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ABSTRACT: An understanding of the structure—property

relationship in polymer/nanorod (NR) nanocomposites is of

fundamental importance in designing and fabricating polymer
nanocomposites (PNCs) with desired properties. Here, we study
the structural, mechanical, and viscoelastic properties of polymer-
grafted NR filled PNCs, using coarse-grained molecular dynamics
simulation. The mechanical reinforcement efficiency is found to
be determined by the NR/polymer interfacial properties, which
are in turn modulated by the grafting density, the grafted chain
length, and the graft—matrix interaction strength. By systemati-
cally analyzing the evolution of the polymer-grafted NRs during
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mechanical deformation, we find that the NRs aligning side by side with each other do not contribute much to the mechanical
reinforcement. Simulation results also indicate that the strain-dependent viscoelastic behavior (the Payne effect) originates from
the failure of the local filler network and, especially, NR clusters constructed via site-to-site contacts. PNCs with low grafting
density and short grafted chains are found to form NR aggregates, mostly through the site-to-site contact state, which leads to a
more pronounced Payne effect as reflected in the slope of the storage modulus versus shear amplitude. Furthermore, for stronger
graft—matrix interactions, the NRs dispersed in the polymer matrix act as the temporary cross-linking points for a polymer shell
layer-bridged NR network, accounting for the significant improvement in the mechanical property and the large increase in the
Payne effect at high graft—matrix interaction strengths. In general, higher grafting density, longer grafted chains, and moderate
graft—matrix interactions can effectively minimize the nonlinear viscoelastic behavior of PNCs.

1. INTRODUCTION

Polymer nanocomposites (PNCs) composed of one-dimen-
sional nanorods (NRs) have attracted considerable interest, and
many potential applications have been proposed such as optical
devices,"* biosensing,3 semiconducting devices,* photovoltaic
devices,® etc. However, two significant challenges still confront
the realization of the full potential of NR-based PNCs:
controlling the microstructure and morphology of the NRs
and developing a predictive understanding of morphology—
property relationships.’

The most widely used strategy to regulate the spatial
organization of the NRs in the polymer matrix is to graft
polymer chains onto the NRs to form polymer layers. By tuning
the graft—matrix interfacial interactions, polymer-grafted NRs
in PNCs have been shown to form a variety of different
equilibrated structures, such as end-to-end alignment, side-by-
side alignment, isolated NRs, and other irregular structures.”'°
Considerable theoretical and experimental efforts have been
devoted to understanding the dispersion behavior of polymer-
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grafted NRs influenced by various factors such as the grafting
density, the grafted chain length, the aspect ratio of NRs, the

'~17 For example, uniformly grafted

NR volume fraction, etc.'
NRs were found to be preferentially aligned side-by-side to
form the thermodynamic stable aggregation state.'® By
increasing the NR volume fraction, the NR arrangements
gradually evolve from the well-dispersed state to the side-by-
side alignment, to the end-to-end alignment, and to a
percolated network formed by end-to-end alignment."® Our
previous work also indicated that the polymer-grafted NRs
evolved from a macroscopic phase-separated state between NRs
and polymer matrix, to a homogeneous dispersion of NRs, and
to “tele-bridging” of NRs via matrix chains by increasing the
miscibility between grafted chains and matrix chains."
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Understanding the factors controlling the mechanical and
viscoelastic properties of nanocomposites is of crucial
importance in tailoring the processing and manufacturing
properties. However, while numerous fundamental studies have
been conducted to understand how various factors influence
the dispersion behavior of NRs, the effect of grafted polymer
chains on the resulting mechanical and viscoelastic progerties of
PNCs has received considerably less attention.”**~** For
instance, by preparing the polyurethane nanocomposites
composed of ZnO NRs, Kroener et al. found that the tensile
modulus was improved by surface modification of NRs.”’
Similar results were obtained by Wang et al. usin§ 4,4'-
diphenylmethane diisocyanate-grafted attapulgite NRs.”* Car-
bon nanotubes (CNTs) grafted with polymer chains or small
molecules have also proven to efficiently enhance the
mechanical and thermal properties of CNT-based PNCs due
to the improved interfacial interactions.”>*® However, the
dependence of the mechanical and viscoelastic properties of
PNCs on the microstructure of polymer-grafted NRs remains
elusive.

Computer simulation techniques provide an attractive
approach to probe the structure—property relationships of
PNCs. For example, the nucleation and growth of voids in
PNCs containing bare NRs were directly probed by
Toepperwein and de Pablo using coarse-grained Monte Carlo
(MC) and molecular dynamics (MD) simulations.”” They also
investigated the influence of the aspect ratio of bare NRs on the
mechanical properties and the relaxation dynamics during the
uniaxial deformation.”® Balazs and co-workers combined
Cahn—Hilliard theory and Brownian dynamics (BD) to predict
the structural evolution and the mechanical property of PNCs
containing bare NRs and found that the reinforcement
efficiency of NRs in doubly percolating system was significantly
increased.”” However, the focus of such simulation studies has
been on the structural and mechanical properties of PNCs
composed of bare NRs, and relatively fewer studies have
addressed the viscoelastic properties of PNCs containing
polymer-grafted NRs. With the use of MD simulations, Arya
et al. found that the multiblock copolymer composed of “hard”
and “soft” segments would form interconnected, rod-shaped,
hard domains surrounded by soft matrix, leading to the increase
in mechanical reinforcement.*® In other work, Hattemer and
Arya also elucidated the role of spherical nanoparticle (NP)
grafts in the frequency-dependent viscoelastic properties of
PNCs using equilibrium MD simulations.”’ Raos and co-
workers have carried out coarse-grained dissipative particle
dynamics (DPD) simulations of polymer materials filled with
spherical NPs to examine the effect of filler dispersion state on
the Payne effect of PNCs in terms of the amplitude dependence
of the storage modulus.>**> In our previous work, we
investigated the effects of the grafting density and grafted
chain length on the structural, mechanical, and viscoelastic
properties of polymer-grafted spherical NP composites.”* Our
results suggested that the increased mechanical and reduced
nonlinear viscoelastic properties were correlated to the
favorable graft—matrix interfacial interactions.

Much of the above-discussed past studies have been
concerned with the properties of polymer-grafted, spherical
NPs dispersed in polymer matrices.>> ™ In contrast, little
clarity exists on the influence of particle anisotropy, such as
arising in the context of grafted NRs, on the mechanical and
viscoelastic properties. Motivated by such issues, in the present
work, we use coarse-grained molecular dynamics (CGMD)
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simulations to understand how polymer chains grafted onto
anisotropic NRs affect the mechanical and viscoelastic proper-
ties of PNCs. We here employ the same simulation systems as
in our previous work'® which studied the dispersion/
aggregation behavior of NRs. We systematically investigate
the effects of the grafting density and grafted chain length on
the tensile stress—strain behavior and the amplitude depend-
ence of the storage modulus.

For filler-reinforced PNCs, an important feature is the
nonlinear mechanical behavior and the resulting Payne effect.
When subjected to small deformations, the elastic modulus has
been observed to drop significantly, and the resulting decrease
(relative to the original modulus) is quantified as the Payne
effect. The Payne effect is of fundamental importance in
applications such as the rolling resistance and the durability of
rubbers. Motivated by such considerations, in this work, we
probe the role of the grafted polymer chains on the NR
dispersion state and the NRs/polymer interface and examine
the evolution of the polymer-grafted NRs during the
deformation to derive insights into the morphological features
underlying mechanical reinforcement and the Payne effect. In
addition, considering that the grafted polymer may not be
chemically identical to the matrix polymer in most real
applications, we also investigate the effect of the miscibility
between grafted chains and matrix chains by tuning the
thermodynamic interaction parameter between them. From our
results, we find that the NRs in side-by-side alignment do not
contribute significantly to the mechanical reinforcement, and
the failure of NR clusters formed via site-to-site contacts is
responsible for the Payne effect. Given that the grafting of the
polymer chains onto NRs adds an adjustable parameter for
tailoring the properties of PNCs, our results could provide
guidelines for the optimization and design of such PNCs for
specific applications.”®

2. MODEL AND SIMULATION METHODS

2.1. Model and Interactions. In our simulations, we
consider nanorods (NRs) uniformly grafted with polymer
chains embedded in an un-cross-linked homopolymer matrix.
The polymer chains are modeled as fully flexible bead—spring
chains,* with the length L, for the matrix chains and L, for the
grafted chains. Depending on the simulated system, L, ranges
from 4 to 12 beads, and L, is fixed at 30 beads. In most
experimental cases, the grafted chains are always much shorter
than the matrix chains. Therefore, it is reasonable and practical
to consider the case of L, < L,,. Although the matrix chains
considered in our simulations are rather short, they already
display the typical behavior of polymer chains. The grafted
chains composed of 4 or 6 monomers, however, are not
polymeric but do closely mimic the shorter oligomers which are
often used in NR dispersions. Since the chain length in our
simulation is much shorter than the critical entanglement
length,**~* our study is representative of unentangled systems.
The total number of polymer beads in the simulation is 7200.
The adjacent beads in each polymer chain are connected via a
stiff finite extensible nonlinear elastic (FENE) potential:

2
Upgng = —0.5kR,> In| 1 — (L]
0

(1)

where k = 30¢/6” and Ry, = 1.50, guaranteeing a certain stiffness
of the bonds while avoiding high-frequency modes and chain
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crossing. Since it is not our aim to study any specific polymer,
we use the reduced L] units where ¢ and € are set to unity.
Thus, all calculated quantities are dimensionless. Furthermore,
all nonbonded interactions between polymer beads, including
matrix—matrix, matrix—graft, and graft—graft, are described by
the truncated and shifted Lennard-Jones (LJ) potential:

0.0 = 4sppl(%)n - (%)6] +C r<2sc

0 r> 250

@)

where the site-to-site interaction is cut off at the distance of
2.50 to include the attractive part and C is a constant to
guarantee that the potential energy is continuous everywhere.
The interaction strength &, is set to 1.0. The graft—matrix
interaction strength &, is modulated to mimic the compati-
bility between grafted chains and matrix chains.

The rigid NR is also constructed through the bead—spring
model.'”** The bonded interaction between two consecutive

beads is represented by a stiff harmonic potential:

Ubond = kr(r - r())z (3)

where k, = 1000¢/0> is the spring constant. The equilibrium
bond distance 7, is set to 26/3, thereby conferring a smooth
surface to the NR. Each NR consists of 16 beads, rendering the
NR an aspect ratio of 11 and a diameter of 16. We note that if
we take the length unit ¢ to be on the order of 1—4 nm, then
our NRs would correspond to small diameter Au NRs or CdSe
NRs or short SWCNTs. Meanwhile, the shape of the inclusions
is enforced by the bending potential:

Ubend = k@(e - 60)2 (4)

where ky is equal to 200&/rad” to ensure the rodlike character. &
is the bending angle between triplets of NR beads, and 6, is
equal to 180°. The NR will indeed retain its shape even under
the deformation, as evidenced by the change in the bonded
energy and bending energy shown in Figure S1 of the
Supporting Information. The pairwise interactions between
NRs, U,,, and between NRs and polymer, Uy are governed by
the same L] potential function in eq 2 with the cutoft distance
equal to r g = 2.50. The interaction strength parameters ¢,
and ¢,, are both set to 1.0 in a unified manner.

The grafted chains are uniformly attached to the surface of
NRs using FENE springs (eq 1). The number of grafted chains
per NR, N, is determined from the grafting density (X)
according to N, = £ X zD,L,, where D, is the cross-section
diameter of NR and L,, is the length of NR. Since there is a one-
to-one correspondence between X and N, we use the
parameter N, to denote the grafting density. The grafting
density in our simulation ranges from N, = 4 to N, = 20,
covering a broad regime of grafted layers spanning from the
mushroom to the brush conformation. The ratio of the radius
of NRs to the radius of gyration of grafted chains ranges from
0.35 to 0.61. Thus, our simulations correspond to PNCs
containing monodisperse rodlike fillers which are grafted with
polymer chains of bigger size than the filler’s diameter. All of
our simulation systems contain S0 NRs with the volume
fraction equal to 4.9%. Detailed information about the model
PNCs with different grafting densities and grafted chain lengths
is listed in Table 1.

2.2. Molecular Dynamics Simulations. The simulations
are started from a nonoverlapped configuration of all the matrix
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Table 1. Parameters of Each Simulation System Examined”

system %) Ng Lg/ Ty ng/ T
1 bare 0 0/30 0/240
2 0.12 4 6/30 200/200
3 0.23 8 6/30 400/160
4 0.34 12 6/30 600/120
S 0.58 20 6/30 1000/40
6 0.30 10 4/30 500/173
7 0.30 10 8/30 500/107
8 0.30 10 12/30 500/40

“Surface grafting density = X, number of grafted chains per NR = N,
length of grafted chains = L,, length of matrix chains = L, total
number of grafted chains = 11y, and total number of matrix chains = n,,

chains and polymer-grafted NRs in a large simulation box.
Then the NPT ensemble is applied to compress the simulation
box by using the Nosé—Hoover thermostat and barostat, until
the reduced number density of polymer is kept around p*
0.85, corresponding to the density of polymer melts.** During
the simulation, periodic boundary conditions are implemented
in all three directions to eliminate edge effects. The equations
of motion are integrated using the velocity-Verlet algorithm
with a time step At = 0.0017, where 7 denotes the L] time unit
7 = (mo?/€)"?. The obtained structures are further equilibrated
under the NVT ensemble with T* = 1.0, which is far above the
glass transition temperature of PNC systems examined (see
Figure S2 of the Supporting Information). The equilibration
process is performed over a long time (more than 1 million
timesteps for our simulation) to ensure that each polymer chain
has moved at least 2R, (R, is the radius of gyration of polymer
chain). We collect the structure and dynamics data for
ensemble average, and statistical error bars are included to
indicate the standard deviation of data.

After sufficient equilibrium, the uniaxial deformation and the
oscillatory shear deformation are applied via the SLLOD
equations of motion.*” During the uniaxial deformation, the
simulation box is stretched to a strain of e in the tensile
direction, while the box lengths in the other two directions are
simultaneously adjusted to keep the volume constant. This is
because rubbery materials are often regarded as incompressible
during the deformation process.*® The tensile strain rate &7 is
set to be 0.0327/7, which is the same as the simulation work
from Gao et al.*”** Independent tests confirmed that the
qualitative features of the results presented herein are
independent of the strain rate (Figure S3). The average tensile
stress o is obtained from the deviatoric part of the stress tensor
or = (1 + p)(=Pr + P), where Y(P;/3) is the hydrostatic
pressure and Py is the normal pressure component in the strain
direction. The parameter y stands for Poisson’s ratio, which is
equal to 0.5 here. It is noted that all the simulation results have
been averaged over three independent directions.

During the oscillatory shear deformation, the upper xy-plane
of the simulation box is shifted in both directions along the x-
axis. The shear strain is characterized by a sinusoidal function
y(t) = y, sin(2zvt), where y, and v are the oscillatory shear
strain amplitude and shear frequency, respectively. To maintain
the stability of the temperature in the system, the shear
frequency is set to a low value of v = 0.00177" to ensure that
the heat generated by the oscillations is removed from the
system timely. Arguably, the low-frequency response is of more
significance in practical applications of PNCs than the high-
frequency response.”’ The shear strain amplitude ranges from
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Figure 1. (a) Comparison of the inter-rod radial distribution functions g(r) for different grafting densities (Ng). The grafted chain length is L, = 6.
(b) Snapshots of NR-filled polymer systems with different grafting densities. The red spheres denote the NR beads. For visual clarity, the polymer
chains are not shown. (c) Ensemble averaged coordination number C, as a function of grafting density. (d) Direct contacts of NRs with the matrix
polymer segments, the grafted chain segments, and all the polymer segments as a function of grafting density.

0.05 to 0.5. The average shear stress o is obtained from the
deviatoric part of the stress tensor o5 = P,, = P,,. For the
oscillatory shear deformation, the shear stress can also be
expressed by a sinusoidal function:

0,(t) = oy sin(2avt + 8) = o'sin(27vt) + ¢"cos(2avt)
(8

where o, is the stress amplitude and & is the loss angle.
Consequently, the storage modulus G” and the loss modulus G”
can be derived from the 6" and ¢” parameters by G" = ¢’/y, and
G" = 0"/y,. All the MD simulations are executed through the
large scale atomic/molecular massively ;Jarallel simulator
(LAMMPS) molecular dynamics package.” More simulation
details can be found in our previous work.'”**

3. RESULTS AND DISCUSSION

3.1. Effect of Grafting Density (Ng) on the Morphol-
ogy. We begin by briefly discussing the influence of the
grafting density N, on the morphology and structure of the NR
composites. The graft—matrix interaction is set to &,, = 1.0,
modeling weak attraction between grafted chains and matrix
chains. The inter-rod radial distribution functions (RDFs)
corresponding to different grafting densities are shown in
Figure la and the corresponding snapshots in Figure 1b. Bare
NRs are seen to be agglomerated in a side-by-side manner
(Figure 1b) with two distinct peaks in the radial distribution
functions (Figure S4). With an increase in grafting density, the
NRs are seen to become more dispersed, manifesting as a
decrease in the intensity of the aggregation peaks. The side-by-
side assemblies of NRs disappear at the high grafting density of
N, = 20, as shown in Figure 1b. Such results are in agreement
with our previous work, ~ in which a more detailed analysis of
the dispersion behavior and the underlying dispersion
mechanisms were discussed.

In the transition of NR spatial distribution state from
aggregation to uniform dispersion, the NRs in side-by-side
alignment are seen to become reorganized into a combination
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of (i) smaller clusters in side-by-side alignment, (ii) clusters
formed via site-to-site contacts (such as end-to-end alignment,
end-to-side alignment, etc.), and (iii) isolated NRs. In order to
quantify such NR organization characteristics, we have
calculated the ensemble averaged coordination number, C,
which is defined as the average number of neighboring NR
beads within the center-to-center distance of 1.25¢ (connected
by either site-to-site or side-by-side). The computation
procedure of side-by-side alignment and site-to-site contact
between NRs is described in detail in the Supporting
Information. As seen in the results displayed in Figure Ic,
bare NRs preferentially aggregate in a side-by-side manner,
whereas for the polymer-grafted NRs, the majority of NR
aggregations are in the site-to-site contact state. Further, the
total coordination number of polymer-grafted NRs is seen to be
dramatically reduced by raising the grafting density. Notably,
the isolated NRs increase monotonically with the increase of
the grafting density, suggesting the significant improvement in
the NR dispersion."

In addition to the NR dispersion, the interfacial binding/
mixing between NRs and polymer chains is another critical
factor governing the mechanical and viscoelastic properties of
NRs filled PNCs. To characterize such properties, the number
of direct contacts between NRs and polymer segments was
quantified as a measure of the overall NRs/polymer interface,
and the results are displayed in Figure 1d. Based on our
simulation model, the NR is considered to directly contact with
polymer segments when the center-to-center distance between
any of NR beads and polymer bead is less than 1.256, the first
peak position in the radial distribution function. When the
grafting density increases, the NRs will contact with more
grafted chains and less matrix chains, with the net effect of
increase in total NRs—polymer contacts. As expected, it is seen
that the NR dispersion state is inextricably linked to the total
NRs/polymer interface. Besides, we note that despite the
decrease of the NRs—matrix contacts, the overall NRs—matrix
interface is actually improved (as a consequence of being in the
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Figure 2. (a) Tensile stress—strain curves of simulated PNC systems with different grafting densities. (b) Initial elastic modulus and the asymptotic
elastic modulus as a function of grafting density. (c) Elastic modulus—strain curves obtained from the fitted stress—strain curves through the
equation of 61/(1 — 272) = C; + C,/(Cyd + C,A72 + Cs), where C._;_s is the fitting parameter and 4 = 1 + ;. (d) Characteristic strain of decay for

the elastic modulus &, plotted vs grafting density.
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Figure 3. (a) Storage modulus versus dynamic strain amplitude for simulated systems with different grafting densities. The shear frequency is v =
0.00177". (b) Storage modulus drop (AG'/G}) as a function of grafting density. The grafted chain length is L, =6

wet brush regime, Ny > 8),17’19 as demonstrated by the increase
in the matrix monomer density around the NRs (Figures SS
and S6). Such a behavior can be ascribed to the increase in the
mixing entropy of the graft and matrix upon wetting.

3.2. Mechanical Properties and Dynamical Viscoelas-
tic Response of PNCs. Having quantified the effect of the
grafting density on the NR dispersion state and the NRs/
polymer interface, we now discuss the results for mechanical
properties of NR filled PNCs. Figure 2a displays the tensile
stress—strain behavior for different grafting densities. As can be
seen, each PNC exhibits an elastic response under very small
deformation, followed by the strain softening at larger
deformations. With an increase of the grafting density, the
tensile stress under the same strain is markedly enhanced,
indicating better mechanical reinforcement.

To better quantify the mechanical properties, the instanta-
neous elastic modulus, which is defined as the ratio of the
tensile stress to the tensile strain, is obtained from the fitted
stress—strain curves.’’ The fitting equation is expressed as o/
(A=21%) =C, + G/(Cd + CA™* + Cs), where C_;_s is the
fitting parameter and A = 1 + er. A detailed description of the
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curve fitting is given in the Supporting Information. In Figure
2¢, the dependence of the elastic modulus on the tensile strain
is plotted. It is seen that the elastic modulus is almost constant
when the system is subjected to small deformations but drops
sharply by nearly 2 orders of magnitude with further increase of
the tensile strain and reaches an asymptotic value at relatively
large strains. In particular, the initial elastic modulus, which
gives the indication of the mechanical reinforcement, is seen to
be improved by increasing the grafting density. Further, the
asymptotic elastic modulus is also seen to increase with the
grafting density.

Qualitatively, the strain-induced nonlinear behavior of the
elastic modulus is quite similar to the experimentally observed
“Payne effect”, the features of which were discussed earlier.” In
order to quantify the dependence of the nonlinear behavior on
the grafting density, we have calculated the characteristic strain
of the decay for the elastic modulus, €., which is defined as the
strain when the elastic modulus decays to a certain value (e.g.,
E./E, = 1/e or E./E, = 1/2). The characteristic strain typically
measures the decay rate of the elastic modulus with respect to
the tensile strain and can serve to quantify the nonlinear
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behavior of PNCs. From the results displayed in Figure 2d, it
can be seen that with an initial increase in the grafting density,
the characteristic strain of the decay becomes slightly reduced.
However, with further increase of the grafting density, the
characteristic strain of the decay increases substantially,
indicating a significant reduction in the nonlinear behavior of
the PNCs.

In the context of viscoelastic properties of PNCs, we again
concentrate on the so-called “Payne effect”, namely the
amplitude dependence of the storage modulus. Figure 3a
shows the storage modulus as a function of the dynamic strain
amplitude for simulated systems with varying grafting densities.
Herein again, the storage modulus of each PNC system is seen
to fall off nonlinearly with the increase of the strain amplitude,
which is in similar to the experimental observations of the
Payne effect.”’ > Besides, the PNC systems with more dense
brushes exhibit much higher storage modulus under the same
strain amplitude, reflecting more effective mechanical reinforce-
ment. For instance, the storage modulus at low strain amplitude
G005 and the storage modulus at high strain amplitude G, _o 5
are both seen to be enhanced with the increase of the grafting
density.

To explicitly quantify the Payne effect from the viscoelastic
properties, we calculate the storage modulus drop with
increasing the strain amplitude (AG'/G{ (Gy=00s

Gy-05)/Gyz00s)- For elastomeric polymer materials, a smaller

storage modulus drop AG’/G indicates a weaker Payne effect
and less energy dissipation during the dynamic shear
deformation. As shown in Figure 3b, the Payne effect of NR-
filled composite materials (AG'/G}) is gradually reduced by
increasing the grafting density, with the exception the of N, =4
system which has a maximum storage modulus drop. Indeed,
the behavior of these nonlinear characteristics is seen to be very
similar to the change of the elastic modulus with respect to the
tensile strain discussed in the context of Figure 2d.

The linear behavior of the PNC composites and the
mechanical reinforcements evident in Figure 2 are consistent
with the general picture that the grafted chains enhance the
dispersion and the contact between the matrix and NRs (Figure
1d) and thereby influence the mechanical strength of PNCs.
The nonlinear behavior of PNCs, on the other hand, is often
attributed to the failure of rigid NR aggregates. In such a
picture, it is counterintuitive that the nonlinear behavior as
reflected in Figures 2d and 3b for bare NRs is a little weaker
than that of PNCs with small grafting densities (e.g,, N, =4and
N, = 8), despite the existence of more NR aggregates in the
bare system. For a resolution of this apparent paradox and for
clarification of the mechanisms underlying the nonlinear
mechanical behavior, the evolution of the NR clusters during
the uniaxial deformation will be discussed in section 3.3.

3.3. Morphology of NR Clusters during Deformation.
To understand the origin of the nonlinear mechanical behavior
of the PNCs, we present results for the evolution of polymer-
grafted NR clusters during the uniaxial deformation. As a first
step toward this objective, the snapshots of NR clusters at
different tensile strains are shown in Figure 4. In the interest of
clarity, only six typical NRs are shown. In quiescent conditions,
the NR cluster is seen to be composed of two NRs in side-by-
side alignment, three NRs in side-by-side alignment, and a
single NR, with each part connected by site-to-site contacts. As
expected, the connections via site-to-site contact are continu-
ously broken down during the deformation, while the side-by-
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Figure 4. Microscopic deformation of the NR clusters during the
tension process. For visual clarity, only six typical NRs are shown, and
the matrix is not shown. The red spheres represent the rigid NRs, and
the spheres with the other six colors denote the grafted chains attached
to different NRs. Note that the size of polymer monomers is reduced
to show the distribution of NRs within the simulation box. The
grafting density is N, = 4, and the grafted chain length is L, = 6.

side alignment structure exhibits good stability. Especially, the
complete rupture of the site-to-site contacts occurs at an
estimated strain less than 0.5. Such observations hint that the
breakdown of the site-to-site contacts are likely responsible for
the reduction in the elastic modulus with increase in strain.

In order to probe the evolution of NR clusters during the
tensile process, the changes in the total number of direct
contacts between individual NRs were explicitly quantified. As
is shown in Figure Sa, the contact number between NRs in
side-by-side alignment almost remains unchanged as the tensile
strain increases, with small fluctuations caused by perturbations
of the parallel alignment. In contrast, the site-to-site contacts
between NRs are seen to monotonically decrease during the
tension process, exhibiting a correlation with the strain-
dependent decline in the tensile elasticity (Figure 2c). This
suggests that the linking points of NR clusters possibly act as
stress concentration points, which when broken up early in the
deformation account for the significant drop in the elastic
modulus observed below the strain of 0.5.

While the disintegration of the NR clusters and the reduction
in site-to-site contacts are seen to continue at larger strains
(Figure Sa), a corresponding reduction in the elastic modulus is
not however seen in the results in Figure 2c. We hypothesize
that such results arise due to a combination of two factors: the
NR orientation and the stress transfer between the grafted and
matrix polymer chains. More explicitly, in Figure Sb we display
the orientation of NRs as a function of the tensile strain. Here,
the NR orientation is measured by the second Legendre
polynomial, as given by (B) = %(3(cosz) — 1), where 6
denotes the angle between the bond vector of NRs and the
stretching direction. If (P,) = 1, the NRs are perfectly aligned
parallel to the stretching direction, while (P,) = 0 represents a
completely random orientation of NRs. During the tension
process, the polymer-grafted NRs are seen to become more
oriented along the stretching direction. Interestingly, the rate of
increase in the orientation of NRs via site-to-site contacts
prevails over that of NRs in side-by-side. As a consequence of
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grafting density is N, = 12, and the grafted chain length is L, = 6.

such alignment in the direction of stretching, we expect that
there will be a reduction in the contribution of such NR clusters
to the elastic modulus.

A second (more speculative) factor also likely to reduce the
impact of site-to-site clusters is the conformations of the grafted
chains and its impact in stress transfer efficiency. To illustrate
this, the conformations of the grafted chains during the uniaxial
deformation were monitored. Figure 6a displays the normalized
distribution functions of the square radius of gyration P(R,*) of
grafted polymer chains at different tensile strains. The square
radii of gyration is seen to exhibit a non-Gaussian distribution.
During the tensile process, the grafted chains in the collapsed
state (Rg2 < 1.15, the (Rgz) of free chains) and weakly stretched
state (1.1S < Rg2 < 1.38) are considerably reduced, with
simultaneous increase in strongly stretched chains (Rg2 > 1.38).
However, at strains larger than 1.0, further stretching of the
grafted chains is seen to become restrained (such trends are
also confirmed by the mean-square radius of gyration of grafted
chains; see Figure S7).

Simultaneously, the bond orientations of grafted chains and
matrix chains along the stretching direction were also probed
(presented in Figure 6b). It is observed that the orientations of
both the grafted and matrix chains increase for tensile strains
less than 1.0 and reach a plateau for strains greater than 1.0. On
the basis of the radius of gyration of the grafted chains and the
orientational characteristics of the grafted and matrix chains, we
speculate that at higher deformations there is likely to be
slippage of polymer chains at the NRs/polymer interface that
reduces the stress transfer. This second factor could also likely
contribute to the mitigated influence of the tensile strain on the
stress for larger deformations.

The above discussion, while speculative, provides a physical
mechanism for the behavior of the elastic modulus discussed in
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the context of Figure 2. Explicitly, the results presented
indicates that the linear values of the elastic modulus (Figure
2b) are seen to be principally determined by the NRs—polymer
interface (Figure 1d) and are hence correlated to N, In
contrast, the nonlinear characteristics of the elastic modulus are
seen to be correlated to the failure of rigid NR aggregates, the
number of site-to-site contacts, and their evolution upon strain.
Such a reasoning also rationalizes the nonintuitive behavior
seen in Figure 2d, in which the nonlinear behavior for bare NRs
was a little weaker than that of PNCs with small grafting
densities (e.g, N, = 4 and N, = 8), despite the existence of
more NR aggregates in the bare system. Indeed, from Figure I,
it is evident that the number of site-to-site contacts in the bare
NR system is smaller than those of the grafted systems, and as a
consequence the nonlinear behavior is also expected to be
weaker.

We note that however the above mechanism underlying
nonlinear behavior is not expected to persist for all grafting
densities. Indeed, as noted in our previous research work,* the
nonlinear behavior of the N, = 20 system that contains minimal
NR aggregation originates from the local NR network tele-
bridged by the “rigid” polymer shell layer surrounding NRs. We
will address the transition from the NR aggregate driven
nonlinear behavior to the polymer network based nonlinear
behavior in section 3.5.

3.4. Effect of Grafted Chain Length (Lg). Now, we extend
our efforts to study the effect of the grafted chain length L, on
the structural, mechanical, and viscoelastic properties of PNCs.
The grafting density is fixed at N, = 10, corresponding to a
relatively dense brush, and the graft—matrix interaction is also
set as £y, = 1.0. With the increase of the grafted chain length,
the dispersion state of NRs is significantly improved, as
indicated by the snapshots and the inter-rod radial distribution
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function (Figures S8 and S9). To be more specific, the NR
clusters in side-by-side alignment are monotonically reduced by
increasing the grafted chain length, while the NR clusters via
site-to-site contacts still exist in large quantity in the L, = 4
system but tend to decrease with further increase of the grafted
chain length, as suggested by the ensemble averaged
coordination number in Figure 7a. The NRs/polymer interface
was characterized by counting the number of direct contacts of
NRs with polymer segments, as shown in Figure 7b. Similar to
the trends seen with increasing the grafting density (Figure 1d),
the NRs/polymer interface is seen to be greatly enhanced with
increasing L.

The tensile stress—strain curves of PNCs corresponding to
different grafted chain lengths are compared in Figure 7c. It is
seen that the tensile stress is considerably improved by
increasing the grafted chain length. Additional information on
the mechanical reinforcement can be obtained by further
calculating the initial elastic modulus as a function of the
grafted chain length, as shown in Figure 7d. With the increase
of the grafted chain length, the initial elastic modulus is greatly
increased, indicating the enhancement of the mechanical
properties of PNCs. The increasing reinforcement effect can
also be verified by the dynamic storage modulus in Figure 7e.
The curves of storage modulus G’ are shifted to larger G" along
the grafted chain length, reflecting the better mechanical
reinforcement. Both G, _os and G, _os are enhanced by
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lengthening the grafted polymer chains (Figure 7f). These
results are in agreement with the earlier discussion in which we
correlated the linear elastic modulus of our model PNCs to the
dispersion efliciency and the NR—polymer interfacial contacts
(Figure 1).

To quantify the nonlinear behavior (Payne effect), the
storage modulus drop AG’/Gy was calculated. As indicated by
the decrease of AG'/Gj in Figure 7f, the Payne effect is
weakened with longer grafted chains (Lg > 4). Such results are
again consistent with the mechanistic discussion presented in
the preceding section and can be rationalized based on the site-
to-site contacts between NRs (Figure 7a). Particularly, the L, =
12 system contains comparatively fewer site-to-site contacts and
consequently exhibits a weaker Payne effect. It is worthwhile
mentioning that the Payne effect of the L, = 4 system is close to
or maybe slightly higher than that of the bare system, although
the two systems are approximately equal in the quantity of site-
to-site contacts. Reasonably, the site-to-site contacts in the L, =
4 system are somewhat reinforced by the grafted chains but are
still destructible once subjected to loadings, leading to the slight
enlargement of the Payne effect. Overall, our simulated results
are consistent with the claim that the breakdown of local NR
network via site-to-site contacts is responsible for the Payne
effect in our PNC systems.

3.5. Effect of Graft—Matrix Interaction (gg,). Consider-
ing that the grafted polymer may not in practice be chemically
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identical to the matrix polymer, we now examine the influence
of the miscibility between grafted chains and matrix chains by
adjusting the interaction parameter between them (egm). It
should be noted that the NRs/polymer interfacial binding
strength is significantly enhanced by the strong attraction
between the grafted and matrix chains. In particular, &, = 10.0
roughly corresponds to the strength of hydrogen bonding when
mapping the interaction parameter with the practical
experimental system.

The snapshots in Figure 8a provide a visualization of the NR
spatial distribution affected by the graft—matrix interaction. We
find that the NRs become more dispersed by increasing the
graft—matrix interaction from &, = 1.0 to &g, = 2.0, which can
be ascribed to the enhanced wetting between the matrix chains
and the grafted chains. However, as the graft—matrix
interaction further increases (Egm = 5.0 and 10.0), the
dispersion state of NRs is seen to deteriorate to a small degree.
Specifically, the NR clusters in side-by-side alignment are
monotonically reduced with the increase of graft—matrix
interaction, while the NR clusters via site-to-site contacts
begin to increase at strong graft—matrix interaction. The inter-
rod radial distribution function also signals that a good
dispersion is obtained at intermediate graft—matrix interactions
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(Figure S10). In addition, we find that the size of NRs/polymer
interface described by the total direct contacts of NRs with
polymer segments is also enhanced with the increase of graft—
matrix interaction and then plateaus at strong graft—matrix
interaction (&g, > 2.0). Specifically, the NRs—graft contacts are
increased at high graft—matrix interactions, whereas the NRs—
matrix contacts are reduced (Figure S11).

To explain the above-noted dispersion characteristics, we
calculated the average number of polymer bridges between
polymer-grafted NRs by counting the simultaneous contacts of
matrix chains with two grafted polymer layers or NRs. In Figure
8¢, the number of tele-bridging contacts is seen to increase
significantly for stronger graft—matrix interactions (ng > 2.0).
Such bridging interactions are expected to serve as an attraction
which brings the NRs closer and can be expected to contribute
to a deterioration of the dispersion characteristics.'”**

Next, the effect of graft—matrix interaction on the mechanical
behavior of PNCs will be studied. PNCs with stronger graft—
matrix interaction are seen to exhibit better mechanical
property, as indicated by the remarkable increase of the tensile
stress under the same strain in Figure 9a. Interestingly, we
observe two distinct characteristics from the stress—strain
behavior. Explicitly, for &, < 2.0, the increase in the tensile
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stress is broadly correlated with the increase in the NR—
polymer contacts (Figure S11a). Such a behavior is similar to
those observed and discussed in the previous sections of this
article. In contrast, for Egm > 2.0, we do not observe a substantial
enhancement in the NR—polymer contacts. Such a behavior
suggests that a distinct mechanism is operative in underlying
the mechanical properties for £, > 2.0.

To explain the above observation, especially with respect to
the mechanical properties of &, > 2.0, we invoke the results
presented in Figure 8c, which demonstrated the emergence of
polymer-bridged particle structures for such regimes. On the
basis of such an observation, we attribute the mechanical
properties for such regimes to be an outcome of bridged NRs
similar to a reversible three-dimensional polymer network with
the NRs acting as the physical cross-linking points. Increasing
€gm i expected to slow down the segmental dynamics of the
polymers in contact with the grafted layers and thereby
strengthen such a network and the mechanical properties.>

To corroborate the above hypothesis on the role of polymer
bridged network, we present results for the loss tangent (tan &),
which is defined as the ratio of loss modulus to storage modulus
((tan 6 = G”/G’) and can be used as an indicator of the elastic
effectiveness of the cross-linking network.*® The loss tangent
will be much larger for the imperfect cross-linking network with
low elasticity than for the nearly perfect one with high elasticity.
Hence, the enhancement in physical cross-linking intensity can
be indirectly demonstrated by the decline in the loss tangent
with the increase of the graft—matrix interaction, as shown in
Figure 9b.

The effect of graft—matrix interaction on the Payne effect
was also examined. Figure 10a shows that the storage modulus
is significantly improved with the increase of the graft—matrix
interaction, revealing the enhancement in physical cross-linking
intensity. Likewise, the Payne effect is evaluated by the storage
modulus drop (Figure 10b). It is observed that PNCs with high
graft—matrix interaction strength (g4, > 5.0) exhibit an
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extraordinarily strong Payne effect. As noted above, the
Payne effect for the PNCs with strong NRs/polymer interfacial
interactions and thus NRs therein being separated from each
other is likely ascribed to the breakdown of the local “rigid”
polymer layer-bridged NR network. To illustrate this, we
calculate the change of bridging contacts to indicate how the
polymer layer-bridged NR network evolves during the
deformation. From Figure 10c, for N, =20 and &m = 1.0,
the change of the bridging contacts (with applied strain) is
negligible. Such observations suggest that for low NRs/polymer
interfacial strengths the bridging structures do not influence the
Payne effect. Instead, as discussed in section 3.3 (which
pertained to systems with &g, = 1.0), the breakdown of the site-
to-site clusters of NRs constitutes the main origin of Payne
effect in such systems.

In contrast, the bridging contacts in PNC system with N, =
12 and &, = 5.0 are seen to decrease substantially under small
deformations, demonstrating that the Payne effect at high
graft—matrix interaction originates from the continuous
breakdown of bridging structures. Interestingly, the PNCs
with moderate graft—matrix interaction (g, = 2.0) has very few
direct site-to-site contacts between NRs, and also the tele-
bridging structures of NRs therein are still weak, exhibiting a
considerably low Payne effect.

In sum, the above results demonstrate the (linear)
mechanical properties of the PNC network to be determined
to be two different physics depending on the strength of the
interaction &g,,. For &, < 2.0, the NR—polymer interface serves
as the main determinant of the mechanical reinforcement. For
€gm > 2.0, the polymer-bridged network plays a more influential
role in determining the stress—strain response. The nonlinear
strain response of the PNC confirms similarly distinct physics
influencing the Payne effect.
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4. CONCLUSIONS

In this work, we comprehensively investigated the effect of the
grafting density, grafted chain length, and the graft—matrix
interaction on the mechanical and viscoelastic properties of
PNCs composed of polymer-grafted NRs. Specifically, non-
equilibrium coarse-grained molecular dynamics simulations
were carried out to calculate the tensile stress—strain behavior
and the amplitude-dependent storage modulus of PNCs. To
better understand the underlying mechanism behind the
mechanical reinforcement and the nonlinear dynamical—
mechanical response (namely the “Payne effect”), we also
systematically analyzed the evolution of the polymer-grafted
NRs during the unijaxial deformation. For weak graft—matrix
interactions, our results indicate that the mechanical reinforce-
ment efficiency is primarily governed by the overall NRs/
polymer interface, which is inextricably linked to the NR
dispersion state. The NRs/polymer interface would be
enhanced by increasing the grafting density and grafted chain
length, providing more mechanical reinforcement. Our results
also indicate that the Payne effect originates from the failure of
the local filler network and especially the evolution of the site-
to-site contacts for NR-aggregation systems. For stronger
graft—matrix interactions, the NRs being dispersed in polymer
matrix act as the physical cross-linking points and meanwhile
contribute to form the polymer shell layer-bridged NR network,
accounting for the significant improvement in the mechanical
property and the enhancement of the Payne effect at high
graft—matrix interaction strength. Lastly, an interesting out-
come of our work is the finding that increasing grafting density
or grafted chain length, or keeping moderate graft—matrix
interactions, can effectively reduce the nonlinear viscoelastic
behavior of polymer-grafted nanorod composites. This work is
expected to provide guidelines for designing and fabricating
PNCs with enhanced mechanical and viscoelastic properties.
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