical properties of the P/G-T nanocomposite sys-
tems. Therefore, in the following study, we just focus on the P/G-
T nanocomposite systems with better mechanical properties at
fixed L = 24 and 𝜖GT

+ = 10.0𝜖.
Figure 2b–d display the effect of the attractive interaction

strength (𝜖PG
− and 𝜖PT

−) on the mechanical properties of the
P/G-T nanocomposite systems with L = 24 and 𝜖GT

+ = 10.0𝜖. As
shown in Figure 2b (or Figure 2c), the tensile stress increases as
the 𝜖PG

− (or 𝜖PT
−) increases at the same strain, indicating that the

increase in the strength of attractive interaction between matrix
polymer P and GNs G (or tethered polymer T) could effectively

improve the mechanical properties of the P/G-T nanocomposite
systems. For the strength of attractive interaction between matrix
polymer (P) and tethered polymer (T), it can be further seen from
Figure 2c (at smaller strain < 10%) that the tensile modulus of
the P/G-T nanocomposite systems dramatically increases as the
𝜖PT

− increases. The detail information about the tensile modulus
would be discussed later. Shown in Figure 2d is the comparison
of the effect of 𝜖PG

− and 𝜖PT
− on the tensile behaviors of the P/G-T

nanocomposite systems, which demonstrates that the strength-
ening in the attractive interaction between matrix polymer and
tethered polymer (𝜖PT

−, the blue and olive cures in Figure 2d)
has a better effect on the mechanical properties (including the
tensile stress and modulus) compared to the increase in the at-
tractive interaction between matrix polymer and GNs (𝜖PG

−, the
black and red curves in Figure 2d).

To further examine the effect of the attractive interaction
strength between matrix polymer and tethered polymer (𝜖PT

−),
the tensile behaviors of the P/G-T nanocomposite systems with L
= 24, 𝜖GT

+ = 10.0𝜖, and 𝜖PG
− = 3.0𝜖 (the middle attractive interac-

tion strength between matrix polymer and GNs) was investigated,
as embedded in Figure 3. It can be seen from Figure 3a that as
the 𝜖PT

− increases, the stress at the same strain increases rapidly,
which becomes more markedly at relative larger strain region.
The stress–strain relationship or tensile behavior is more compli-
cated at smaller strain region than larger strain region. At smaller
strain region, the stress–strain curves show a common character
(elastic behavior) that the tensile stress increases approximately
linearly, indicating that the P/G-T nanocomposite systems can
be considered as an ideal elastomer at lower strain region. By
the linear fitting of the stress–strain curve within 2.0% strain,
the tensile modulus could be obtained and was found to increase
with increasing the 𝜖PT

−, as shown in Figure 3b. It suggests that
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Figure 3. Effect of the attractive interaction strength of P-T (𝜖PT
−) on the

tensile properties of the P/G-T nanocomposite systems with L = 24, 𝜖GT
+

= 10.0𝜖, and 𝜖PG
− = 3.0𝜖: a) stress–strain relationship; b) tensile modulus

and yield strength versus 𝜖PT
− calculated from (a).

the tethered polymer (T) with greater affinity for the matrix poly-
mer (P) shows a more superior effect on enhancing the P/G-T
nanocomposite systems. In addition to the elastic behavior, the
yield behavior with obvious and well-defined yield point occurs
in the stress–strain curve at low strain region with larger 𝜖PT

−

(e.g., 𝜖PT
− = 3.0𝜖, 4.0𝜖, and 5.0𝜖, corresponding to the blue, olive,

and magenta stress–strain curve in Figure 3a, respectively), while
the yield phenomenon is unobvious with smaller 𝜖PT

− (e.g., 𝜖PT
−

= 1.0𝜖 and 2.0𝜖, corresponding to the black and red stress–strain
curve in Figure 3a, respectively). The plot of yield strength (the
stress at yield point in Figure 3a) with respect to 𝜖PT

− from 3.0𝜖 to
5.0𝜖 was presented in Figure 3b. As can be seen form Figure 3b,
the yield strength shifts up to higher value with strengthening
the attractive interaction between matrix polymer (P) and teth-
ered polymer (T), 𝜖PT

−.
To get a deep insight into the influencing mechanisms of the

polymer tethered GNs on the tensile stress–strain behaviors, the
order parameter of bond orientation for matrix polymer (P) and
nonbonding potential during the stretching process were further
examined, as illustrated in Figure 4a,b, respectively. The order
parameter of bond orientation was characterized by the second-
order Legendre polynomials <P2> = (3<cos2𝜃>−1)/2, reflecting
the chain alignment along the deformed direction, where the 𝜃

is the angle between bonds and deformed direction. As shown

Figure 4. a) Order parameter<P2> of bond orientation for matrix polymer
and b) changes of nonbonding potential ΔEpair between deformed and
undeformed states with respect to the strain during the stretching process
of the P/G-T nanocomposite systems at various 𝜖PT

− with 𝜖GT
+ = 10.0𝜖

and 𝜖PG
− = 3.0𝜖.

in Figure 4a, the order parameter <P2> of matrix polymer (P)
shifts upward (increases) as the 𝜖PT

− increases at any equal strain
for the smaller 𝜖PT

− (e.g., 𝜖PT
− = 1.0𝜖, 2.0𝜖, and 3.0𝜖), while the

<P2> shows slightly affected by the 𝜖PT
− as it become larger. For

instance, the curve of<P2> versus strain for 𝜖PT
− = 4.0𝜖 (the olive

curve in Figure 4a) is almost overlapped with the curve for 𝜖PT
−

= 3.0𝜖 (the blue curve in Figure 4a).
Usually, the generated tensional stress arises from the loss

of conformational entropy and the increase of interaction
enthalpy.[39,40] The bond orientation (measured by <P2>) only
contribute to the tensile stress in terms of the conformational
entropy loss. The increase in interaction enthalpy can be em-
bodied by the change of nonbonding potential ΔEpair during the
stretching process, which is the difference of overall nonbonding
potentials between deformed and undeformed states. The vari-
ation of ΔEpair as a function of strain at various 𝜖PT

− during the
stretching process was placed in Figure 4b. It is can be convinced
from Figure 4b that the ΔEpair becomes larger when the 𝜖PT

− is
larger, implying that the nonbonding potential interactions make
greater contributions to the tensile stress at larger 𝜖PT

− during
the stretching process. Note that the higher bond stretching
(orientation) results in the larger conformational entropy loss
and the larger nonbonding potential increment leads to the
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Figure 5. a) Radial distribution functions g(r) between matrix polymer (P)
and tethered polymer (T) for the P/G-T nanocomposite systems at various
𝜖PT

− with 𝜖GT
+ = 10.0𝜖 and 𝜖PG

− = 3.0𝜖. b) The g(r) value at the prominent
peak (r = 21/6𝜎) as a function of 𝜖PT

− obtained from (a).

larger interaction enthalpy gain. Under the synergistic action
of enthalpy and entropy, the polymer tethered GNs reinforced
PNC systems possess the higher tensile stress (Figures 2 and 3),
modulus (Figure 3b), and yield stress (Figure 3b) at stronger
attractive interaction between matrix polymer and tethered
polymer, 𝜖PT

−. It can also be concluded and predicted that the
greater enhancement effect on mechanical properties of the
P/G-T nanocomposite systems can also be observed at stronger
attractive interaction between matrix polymer and GNs, 𝜖PG

−, as
preliminarily resulted in Figure 2b.

On behalf of deep insight into the physical origin of the en-
hanced mechanical properties of the P/G-T nanocomposite sys-
tems with larger 𝜖PT

− (the stronger attraction between matrix
polymer and tethered polymer), the radial distribution functions
g(r) between matrix polymer (P) and tethered polymer (T) for the
P/G-T nanocomposite systems at various 𝜖PT

− were performed,
as shown in Figure 5. The radial distribution function, g(r), also
called pair distribution function or pair correlation function, is an
important structural characteristic, which represents the proba-
bility to find an atom in a shell dr at the distance r of another
atom chosen as a reference point. The peak position and intensity
of typical peaks in g(r) can determine the packing geometry.[41,42]

For all the P/G-T nanocomposite systems, the g(r) plots show a

Figure 6. Plot of a) total volume V as a function of 𝜖PT
− and b) MSD as

a function of time for the matrix polymer (P) at various 𝜖PT
− with 𝜖GT

+ =
10.0𝜖 and 𝜖PG

− = 3.0𝜖.

prominent peak at the equilibrium distance (r = 21/6𝜎), suggest-
ing that a large number of tethered polymers directly contact with
matrix polymers. The g(r) peak intensity increases significantly as
the 𝜖PT

− increases from 1.0𝜖 to 5.0𝜖, as presented in Figure 5b.
This indicates that the matrix polymers are closer to the tethered
polymers leading to a better reinforcement (polymer tethered
GN, G-T) dispersion in the P/G-T nanocomposite systems and
the stronger attractive interaction.[42] Moreover, the closer pack-
ing distance between matrix polymers and tethered polymers in-
duces the smaller free volume and would effectively restrict the
movement of polymer chains, which makes great contributions
to the improvement in the mechanical properties including the
tensile stress and modulus, etc.

For more intuitively, the calculations of the total volume and
the mean-squared displacement (MSD) were also supplemented
to show that the free volume are reduced and the movement
of polymer chains are restricted with the increase of 𝜖PT

−,
respectively, as presented in Figure 6. The total volume, V =
V0 + Vf, as a function of 𝜖PT

− was plotted in Figure 6a, which
shows a decrease as the 𝜖PT

− increases, indicating that the free
volume (Vf) decreases due to that the excluded volume (V0) of
the P/G-T nanocomposite system is fixed without changing. The
temporal evolution of the MSD as a function of time for the
matrix polymer (P) at various 𝜖PT

− was presented in Figure 6b,
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which was obtained from the MD simulations at the equilibrium
state through MSD = [R(t) − R(0)]2, where the R(t) and R(0)
is the position of center-of-mass of MD atoms at time t and
0, respectively.[43] It can be seen from Figure 6b that the value
of MSD decreases as the 𝜖PT

− increases at the same time (t),
suggesting that stronger attraction between P and T (larger 𝜖PT

−)
would effectively restrict the mobility of the matrix polymer
chains to improve the above-mentioned mechanical properties.

Before leaving this section, we would like to remark on the ef-
fect of the polymer chain entanglement or winding on the me-
chanical properties of the P/G-T nanocomposite systems. It is
well known that the interfacial strength between matrix and rein-
forcements play a key role in determining the mechanical prop-
erties of the composite systems. In the studied P/G-T nanocom-
posite systems, the interfacial strength should be divided into two
parts: the nonbonding interactions (LJ potentials, i.e., ΔEpair in
Figure 4b, as mentioned above)[44] and polymer chain entangle-
ment or winding (i.e., mechanical interlock). The mechanical in-
terlock between P and T has a great influence on the interfacial
strength. In the presented MD simulations, we could not char-
acterize the polymer chain entanglement directly. However, the
polymer chain entanglement could be indirectly reflected by the
<P2> and the polymer chain mobility, where the higher degree
of polymer chain entanglement leads to higher value of <P2>

at the same strain (Figure 4a) and higher restriction of polymer
chain movement (i.e., lower value of MSD at the same time, as
shown in Figure 6b). In these aspects, the increase in the interfa-
cial strength (𝜖PT

−) would result in the higher degree of mechan-
ical interlock between P and T, which makes contributions to the
mechanical properties.

Overall, the present MD simulation results revealed the phys-
ical principles of distinct mechanical properties of the PNCs re-
inforced by polymer tethered GNs and may provide useful in-
formation for designing and preparing advanced PNC materi-
als with excellent performance. However, it still remains a room
for further discovery both in fundamental and applied study in
nanosheet-reinforced PNC materials, such as compressive prop-
erties, viscoelasticity, thermal and electrical properties, as well as
the mechanism behind the modification and improvement, etc.,
which are all worthy of being demonstrated to promote the devel-
opment and practical application of the advanced PNC materials.

4. Conclusions

In the present work, we employed the non-equilibrium defor-
mation technique based on the standard MD (NEMD) to re-
veal the physical origin of distinct mechanical properties of the
PNCs reinforced by polymer tethered GNs (P/G-T). The teth-
ered polymer length (L) and interaction strength play important
roles in improving the tensile properties, including tensile stress,
modulus, and yield strength, showing that the P/G-T nanocom-
posite systems exhibit improved tensile properties as the L and
the interaction strength increases. The increase in the attractive
interaction strength between matrix polymer (P) and tethered
polymer (T) has a better effect on mechanical properties than
that between P and GN in the P/G-T nanocomposite systems.
It was convinced that the bond orientation and nonbonding po-
tential is of crucial importance in determining the mechanical
properties of the P/G-T nanocomposite systems. Finally, it was

also found that the stronger interfacial interactions would in-
duce the closer packing distance with smaller free volume, higher
polymer chain entanglement, and higher restriction of polymer
chain movement, which synergistically make great contributions
to the improvement in the mechanical properties of the P/G-T
nanocomposite systems. The results obtained from these simu-
lations may provide useful guidance for designing and preparing
high-performance PNCs as well as other advanced polymer ma-
trix composite materials.
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