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1. Introduction

Molecular dynamics simulation on the mechanical
properties of natural-rubber-graft-rigid-polymer/
rigid-polymer systemsy

Meng Wei,
Jiaping Lin

Pengxiang Xu, & Yizhong Yuan, (2 * Xiaohui Tian,* Jinyu Sun and

A coarse-grained model-based molecular dynamics simulation was employed to investigate the
mechanical properties of NR-graft-rigid-polymer/rigid-polymer systems (Nsp-g-(Rs)e/Rio). An external
factor (the strain rate) as well as internal factors such as the nonbonding interaction strength, the
proportion of rigid polymers, and architecture parameters (the length and number of graft chains in a
molecule) were examined for their effect on the tensional behavior of Nszp-g-(Rs)g/Rig systems.
Simulation results show that a higher strain rate can promote the enhancement of mechanical
performance, such as a higher modulus or yield stress. Moreover, the stress and modulus increase with
an increase of the nonbonding interaction strength within rigid polymers or of the rigid polymer
proportion in the systems. However, the increasing stress was found to reach a limit with a continuously
increasing rigid polymer proportion. On increasing the number of graft chains in a molecule, the stress
increases at small strains. However, at large strains, the evident increase in stress was found in systems
in which a graft molecule has longer graft chains. In addition, our research shows that Nzg-g-(Rs)e/R1ig
blends exhibit improved mechanical properties and better compatibilities relative to Nzo/R;0. which is
consistent with the experimental results. Lastly, comparisons with experimental observations were also
made to ensure the rationality of the simulation results. Overall, bond stretching, bond orientation,
and nonbonding interactions were found to be crucial in governing the mechanical properties of the
Nz0-g-(R3)s/R1p systems. These findings may provide important information for further experimental and
simulation studies of NR hybrid materials.

highly incompatible and immiscible in blends due to the
mismatch of polarity and hydrophilicity.® Increasing the com-

Natural rubber (NR) latex, containing 93-95 wt% cis-1,4-poly-
isoprene, has been extensively utilized in the fabrication of
dipping goods because of its good film-forming ability, tensile
strength and resilience." However, NR latex lacks mechanical
strength and oxidation resistance due to the lithe chains
and the presence of the carbon-carbon double bonds in the
structure.> To broaden industrial applications, blending NR
with rigid polymers has been studied extensively, and there is a
clear drive towards films of an elastomeric matrix containing
high-modulus inclusions, which provide good mechanical
properties for latex blends.””® However, the components are
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patibilization of the immiscible pairs is a promising strategy for
property improvement of the blends because it can achieve good
dispersions in rigid materials.””® Many promising studies have
shown that by the addition of a rigid copolymer of NR, which
works as a compatilizer to interact with both blend components,
one can obtain enhanced mechanical properties.> >
Recently, blends of NR latex and poly(methyl methacrylate)
(PMMA) have exhibited both the excellent mechanical charac-
teristics of PMMA and the elastic properties of NR.'* Most
studies regarding latex blends focus on the compatibilization and
the phase behavior of the blend components.”'** For example,
Oommen et al.** reported the incorporation of NR-g-PMMA into
the heterogeneous NR/PMMA blend as a compatibilizer. The
NR-g-PMMA parts could effectively reduce the interfacial tension
between the two different phases and improve the properties of
the blend. Jayasuriya et al'' have studied an interpenetrating
polymer network (IPN) which can be obtained from the in situ
polymerization of MMA in the NR films. The formation of many
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chemical interactions and crosslinks between the PMMA
chains and NR chains was clearly presented. Nakason et al.’
revealed that the morphology of an epoxidized natural rubber
(ENR) and PMMA blend steadily becomes smooth when the
ENR content increases. However, until now systematic analysis
of the mechanical properties of blend latex is still limited. Few
primary investigations revealed that the blend systems possess
enhanced mechanical properties. For example, Collins and
Gorton'® incorporated a certain amount of MG49 latex to
increase the modulus of NR thread. Gorton'’ added MG49
latex to NR to improve the tear strength and puncture strength
of NR. Due to the limitations of experimental technology and
the structural complexities of NR blend polymers, there is still a
lack of in-depth insight into the interacting structure within the
blends, the packing of components and the mechanism of the
effects on the mechanical properties.

In addition to the experiments, simulation approaches such as
finite-element methods based on fluid mechanics (FEMBFM),"®
the lattice Boltzmann method (LBM),"® and molecular dynamics
(MD),>**! have been applied to study the interactions and
dispersion of components in particle-graft polymer/polymer
blends. Jiang®* and coauthors studied the effects of variation
of structure and interaction strength on the mechanical behavior
of blends of polymers and nanoparticles. The results showed
that the mechanical properties were enhanced with increasing
nanoparticle-polymer interaction or increasing nanoparticle
size. In relation to property evaluations, MD simulations are
powerful tools to gain insight into the mechanical properties of
polymer based composites,”*° and have been broadly employed
in studies of the mechanical properties of polymer blend
systems. Xiao®! investigated the mechanical properties of blends
of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) and fluorine poly-
mers, which can be effectively improved by adding appropriate
amounts of the polymers. Cho et al.>® found that decreasing the
particle size results in an enhanced Young’s moduli by studying
the influence of nanoparticle size on the elastic properties of
nanoparticle/polymer blends in bulk. Liu et al** preliminarily
revealed the reinforcement mechanisms of rubber by adopting
idealized models of polymer networks and nanoparticles and
investigating the dependency of the stress-strain behavior on
nanoparticle amount, nanoparticle size and nanoparticle-rubber
interaction. However, little attention until now has been paid to
the mechanical properties of NR blend systems by a MD method.

The purpose of this study is to investigate the effects
of various factors on the mechanical properties of NR-graft-
rigid-polymer/rigid-polymer blends using molecular dynamics
simulations. This provides a way to get a deeper insight into the
mechanism, which is difficult to study experimentally due to the
limitations of experimental methodology and the difficulties of
studying the principle factors affecting the mechanical proper-
ties in NR-graft-rigid-polymer/rigid-polymer systems.

By systematically varying the strain rate, interaction strength,
architecture parameters and the rigid polymer proportion of
NR-graft-rigid-polymer/rigid-polymer blends, we identify clear
trends in the mechanical properties with reinforcement of our
systems. The simulation results show that the mechanical
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properties can be enhanced by increasing strain rate, inter-
action strength, or the proportion of the rigid polymer in
the blends. However, too short graft chains and too few graft
chains both weaken the mechanical properties. A comparison
of the mechanical properties among NR-graft-rigid-polymer/
rigid-polymer blends, neat polymers, and rigid-polymer/NR
blends was made. Such simulated results were also compared
with the available experimental observations. By taking into
account the external and internal factors during the deformation
process of the systems, we established the relationship between
these influencing factors and the mechanical properties. These
correlations can offer useful information for further experi-
mental and simulation studies of NR hybrid materials.

2. Methods and models

2.1. Structure construction

In order to explore the mechanical properties and morphol-
ogies of NR-graft-rigid-polymer/rigid-polymer blends, a model of
an NR-graft-rigid-polymer chain was first constructed. Natural
rubber (NR) contains almost 95 wt% cis-1,4-polyisoprene flexible
chains, which is the main contributor to the mechanical
properties of NR.>* Thus we can simplify the model of NR by
only considering cis-1,4-polyisoprene irrespective of the minority
components. A coarse-grained model was constructed** as shown
in Fig. 1. The polymers were constructed as linear chains with
different sizes for the different polymers, where the size is denoted
by the number of polymer beads. We use Njzy-g-(R3)s/R1o
to represent the NR-graft-rigid-polymer/rigid-polymer blend
systems, where N and R stand for the NR matrix and the
rigid-polymer beads, respectively. By setting the unit length of
the polymer beads to ¢, and the masses of the polymer beads to
m, we adjust the density of the rigid polymer bead to that of an
NR bead. The initial structure of the molecule was constructed
in a box with initial lengths of 100 by randomly positioning the
NR beads in the unit box and generating NR chains bead by
bead with a fixed distance. The method can be considered as a
modified version of the conventional self-avoiding random
walk (SARW) technique.?® Rigid polymer chains were described
in a similar way, whereas the graft rigid chains started from the
fixed grafting sites (the number of graft chains was set to 6 in a
molecule) and had the same length. We set the lengths of the

NR (N)

N3o-g-(Rs)s . Rigid-Polymer (R)
Rio

Fig.1 Model of NR-graft-rigid-polymer/rigid-polymer blend systems
N30-9-(R3)6/R10. The red and blue beads represent NR polymers and rigid
polymers, respectively. A harmonic angle potential was adopted for the rigid
polymers. (Rz)g stands for 6 graft chains each with 3 rigid polymer beads.

Phys. Chem. Chem. Phys., 2018, 20, 8228-8240 | 8229


https://doi.org/10.1039/c7cp07807b

Published on 16 February 2018. Downloaded by East China University of Science & Technology on 10/24/2020 5:57:49 AM.

PCCP

NR matrix, rigid graft chain and rigid chain to 30, 3 and 10,
respectively.

The coarse-grained model, which simulates large polymer
systems or long polymeric processes by setting ‘“pseudo-atoms”
to represent groups of atoms, is an efficient method to com-
promise between computational costs and efficiency compared
to traditional all atom methods which require large computer
resources to explicitly represent every atom of the system. Only
if the traits of the polymer chains and the practical structure are
established in detail can the coarse-grained model be used to
simulate larger length scales and longer time scales, which is
extensively utilized for macromolecular systems.>**’

In our simulation model, 9000 polymer beads in total®® were
constructed to represent the NR polymers and rigid polymers,
with each polymer bead representing a mass of monomers.
By varying the number of polymer chains, polymer beads for
each polymer type were evenly separated. Periodic boundary
conditions were employed to replicate the unit box in three
dimensions, and thus this model can be regarded as the unit
extended infinitely. In our model, the blend systems we inves-
tigated are in a rubbery state irrespective of the entanglement
effects of the polymer chains.*® Modeling procedures in which
one tunes the parameters to match experimental data to reveal
the dynamic and static behavior of the polymer chains are also
widely adopted in the literature.>®*°

2.2. Potential function

Once the molecular structures were set up, corresponding
particle interactions were then described using potential func-
tions. In our model, the NR was described by appropriate
bonding stretching potentials while angle bending potentials
were also utilized to describe the rigid chains, which is referred
to as bonded potential. The nonbonding van der Waals inter-
actions between any pair of beads were given by the standard
12/6 Lennard-Jones (L]) potential U,:

U, - 48{6)&_(;)1’ e (1)
0, r>re

where 7. is the cutoff distance and ¢ is the strength parameter
between polymer beads. The intermolecular attraction or repul-
sion can be adjusted by the cutoff distance r. (pure repulsion
when . < 2Y° and containing attraction when r, > 2/¢), which
can be seen in Fig. S1 (ESIt). By choosing appropriate ¢ and 7.
values for polymer beads, we can specify the intermolecular
interactions between different polymer beads.*! In the present
work, the interactions within each polymer type are truncated at
an attractive cutoff distance, namely r. = 2.5, according to Lin’s
work;*? however, we set r. = 21/° for the interaction between rigid
polymers and NR, which is a repulsive cutoff for the rigid
polymer beads and NR beads. Such a scheme of interactions
between different polymer types is to match the experimental
evidence that blending the rigid polymers with NR latex is hard
due to the different polarities."> The attraction is to ensure a
positive thermal expansion coefficient within each polymer type.**
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The strength of intermolecular interactions can be tuned by the
strength parameter, ¢ (enn, ¢rr @nd eng Were used to denote the
interaction within NR polymer beads, the interaction within
the rigid polymer beads and the interaction between the NR
and rigid polymer beads, respectively). We can investigate the
effect of the intermolecular interactions of the rigid polymers
on the mechanical properties and morphologies by varying
the strength parameter between the rigid polymers egg. For
the purpose of studying various rigid polymers, this means
that the study does not focus on a specific rigid material. The
interaction parameters eyy (Within NR) and eyg (between NR
and rigid polymer beads) were set to be fixed, where NR can be
relatively treated as a soft material. Therefore, &gy is chosen to
be 1.0, 2.5, 5.0 and 10.0 to represent different rigid polymers
according to Jiang’s studies®® and eyy = 1.0 is selected for NR.
In addition, the interaction between NR and the rigid polymer
beads, namely exg, is chosen to be 5.0, which provides a strong
repulsion between NR and the rigid polymers.®

The interaction between the adjacent bonded polymer beads
is expressed by the modified finite extensive nonlinear elastic

(FENE) potential:**
r 2
(%) } ®)

such potential is used for molecules with rigid bonds as a bead-
spring model and can even produce mechanical properties in
small deviations. The spring constant of FENE bonds has the
ability to restrict the bond stretching, and thereby influences
the mechanical properties in terms of conformational entropy
and provides a more physical behavior. k is a parameter to
determine the strength of interaction between polymer beads
and R, is fixed for convenience. Therefore, k = 30 is selected for
NR, which is just enough to avoid chain crossing, and k is
relatively chosen to be 50 for the rigid polymers according to
the studies of Kremer and Grest.** In view of the stiffness or
rigidity of the rigid polymers relative to the flexible NR, a
harmonic angle potential is also adopted:

UFENE = 70.5kR()2 In

E = K(0 — 0o)” ®)

where 0, is the equilibrium value of the angle and K is a parameter
describing the strength of interaction within angles. Because of the
coarse-grained beads, 0, = 180° is selected for the rigid polymer
interaction. Through tuning the parameters k in FENE and K in the
harmonic angle potential, different rigid polymers can be obtained.
However, the bending factor is not our goal in this work, and
consequently we set K to be a constant for convenience.

In our model, all quantities adopted reduced units and the
units of mass, length and energy are defined by m, ¢ and ¢,
respectively. The time unit 7 is defined as t = (ma?/¢)"/?, which can
be converted into the real unit by matching the simulated lateral
diffusion coefficient to the experimentally measured value.*>

2.3. Simulation details

Our MD simulations were performed using LAMMPS,** which
was developed by Sandia National Laboratories. All simulations
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were carried out at the same temperature T of 1.0 with a time
step At = 0.004t (t denotes the unit time). The mechanical
properties of the Njy-g-(R;3)é/Rio blends were investigated
by performing in two steps the equilibrium and the non-
equilibrium processes.

2.3.1 Equilibrium simulation. In the equilibrium process, the
velocity-Verlet algorithm®® was used to integrate the equation of
motion. The polymer chains naturally diffused in NVT ensemble
where the large volume size of the simulation cell was specified
so that the molecules had enough space and kinetic energy for
free diffusion and interaction. Because initial overlaps existed
between polymer beads, a soft repulsive potential was adopted:*®

Usott = A{HCOS(%)}’ r=e (4)

0, r>c

where the coefficient A = 20.0. After 10000 steps of removing
overlap procedures, we compressed the initial box to a volume
fraction of 0.45.*” Because the initial box and the number of total
polymer beads were the same for all blend systems, the volume
fraction was approximately the same for each system. The
equilibrated molecular structure with minimized energy was
then accomplished by performing the NPT ensemble where
P=0and T = 1.0 were adopted using the Nosé-Hoover barostat
and thermostat.*® To achieve the equilibrium state of the systems,
5 x 107 steps were carried out to ensure enough computing time.
The temporal evolutions of the morphologies and the total energy
of the systems were also examined (see Fig. S2, ESIt). It was found
that the total energy drops first and then maintains a constant
value with little fluctuation. After 1 x 107 steps, the total energy is
stabilized and the morphology is not changed (insets of Fig. S2,
ESIt), and thus it can be considered that the systems have reached
equilibrium for a relatively long time.

2.3.2 Nonequilibrium simulation. After reaching the equi-
librium state, in the next step, a nonequilibrium simulation is
employed to simulate tensile tests which were carried out by
deforming the cubic simulation box to a cuboid one under
the NVT ensemble with At = 0.001t and T = 1.0 according to the
research of Mark and of Xu."”"*® The box is elongated in the
z-direction and compressed in the x-direction and y-direction,
while the box volume is invariable. The particles in the box
move in the z-direction following the deformation of the
simulation box. Note that, the definition of stress is different
from that in the continuum mechanics framework as it is
supposed that the materials have no volume change and are
incompressible.*® In our simulation, a constant engineering
strain rate was employed during the tensional process. This
means the box dimension changes linearly with time from its
original to final length value in one dimension. Tensile strain is
defined as Al/l,, where [, is the original box length and Al is the
change relative to the original length ;. The strain rate was
mostly set as 0.2t ', which is comparable with the segmental
relaxation.’® The tensile stress ¢ in the z-direction can be
calculated from the deviatoric part of the stress tensor:>*

6 =1+ u)(—Py +P)=3(—Py + P)2 (5)
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where p is the Poisson’s ratio and was set to 0.5*° and
P =35 P;/3 is the hydrostatic pressure. P; is the diagonal
i

component of the pressure tensor, which is the negative value
of the virial stress ¢;; in the i-direction, and ¢, is defined as:'*

1 o0 0 1 aff off
O'ii:—;g: (M Vivi +§ZF1 r; (6)

B#a

where V is the volume of the MD unit cell; M* is the mass of
atom o; v¥ is the i-component of the velocity of atom o; F## is the
i-component of the force between atoms « and #; and #* is the
i-component of the distance between atoms o and f. Here,
the first term is associated with the contribution from kinetic
energy resulting from the change in potential energy due to the

applied deformation.

3. Results and discussion

In this work, we mainly investigate the external and internal
effects on the mechanical properties of N3(-g-(R3)s/R1o Systems.
The strain rate was the external factor, whereas the nonbonding
interaction strength, rigid polymer proportion, and architecture
parameters like the length of and the number of graft chains of an
N30-g-(R3)s molecule were treated as internal factors. Moreover, we
constructed models to make a comparison of the properties of the
blend of NR-graft-rigid-polymer and rigid polymer, the blend of
NR and rigid polymer, and pure NR, namely N3zo-g-(R3)s/R10,
N30/Ry0 and N3,. At last comparisons with experimental obser-
vations were made to provide the rationality of our models.

In our work, some parameters which were beyond our study
scope were fixed, such as the interaction strength within NR,
enn = 1.0, the interaction strength between NR and the rigid
polymers, exg = 5.0, and the total number of polymer beads of 9000
and T = 1.0, etc. More details can be seen in the previous section.
Furthermore, we study each influential factor or parameter by
keeping other factors or parameters invariable. Instead of choosing
the optimal parameters, we select the ones with more stable
results to study the effects of another factors or parameters on
the mechanical properties, which gives us more credible results.

3.1. External effect of strain rate on the mechanical properties
of the N3y-g-(R;)6/R10 blend systems

In this subsection, we display the stress-strain curves with
different strain rates, varying from 0.1t~ " to 0.5t ", as well as
the extracted features like tensional modulus and yield stress,
which are shown in Fig. 2. The systems contain 80% rigid
polymer beads and ¢z = 5.0. Each graft molecule has 6 graft
chains with a length of 3. The mechanical properties of the
blends were obtained by performing uniaxial tension at a set
strain rate, which is repeated ten times with uncorrelated initial
polymer structures. Such an approach provides the error bars
as well as a statistical average to the noisy, which is unavoidable
in MD simulations.

As can be seen in Fig. 2a, the stress rises rapidly at small
strain and ascends with increasing strain rate at the same strain.
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Fig. 2 (a) Stress—strain curves for various strain rates in the N3p-g-(R3)s/

R1o systems at e¢gg = 5.0. (b) Tensional modulus as a function of strain rate

in the Nzg-g-(Rs)e/Rio systems. (c) Yield stress versus strain rate in the
N30-g-(R3)6/R10 Systems.

Furthermore, as the strain increases, a larger increase in stress
was found at higher strain rates, while the stress barely changes
at lower strain rates. Fig. 2b shows the tensional modulus E as a
function of strain rate, which was derived from the slope of the
stress-strain curve within 2% strain.>® E increases with increas-
ing strain rate, and when the strain rate is less than 0.4t *,
E escalates with an increasing slope, while at excessively large
strain rate the increment in E is moderated. This indicates that
a higher strain rate results in better mechanical properties,
however, one cannot expect that the tensional modulus can be
continuously elevated by an infinitely increasing strain rate.
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The plot of yield stress versus strain rate (see Fig. 2c) shows that
the yield stress increases linearly with increasing strain rate,
suggesting that the materials exhibit a better mechanical
performance at larger strain rates.

In this work, the bond orientation P,, the effective bond
length [, ., and the change of nonbonding potential AE were
extracted to study the microscopic origin of the distinct
mechanical properties in tensile processes. In general, the
generated tensile stress arises from the loss of conformational
entropy and the increase of interaction enthalpy.>*> The loss
of conformational entropy is characterized by I, . and P,. The
Iy e Was computed as the average length for all bonds. Fig. 3a
shows that 4, .¢r increases significantly with increasing strain in the
smaller strain region and then tends to increase more slowly or
even decrease in the larger strain region. At the same strain, the
value of .+ was found to be larger with higher strain rates,
indicating that with a faster tensile speed the degree of bond
stretching is larger. On the one hand, at the same strain the
systems obtain more kinetic energy due to the higher strain rate
and the increased energy leads to stronger stretching of the bonds
in systems with a higher strain rate. On the other hand, chain
relaxation will weaken the bond stretching during the tensile
process. A higher strain rate leads to a weaker effect of chain
relaxation, which causes a decrease in the decay of bond stretching
and therefore the systems exhibit stronger bond stretching. During
the tensile process I s gradually becomes constant. Note that the

0.959F a—

0.952}
_50.945}
7 n® strain rate = 0.5t
0.938 = —v— strain rate = 0.47'

—a&— strain rate = 0.3
—o— strain rate = 0.2

0.931t i o strain l;ate =0.17" )
00 04 08 12 16
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4.8 :
(b) - 30000‘904‘”’**9
3'6 i R
S Y~y e
Q.oj: 24;
% 121 —o— strain rate = 0.5t

—v— strain rate = 0.47™'
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—o— strain rate = 0.2
—o— strain rate = 0.1

00 04 08 12 16
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Fig. 3 (a) Effective bond length [, ef Versus strain for various strain rates.
(b) AEir with respect to strain at different strain rates for N3g-g-(Rs)e/R1o
blends.
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value of I, ¢ becomes stable faster at lower strain rates. P, is given
by (3(cos®0) — 1)/2,"* where 0 denotes the angle between a given
bond and the deformation direction. The possible values of P,
range from —0.5 to 1, and values of —0.5, 1 and 0 represent
orientations perpendicular to the reference direction, parallel to the
reference direction, or randomly oriented, respectively. P, was
found to increase during the tensile process (see Fig. S3, ESIT).
However, the values of P, are almost the same at various strain
rates but become a little larger with increasing strain rate at the
same strain, indicating that bond orientations have similar behav-
ior during the tensile process at different strain rates. By studying
the change of I, and P, during the tensile processes we can
characterize bond stretching and chain alignment, respectively.
The contributions from interaction enthalpy can be manifested
by the change of nonbonding potential AEp,, which is the differ-
ence of the total nonbonding potentials between the deformed and
undeformed state. This is the main source of the increase in energy
during the tensile process. As can be seen in Fig. 3b, AE,;; increases
with increasing strain, and the rate of increase of AEp, can be
decreased swiftly by increasing the strain or decreasing the strain
rate. This suggests that interaction enthalpy contributes more to the
increase in mechanical properties at smaller strains with a higher
strain rate. We can also see that AE; is larger in the systems with
higher strain rates, which means that nonbonding interactions
make a great contribution to the enhanced mechanical properties.

3.2. Effect of internal factors on the mechanical properties of
N30-2-(R3)6/Ry0 Systems

In this subsection, we investigate the effect of internal factors
on the mechanical properties of N3(-g-(R3)s/R10 blends. In order
to characterize the important effect of interaction strength
within the rigid polymer beads on the mechanical properties
of N3¢-g-(R3)s/R1o blends, the strength parameters of both inter-
molecular interaction and intramolecular interaction were taken
into account. On the one hand, by changing the nonbonding
strength parameter, egg, from 1.0 to 10.0 we examined the effect
of intermolecular interaction strength. On the other hand, we
studied the intramolecular interaction strength through varying
the bonded strength parameter k in FENE potentials. We can see
that the tensile behavior in systems with different intramolecular
interactions is nearly the same but noisy (see Fig. S4, ESI{),
indicating that the mechanical properties are not mainly deter-
mined by the intramolecular interaction but by the intermole-
cular interaction, which is reasonable.

As can be seen in Fig. 4a, the tensional modulus was derived
at strain rate of 0.2t~", which increases with increasing non-
bonding interaction strength between rigid polymers. The
dashed line indicates the tensional modulus of the neat NR
polymers. However, the tensional modulus at egg = 1.0 is lower
than that of pure NR, suggesting that the mechanical properties
of the blend of NR-graft-rigid-polymer and rigid polymer can
only be enhanced by adding a rigid polymer with a stronger
nonbonding interaction. The typical morphology snapshots at
err = 1.0, 2.5, 5.0 and 10.0 are shown in the insets. Moreover, it
shows that the larger the intermolecular interaction strength
is, the worse the compatibility of the blend systems, which is
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Fig. 4 (a) Tensile modulus as a function of er for Nsp-g-(Rs)e/Rio
systems. The dashed line indicates the tensile modulus of the neat NR
polymer. The insets show typical morphology snapshots at ¢rg = 1.0, 2.5,
5.0 and 10.0. The rigid polymers are denoted with purple beads.
(b) Effective bond length [, o versus strain for various egg. (€) AEg,ir as a
function of strain for N3g-g-(R3)s/R1g blends at different egg values.

reasonable because the differences between NR and the rigid
polymer become greater as rigid polymers with stronger inter-
molecular interactions are added. Additionally, the representa-
tive stress—strain curves of the N3,-g-(Rs)s/R10 blends at various
err values are shown in Fig. S5a (ESIT). As egg increases, the
stress increases rapidly at the same strain, and rises more
significantly at larger strain.

The dependence of tensile behavior on ¢y can be explained
by the effective bond length, bond orientation, and change of
nonbonding potential. [, o¢r and AEp,;, as a function of strain
for various &g values are shown in Fig. 4b and c, respectively.
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As the strain increases, the value of [, ¢ increases gradually,
although it only increases slightly at egg = 1.0, which means the
bonds stretch more during the tensile process. Furthermore,
Iy ofr increases more evidently with growing ezg at small strains,
and still ascends at large strains in systems with larger ¢gg. This
suggests that the degree of bond stretching increases notably
for larger egr. On the one hand, a larger egg makes the systems
much harder to extend and so a stronger tensile force is needed
to stretch the systems to the same length. Therefore, systems
with larger ez values obtain more energy from the stronger
tensile force, which results in more obvious bond stretching.
On the other hand, the chain relaxation is weaker in systems
with larger egg values due to stronger intermolecular attraction,
which reduces the decrease of bond stretching. However, at
small strains [, .¢ was found to be smaller for larger egg values
because of the stronger attraction between rigid polymers. The
values of bond orientation P, increase with increasing strain,
but are almost the same at various ¢y values at the same strain,
and this is plotted in Fig. S5b (ESIt). The contribution from
interaction enthalpy, namely the change of nonbonding
potential, is shown in Fig. 4c. AEp,; increases rapidly to a
plateau as the strain increases, and then has little changes at
larger strains. With increasing erg, AEpqir has a larger increase
during the whole tensile process, suggesting that systems with
stronger nonbonding interactions have larger enthalpy gains.
Greater bond stretching and a larger increase in the change of
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nonbonding potential provide a higher entropy loss and enthalpy
gain in systems with higher ezg values, which cooperatively
contribute to the larger stress and modulus. Note that in systems
with eggr = 10.0, the continuous increase in [, ¢ results in a
continuously increasing stress at larger strains as shown in
Fig. 4b and Fig. S5a (ESIt). This suggests that the increase in
stress at larger strains is mostly contributed to by entropy loss.

We studied the mechanical properties of N34-g-(R3)s/R10 blends
with various proportions of rigid polymers at egg = 5.0 and a strain
rate of 0.2t ". As shown in Fig. 5a, the tensional modulus E
increases gradually as the proportion of rigid polymer increases.
From the insets, the morphologies of the blends show that as the
proportion of rigid polymer increases, the rigid polymers come to
dominate the blends. The yield strain was found to decrease when
the proportion of rigid polymer increases (see Fig. 5b). Moreover,
by changing the proportion of rigid polymer from 50% to 80%, we
find that the stress increases continuously at the same strain (see
Fig. S6a, ESIt). This indicates that the mechanical properties of
the blends are dominated by the rigid polymers, which possess
relatively higher tensile stress and modulus values. Moreover,
when the proportion of rigid polymer further increases to 80%,
the stress curve flattens out and overlaps with that of the blend
with a 75% rigid proportion. The result suggests that saturation of
enhanced performance can be found when one attempts to
improve the mechanical properties of Nzo-g-(R;3)s/R1o blends by
continually adding rigid polymers.
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Fig. 5 (a) Tensional modulus with respect to rigid polymer proportion for N3g-g-(Rs)s/R10 Systems. The insets show typical morphology snapshots at
50%, 75% and 80% rigid polymer proportion, in which the rigid polymers are denoted with purple beads. (b) Curve of yield strain versus rigid polymer
proportion. (c) Bond orientation P, with respect to strain for various ratios of NR beads to rigid beads. (d) AE,;r as a function of strain for N3p-g-(Rs)s/R1o

systems at different ratios of NR beads to rigid beads.
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The mechanical properties were explained by the bond
orientation, effective bond length and the interaction potential.
From Fig. 5¢, it can be seen that P, has almost the same value at
small strains for different rigid proportions, while at large
strain the values of P, become larger in systems with a larger
proportion of rigid polymer, indicating that the systems with
more rigid polymer have a greater degree of bond orientation
during the tensile process. However, systems with a larger
rigid proportion exhibit a smaller degree of bond stretching
resulting from the smaller value of the [, . at the same strain
as shown in Fig. S6b (ESIt). This means that stronger attraction
between the numerous rigid polymer beads makes the average
bond length shorter. Additionally, I, . changes little at large
strains. Fig. 5d shows that the change of nonbonding potential
increases rapidly at small strains and has slight changes at
large strains, and declining trends of AE,,;, were even found in
systems with more than 66% rigid polymer at large strains. This
suggests that the nonbonding potential mainly contributes to
the increase in stress at small strains.

Under the cooperative effects of entropy and enthalpy, the
behaviors of the tensile process are formed (see Fig. 5a and b and
Fig. S6a, ESIt). In the small strain region, the increase in stress is
contributed to by both enthalpy gain (increase in AEp,) and
entropy loss (increases in P, and k, ¢r). However, in the large strain
region the entropy loss in the form of P, continues to increase,
which mainly contributes to the enhanced mechanical properties.

We also studied the effects of architecture parameters (i.e.
the length and number of graft chains) on the stress-strain
behaviors of the blends at ¢zi = 5.0 and a strain rate of 0.2t .
Two scenarios were proposed: one is to keep the whole number
of polymer beads unchanged (that is 9000) while varying the
length (from 3 to 6) and the number (from 6 to 3) of the graft
chains in NR-graft-rigid-polymer molecules, and the results of
this scenario are plotted in Fig. 6. In addition, we keep the
number of molecules of each type (NR-graft-rigid-polymers
and rigid polymers) invariable and set to be the same as the
originals (180 rigid polymer molecules and 150 NR-graft-rigid-
polymer molecules), as seen in Fig. S7 (ESIt).

As is seen in Fig. 6a and Fig. S7a (ESIT), the stress increases
with increasing strain in both scenarios. However, in systems in
which the NR-grafi-rigid-polymer molecules have shorter graft
chains, we find that the stress swiftly increases to a plateau at
small strains and then changes little at large strains. Nearly the
same values of stress have even been found at large strains in
the systems in which the NR-graft-rigid-polymer molecules have
identical lengths of graft chains. In comparison, in systems in
which the NR-graft-rigid-polymer molecules have longer graft
chains, the stress increases gradually at large strains, indicating
that the increase in stress at large strains or the height of the
curve is mostly governed by the length of the graft chains.
Furthermore, at small strains, the stress in blends in which each
NR-graft-rigid-polymer molecule has a greater number of graft
chains rises significantly. This means that the increase in stress
at small strains depends on the number of the graft chains.

The effective bond length and the change of nonbonding
potential were calculated for blends with various structures.
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Fig. 6 (a) Stress—strain curves for various architecture parameters in
systems of 9000 polymer beads ((Rs)g denotes 6 graft chains each with
a length of 3). (b) Effective bond length ¢ for various architecture
parameters with respect to strain. (c) AEp,, as a function of strain for
various architecture parameters.

As shown in Fig. 6b (for systems with a constant number (9000)
of polymer beads), Iy increases rapidly at small strains.
It then increases little at large strains in systems in which the
NR-graft-rigid-polymer molecules have shorter graft chains,
whereas larger values of I, . were found in systems in which
the NR-graft-rigid-polymer molecules have more graft chains.
However, there is a continuous increase in [, . at large strains
in the systems in which the NR-graft-rigid-polymer molecules
have longer graft chains, indicating that the greater increase in
entropy loss in the form of I, . is mostly attributed to the
number of graft chains at small strains and to the length of the
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graft chains at large strains. The same trends of [, .¢ were found
for systems of a fixed molecular number (see Fig. S7c, ESIT). As
for the bond orientation, which can be seen in Fig. S8 (ESIt),
P, has almost the same value in different systems and shows
increasing trends with increasing strain except for slight varia-
tions. Moreover, larger values of P, were found in systems in
which the NR-graft-rigid-polymer molecules have longer graft
chains at large strains, whereas for systems in which the NR-
graft-rigid-polymer molecules have the same length of graft
chains P, has a greater increase for molecules with a smaller
number of graft chains. This means that systems in which the
NR-graft-rigid-polymer molecules have fewer or longer graft
chains exhibit a larger degree of bond orientation during the
tensile process. Aside from entropy, the enthalpy in the form
of AEp,;, increases rapidly to a plateau as shown in Fig. 6¢c and
Fig. S7d (ESIt). Obviously, the height of the curve is determined
by the number of graft chains of the NR-graft-rigid-polymer
molecules, and higher plateaus are reached during the tensile
process in systems in which the NR-graft-rigid-polymer mole-
cules have more graft chains, indicating that the contribution
of enthalpy gain to the increase in stress is dominated by the
number of graft chains. As for various structural systems,
increases in both entropy loss (see Fig. 6b and Fig. S8, ESIt)
and enthalpy gain (see Fig. 6¢) contribute to the higher stress at
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small strains (see Fig. 6a), and a larger increase in entropy loss
was found at large strains due to the sustained increase in l, ¢
(see Fig. 6b), which causes the stress to rise (see Fig. 6a).

3.3. Comparison of N3,-g-(R3)e/R10, N3¢ and N3o/Ryq

In this subsection, we compare the mechanical properties of
N30-2-(Rs)6/R10 With those of N3, and N3o/Ryo, and the stress-
strain curves of these systems under uniaxial tension at a strain
rate of 0.2t~ " are shown in Fig. 7a. Again, each system has the
same number of polymer beads (9000 in total), while half of
those are rigid, and exr was fixed at 5.0.

As can be seen, both the N3y-g-(R3)s/Rqo and N3o/R;o blend
systems exhibit enhanced mechanical properties compared to
those of the neat polymer N3,, which becomes evident at large
strains. However, nearly the same tensile behavior was found at
small strains in both the N3,-g-(Rs3)é/Ri0 and Nsz¢/R;o blend
systems (see Fig. 7b). This is reasonable since the two systems
have similar physical states, which will be further discussed
below. As the strain increases the difference in stress between
the two blends becomes larger. The insets of Fig. 7c show the
morphologies of the N3(-g-(R3)s/R1o and N3¢/R;, blends. A better
compatibility of rigid polymer and NR was obtained in the
N30-2-(R3)6/R10 blend, suggesting that the rigid polymer beads
are better dispersed into the NR matrix because of the graft

(b) = Nso0-RadeRep oo

P

6" o N3gRyg

—— N30

o

/c3)

.......

P

P
H

Stress(e
N

.00 0,02 0,04 0.06 0.08 0.10
Strain

—
(2]

(d)

15%

~

5%

Stress(N/mmz)
(o]

~

. ")
0 50 100 150 200 250 300
Strain(%)

Fig. 7 (a) Stress—strain curves for the N3p-g-(R3)s/R10. N3o/R1o and Nz systems. (b) Stress—strain curves at small deformations. (c) Radial distribution
function g(r) between rigid polymer beads. (d) Stress—strain curve of NR/PMMA blends with and without the addition of graft copolymer (the ratio of the
additional graft is shown beside the curves) and the mass ratio NR: PMMA = 1:1 from Oommen’s experimental studies.** Reproduced from ref. 14 with

permission from John Wiley and Sons, copyright 2004.
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chains acting as a compatibilizer. However, the rigid polymer in
the N3o/Ryo blend is incompatible with the NR polymer, which
also lowers the mechanical properties of the blend systems.
These phenomena are in line with many experimental studies.'***
Fig. 7d is gathered from Oommen’s experimental studies'* and
shows the stress-strain curve of 50/50 NR/PMMA blends with
and without the addition of graft copolymer. Enhancement
of the mechanical properties can be found by adding graft
copolymer to the NR/PMMA blends, which supports our simu-
lation results.

To characterize the compatibility and the interaction struc-
ture of the systems, the radial distribution function g(r) between
the rigid polymer beads was also calculated in Fig. 7c, which is
defined as the probability of another rigid bead occurring from a
distance of r,

0=

@)

where (n(r)) is the average number of particles within the shell
between r and r + Ar, Ar is a given thickness of spherical shell
and p, is the entire number density of particles.>® Zhuang et al.>
found that g(r) can provide promising evidence for evaluations
of polymer compatibility. Xue et al>® found that the Flory-
Huggins®’ parameter y can evaluate the compatibility of the
polymer blends. In that study it is shown that g{r) and y provide
the same conclusions for the compatibility of the polymer
blends.® The g(r) also proves the better dispersion of rigid polymer
beads in the N3y-g-(R3)s/Ry blends. As shown in Fig. 7c, the peak
intensity of the N3o-g<(R3)/Ry0 blends at r = 30 is smaller relative to
that of the N3¢/Ryy blends, and the value of g(r) is larger as r
increases, suggesting that the average distance between rigid
polymer beads is larger. In other words, the rigid polymer beads
are well dispersed in the N3y-g-(R3)s/Rs0 blend systems.
Obviously the value of P, becomes larger with increasing
strain from Fig. 8a, which means the polymer chains transform
from isotropic to anisotropic. The degree of bond orientation is
smaller during the tensile process in the N3/R;o blends than
that in the N3,-g-(R3)6/R1o blends, suggesting that the bonds are
harder to orientate due to the greater effects of repulsiveness or
incompatibility of the N3o/R; blends. Fig. 8b shows that I, c¢
increases gradually with increasing strain in the N3-g-(R3)s/R10
systems, whereas [}, o¢ barely increases in the N3 and N3o/Rqg
systems during the tensile process, indicating that the degree of
bond stretching is larger in the N3¢-g-(R3)s/Ry0 Systems than that in
the N3o/Ry, systems. The larger entropy loss of the N3¢-g-(Rs)s/Rio
blends originates from the greater increases in both P, and 4, .,
which contributes to the enhanced mechanical properties. More-
over, the values of I« in both blend systems are smaller than
those in NR systems due to the stronger attraction between the
rigid polymer beads. Additionally, in both blend systems AEpq;;
increases rapidly with increasing strain at small strains and then
has small changes at large strains (see Fig. 8c), suggesting that the
enthalpy gain in the form of an increase in AE,;: contributes to
the increase in stress mostly at small strains. Furthermore, the
values of AE,; as well as [, . barely change during the whole
tensile process in NR systems. This result indicates that the weak
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Fig. 8 (a) Bond orientation P, as a function of strain for the N3p-g-(R3)e/
Rio0. N3o/R10 and Nzg systems. (b) Effective bond length [, ¢ With respect to
strain for the Nsp-g-(Rs)s/Rio, N3o/Rio and Nsg systems. (c) AEqqy as a
function of strain for the N3p-g-(R3)e/R10, N30/R10 and Nzg systems.

mechanical properties of NR derive from lower increases in both
entropy loss and enthalpy gain.

In Fig. 7b, the tensile behaviors of both the N34-g-(Rs)6/R10
and N3o/R;o blends are nearly the same at the beginning, and
the mechanical properties of both blend systems outperform
those of the NR systems due to the addition of rigid polymers.
The tensile processes start with energy-equilibrated systems, in
which the polymer beads try to find the appropriate position to
obtain a minimal energy. Moreover both blend systems have
the same number and interaction potentials of the polymer
beads, which results in almost the same changes in the bond
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orientations and the nonbonding potential at small strains, as
shown in Fig. 8a and c. As for the effective bond length, Fig. S9
(ESIt) shows that the changes of [, .¢r for the two systems at
small strains (< 0.04) are close, which leads to a similar stress-
strain behavior. With an increase in strain, the stress increases
evidently in the N3o-g-(R3)s/R1o systems, which exhibit enhanced
mechanical properties in line with many experimental
studies.">'* With contributions from both entropy loss and
enthalpy gain, the stress increases during the tensile process.
Furthermore, the nonbonding potential has no evident change
at large strains (see Fig. 8c), while the value of P, is still rising,
indicating that the contribution to the entropy loss is dominated
by the bond orientation at large strains.

3.4. Comparison with experimental observations

This study has shown that additional NR-graft-rigid-polymers
enhance the mechanical properties of pure NR systems and NR/
rigid-polymer blend systems. There are some available experi-
mental observations in the literature supporting our theoretical
results. For instance, Oommen and coauthors have studied the
effect of the concentration of NR graft PMMA (NR-g-PMMA) on
the mechanical properties of NR/PMMA/NR-g-PMMA blends."*
They found that systems without NR-g-PMMA possess a very low
value of stress, while the addition of NR-g-PMMA considerably
changes the nature of the stress-strain curve. In systems with
higher concentrations of NR-g-PMMA higher values of stress were
observed (see Fig. 7d) and other mechanical properties such as
tensile moduli were also found to be enhanced. Moreover, better
surface compatibility of NR and PMMA by addition of NR-g-
PMMA was also found. This evidence is in good agreement with
our simulation results. For example, the blend of NR-graft-rigid-
polymer and rigid polymer has a higher value of stress relative to
the blend of NR and rigid polymer (see Fig. 7a), and better
compatibility of rigid polymer and NR was obtained in the
N30-g-(R3)6/R10 blends from the morphologies in Fig. 7c.
Additionally, our simulation results reveal that the tensile
modulus and stress can be enhanced by increasing the propor-
tion of the rigid polymer (see Fig. 5a and Fig. S6a, ESIt). This
result is in accordance with some experimental results. For
example, Kovuttikulrangsie and coauthors studied the mechan-
ical properties of poly(methyl methacrylate)-grafted-deproteinized
natural rubber (PMMA-g-DPNR).”® They found that by increasing
the PMMA fraction in the PMMA-g-DPNR film, the tensile
modulus and the tensile strength of the film were also
increased, which is also in line with Neilsen’s studies.*®
Jayasuriya’s group investigated the mechanical properties of
natural rubber/poly(methyl methacrylate) blends.* They found
that the tensile strength and the modulus were increased
significantly with increasing PMMA content. Moreover, some
experimental studies, such as the study of Oommen'* or the
study of Thiraphattaraphun,® show that a higher graft ratio in
the blend systems results in enhanced mechanical properties
such as stress and modulus. These results are in line with our
study on the structural factors. As the graft molecule in the
blend systems changes from N3o-g-(R3); to N3o-g-(Re)s, namely
increasing the length and number of graft chains in a molecule,
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a higher graft ratio and enhanced mechanical properties are
obtained (see Fig. S7a, ESIT).

Beyond the reproductions of the general features of experi-
mental findings for the blend of NR-graft-rigid-polymer and
rigid polymer, the simulations can reveal the physical origin of
the mechanical properties of the systems and provide an insight
into the experimental observations. In the simulations it is
convenient to visualize the morphology and to obtain molecular
information. For instance, the morphologies of Nju-g-(R3)s/Rio
and N3o/R;o are shown in Fig. 7c. Better compatibility of rigid
polymer and NR can be seen in the Njzy-g-(R;)s/Rio Systems,
indicating that the rigid polymer beads are well dispersed in
the NR matrix because the graft chains act as a compatibilizer,
which is also in line with Ekvipoo’s studies.®® More importantly,
the dispersion state of the blends can be characterized easily by
the radial distribution function g(r) between the rigid polymer
beads. The rigid polymer beads are well dispersed as reflected by
the smaller peak of the N3o-g-(R3)s/Ry0 blends appearing at r = 3¢
and displaying a larger g{r) when r increased (see Fig. 7c).
Moreover, it is facile to calculate dynamic parameters which
can reveal the microscopic origin of the enhanced mechanical
properties in the blend systems. For example, the contribution to
the enhanced systems in terms of conformational entropy can be
easily elucidated by the bond orientation and the effective bond
length. The contribution from the view of interaction enthalpy
can be explained by the change of nonbonding potential.”*
Such dynamic parameters reveal the physical origin and deepen
the understanding of experimental observations. This is of
practical benefit for experimentally designing and fabricating
advanced materials.

4. Conclusions

By changing an external factor (the strain rate) and internal
factors such as nonbonding interaction strength, architectural
structures (the length and number of graft chains of the
NR-graft-rigid-polymer molecules) and the proportion of rigid
polymer, we investigate the mechanical properties of NR-graft-
rigid-polymer/rigid-polymer systems (Nzo-g-(R3)s/R10) using mole-
cular dynamics simulation. It is found that Njo-g-(Rs)s/Rio
systems with a higher strain rate exhibit a better mechanical
performance, such as a higher yield stress or modulus. As for
the effects of internal factors on the mechanical properties of
the N30-g-(R3)s/R1o Systems, the stress and modulus were found
to be increased by increasing the nonbonding interaction
strength between rigid polymers. However, as the rigid polymer
proportion increases in the systems, as mechanical properties
tend to be governed by the rigid polymers, the tensional
modulus increases gradually but the flexibility of the systems
is reduced due to the reduction in soft NR parts. Moreover, the
stress will increase to a limit as the rigid part increases, which
means that significantly enhanced tensile properties are not
obtained when the proportion of additional rigid polymer is
more than about 75%. In addition, a larger stress and modulus
were found at small strains in systems in which NR-graft-rigid-
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polymer molecules had more graft chains. Nevertheless, a
continuous increase in stress was found at large strains in
systems in which NR-graft-rigid-polymer molecules had longer
graft chains. Moreover, we compared the blend of NR-graft-
rigid-polymer and rigid polymer (N3(-g-(R3)s/R10) with the blend
of NR and rigid-polymer (N3,/R;,) and neat NR (N3,), and found
that N3o-g-(R3)s/R1o exhibits enhanced mechanical properties
over N3o/R;o and N3y, and in addition a better dispersion of
rigid polymer was found in Njo-g-(R3)s/R10. These results are
also in qualitative accordance with available experimental
observations. Lastly, comparisons were made to provide the
rationality of our models. The effects of these parameters on
the mechanical properties were found to be in connection with
the bond orientation, the effective bond length, and the change
of nonbonding potential. Insight into various mechanical prop-
erties of the Njy-g-(R3)s/Rio Systems is obtained, which may
help us to find useful information for designing and fabricating
high performance NR materials.
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