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ABSTRACT: Addition of nanoparticles to polymer melts can significantly alter the mechanical properties
of the resulting composite systems. Here we address the influence of nanorods on nanocomposite behavior
and, in particular, on the entanglement network of the composites through extensive Monte Carlo and
molecular dynamics simulations at equilibrium and under uniaxial deformation. Recently proposed topological
algorithms are used to determine the primitive path network and the entanglement molecular weight of
polymer—rod composites. A systematic study is presented of the effects of particle size, aspect ratio and
volume fraction on their structure and entanglement state. For the primitive path analysis we consider two
physical cases: the “frozen particle limit” where nanoparticles with fixed coordinates are explicitly present in
the minimization process for the extraction of the primitive path network, and the “phantom particle limit”
where nanoparticles are removed prior to the entanglement analysis. Simulation results indicate that the
inclusion of nanoparticles into the polymer matrix does not significantly alter the polymer—polymer prim-
itive path network. Instead, it enriches the nanocomposite system by nucleating additional topological

constraints of polymer—particle origin.

I. Introduction

Nanoscale additives are capable of altering the structural, rhe-
ological, and mechanical properties of polymeric systems even at
relatively low concentrations.' A fundamental understanding of
blends of nanoparticles and polymers, often referred to as “poly-
mer nanocomposites” (PNC), continues to be limited, particularly
with regard to the mechanisms behind nanoparticle reinforce-
ment. A better understanding of the dependence of reinforcement
on additive properties could potentially lead to predictions of
nanocomposite behavior as a function of particle size, shape, geom-
etry and concentration, interfacial interactions, and, ultimately,
to improve processing and preparation strategies. A number of
recent reviews 2pr0v1de an overview of polymer-nanocomposite
reinforcement.””° Traditional models of filler reinforcement have
primarily focused on the volume of the additive and its physical
strength, without much concern for the nature of interactions be-
tween the filler and the polymer matrix.” In recent decades, the
emergence of effective experimental preparation techniques for
nanoinclusions has demonstrated that size and interaction
strength can have pronounced effects on reinforcement.

Several new concepts have been put forward to interpret a
variety of experimentally observed behaviors. The concept of an
“Interaction zone”, for example, proposes that a reduced polymer
mobility near the surface of particles increases the apparent size
of the additive, thereby allowing small, high-surface-area parti-
cles to have a disproportionate influence on material properties
with respect to their concentration.® The requisite polymer
restructuring near nanoparticle surfaces has been confirmed by
recent simulations,” which found evidence for the formation of a
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glassy layer surrounding the particles. Note that earlier simula-
tions of polymer thin films had already anticipated that a layer of
reduced mobility should arise in the vicinity of attractive sur-
faces.'® More recent studies'' have demonstrated strong reinfor-
cement when glassy layers overlap, even below the percolation
threshold. Alternatively, experimental studies of entangled PNCs
during annealing below the glass transition temperature'” have
led to the proposition that particle aggregation and increased
bridging between particles by polymer segments is responsible for
the enhanced rheological properties of the composite. Note that
simulations of short chains have suggested that a reduction in
perpendicular mobility near filler surfaces correlates with long-
lived polymer loops and bridges.'* Such simulations, however,
have traditionally been carried out with chains whose degree of
polymerization is well below the entanglement molecular weight.

Several decades ago, Bueche proposed that particles may alter
the underlying primitive path (PP) network of the polymer matrix
by nucleating entanglements at the surface of the inclusions.'*
More recently, it has been suggested that the nonlinear viscoe-
lastic properties of a PNC above the glass transition temperature
are the result of how particle—polymer interfaces alter the under-
lying polymer matrix and the concomitant entanglement state of
the system.' That view has been partly confirmed by simulations
of rough spheres dispersed in entangled polymers, which have
shown that nanoparticles lead to an increase in the observed
plateau modulus, and correspondingly, the average number of
entanglements.'® Past simulations have focused on spherical
inclusions; in this work, we examine whether particle shape also
plays a role in the underlying entanglement network.

The mutual uncrossability of chains is central to any con-
ceptual framework for understanding the rheological and
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mechanical behavior of entangled macromolecular systems. Doi
and Edwards'” introduced the concept of a PP as the shortest
path between chain ends that is consistent with the restriction
of chain uncrossability. Recently developed topological algo-
rithms'® %! have enabled the extraction of the PP network from
simulations of polymer chains at various levels of detail. While
original algorithms employed annealin% and energy minimization
techniques,”' or lattice-based methods,”> more recent approaches
have relied on direct geometric—stochastic'**° algorithms for the
minimization of the total contour length of the multiple discon-
nected primitive paths. Sukumaran et al.'® demonstrated agree-
ment between values for the plateau modulus derived from
simulation-based calculations of entanglement molecular weight
and those obtained from deformation experiments. They further
showed that the contribution of the self-entanglements to the
PP network was negligible for the simulated polymer systems.
Tzoumanekas and Theodorou introduced the so-called “CRe-
TA” algorithm' to examine the location of entanglements in a
polymer melt. They found that the distribution of entanglements
along a given polymer can be described by a stochastic point
process whose distribution is the convolution of two exponential
distributions. These authors proposed a correspondin% master for-
mula that was shown to have general applicability.'*>*** They
also noted that beyond a short cutoff, the network structure could
be described as an ideal gas of entanglements. Recent studies on
fully flexible athermal 2180131m6:r models,”*** employing the so-
called “Z1” algorithm®2¢~® for the extraction of PPs, have
revealed a direct correspondence between interchain entangle-
ments and intrachain knotting, and identified the scaling expo-
nents for the dependence of entanglement statistics on volume
fraction over the entire concentration range. The same algorithm
had been used to obtain time-dependent quantities, such as the
segment tube survival probability.? That probability allows for
direct tests of the reptation theory and its refinements, including
contour length fluctuations and constraint release.*

With few exceptions, simulation studies of entanglements have
been restricted to pure polymer matrices. Riggleman et al.'® used
simulations and the CReTA algorithm to show that neutral
spherical inclusions not only create new entanglements with the
polymer matrix, but that polymer—polymer topological con-
straints are attracted to the particles during deformation. Ri-
chardson and Abrams®! examined a rod-containing PNC during
crazing, with rods being equally spaced and preferentially aligned
perpendicular to the axis of deformation. They observed a de-
crease in the entanglements per chain during the course of multi-
axial extension. More recently, Termonia examined polymer
configurations in a fixed field of spherical particles using a lattice
model,** and found that entanglement density increased with
decreasing additive size.

The work presented here differs from past efforts in several
respects. First, we simulate truly entangled, high molecular
weight composites at equilibrium. Second, we focus on the effects
of rod-like particles on the entanglement network, and we per-
form a systematic study of nanorod length. This is a pertinent
choice, owing to the limited number of theoretical and computa-
tional studies available in the literature;*> nanorod length is of
particular fundamental interest because one can probe different
length scales, and generate new knowledge that is currently
missing from the theoretical nanocomposite literature. A critical
examination of the nature of filler dispersion,“f37 however,
is beyond the scope of the current work. Additionally, examina-
tion of corresponding mechancial properties measurable via
deformation of a PNC will be covered in another work.*®

Our results indicate that, in the limit of “mobile” particles (see
below for an explanation of this terminology), rod-like inclusions
do not alter the underlying polymer PP network vis-a-vis that of
the pure polymer. The effect of rod length on number of beads
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between entanglements (V,) is negligible in both limits, but is
found to profoundly affect entanglement density. Deforming the
composite induces the appearance of new particle—polymer en-
tanglements, but does not increase the number of polymer—
polymer entanglements.

I1. Model and Methods

The composites considered here consist of long, fully flexible
polymeric chains and semiflexible nanorods. A bead—spring
representation is adopted for both the polymers and the rods. All
polymer chains consist of N = 500 beads. Depending on the
simulated system, the number of beads per nanorod ranges from
1 to 16, with beads being constrained in an almost linear
(extended) conformation. Nonbonded interactions are governed
by a 12—6 Lennard-Jones potential energy function of the form
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where € and o are the Lennard-Jones parameters for energy and
length, respectively, r is the distance between any two beads, r.isa
cutoff distance, ry, is the inner cutoff distance for a smoothed
potential, and the C values are constants calculated so that the
force and its first derivative go smoothly from the Lennard-Jones
potential at the inner cutoff to zero at the outer cutoff distance. In
this study, the inner and outer cutoff distances were set to 2.40
and 2.50, respectively.

The value of ¢ is unity for polymer—polymer and particle—
particle interactions, and is equal to 3 for polymer—particle
interactions, thereby promoting mixing or dispersion of the rods
within the polymer matrix. The bonded energy between two
consecutive beads in the same chain/particle is given by a
harmonic function of the form

Uhond(r) = kr(r - V0)2 (2)

where the spring-constant is set to k, = 10> and 10* x ¢/o” for
polymer bonds and nanorod bonds, respectively. The equilibrium
bond length, r,, is 1o for polymer bonds and 2¢/3 for the nano-
rods, thereby conferring to them a textured appearance. The rod-
like character of the inclusions is enforced through a bending
potential of the form

Uhend(r) = k0(6 - 6(1)2 (3)

where 6 is the bending angle formed by beads separated by two
bonds, 6, corresponds to the minimum-energy angle of 180°,
and ky = 200e rad 2.

Note that the diameter of both nanorod and polymer beads is
the same, thereby allowing us to focus strictly on the effects of the
aspect ratio of the inclusions, as opposed to behaviors that might
arise from their large size vis-a-vis that of the chain monomer.
Thus, our simulations correspond to PNCs containing mono-
disperse, short carbon nanotubes or nanowires in a polymeric
material whose effective diameter is comparable with that of the
inclusion.

As alluded to earlier, one of the main challenges associated with
simulations of entangled PNC is that of sampling conformational
space. Two issues must be addressed. First, the polymer itself must
explore the configurational space made available to it within the
field of topological constraints created by nanorods. Second,
the nanorods must also explore the available phase space as effi-
ciently as possible.
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The first issue is handled primarily through implementation of
connectivity-altering moves that juxtapose the ends of polymer
chains.** Two forms of double-rebridging (DB) were used in
this work; a configurational bias scheme along the lines of that
proposed by Banaszak et al.,** as well as the Bondswap algorithm
(BSA) of the LAMMPS* program. For DB, the first chain and a
position on that chain were chosen at random. A Rosenbluth
weight was then generated based on the distance between possible
exchanged ends for each possible partner chain in the system, and
then a partner was chosen randomly based on these weights. One
bead was deleted from each chain, and 200 positions were
attempted for the placement of new beads to connect the re-
formed chains. The acceptance rate was approximately 0.05% for
all systems.

For BSA simulations, a random list of all N atoms was created
and then an N? search was performed for a pair of atoms such that
all atoms involved in a potential bond-swap were within 1.20 of
each other. A swap was attempted and accepted according to
Metropolis sampling criteria. The acceptance rate for BSA was
between 4% and 6% for all systems. Because of the cutoff restric-
tion, BSA acceptance rates do not differ considerably between
PNC and pure polymer systems. As such, the rate of polymer
relaxation is similar in all systems, even in the cases where the
number of potentially viable swap sites differs between con-
figurations.

Particle diffusion was ensured through implementation of a
hybrid combination** of Monte Carlo and molecular dynamics
moves, which enabled the smaller nanorod species to diffuse
rapidly throughout the system. The time step employed for
molecular dynamics (MD) was 0.0017, using a velocity Verlet
integration scheme. We use 7 to denote Lennard-Jones time units
such that 7 = (mo?/e)"?, where m is mass.

Each PNC system considered here consisted of 46 chains, for a
total of 23 000 polymer beads. For comparison purposes, simula-
tions were carried out on pure polymer systems of 81 chains having
the same molecular length. For PNCs, rods of length 1, 4, 6, 8, 10,
and 16 were considered at two different concentrations: 5.3and 10
wt %. Because of the reduced bond length of 2/3¢ for the
nanorods, their aspect ratios were 1, 3, 4.33, 5.67, 7, and 11,
respectively. For each combination of length and concentration, a
set of 38 statistically uncorrelated trajectories were simulated. In
the remainder of the text, nanocomposite systems are referred to
by the size of their respective particles (e.g., 4-mer system).

The pure polymer and 4-mer, §-mer, and 16-mer systems were
constructed by growing chains to a number density of 0.5¢" >
around randomly dispersed nanorods using a traditional config-
urational bias insertion scheme.*> Equilibration simulations of
the nanocomposite systems, as well as subsequent production
runs to produce independent configurations, were carried out at a
reduced temperature of 1.75¢/kg and zero pressure, where kg is
the Boltzmann constant. These conditions are well above the
glass transition temperature for the composites considered here,*®
the highest of which is 0.620¢/kg using a fast cooling rate. Each
system then underwent cycles of 10® MD-step runs in the NPT-
ensemble, and MC runs of 5 attempted double-rebridging moves
per monomer bead, 25 attempted reptation moves per chain, and
100 attempted random displacements per bead. This process was
continued until both the system volume and contour length of the
primitive path (L) stabilized. The procedure for calculation of
the PP network and the entanglement molecular weight N, is
described later in the manuscript. The 1-mer, 6-mer, and 10-mer
systems were constructed by shortening the rods of longer systems
and randomly inserting new rods to reach the desired concentra-
tion. These systems were then subjected to a similar equilibration
process. The final number densities obtained for these systems
were 0.667 (pure polymer), 0.772 (1-mer), 0.797 (4-mer), 0.796
(6-mer), 0.792 (8-mer), and 0.770 (16-mer).

After the initial equilibration using DB, the generation of new
independent states was achieved using LAMMPS with BSA moves
enabled. It was verified that both the DB and BSA algorithms give
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Figure 1. Orientational autocorrelation function of the end-to-end unit
vector of polymer chains during MD simulation with bondswapping.
PNC at 10.0 wt %.
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Figure 2. Trace in x—y plane of typical 8-mer particle centers of mass
during a LAMMPS run of 50007 with bond-swapping enabled. Total
box length is 31.88¢ in each dimension.

comparable results for the average configurational properties of
the polymer melts. Independent configurations were stored every
500,000 steps for subsequent extraction of the PP network and for
calculation of entanglement statistics.

Figure 1 shows the average end-to-end vector autocorrelation
function of the polymer chains for a pure polymer system and an
8-mer PNC. The long-range orientational relaxation of the
polymer chains decays to 0.1 after approximately 1 h of computa-
tional time (on 4 processors using BSA), serving to demonstrate
the efficiency of sampling achieved by MC bridging-based tech-
niques and the validity and statistical relevance of the results
presented in this work. After equilibration, all simulations were
run long enough to ensure that the end-to-end autocorrelation
function decayed multiple times. From the point of view of nano-
particle relaxation, a close examination of concurrent particle
motion revealed random, diffusive behavior as demonstrated by
the trace of nanorod centers of mass as projected on the xy-plane,
shown in Figure 2. While the movement of longer rods is cor-
related with the directional vector along which the rod lies, a single
long MD run allowed the rod-like particles to diffuse throughout
the box and explore multiple orientations.

For completeness, multiple PP algorithms were used to gen-
erate the average molecular weight between entanglements,
N,. Note that while all PP algorithms are based on the same
concept, their actual implementations can vary considerably,
leading to subtle but important differences, particularly when
considering composite systems. Sukumaran et al.'® provided a
method for constructing a PP through modified MD simulations.



Article

That method fixes chain ends while slowly tightening polymer
bonds. Thermal motion allows the chains to form a network
of interconnected lines with negligible slippage around the ends
of the polymer strands. While slippage has little impact on the
calculation of entanglement statistics for a bulk system of 500-bead
long chains (our early tests to choose a method showed no dis-
crepancies for pure polymers), any slippage that occurs between a
nanorod and a PP segment would add an unacceptable level of
ambiguity to our analysis.

Alternatively, the CReTA scheme'® involves a series of ran-
dom aligning moves wherein chain beads are treated as hard
spheres. In each move, the beads along a randomly selected
segment of a polymer chain are rebuilt as a straight line with
equidistant spacing. Any move that leads to interchain bead over-
lap or that moves a bead more than o is rejected. This scheme
prevents different chains from crossing, so long as the minimum
distance between beads is kept sufficiently small. While individual
straightening moves are fast, CReTA requires the addition of
ever-larger numbers of beads to refine the PP at small length scales,
thereby increasing the computational cost. Convergence is achiev-
ed once the maximum successful displacement (e.g., after 10000
attempted trials) falls below a preset threshold.

The Z1 algorithm®***~® constructs the entanglement network
through a direct topological procedure, where each PP is treated
as a connected path of infinitesimally thin, impenetrable and ten-
sionless straight segments. Through an iterative and node-adap-
tive procedure, geometric operations monotonically minimize the
total contour length of the multiple disconnected path simulta-
neously for all chains whose ends are held fixed in space. The
multiple disconnected path is simply the sum of the contour
lengths of the primitive paths. Convergence of the Z1 algorithm is
achieved once the difference of the minimized total contour length
between two successive iterations is smaller than a preset numer-
ical tolerance.

In both the Z1 and CReTA methods, after successful mini-
mization for each parent chain, a corresponding PP configuration
is returned which is fully defined by the position vectors of the
constituent internal kinks (the number of changes in PP direction,
entanglement contacts) and their linear connectivity. Past studies
have shown that, when applied to exactly the same bulk polymer
configurations, the Z1 and CReTA algorithms provide compar-
able predictions for the statistics of the underlying PP net-
work."*#47 More details on the performance comparison of the
existing methods for the extraction of the entanglement state of
bulk polymer systems can be found in the literature.® In the
interest of computational expediency, the Z1 method was chosen
for the topological analysis presented in this work. Note, how-
ever, that we verified that CReTA and Z1 yield the same results
for average contour length in our nanorod-polymer composite
systems. Also note that in the present implementation of the Z1
method, which is based on geometric criteria, uncrossability
between two chains can produce kinks either on both involved
primitive paths (a “twin” event) or on just one of them (single
occurrence).?” In practice, nodes that do not change the direction
of the PP and segments of vanishingly small length are disre-
garded in the calculation of entanglements.*® Asa result, the bond
length and the bond angles of the resulting physical PP are non-
zero. More details on the characterization of the PP network
through the Z1 algorithm can be found in refs 26 and 27.
Polymer—particle constraints were treated in the same manner
as polymer—polymer constraints, and are based on the same
geometrical criteria. To that end, the nanorod is represented as a
cylindrical mesh composed of a large number of single-segment
chains, whose lengths do not enter the calculation of Ly, In the
present version of the Z1 code, all nodes of the final PP are as-
signed to a particular contour position along the atomistic
polymer, but information about the occurrence of binary and
multiple entanglement events within the PP and their classifica-
tion into polymer—polymer and polymer—particle contacts is
not returned, i.e., there is no immediate distinction between
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polymer—particle and polymer—polymer contacts. Through
this strategy, the contour length, Ly,,, and the number of internal
kinks, Z, of each PP become readily available. Once this
information is extracted, the number of beads between entan-
glements, N,, can be estimated according to

N contact __ (N_ 1)N

 ZIN-1)+N )

where N is the number of beads of the parent chain. In the
remainder of this manuscript we refer to eq 4 as the “contact”
definition of N,.*** As an alternative which can also be applied
when information about Z is not available from a PP analysis,
Sukumaran et al.'® proposed to consider the primitive paths as
Gaussian chains, and to measure the mean squared end-to-end
distance, R..>, and the mean contour length L, of the PP. They
then calculated N, as

2
Ree

Nestatistical — (N _ 1) 5
LPP

(®)

The latter equation will be referred to as the “statistical” inter-
pretation of N,. Contact and statistical expressions are identical
to those based on “kinks” and “coils”, respectively, as reported
in the literature.>%**474%%% Refined N, -estimators applicable
down to weakly entangled systems N = N, are also available.*’
Past independent studies®®*®*” across different polymeric sys-
tems have reported significant differences between the predictions
based on eqs 4 and 5. For melts in the density regime studied here,
the statistical definition yields a value of N, that is approximately
twice that obtained from the contact calculation. The differences
associated with these definitions have been thoroughly examined
elsewhere®® and are attributed to the non—Gaussian character of
the PP.

In the case of PNCs we have been able to confirm that very
similar deviations are observed in the values of N, calculated by
the two approaches. We prefer the contact definition because it
entails a direct, assumption-free topological calculation of en-
tanglements that remains valid for the case of nonequilibrium or
constrained situations, where the configuration tensor embossing
eq 5 becomes anisotropic. For completeness, however, results
from both variants are presented here for PNCs at equilibrium.

It is worth mentioning that the number of beads between entan-
glements, N,, is microscopically related to the length of the PP,
denoted as Lpp, upon assuming that the PP represents a random
walk with constant step length. Such an assumption is known to
be somewhat crude, thus rendering L, the more fundamental
quantity.%-?7-30

The calculation of entanglements is particularly relevant in the
context of the plateau modulus, G.. The plateau modulus, which
describes the constant-stress relaxation region of polymers in
oscillatory shear experiments, is not directly accessible in simula-
tions of highly entangled polymeric molecules. However, it is
related to N, by

- %pkBT

G, =
5 N,

(6)

where p is the density, kpz is Boltzmann’s constant, and 7 is the
temperature. Everaers et al.>! have shown that simulations of
N, can be used to estimate G, by eq 6, leading to good agreement
with experiments.

An additional issue for the topological analysis of PNCs, not
present in pure polymers, arises with the addition of particles. In
one limit, these inclusions can be viewed as large, bulky, sticky
objects that anchor to the polymers, thereby restricting motion
and “tying” multiple polymer molecules together. This physical
condition, which we refer to as “the frozen particle limit”,
is approximated by holding the nanorods fixed in space while
applying the Z1 (or CreTA) algorithm to extract the PP. One can
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Figure 3. Primitive path network of polymer nanocomposites (a) in the
frozen particle limit, where nanoinclusions are explicitly present and
held fixed in space in the topological analysis, and (b) in the phantom
particle limit, where nanorods are removed from the system before the
extraction of the primitive paths. For clarity, only one nanorod and seg-
ments of three primitive paths are shown out of a 16-mer system at 10 wt %.
Both images correspond to the same parent system configuration.

then determine all particle—chain entanglements directly, as illus-
trated in Figure 3a. At the other extreme, a particle can be viewed
as relatively mobile, especially with respect to the sluggish motion
of the chain molecules. In that limit, which we refer to as the
“phantom particle limit”, the particles are unable to restrict poly-
mer motion on the time scales relevant to reptation dynamics. We
approximate this latter limit, whose physical relevance rises with
decreasing size of the inclusions, by removing the particles from
the system prior to the PP analysis. In the phantom limit, particles
only affect entanglement behavior in-so-far as they may alter the
underlying polymer topology, as illustrated in Figure 3b. For
completeness, we calculate the entanglement spacing in both the
phantom and frozen particle limits; we expect the “true” value
(and thus the effect of the nanoinclusions) to lie between the two.
Shorter rods are more likely to behave as phantom particles, while
the opposite stands as rod length increases.

The systems considered in this study are high-temperature
melts, well above the glassy regime where rheological behavior
is strongly related to the presence of entanglements. High-tem-
perature conditions were chosen to facilitate equilibration. Past
work with supercooled polymer melts®' suggests that only a small,
albeit systematic, decrease in N, occurs when a system is cooled
from the melt state to a glassy state. This is consistent with the
physical viewpoint that glasses inherit their entanglement struc-
ture from the structure of the melt.

II1. Melt Structure and Scaling

Our structural analysis of the PNC systems considered here
begins with the calculation of the corresponding radial distribu-
tion functions, g(r).

Figure 4 shows g(r) for three of the nanocomposite systems:
1-mer, 8-mer, and 16-mer PNCs at 10 wt %. Note that figures are
for systems quenched to a temperature of 0.3 (procedure de-
scribed later) but are generally representative of the melt as well.
Recall that the rods examined in this study each consist of spheres
interconnected to each other. The g() shown are for the interac-
tion between individual sites in the rods, as opposed to the center
of mass of the rods. For the monomeric particles, the polymer—
polymer and polymer—particle g(r) are nearly identical, except for
the intensity of the first peak near contact. Both functions exhibit
the oscillatory behavior that is characteristic of isotropic liquids.
The first peak for the polymer—particle function is centered
about r = 2%, The polymer—polymer peak is slightly shifted
to smaller r due to the inclusion of bonded polymer beads whose
equilibrium bond length is 1. Examination of the particle—parti-
cle peak (which is inherently intermolecular for monomeric
particles) reveals a slightly more complicated organization. Only
a small peak exists near lo, indicating that particles are well
dispersed and rarely come into contact. Instead, a strong peak
is observed around 20, suggesting that particles distribute
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Figure 4. Radial distribution function curves of (a) 1-mer, (b) 8-mer,
and (c) 16-mer PNC. Black denotes the polymer—polymer g(r), includ-
ing bonded beads, red denotes the polymer—particle g(r), and green
denotes the intermolecular particle—particle g(r). All systems contain
10 wt % particles.

themselves throughout the system in such a way as to maintain a
solvation layer of at least one polymer bead between them. The
existence of this layer is confirmed by the high peak at contact for
the particle—polymer g(r). Intermolecular particle—particle neigh-
bors are thus “pushed” into the second coordination shell. Aside
from this short-ranged net repulsion, owing to preferential wetting
of the particle surface by the polymer, monomeric particles do not
influence each other.

The 8-mer system exhibits a number of features that are similar
to those observed in the 1-mer composite. The polymer—polymer
and polymer—particle g(r) exhibit minor differences due to the
steric constrains imposed by the rod architecture. The peak at
lo in the intermolecular particle—particle g(r) is no longer pre-
sent, and the peak at 20 is smaller. Just as the monomeric par-
ticles, the 8-mer rods are well dispersed in the polymer matrix and
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Figure 5. Visualization of representative 8-mer (a) and 16-mer (b) melt
configurations. The nanorods are shown in yellow; polymers are shown
in blue. Polymers are interwoven into particle clusters, most clearly seen
in the top right of image (b). The radii of the polymer beads have been
scaled down to improve clarity.
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Figure 6. Local nanorod alignment as a function of center of mass
separation (in units of o). Alignment is defined as the second Legendre
polynomial (P5) of the dot product of the end-to-end vectors of a pair of
rods. Averaged over a set of rod pairs, this value is —0.5 for perpendi-
cular alignment, 1.0 for parallel alignment, and 0.0 for random align-
ment. Note that these results are shown only for rod separations after
which the radial distribution of the center of mass of the rods first rises
above 0.9. Results are shown for a 10 wt % nanorod weight fraction.

maintain a layer of polymer around them. This layer limits the
nearest distance between pairs of rods, thereby making it less
likely for a large number of beads in a rod to maintain a sep-
aration of exactly 20. The results for the 4-mer and 6-mer g(r)’s
are qualitatively similar to those of the 8-mer.

Direct visualization of the 8-mer samples (Figure 5a) reveals
that the rods are dispersed throughout the system with overall
random orientation. Evaluation of local rod alignment as a func-
tion of distance between rods reveals very weak orientational
correlations at distances smaller than the length of the corre-
sponding nanorod (Figure 6). Only the 16-mer shows a high level
of rod alignement, which persists over relatively large distances.

The polymer—polymer and polymer—particle g(r) for the 16-mer
are comparable to those for the smaller particle composites.
However, the particle—particle g(r) is considerably different. The
magnitude of the peaks is much larger, the location of peaks no
longer follows the other curves, and at radial distances beyond
the range shown in the figure the intermolecular particle—particle
g(r) decays below unity. These factors arise because the 16-mer
rods aggregate within the system, leading to a locally ordered
structure. Figure 5b shows a representative configuration of the
system, where it can be seen that nanorods form small bundles
with a highly ordered local structure. Interestingly, the minimum
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Figure 7. Static structure factor at 10 wt % filler.

distance between rods is still near 20, indicating that the resultant
rod aggregates contain some polymer between the rods. Closer
inspection of the polymer—particle g(r) reveals minor changes
from that of the 8-mer systems, most notably a small peak near
3.20. The polymer-mediated aggregation of otherwise repulsive
small particles has been recently discussed by Hall and Schweizer,>*
who also noted this behavior in small cubes and disks.

A number of measures are used to examine the effect of
particles on the structure of the polymer matrix. The static
structure factor S(k) is defined by

S = %<ZE%> 7

where Kk is the scattering vector, & is its norm, N is the number of
beads in a chain, 7 and j are indexes over all the beads in each
chain, and ry; is the distance vector between beads 7 and j. The
brackets denote an average over chains and wave vector orienta-
tions. This functional form represents an alterative normalization
over that generally considered in the literature.’> By our normal-
ization, S(k) goes from a value equal to the number of beads in a
chain, 500, at low k&, to a value of unity at large k, due to self-
interactions. Results are only shown for the polymer component
of each system. As seen in Figure 7, for all the composites
considered here, the structure factors of the polymer can be
superimposed on top of each other, regardless of particle aspect
ratio. Note, however, that S(k) for the composites is different
from that for the pure polymer. The most notable feature of the
PNC curves is a slight kink near k = 20~ ", corresponding to
length scales of approximately 30. For every system, the first peak
of the static structure factor is at k = 7.16” ' That first peak is
often used to estimate the o relaxation in the system.

One can also extract a scaling exponent from the inverse of the
static structure function’s slope. This scaling exponent would be
unity for a rigid rod, 0.5 for a random coil, and 0.588 for a self-
avoiding random coil. For the smaller values of k (0.1350" " to
0.6250™ "), corresponding to lengths of 100 to 460 between pairs
of beads within the same chain, the exponent is between that of a
random coil and a self-avoiding walk for all systems. For inter-
mediate k (0.6250" " to 1.8507 1), giving lengths of 3.40 to 100, the
exponent approaches that of a random coil, but again there is
little difference between the pure polymer and the nanocomposite
systems. In contrast, for length scales between 2.30 and 3.40, we
see a dramatic difference. The exponent for the pure polymer melt
corresponds to a random coil (scaling exponent is 0.488). But for
the PNC systems, the scaling exponents are between 0.55 and
0.57, corresponding to a self-avoiding walk. The polymer chains
solvate the particles and swell, consistent with the high level of
local interactions suggested by the g(r) (see Figure 4). Since the
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nanorods are small and are well-solvated by the polymer, the
overall structure of the macromolecules is only perturbed at these
short length scales. Also note that the aggregated 16-mer systems
do not exhibit significant differences from other PNCs. Similarly,
results corresponding to 5.3 wt % nanorod loadings (not shown)
can be superimposed onto the results shown in Figure 7.

The average mean-squared end-to-end distance, (ReeD), of the
polymer was also calculated for all systems. The standard error
for all reported values of (R..>) was below +19¢°. For the pure
polymer, (Ree2) was 7350°. The monomeric particle and 16-mer
systems exhibit slightly higher values at 7630 and 7610 respec-
tively, indicating a net swelling of the polymer molecules. The
4-mer, 6-mer, and 8-mer systems exhibit even higher values of
(Re), ranging from 7890 to 80307, even though S(k) did not
reveal any differences between these and the other nanocompo-
site systems. Values for the 5.3 wt % systems range from 7780
to 8180, and are generally slightly larger than those observed for
the 10 wt % nanorod loading.

Past studies” have argued that percolation is a necessary, but
not sufficient, condition for the emergence of solid-like behavior
in filled polymers. Here percolation is defined as the ability to
create a continuous network of connected nanorods that spans
the system (a simulation box) in any given dimension. As can be
inferred from the radial distribution functions, each polymer bead
has well-defined solvation shells. If contacts are defined as beads
within a 1.5¢ distance from each other, e.g., in each other’s first
solvation shell, then no system can percolate due to the layer of
polymer between all additives. Note that the 8-mer rod system is
justinside the semidilute regime, at a concentration above 9.43%,
and the 16-mer is well inside that regime, at a concentration above
2.98%. Since the semidilute regime corresponds to the region of
composition in which neighboring particles begin to pervade each
other’s volumes, it is a prerequiste for percolation. Alternatively,
if one wishes to include the second solvation shell, and hence
include that first layer of polymer as part of the particle (consis-
tent with a zone-theory-like approach®), then all systems perco-
late. However, the latter definition requires that the vast majority
of beads in the system be considered as part of the nanorod par-
ticles.

It is of particular interest to examine the nature of particle—
polymer bridges, and determine how they vary with rod length.
Literature studies'>'*** have suggested that an underlying poly-
mer—particle network, consisting of particles connected by poly-
mer bridges, is responsible for nanoparticle-induced strengthen-
ing. In this work, a bridge is defined as a subset of sequential
polymer beads along the same chain such that the first bead is
within 1.50 of a nanorod, the last bead is within 1.5¢ of a different
particle, and no intermediate bead is in contact with any rod. The
cutoff distance is taken to be the value of the first dip in the rod-
polymer radial distribution function. Under this definition two
types of bridges can exist, namely single-bead and multibead.
A single-bead bridge consists of a polymer bead in contact with
two different rods. Single-bead bridges constitute a significant
fraction of the bridges observed in our systems. Multibead bridges
are all bridges that consist of more than 1 bead.

Figure 8 shows the number of bridges per nanorod as a func-
tion of rod length and concentration, with single and multibead
contacts shown separately. The number of bridges is normalized
with respect to the number of nanorods (as opposed to nanorod
beads). It can be seen that the total number of bridges, which is
the summation of the two contributions, increases strongly with
rod length at both concentrations. However, when single-bead
and multibead bridges are considered separately two trends
emerge. First, for 8§-mers and larger rods, the number of multi-
bead bridges per particle does not change with aspect ratio, while
the number of single-bead bridges increases markedly. Single-
bead bridges, by definition, require the bridged rods to be in close
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Figure 8. Normalized number of polymer bridges that each nanorod is
connected to. The number of beads per nanorod is approximately equal
to the aspect ratio. Black (squares), red (circles), and green (triangle)
lines denote single-bead, multibead, and total bridges, respectively.
Solid lines with filled shapes correspond to 10 wt % loading and dotted
lines with hollow shapes correspond to 5% loading. Error bars in these
calculations are smaller than the size of the symbols.

proximity. Specifically, in the present analysis the maximum
distance that can be bridged between two nanorods by a single
chain beads is 30. The sharp increase in the single-bead bridge
population comes from extensive trapping of polymer segments
between particle beads and extensive aggregation (and thus
ordering) of 16-mer nanorods. Within the model considered here,
the presence of single-bead bridges is correlated to clustering.
While the number of single-bead bridges increases with con-
centration (except for 16-mers), the number of multibead bridges
per particle is nearly independent of concentration, within the
range considered here. There is an almost perfect overlap between
the two red curves (both marked by circles) shown in Figure 8.
At low concentrations, one would expect that inserting a new
particle should provide more possible connections for each old
particle to bridge to, affecting number of bridges in a nonlinear
way. Over the concentration range considered here, our results
suggest that the number of multibead bridges per particle has
reached a saturation concentration. This saturation effect does
not apply to single-bead bridges, other than in the 16-mer system.

IV. Entanglements

A. Quiescent State. Our pure polymer at a temperature of
1.75¢/kg and zero pressure has a lower number density,
0.6670 >, than that slightly above the glass transition tem-
perature, a regime that has been studied extensively with
Lennard-Jones polymers. To determine the role of density on
entanglements, we performed additional simulations of the
pure polymer at a constant number density of 0.975, com-
parable to that employed in past studies of dense melts. The
entanglement “length” N, at high density is 43.6 + 1.4 and it
is 56.0 & 3.5 at the lower density (for the contact definition).
These values become 75.5 + 6.0 and 106.7 £ 14.1, respec-
tively, for the statistical definition. These results are consis-
tent with the scaling of N, with density for model fully flexible
athermal polymers reported in the literature.>® Also note that
the result obtained here for the pure polymer at high density
in the statistical limit is in good agreement with available
literature data.'®

For the PNC systems, N, was determined as a function of
rod length in both the phantom- and frozen-particle limits,
using both the statistical and contact definitions. The results
are shown in Figure 9. There is excellent qualitative agree-
ment between the contact and statistical definitions, with
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Figure 9. Number of beads between entanglements, N,, as a function of
rod length in nanocomposite systems under the contact definition (a) and
the statistical definition (b), both evaluated via the Z1 algorithm. The
black lines denote the frozen particle limit (with particle) and the red lines
denote the phantom particle limit (removed particle). Filled symbols are
used for systems at 10 wt % and open symbols for systems at 5.3 wt %.
The green line denotes results for the pure polymer. Error bars corre-
spond to one standard deviation.

regards to the dependence of N, on the length of the nanopar-
ticles. However, as expected, the absolute values for the contact
and statistical definitions differ by a constant factor of 1.91 for
pure polymer, 2.00 for 5wt % PNC, and 1.86 for 10 wt % PNC.
The ratio found here for the pure polymer case falls within the
range of published data for various atomistic and coarse—
grained polymer systems. 46474

In the frozen particle limit, shown by the black curves,
where nanoparticles are considered explicitly in the topolo-
gical analysis, N, exhibits a significant decrease from its pure
polymer value. In the phantom particle limit, shown by the
red curves, only small deviations from the value of the pure
polymer are observed, and these lie within the statistical
uncertainty of our N, estimates. That is, when the particles
are not included explicitly in the PP analysis, our results for
N, are the same as those for the pure polymer. This implies
that the inclusion of nanoparticles does not alter the under-
lying PP mesh of the polymer itself. A higher number of
entanglements is a direct result of contacts with the nano-
rods. For nanocomposites, changes in mechanical properties
associated with entanglements should therefore be viewed as
a result of direct interaction mechanisms (direct contacts or
entanglements) between polymer and inclusions, and not the
result of subtle network alterations to the underlying poly-
mer—polymer topological constraints. Monomeric particles
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Figure 10. Entanglement density p,, as a function of rod length in
nanocomposite systems under the contact definition (a) and statistical
definition (b). The black lines denote the frozen particle limit (with
particle) and the red lines denote the phantom particle limit (removed
particle). Filled symbols are used for systems at 10 wt % and open
symbols for systems at 5.3 wt %. The green line denotes results for the
pure polymer. These results were generated using the melt density cor-
responding to the temperature at which the N, calculations were per-
formed.

show the most pronounced deviations. Differences in N,
among the various nonspherical inclusions are small.

One can count the actual number of polymer—particle
entanglements, and normalize that count with the length of
the particles. That analysis reveals that the number of entan-
glements per unit length (physical length, not beads per
nanorod) of inclusion is essentially constant across all ad-
ditive lengths. In the contact limit, this value is 0.30 4 0.03
for the 10 wt % systems and 0.23 4 0.03 for 5.3 wt % systems.
Differences in density only account for about 0.01 entangle-
ments per unit length of the change. That is, the number of
entanglements per particle length is higher for larger con-
centrations over the range of concentrations considered here.
Simulations of systems containing only an individual nano-
rod (results not shown) yield an entanglement density per
unit length equal to that observed for the 5.3 wt % systems.
The entanglement increase therefore arises for concentra-
tions between 5 and 10 wt %, and at higher concentrations it
will be limited by the solubility of the rods in the polymer.

For spherical nanoparticles, the definition of entangle-
ments requires that the smooth edges of the inclusions do not
allow the chains to slip by. A monotonic decrease of the PP
length is an integral part of the quasi—topological approach,
because all entanglements could otherwise be generally re-
moved upon slipping over chain ends in concert with a
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Figure 11. Changes to N, during extension under the contact definition
in the phantom (a) and frozen (b) particle limits at 10 wt % filler.
Dashed lines denote the range on fluctuations of average across all
samples.

temporary increase of the PP contour length. While entan-
glements are thus consistently defined and detected, for such
a system the frozen limit is unlikely to provide a realistic
representation of the physics of truly small inclusions. The
error bars for the monomeric particle systems are small due
to the reproducibility of the measurement, but the actual
relevance of such entanglements is questionable. For sphe-
rical particles a “rough” nanoparticle model is more appro-
priate, as presented by Riggleman et al.'®

Note that all the systems considered here were simulated at
the same pressure. The N, results in the phantom limit are the
same for the PNCs and the pure polymer, despite the dif-
ferent densities observed in these systems. At zero pressure,
however, the pure polymer exhibits a number density of
0.6670 ° that is significantly lower than that of the PNCs,
whose number density is in the range from 0.7700 > to
0.79703,*® depending on rod length. On the basis of known
scaling relations for entanglement molecular weight with
density in athermal polymers,>® we anticipate that the pure
polymer at the density of the PNC (0.770) would exhibit N, ~
50 (contact value) or ~96 (statistical value). When compared
at the same density, the phantom and pure polymer results
for N, continue to be the same within the statistical uncer-
tainty of our simulations, although slight differences be-
tween the pure polymer and the PNC begin to appear in
the contact limit.

The molecular weight between entanglements is related to
the plateau modulus of the material, as noted in eq 6. Since,
the density of each PNC is different, one can analyze the data
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Figure 12. Changes to N, during compression under the contact def-
inition in the phantom (a) and frozen (b) particle limits at 10 wt % filler.
Dashed lines denote the range on fluctuations of average across all
samples.

in terms of entanglement density p,, defined as bead number
density divided by N,. The results for the dependence of
entanglement density on rod length in both limits are shown
in Figure 10, with graph colors (and symbols) being fully
consistent with the previous N, figures. A detailed theoretical
study of the effect of density and polymer stiffness on entan-
glement densities for pure polymers is available in the lit-
erature.>

As discussed above, the statistical and contact definitions
show the same trends, not withstanding the quantitative dif-
ferences. The contact definition predicts larger enhancements
of the plateau modulus than the statistical definition. In the
frozen particle limit there is a clear decrease in entanglement
density with increasing rod length. Recall that the true value
of N, and entanglement density lies somewhere between the
phantom and frozen particle limits, and where it falls between
those limits is likely a function of particle length. As such, we
expect our 16-mer system to begin approaching the frozen limit,
which would suggest a nearly 2-fold increase in plateau mod-
ulus over that of the pure polymer for systems containing
equilibrated long rods.

B. Deformed State. It is of interest to examine the instan-
taneous values of N, during deformation, since our calcula-
tions are based on an analysis of configurations and not on a
dynamic measurement. To obtain these values, each system
was rapidly cooled to a temperature of 0.3¢/kg over 900t,
aged for 10007 at constant volume, and deformed at a con-
stant elongational strain rate of 0.00447 ' until a final true
strain of 1.09.
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contact definition in the phantom (a) and frozen (b) particle limits at
10 wt % filler.

Under these conditions, the density remains nearly con-
stant. Results for 16-mer rods are truncated well before the
smallest box—dimensions reach the length of the rod. Note
that the validity of the random—coil assumption of the PP is
invalid during deformation, and therefore only the results
from the contact definition are reported in what follows.

Full details of this deformation procedure and correspond-
ing mechanical analysis can be found elsewhere.*® For com-
pleteness, we only note here that the elastic responses of all
PNCs are comparable, but markedly stronger than that of
the pure polymer. Yield occurs at strains around 0.05. As will
be seen shortly, virtually no change in N, occurs over the
elastic regime. After yield, however, N, changes consider-
ably. Post-yield, PNCs exhibit a larger hardening modulus
with increasing rod length during tensile deformation, but
show no such trend during compressive deformation.

Figures 11 and 12 show results for the evolution of N, as a
function of strain under extension and compression, respec-
tively. For clarity, for each curve a fourth-order polynomial
fit of the raw data is shown; the dotted lines serve to represent
the statistical error associated with each curve.

We first examine the tensile deformation of the PNCs in
the phantom limit. Figure 11a shows a weak but systematic
increase in N,, with the rate of the increase being larger at
higher strains. The pure polymer behaves similarly. Note
that the pure polymer results here are the average of only
three configurations, as compared to 38 for the nanocompo-
sites, thus accounting for their larger fluctuations. The trend
in N, during deformation is consistent with the view that
entanglements are able to slip free of each other as the poly-
meric material is uniaxially stretched®® (this reference also
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Figure 14. Changes to L, during compression under the contact defi-
nition in the phantom (a) and frozen (b) particle limits at 10 wt % filler.

discusses qualitative differences that arise in shearing flows).
However, in the frozen particle limit, Figure 11b, a more
complex behavior emerges. At low strain rates, N, increases
slightly after the yield point,*® after which the system be-
comes more entangled, as seen by the decrease in N,.

As mentioned earlier, at equilibrium the entanglements in
the phantom limit are representative of the polymer—polymer
entanglements. The additional entanglements that arise in
the frozen limit correspond to direct polymer—particle inter-
actions. Assuming this observation remains valid during
deformation, beyond the yield point we observe a simulta-
neous decrease in polymer—polymer (phantom limit) entan-
glements and an increase in polymer—particle (frozen limit)
entanglements. As seen in Figure 11, this qualitative behav-
ior is not affected by the rod length.

Examination of N, during compression shows a similar
distinction between polymer—polymer and polymer—parti-
cle entanglements, as seen in Figure 12. In compression, N, is
virtually unchanged in the phantom limit, but decreases in
the frozen limit. Results using the CReTA algorithm (not
shown) provide the same trends for the evolution of N, with
strain under uniaxial deformation.

The increase in polymer—particle entanglements observed
under both modes of deformation is consistent with the clus-
tering of entanglements about the particle observed by Riggle-
man et al.'® Richardson and Abrams’' showed the opposite
trend in N,, with the number of entanglements per chain
decreasing during deformation in simulations near the frozen
limit. However, they used a different PP algorithm, their rods
were prealigned perpendicular to the direction of deformation,
and they worked across much higher strain rates, making
comparisons between their results and ours difficult.
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While not directly relevant to the entanglement state once
the system is perturbed from equilibrium, it remains possible
to characterize the PNC by the L, extracted during PP
analysis. This parameter-free measure of the system is of
particular relevance, as the physical information on the PP is
reflected by the shape and total contour length of the path.
Figures 13 and 14 show raw L, averages for all systems. In
all cases, Ly, increases with deformation in a similar fashion.
The frozen limit results are somewhat noisier, owing to the
fluctuations in number of particle—polymer contacts, with
higher L,, values due to the additional topological con-
straints created by the inclusions. There is little difference
between compression and extension results.

V. Conclusion

The fact that nanoparticles reinforce polymers is well-estab-
lished, but fundamental disagreements remain about the nature
and the origins of this strengthening. To examine possible mech-
anisms, we first analyzed the presence of polymer bridges between
inclusions. We found a notable increase in bridges formed with
increasing rod length, consistent with the large surface area of
those species. However, when we categorized those bridges based
upon their length, we found that single-bead bridges accounted
for all of the increase in number of bridges per particle for the
longest rods. These single-bead bridges are indicative of shorter-
length-scale interactions, and not the extended network of bridges
as normally invoked to explain nanoparticle reinforcement. Given
the extremely small diameter of our particles, it is not expected
that single-bead bridges contributed notably in previous works.

A second explanation of reinforcement focuses on how nano-
particles alter the underlying PP network. Here, we performed
extensive topological analysis on equilibrated rod-containing PNC
to extract the entanglement state. In the frozen particle limit, par-
ticles were treated as immobile objects, while in the phantom
particle limit they were treated as too mobile to restrict reptative
movement and were removed prior to PP analysis. These limits
represent the logical extremes of particle behavior, thus ensuring
the true systems’ values are bounded by their results. As such, we
have provided a basis for evaluation of geometrical entangle-
ments in a nanocomposite system. Where the true value lies
within these bounds is a matter of how correlated particle—
polymer motion is on the time scales of reptation, which itself is
suspected to be a function of particle geometry.

The PP analysis revealed two unexpected results. First, it was
observed that the entanglement molecular weight of the polymer
is recovered from the nanocomposite in the phantom particle
limit. This implies that inclusions do not alter the underlying
polymer network, rather, all particle reinforcement should be
attributable to direct interactions. Second, we found that N,
demonstrated complex behavior during rapid deformation, in the
frozen particle limit. Specifically there is a decrease (extension) or
no change (compression) in the number of polymer—polymer
entanglements as observed via the phantom particle limit, but the
number of polymer—particle entanglements increases in both
cases. This implies that nanocomposites attract new entangle-
ments during deformations without preventing the natural re-
lease of polymer—polymer entanglements.

What we cannot comment on from a static PP analysis is the
disentanglement time associated with those constraints. It re-
mains unclear whether entanglements resulting from particles are
easier or harder to disentangle than those that occur between
chains. Furthermore, it is possible that as particles impart gen-
erally slower dynamics into chain segments, they reduce the
polymer’s ability to reptate freely from chain—chain entangle-
ments as well. Further dynamical evaluation of these systems will
be performed in a future work.
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