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ABSTRACT: We present a coarse-grained (CG) molecular
dynamics (MD) simulation study of polymer nanocomposites
(PNCs) containing nanorods with homogeneous and patchy surface
chemistry/functionalization, modeled with isotropic and directional
nanorod−nanorod attraction, respectively. We show how the PNC
morphology is impacted by the nanorod design (i.e., aspect ratio,
homogeneous or patchy surface chemistry/functionalization) for
nanorods with a diameter equal to the Kuhn length of the polymer
in the matrix. For PNCs with 10 vol % nanorods that have an aspect
ratio ≤5, we observe percolated morphology with directional
nanorod−nanorod attraction and phase-separated (i.e., nanorod
aggregation) morphology with isotropic nanorod−nanorod attrac-
tion. In contrast, for nanorods with higher aspect ratios, both types
of attractions result in aggregated nanorods morphology due to the
dominance of entropic driving forces that cause long nanorods to form orientationally ordered aggregates. For most PNCs with
isotropic or directional nanorod−nanorod attractions, the average matrix polymer conformation is not perturbed by the inclusion of
up to 20 vol % nanorods. The polymer chains in contact with nanorods (i.e., interfacial chains) are on average extended and
statistically different from the conformations the matrix chains adopt in the pure melt state (with no nanorods); in contrast, the
polymer chains far from nanorods (i.e., bulk chains) adopt the same conformations as the matrix chains adopt in the pure melt state.
We also study the effect of other parameters, such as attraction strength, nanorod volume fraction, and matrix chain length, for PNCs
with isotropic or directional nanorod−nanorod attractions. Collectively, our results provide valuable design rules to achieve specific
PNC morphologies (i.e., dispersed, aggregated, percolated, and orientationally aligned nanorods) for various potential applications.

I. INTRODUCTION

Polymer nanocomposites (PNCs) are materials comprised of
polymers and nanoscale fillers that exhibit improved macro-
scopic properties compared to the filler-free polymers. These
macroscopic properties are strongly dependent on the filler
size, shape (e.g., spherical nanoparticles, nanorods, nanosheets,
etc.), chemistry, and their microscopic spatial arrangement
(e.g., dispersed, aggregated, strings, percolated states).1−9

Specifically, PNCs with nanorods or nanowires as fillers
exhibit unique enhancement in mechanical (e.g., higher elastic
modulus,10,11 lower rheological percolation threshold12),
electrical (e.g., lower electrical percolation threshold,12,13

higher ionic conductivity14), thermal (e.g., higher thermal
conductivity15,16), and optical (e.g., more conducive to
polarization17−19) properties compared to PNCs with spherical
nanoparticles, owing to the morphologies that are more readily
accessible to the anisotropic one-dimensional nanorods. For
example, percolated networks of carbon nanotubes or
nanowires in PNCs have low concentration thresholds for
conductivity.2,8 In another example, PNCs with orientationally

aligned assembly of silica carbide nanorods in epoxy resin have
been demonstrated to have higher thermal conductivity
compared to PNCs with randomly oriented nanorods.16 As
advances in nanorod synthesis and design allow for new
physical and chemical nanorod features,20,21 there is a growing
need for connecting PNC morphologies to these physical and
chemical design features of the nanorods as this connection is
key to tailoring the morphology of the PNC toward desired
macroscopic properties.
Molecular simulations are powerful tools to microscopically

probe and predict PNC morphologies for various PNC design
parameters. Past simulation studies have focused on specific
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rod-shaped filler chemistries such as carbon nanotubes,22

cellulose nanocrystals,23 or polymer grafted nanorods24−26 as
well as PNCs with bare nanorods27−29 to understand universal
phase behavior. For example, using Monte Carlo (MC) and
coarse-grained molecular dynamics (CGMD) simulations,
Toepperwein et al. have found that in PNCs with attractive
matrix−nanorod interaction, long nanorods (aspect ratio of
16) aggregate in bundles and exhibit high short-range
orientational alignment compared to short nanorods (aspect
ratio of 8) that are dispersed at the same volume fraction of
0.10.27,28 Surve et al. have studied the phase behavior of
nanorods in polymer solutions with attractive nanorod-
polymer interaction using self-consistent-field theory
(SCFT), and have found that the width of the miscibility
window in terms of nanorod volume fraction decreases with
increasing nanorod aspect ratio and nanorod diameter. They
have also found that either repulsive or strong attractive
matrix−nanorod interaction is good for miscibility of nano-
rods.30 Along the same lines, Sankar and Tripathy have used
the Polymer Reference Interaction Site Model (PRISM)
theory to find that the miscibility window becomes smaller
with increasing nanorod aspect ratio and plateaus above a
certain aspect ratio (∼10).31 They have also observed that the
miscibility window narrows with increasing nanorod−nanorod
attraction as the effective matrix−nanorod interaction becomes
more unfavorable, and the miscibility window exhibits a
nonmonotonic trend with increasing nanorod diameter.
Another critical question in many of the PNC-focused

simulations and experiments is how the matrix polymer
conformation changes as a function of the nanofillers and
the filler volume fraction.32 In PNCs with spherical nano-
particles, several studies have shown that when the matrix−
nanoparticle interaction is repulsive, the matrix chain
conformations on average are not perturbed.33−37 Contrary
to these studies, Robbes et al. have shown that repulsive
interaction between Fe2O3 nanoparticle and polystyrene matrix
led to an expansion in the matrix chain conformation
regardless of the state of nanoparticle dispersion.38 When the
matrix−nanoparticle interaction is favorable, matrix chains
have been found, in both experiments and simulations, to
either expand,39−43 remain unperturbed33,44,45 or contract.46,47

Several factors have been shown to affect matrix chain
conformations, including the following: ratio of characteristic
length scales of matrix and nanoparticle, i.e., radius of gyration
of polymer chain vs nanoparticle radius,35,41,43 attractive/
repulsive matrix−nanoparticle interaction,33,36 strength of
matrix−nanoparticle attraction,48−50 nanoparticle mobility,51,52

interparticle distance,42,43,48,50 and nanoparticle state of
dispersion.38

Moving from spherical nanoparticles to one-dimensional
nanorods/nanotubes, Karatrantos et al. have found that in
PNCs comprised of single walled carbon nanotubes
(SWCNTs) with matrix chain radius of gyration, Rg, smaller
than the nanorod radius, RP, there is no change in matrix chain
Rg at low filler volume fraction (=0.008).22 A follow-up
experimental study of PNCs with multiwalled carbon nano-
tubes (MWCNTs) and SWCNTs where the polymer matrix Rg
was commensurate with the MWCNT radius but larger than
the SWCNT radius has confirmed that polymer matrix
conformation is not perturbed at low volume fraction of
nanofiller (<0.02).53 At a higher volume fraction (>0.02), they
observed expansion of matrix chains in SWCNT nano-
composites. They observed no change in matrix chain

conformations in MWCNT nanocomposites regardless of
volume fraction. This difference in the response of matrix chain
conformations to changing volume fraction of nanotubes
between PNCs with SWCNT and MWCNT is attributed to
the size of the two nanotubes. Another study from
Toepperwein et al. reported up to 10% change in the average
mean-squared end-to-end distance ⟨Ree

2⟩ of matrix chains with
the inclusion of nanorods at volume fraction of 0.05.27

The above examples demonstrate the complexity of the
effect of fillers on the matrix chain conformation. To further
complicate this, studies have suggested that it may be
important to separately observe the behavior of interfacial
chains (i.e., matrix chains that are in contact with nano-
particles),33,54−57 and bulk chains (matrix chains that are not in
contact with any of the nanoparticles). Starr et al. have shown
that interfacial chains extend and flatten near the nanoparticle
surface.33 Huang et al. have found significant decrease in the Rg
of interfacial chains in PNCs with strongly attractive matrix−
nanoparticle system when the Rg is comparable to the
nanoparticle radius.58 To the best of our knowledge, none of
the studies on nanorod/nanotube containing PNCs have
separately analyzed the interfacial and bulk chain conforma-
tions. It is worth noting the difficulty in experimentally
distinguishing interfacial chains as the signal is low due to the
small fraction of interfacial chains.34 As a result, the
conformations of matrix chains reported experimentally are
ensemble averages of all the matrix chains with little knowledge
of the individual contributions of the interfacial and bulk
chains in the matrix population. Additional effort from both
the experimental side and the computational side is needed to
investigate the impact of nanorods separately on the
conformations of interfacial chains and bulk chains.
Lastly, we note that the computational studies presented

above for PNCs with nanorods are aimed at nanorods/
nanotubes with homogeneous surface chemistry, usually
modeled by isotropic interactions between nanorods and/or
between nanorod and matrix. To the best of our knowledge, no
simulation studies have focused on nanorods with patchy/
heterogeneous surface chemistry. Nanorods with heteroge-
neous or patchy surfaces have been synthesized via grafting59

or functionalization60 selectively on certain portions of the
surface or via heterogeneity in the biological building blocks
(e.g., peptides) that assemble to form the nanorods/nano-
wires.61 It would be useful to understand how the above results
highlighting universal or chemically specific trends in PNC
morphologies for isotropically interacting, homogeneous
nanorods change for PNC morphologies with directionally
interacting, heterogeneous/patchy nanorods. The work pre-
sented in this paper addresses the need for a systematic and
generic study comparing PNCs with homogeneous nanorods
to PNCs with patchy nanorods as well as the need for
distinguishing the effect of these nanorods’ presence on
interfacial and bulk matrix conformations. We will use the
traditional approach of isotropic attractions between nanorods
to model homogeneous surface chemistry and use a CG model
of patchy nanorods that contain sites enabling directional
attractions with sites on another nanorod surface.
The paper is organized as follows. In section II, we describe

the PNC model, our simulation protocols, the parameter space
we explored, and the analysis methods. In section III, we
present and discuss the simulation results. In section IV, we
conclude with a discussion on several design rules based on key
results in this work.
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II. METHODS
II.A. Model. To represent the PNCs with nanorods

interacting via isotropic repulsion or attraction, we use the
“isotropic model”. To represent the PNCs with nanorods
interacting via directional attractions we use the “directional
model”. These two models are described next.
In the isotropic coarse-grained model, as shown in Figure 1a,

the generic matrix polymer chains are represented with a

bead−spring62 model with each CG matrix bead of diameter
1d representing a Kuhn segment of the polymer. Each nanorod
is modeled as a rigid body of connected nonoverlapping
spheres. Choosing this physical representation of the nanorod
over a smooth spherocylinder63,64 or overlapping beads
model64 could bring a qualitative change to our simulation
results, in particular, the entropic driving forces. However, we
intentionally choose the rigid body of connected non-
overlapping beads to model the nanorod over the smooth
spherocylinder representation63 for two reasons: (1) to
facilitate a fair comparison to the directionally interacting
nanorod model described next and (2) to enable future studies
on effects of nanorod semiflexibility modeled by angle
potentials imposed on consecutive nanorod beads. The
diameter of the nanorod, D, is set to 1d, focusing this study
on modeling nanorods with diameter equal to the size of a
Kuhn length of the matrix polymer. The length of the nanorod
is equal to the integer number of D-sized nanorod beads to
give an end-to-end length L (also in units of d). For example,
an L = 3d nanorod is a rigid body of three connected
nonoverlapping beads each of diameter 1d.
In the directional coarse-grained model, we embed addi-

tional directional interaction sites within each matrix bead and
nanorod bead, as shown in Figure 1b. This directional
interaction model is based on previous CG models used by
Jayaraman and co-workers to study a variety of synthetic and
biologically relevant polymers with directional interac-
tions65−74 as well as previous patchy particle models (see
references to these in this viewpoint75). In this directional
interaction model, each directional interacting site is a sphere
of diameter 0.25d placed 0.37d from the center of its parent
matrix bead of diameter 1d or nanorod bead of diameter D.
The directional interaction site (cyan and dark blue sites in
Figure 1b) is embedded within the parent matrix/nanorod
bead. The net effect of the size and placement of these
directional interaction sites is that (a) the interaction captured
between two such sites is directional, as one would see in
hydrogen bonding,76 π − π stacking,77 and organometallic

connections,78 and (b) the excluded volume of the parent
matrix or nanorod bead is not altered by the presence of these
directional interaction sites. For the matrix polymers, one
directional interaction site is placed on each matrix polymer
CG bead. For the nanorods, the central (not end) nanorod
beads have four equidistant sites each, and the two end beads
each have one additional site (total five directional interaction
sites per end bead). Even though we focus solely on attraction
between nanorods in this study and always keep matrix−
nanorod interaction purely repulsive, the installation of
interaction sites on matrix beads facilitates future studies
with matrix−nanorod attraction. Each nanorod and all its
directional interaction sites are treated as a rigid body to
reduce computational intensity without loss of realism.79 In the
matrix polymer, the distance between the site and the parent
matrix bead is fixed, and together, the parent matrix bead and
its directional interaction site are treated as a rigid body; this
rigid body is connected to one or two adjacent matrix polymer
CG bead(s) and their directional interaction site(s) the same
way as in the isotropic model, via a harmonic spring with force
constant of ϵ50

d2
where ϵ and d are reduced units of energy and

length, respectively.
The isotropic nanorod−nanorod attraction is modeled using

a 12−6 Lennard-Jones80 (LJ) potential,
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with σLJ = 1d, rcut = 2.5d, and ϵLJ equal to ϵiso, the strength of
interaction that is varied in this study. The directional
nanorod−nanorod attraction is captured by the interaction
between directional interaction sites on different CG nanorod
beads modeled using an LJ potential (as eq 1) with σLJ = 0.25d,
rcut = 0.5d (2σLJ) and ϵLJ equal to ϵdir. Attractions between sites
on the same nanorod are ignored as each nanorod is treated as
a rigid body.
In this paper, we focus on PNCs in which the dominant

interaction is the attraction between the nanorods. As such, all
other pairwise interactions (matrix−matrix, matrix−nanorod,
and nanorod−nanorod in directional model, directional
interaction sites on matrix−directional interaction sites on
nanorod, and directional interaction sites−other beads) are
modeled with a purely repulsive, Weeks−Chandler−Ander-
sen81 (WCA) potential, as shown in eq 2, in both isotropic and
directional models, with ϵWCA = 1kT and σWCA = (σi + σj)/2,
where σi and σj are diameters of the two nonbonded beads.
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II.B. Molecular Dynamics (MD) Simulation Protocol.
We run molecular dynamics (MD) simulations in the NVT
ensemble at reduced temperature T* = 1 using the
LAMMPS82 package. The initial configuration is prepared by
randomly placing both nanorods and fully extended matrix
chains (i.e., rod-like configuration) in a large simulation box of
size 150d × 150d × 150d with no overlap of any two CG

Figure 1. Schematic of the CG model for the (a) matrix chains and
nanorods in PNCs with isotropic nanorod−nanorod attraction, and
(b) matrix chains and nanorods in PNCs with directional nanorod−
nanorod attraction. Embedded directional interaction sites are shown
as cyan spheres in the gray polymer chain and darker spheres in the
brown nanorod.
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beads. With all pairwise interactions set to repulsive only, the
matrix chains are relaxed and mixed with the nanorods over 10
million time steps, where one time step is equal to 0.0005τ
with τ being the reduced unit of time. Then, the large
simulation box is gradually reduced in size over another 15
million time steps to achieve a final volume fraction,

η = = 0.35volume of all matrix CG beads and nanorod CG beads
volume of the simulation box

. From this

point onward, the pairwise attractive interaction strengths are
gradually increased to the desired values using a simulated
annealing schedule that has been optimized to avoid kinetically
trapped states in the PNCs. After achieving the desired
attraction strength in both the isotropic and directionally
interacting PNCs and equilibrating the system, we run the
“production” part of the simulation for collection of
uncorrelated configurations. The details (e.g., number of
stages, time steps per stage) of the simulated annealing and
production stage of the simulation used for isotropic or
directional model PNCs are presented in the Supporting
Information, Section SB. We collect five uncorrelated
configurations from each of the three simulation trials and
report the mean and standard deviation based on the total 15
uncorrelated configurations sampled for each PNC.
II.C. Analysis Methods. The configurations collected

during the production stage of the MD simulations are used
to quantify the morphology within the PNCs. We broadly
categorize the nanorods structure to be in a dispersed state or
in an aggregated state, which could be a phase-separated large
cluster or many finite-sized clusters or a percolated state.
To quantify the spatial arrangement of the nanorods and

matrix chains, we calculate intermolecular pair correlation
functions, g(r), between nanorod−nanorod and nanorod-
matrix using

∑ ∑
π ρ

δ= − | − |
= =

R Rg r
r N

r( )
1

4
( )pq

p q i

N

j

N

p i q j2
1 1

, ,

p q

(3)

where p, q are types of CG beads (matrix bead or nanorod
bead), Np is the number of CG beads of type p, ρq is the
number density of q, and Rp,i is the coordinate of the ith CG
bead of type p. As we are interested in intermolecular pair
correlation, if CG beads i and j are in the same matrix or same
nanorod, they are excluded from the calculation.
To quantify the orientational order of nanorods in the PNC,

we calculate the average orientational order parameter for each
distance r, ⟨S2(r)⟩.

α

⟨ ⟩ =
∑ ∑

∑ ∑
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2
2

r r
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r r
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where i, j refer to two different nanorods in the simulation box,
Nr is the total number of nanorods in the system, rij is the
shortest distance between a backbone bead on nanorod i and a
backbone bead on nanorod j, αij is the angle between the
“nanorod vectors” of i and j, defined as pointing from one end
to the other end of each nanorod, and 1rij≤r is the indicator
function that is equal to 1 if rij ≤ r and 0 otherwise. For small
values of r, S2(r) provides information about local orientational
ordering between neighboring nanorods, and at larger values of
r, S2(r) shows how well the short-range orientational order is
carried over to longer length scales. If all nanorods within

distance of r form a parallel alignment, S2(r) = 1, indicating
perfect nematic ordering. If the nanorods are orientationally
disordered, S2(r) approaches zero.
When the nanorods are not dispersed, they could be

aggregated into a large phase separated cluster or into many
finite-sized clusters or be part of a percolating network. For all
three nondispersed nanorod structures, we apply the following
procedure to identify the clusters of nanorods. Two nanorods
are considered to be in the same cluster if they have at least
one pair of beads from each nanorod within 21/6d of each
other. Using this criterion and the breadth-first search (BFS)
algorithm,83 we go through all the nanorods and group them
into clusters. Then, we investigate percolation in each of the
three dimensions (x, y, or z). The morphology is “percolated”
if at least one cluster is connected to itself across the boundary
of simulation box along one or more dimensions, as in this case
the cluster will span infinitely if periodic images are laid out
along that (those) dimension(s). We report the total number
of percolated dimensions for a specific configuration, ranging
from 0 (when no clusters are connected to itself along any of
the x, y, and z directions) to 3 (when there is/are cluster(s)
connected to itself (themselves) along all three directions).
We also quantify the conformation of the matrix polymer

chain by calculating for each chain its squared radius of
gyration, Rg

2,

∑= | − |
=

R RR
N
1

g
i

N

i com
2

1

2

(5)

where N is the number of CG beads in the matrix chain, Ri is
the coordinate of the ith CG polymer bead, and Rcom is the
coordinate of the center-of-mass of the matrix chain. We report
the ensemble average squared radius of gyration, ⟨Rg

2⟩, of all
the matrix chains in simulation box and ⟨Rg

2⟩ of interfacial
chains and bulk chains separately. Interfacial chains are matrix
chains that have at least one CG matrix bead whose center is
within 21/6d of the center of any CG nanorod bead. Bulk
chains are matrix chains that have no CG matrix bead whose
center is within 21/6d of the center of any CG nanorod bead.

II.D. Parameters Varied. In this paper, the nanorod
diameter D = 1d, which is the same as the Kuhn length of the
matrix polymer, and the nanorod lengths considered are L =
3d, 5d, and 15d. We study three different matrix lengths, N = 1
(equivalent to a small molecule solvent), N = 20, and N = 80.
The three nanorod lengths are commensurate with the radius
of gyration (Rg) for the 20-mer chain, Rg for the 80-mer chain,
and three times the Rg for the 80-mer chain, respectively, giving
us a diversified combination of relative length scales between
matrix and nanorod. We maintain the total occupied volume
f rac t ion in the s imula t ion box , η , defined as
volume of all matrix CG beads and nanorod CG beads

volume of the simulation box
, equal to 0.35 to

model a melt-like condition. We study three experimentally
r e l e v a n t fi l l e r f r a c t i o n s , ϕ r , d e fi n e d a s

volume of all nanorod CG beads
volume of all matrix CG beads and nanorod CG beads

, equal to 0.05, 0.10,

and 0.20. We consider two isotropic attraction strengths (ϵiso
= 0.5kT and 1.0kT) and two directional attraction strengths
(ϵdir = 4kT and 8kT).

III. RESULTS AND DISCUSSION
III.A. Comparison between Isotropic and Directional

Attraction between Nanorods. In this subsection, we show
how the differences in the type of attraction between nanorods
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(arising from, e.g., homogeneous/patchy surface chemistry of
nanorod) leads to different morphologies within the PNCs.
The nanorod volume fraction of both isotropic and directional
PNCs are chosen to be ϕr = 0.10. Based on our calculations of
potential of mean force (PMF) between two nanorods (see the
Supporting Information, Section SA1), ϵiso = 0.5kT for the
isotropic model and ϵdir = 8kT for the directional model
produce similar effective attraction between two nanorods.
Therefore, to compare the effect of isotropic and directional
interactions between nanorods in PNCs with otherwise
identical design parameters, we compare the results for these
two interaction strengths: ϵiso = 0.5kT for the isotropic model
and ϵdir = 8kT for the directional model.
We first look at visual characterization of the final structure

of the PNCs with nanorods of length L = 3d, 5d, and 15d.
Figure 2 has simulation images only for the PNCs with
polymer matrix chain length N = 20 and ϕr = 0.10; the
representative simulation images for PNCs with N = 1 and N =
80 at all ϕr are in the Supporting Information Figures S6−S11.
For L = 3d and 5d nanorods, isotropic nanorod−nanorod
attraction leads to phase-separated aggregation, while direc-
tional nanorod−nanorod attraction drives nanorods into a
percolated network structure, comprised of both side-by-side
parallel nanorod alignments and side-to-end perpendicular
nanorod arrangement. The attractive patches along the
nanorod surface in the directional model limit the ways the
nanorods can assemble in contrast to the isotropic model,
which is homogeneously attractive in all possible directions
driving the nanorods into one large cluster. We direct the
reader to the Supporting Information, Section SA2, where we
show how the isotropic and directional nanorod−nanorod
interactions affect the alignment and preferred configurations

of two nanorods at close distances. For L = 15d nanorods, with
both isotropic and directional attractions, the nanorods align
side-by-side and form nanorod bundles that are either finite-
sized or percolating in one dimension. For L = 15d, the
difference in PNC structure with the isotropic and directional
models is small, and far less dramatic as compared to that for L
= 3d and 5d. For longer nanorods, the entropically driven
depletion effect85 between nanorods and matrices/solvent
beads is dominant, driving the long nanorods to form well
aligned aggregates. In later sections, we also compare PNCs of
both directional and isotropic models to PNCs in which the
nanorods only interact with each other via purely repulsive
interactions to show that for L = 15d PNCs the results we see
here for these isotropic and directional attractive models are
similar to those PNCs with repulsive-only interactions. This
proves that the enthalpic driving forces are relatively
insignificant compared to the entropic driving forces at these
relatively high nanorod aspect ratios.
Figure 3 shows the nanorod−nanorod radial distribution

functions for all three nanorod lengths and all three solvent/
matrix lengths of the isotropic and directional models. For
PNCs with isotropic nanorod−nanorod attraction (Figure 3,
parts a, c, and e), the contact peak increases with L, showing
the increasing contribution of entropically driven depletion
effect in addition to the enthalpic effect from nanorod−
nanorod attraction. It is also worth noting that nanorods in N
= 1 solutions in general show a higher contact peak than
analogous PNCs with N = 20 and 80 matrix chains because the
translational entropy gain of the solvent beads upon nanorod
aggregation is expected to be larger than the translational
entropy gain of the polymer chains. For PNCs with directional
nanorod−nanorod attraction (Figure 3b, d, and f), the increase

Figure 2. Simulation snapshots of nanorods (matrix chains hidden) obtained using Visual Molecular Dynamics (VMD)84 for PNCs with ϕr = 0.10,
N = 20, and (a) L = 3d nanorods with isotropic nanorod−nanorod attraction and ϵiso = 0.5kT, (b) L = 5d nanorods with isotropic nanorod−
nanorod attraction and ϵiso = 0.5kT, (c) L = 15d nanorods with isotropic nanorod−nanorod attraction and ϵiso = 0.5kT, (d) L = 3d nanorods with
directional nanorod−nanorod attraction and ϵdir = 8kT, (e) L = 5d nanorods with directional nanorod−nanorod attraction and ϵdir = 8kT, and (f) L
= 15d nanorods with directional nanorod−nanorod attraction and ϵdir = 8kT. Nanorods are shown in orange, and matrix chains are hidden for
clarity.
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in contact peak with nanorod length is less significant than that
for the analogous isotropic PNCs. The plots for L = 5d (Figure
3d) and L = 15d (Figure 3f) with directional attraction are
similar, indicating that with limited possible nanorod packing
configurations mainly determined by the placements of
interaction sites on the nanorod surface, the local nanorod
packing is similar across nanorod lengths. We also note that
the first peak in the nanorod−nanorod radial distribution
functions seen in the isotropic PNCs “splits” into two discrete
and narrow peaks in directional PNCs. This is mainly due to
the regularly distanced interaction sites on the nanorod surface
in our model, leading to highly refined relative positions
between nanorod beads. These sharp discrete peaks can only
be seen in experiments if the functional groups or “patches” on
the nanorod surface are as perfectly spaced out on nanorod
surface as our model. If the patches lack this regular
periodicity, then the contact peaks in the radial distribution
function for the directional PNCs will be smeared out.
From the plots of orientational order parameter, ⟨S2(r)⟩, in

Figure 4, we note that L = 3d PNCs with both isotropic
(Figure 4a) and directional (Figure 4b) nanorod−nanorod
attractions show a value close to zero over both short and long

length scales. However, the corresponding simulation snap-
shots tell us that this does not mean that both aggregated
structures are disordered. For isotropic PNCs, nanorods are
randomly oriented (as shown in the visualization in Figure 2a)
with ⟨S2(r)⟩ at 0 consistently in both short and long-range. For
directional PNCs, nanorods at close distances are highly
ordered and exhibit either parallel (αij = 0 or 180°) or
perpendicular alignment (αij = 90°), leading to P2 values of 1
and −0.5, respectively, and the average of an ensemble of these
two discrete values results in an ⟨S2(r)⟩ value of ∼0.2. For L =
5d PNCs, even though the directional and isotropic PNCs
show similar values of ⟨S2(r)⟩, we see a cluster of nanorods of
finite size with some short-range order for the isotropic PNCs
(Figure 4c), and a network structure of parallel and
perpendicular alignment of nanorods for the directional
PNCs (Figure 4d). For isotropic PNCs, stronger depletion
forces induce short-range alignment. For directional PNCs, L =
5d PNCs have a higher occurrence of parallel alignments with
directional nanorod−nanorod attraction than L = 3d PNCs,
and thus the ⟨S2(r)⟩ value is higher.

Figure 3. Nanorod−nanorod radial distribution functions,
g(r)nanorod−nanorod, for PNCs with ϕr = 0.10 and (a) L = 3d nanorods
with isotropic nanorod−nanorod attraction and ϵiso = 0.5kT, (b) L =
3d nanorods with directional nanorod−nanorod attraction and ϵdir =
8kT, (c) L = 5d nanorods with isotropic nanorod−nanorod attraction
and ϵiso = 0.5kT, (d) L = 5d nanorods with directional nanorod−
nanorod attraction and ϵdir = 8kT, (e) L = 15d nanorods with
isotropic nanorod−nanorod attraction and ϵiso = 0.5kT, and (f) L =
15d nanorods with directional nanorod−nanorod attraction and ϵdir =
8kT. Red represents N = 1, cyan represents N = 20, and pink
represents N = 80. Error bars represent the standard deviation from
15 configurations collected from three simulation trials, and when not
visible, error bars are smaller than the symbol size.

Figure 4. Nanorod orientational order parameter, ⟨S2(r)⟩, for PNCs
with ϕr = 0.10 and (a) L = 3d nanorods with isotropic nanorod−
nanorod attraction and ϵiso = 0.5kT, (b) L = 3d nanorods with
directional nanorod−nanorod attraction and ϵdir = 8kT, (c) L = 5d
nanorods with isotropic nanorod−nanorod attraction and ϵiso = 0.5kT,
(d) L = 5d nanorods with directional nanorod−nanorod attraction
and ϵdir = 8kT, (e) L = 15d nanorods with isotropic nanorod−
nanorod attraction and ϵiso = 0.5kT, and (f) L = 15d nanorods with
directional nanorod−nanorod attraction and ϵdir = 8kT. Red
represents N = 1, cyan represents N = 20, and pink represents N =
80. Insets of parts a−d show visualization of an example system of N =
20 at their corresponding attraction type, attraction strength, and
nanorod length. The expanded views of these visualizations can be
found in Figure 2. Error bars represent the standard deviation from 15
configurations collected from three simulation trials, and when not
visible, error bars are smaller than the symbol size.
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In contrast to L = 3d and L = 5d, in L = 15d PNCs, both
directional and isotropic PNCs present ordered bundles of
nanorods where parallel (nematic) alignment takes dominance,
and thus both ⟨S2(r)⟩ plots (Figure 4, parts e and f) have high
values. The ⟨S2(r)⟩ for isotropic PNCs show that the nanorods
form nearly perfect short-range order consistently, but it
decays more rapidly with distance (Figure 4e), while
directional PNCs also show high short-range orientation
order with high fluctuation which gradually decays as the
distance increases (Figure 4f). With isotropic nanorod−
nanorod attractions, the entropic driving forces and enthalpic
driving forces align the nanorods at short-range, giving rise to
the high ⟨S2(r)⟩ at short r. In contrast, with directional
nanorod−nanorod attractions, the nanorod−nanorod attrac-
tion is localized to the patches on the nanorod, and the
remaining surface of the nanorods are repulsive to each other
resulting in frustrations in nanorod−nanorod alignment and
increased fluctuations in ⟨S2(r)⟩.
In Table 1, we show the number of percolated dimensions

from the last configuration of each of the three independent
simulation trials for each PNC. For PNCs with L = 3d or 5d
nanorods with isotropic attraction, we do not observe any
percolation, as they phase separate into a single large cluster of
finite size. In contrast, with directional attraction, PNCs with L
= 3d or 5d nanorods exhibit structures spanning the simulation
box and percolating in multiple dimensions. For L = 15d
PNCs, both isotropic and directional PNCs form aligned
nanorod bundles that extend in one direction, and the number
of percolated dimensions, regardless of the nature of attraction,
fluctuates around one.
Next, we investigate if and how the matrix chain

conformations are perturbed by the addition of nanorods in
PNCs. Figure 5 shows the ⟨Rg

2⟩ in PNCs with ϕr = 0.10
normalized by ⟨Rg,no rod

2⟩ in pure polymer melt (no nanorods)
for all the PNCs with matrix chain length N = 20 and N = 80.
The ⟨Rg

2⟩ for N = 20 and N = 80 neat polymer matrices (from
our simulations of polymer chains without nanorods) are
5.35d2 and 24.38d2, respectively. All PNCs show that interfacial
chains, i.e., matrix chains in contact with nanorods, are
extended, while bulk chains, or matrix chains without any
contact to nanorods, are either contracted or statistically equal
to the chain sizes seen in pure polymer melt (no nanorods). As
the interfacial chains make up only a small fraction of all chains
for this low nanorod volume fraction, the ⟨Rg

2⟩ of all chains
(i.e., interfacial and bulk together) is statistically similar to that

of the chains in the pure polymer melt. One may expect that
the fraction of interfacial chains will depend on the PNC
morphology, which is a function of the nanorod volume
fraction and the (isotropic and directional) nanorod−nanorod
attraction strength. The effects of nanorod volume fraction and
nanorod−nanorod attraction strength on the PNC morphol-
ogy are described next.

III.B. PNCs with Increasing Isotropic Nanorod−Nano-
rod Attraction Strength. In this subsection, we compare the
morphology in PNCs with isotropic nanorod−nanorod

Table 1. Number of Percolated Dimensions in the Last Configuration for Each Trial and the Average Value of All Three Trials
for PNCs with ϕr = 0.10

Figure 5. Matrix chains’ mean-squared radius of gyration, ⟨Rg
2⟩, in

PNCs with ϕr = 0.10 normalized by ⟨Rg
2⟩ in pure polymer melt (no

nanorods) for (a) matrix chains of N = 20 and (b) N = 80. The no
rods column is the reference ⟨Rg,no rod

2⟩ of the pure melt containing
only polymer matrix chains. Error bars indicate a 95% confidence
interval for ⟨Rg

2⟩/⟨Rg,no rod
2⟩ in each PNC.
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repulsion and isotropic nanorod−nanorod attraction strength,
ϵiso, of 0.5kT and 1.0kT at various nanorod volume fractions.
For L = 3d nanorods with repulsive interactions, at all three

nanorod volume fractions, ϕr = 0.05, 0.10, and 0.20, the
nanorods remain dispersed in solvent (N = 1) or polymer
matrix (N = 20 and 80); this is shown visually in Figure S6.
The nanorod positional and orientational order at ϕr = 0.10 are
presented in Figure 6, parts a and b. Analogous results at other

ϕr are presented in the Supporting Information, Figures S12
and S13. With repulsive interactions, at all ϕr, nanorods
maintain fluid-like correlations and have no preferred
orientations as the orientational order parameter ⟨S2(r)⟩ is
close to 0 at both short-range and long-range (see, for example,
Figure 6, parts a and b, for ϕr = 0.10.
With isotropic attraction εiso = 0.5kT, at all three ϕr,

nanorods aggregate into a large cluster and phase separate from
matrix chains. The g(r)nanorod−nanorod contact peak in solvent/
matrix media increases significantly from that seen in the
purely repulsive PNCs (see for example, Figure 6c for ϕr =
0.10). The g(r)nanorod−nanorod at different ϕr have similar shape

with the contact peak being inversely proportional to ϕr as
expected; at higher ϕr, because the bulk number density of the
nanorods is higher, the value of g(r)nanorod−nanorod peaks is
correspondingly lower. Thus, the local packing among the
nanorods does not change with ϕr. At all ϕr, the nanorods are
orientationally disordered with ⟨S2(r)⟩ close to 0 across all
length scales (see for example, Figure 6d for ϕr = 0.10).
As ϵiso is increased to 1.0kT, at all ϕr, the contact peak in the

g(r)nanorod−nanorod increases significantly for L = 3d nanorods in
solvent (N = 1) while g(r)nanorod−nanorod only increases slightly in
polymer matrix (N = 20, 80). The orientational order of the
nanorods at ϵiso = 1.0kT shows quantitative differences among
the three ϕr. At ϕr = 0.05, there is an observable short-range
orientational order in the N = 1 PNCs, indicated by the
positive nonzero ⟨S2(r)⟩ at small r in Figure S12f. This is
because the solvent (N = 1) beads gain more translation
entropy when the nanorods align and order than matrix
polymer chains do. This short-range alignment seen for N = 1
solutions with ϕr = 0.05 is lowered at ϕr = 0.10 (Figure 6f) and
disappears for ϕr = 0.20 (Figure S13f) as the translation
entropy gain of solvent beads upon nanorod ordering
decreases as the nanorods volume fraction increases.
In terms of global structure, in all PNCs with L = 3d

nanorods, the nanorods either remain dispersed with repulsive
nanorod−nanorod interaction or form phase-separated ag-
gregates with isotropic nanorod−nanorod attraction. We do
not see any percolation for nanorods with this length in our
simulations (see Table 2 for ϕr = 0.10 and Tables S3 and S4
for ϕr = 0.05 and 0.20, respectively)
For PNCs with L = 5d nanorods, the nanorod positional and

orientational order at ϕr = 0.10 are presented in Figure 7.
Analogous results at other ϕr are presented in the Supporting
Information, Figures S14 and S15. All the morphologies for L
= 5d nanorods are shown visually in Figure S7. We observe
(mostly) similar trends in morphology as those seen with L =
3d nanorods. We only highlight the few differences we observe
as we go from L = 3d to L = 5d. With ϵiso = 0.5 and 1.0kT, we
observe higher short-range orientational order consistently for
the L = 5d nanorods as compared to the L = 3d nanorods, at all
values of N and ϕr. The ⟨S2(r)⟩ plots (Figure 7d) show a
higher short-range orientational order for N = 1 than N = 20 or
80 at ϵiso = 0.5 kT; this is for the same entropic reasons stated
for L = 3d at ϵiso = 1.0 kT. The orientational order for L = 5d
nanorods at ϵiso = 1.0 kT (Figure 7f) becomes similar for all
values of N due to stronger enthalpic driving forces toward
nanorod aggregation and alignment.
For PNCs with L = 15d nanorods, the nanorod positional

and orientational order at ϕr = 0.10 are presented in Figure 8.
Analogous results at other ϕr are presented in the Supporting
Information, Figures S16 and S17, and all the morphologies are
shown visually in Figure S8. With purely repulsive interaction
between L = 15d nanorods, at all three ϕr, the entropic driving
forces lead to high nanorod short-range orientational order
within aggregated bundles at all values of N (see for example,
Figure 8b for ϕr = 0.10). The bundles formed in solvent or
polymer matrix only differ slightly in structure. The visuals of
the morphology in Figure S8 show that in solvent (N = 1),
nanorods form finite size bundles at low ϕr and a connected
bundles structure at ϕr = 0.20, with high long-range
orientational order. The structures in polymer matrix (N =
20 and 80) are similar to that in solvent. However, we expect
the gain in the translational entropy of the polymer chains
upon aggregation of nanorods should be less significant than

Figure 6. (a, c, e) Nanorod-nanorod radial distribution functions,
g(r)nanorod−nanorod, of L = 3d PNCs with ϕr = 0.10 and (a) repulsive
interaction, (c) isotropic nanorod−nanorod attraction, ϵiso = 0.5kT,
and (e) isotropic nanorod−nanorod attraction, ϵiso = 1.0kT. (b, d, f)
Orientational order parameter, ⟨S2(r)⟩, of L = 3d PNCs with ϕr =
0.10 and (b) repulsive interaction, (d) isotropic nanorod−nanorod
attraction, ϵiso = 0.5kT, and (f) isotropic nanorod−nanorod attraction,
ϵiso = 1.0kT. Insets in parts b, d, and f show the VMD snapshots of L =
3d nanorods in solvent (N = 1) with solvent beads hidden from view.
Error bars represent the standard deviation from 15 configurations
collected from three simulation trials, and when not visible, error bars
are smaller than the symbol size.
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that of the solvent (N = 1) beads; thus, the driving force for
nanorod aggregation should be weaker. This is confirmed

quantitatively by the g(r)nanorod−nanorod contact peaks being
higher in the solvent as compared to the polymer matrix at all

Table 2. Number of Percolated Dimensions for Each Simulation Trial at ϕr = 0.10 Compared in This Sectiona

aAn average number of percolated dimensions is calculated as an average of all three trials for each PNC.

Figure 7. (a, c, e) Nanorod−nanorod radial distribution functions,
g(r)nanorod−nanorod, of L = 5d PNCs with ϕr = 0.10 and with (a)
repulsive interaction, (c) isotropic nanorod−nanorod attraction, ϵiso =
0.5 kT, and (e) isotropic nanorod−nanorod attraction, ϵiso = 1.0 kT.
(b, d, f) Orientational order parameter, ⟨S2(r)⟩, of L = 5d PNCs with
ϕr = 0.10 and (b) repulsive interaction, (d) isotropic nanorod−
nanorod attraction, ϵiso = 0.5 kT, and (f) isotropic nanorod−nanorod
attraction, ϵiso = 1.0 kT. Insets in parts b, d, and f show the VMD
snapshots of L = 5d nanorods in solvent (N = 1) with solvent beads
hidden from view. Error bars represent the standard deviation from 15
configurations collected from three simulation trials, and when not
visible, error bars are smaller than the symbol size.

Figure 8. (a, c, e) Nanorod-nanorod radial distribution functions,
g(r)nanorod−nanorod, of L = 15d PNCs with ϕr = 0.10 and (a) repulsive
interaction, (c) isotropic nanorod−nanorod attraction, ϵiso = 0.5 kT,
and (e) isotropic nanorod−nanorod attraction, ϵiso = 1.0 kT. (b, d, f)
Orientational order parameter, ⟨S2(r)⟩, of L = 15d PNCs with ϕr =
0.10 and (b) repulsive interaction, (d) isotropic nanorod−nanorod
attraction, ϵiso = 0.5 kT, and (f) isotropic nanorod−nanorod
attraction, ϵiso = 1.0 kT. Insets in parts b, d, and f show the VMD
snapshots of L = 15d nanorods in solvent (N = 1) with solvent beads
hidden from view. Error bars represent the standard deviation from 15
configurations collected from three simulation trials, and when not
visible, error bars are smaller than the symbol size.
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ϕr (see for example, Figure 8a for ϕr = 0.10). We do not see
percolation for any of the N or ϕr for PNCs with L = 15d
nanorods (see Table 2 for ϕr = 0.10 and Tables S3 and S4 for
ϕr = 0.05 and 0.20, respectively).
With isotropic attraction, the overall morphology of the

PNCs with L = 15d remains qualitatively the same as that seen
with repulsive-only interactions. At ϕr = 0.10, ϵiso = 0.5 kT, and
ϵiso = 1.0 kT, the g(r)nanorod−nanorod contact peak in all three
media (Figure 8, parts c and e) increases from that in the
purely repulsive PNCs and any differences seen between the
solvent/polymer matrix PNCs are removed. High short-range
orientational order is seen at all ϕr at ϵiso = 0.5 kT and ϵiso = 1.0
kT. When ϵiso increases from 0.5kT to 1.0kT, at all ϕr, unlike L
= 3d or L = 5d cases, there is no further increase in the values
of g(r)nanorod−nanorod peaks. The percolation number generally
increases with ϕr and is not dependent on ϵiso. At ϕr = 0.05, we
see nearly no percolation (Table S3), but at ϕr = 0.10, we see
percolation in one-dimension. (Table 2) At ϕr = 0.20, we see
high percolation number in both the solvent and the N = 20
polymer matrix while the percolation number of the N = 80
matrix system is low (Table S4).
Lastly, with regards to the chain conformations, in the

Supporting Information, Figures S24−S26, we show the
interfacial or bulk chains’ conformations as a function of
nanorod volume fraction for PNCs with isotropic nanorod−
nanorod attraction. Regardless of nanorod length or isotropic
nanorod−nanorod attraction strength, we see the same
behavior described in Section III.A, where the interfacial
chains extend and the bulk chains remain mostly unperturbed
or slightly contract in some cases, resulting in all chains being
unperturbed on average. Despite the different morphologies
adopted by 5−20 vol % nanorods and the likely differences in
the polymer−nanorod interfacial area, we do not observe a
dependence of the change in the polymer matrix chain
conformation on the PNC morphology when the matrix−
nanorod interaction is athermal.
III.C. PNCs with Increasing Directional Nanorod−

Nanorod Attraction Strength. In this subsection, we show
the effect of directional nanorod−nanorod attraction strength
and nanorod volume fraction on the PNC morphology. In
section III.B, we presented the PNC morphologies for
repulsive-only nanorod−nanorod interactions and how they
changed with increasing isotropic nanorod−nanorod attraction
strength. Here, we will use the same set of repulsive-only
nanorod−nanorod interaction results as a baseline and increase
the directional attraction strength to ϵdir = 4kT and 8kT.
In section III.B we showed that for L = 3d nanorods with

repulsive interactions, at all volume fractions (ϕr = 0.05, 0.10
and 0.20) and solvent/matrix lengths (N = 1, 20, and 80) the
nanorods remain dispersed, and nanorod alignment is
completely random. We show in Figure 9 the results for L =
3d PNCs with ϕr = 0.10 and N = 20 with directional attraction
strength between nanorods. The analogous results for L = 3d
PNCs at other values of ϕr and N are provided in the
Supporting Information, Figures S9, S18, and S19.
For L = 3d, at all three ϕr, the contact peaks of

g(r)nanorod−nanorod at ϵdir = 4kT only increase slightly from
those with repulsive interactions. These results imply that for L
= 3d the attraction strength of ϵdir = 4kT is not strong enough
to compensate for change in entropy in the system upon
aggregation. When directional attraction is set to ϵdir = 8kT, L
= 3d nanorods aggregate and form a network structure. At all
three ϕr, the value of N does not change g(r)nanorod−nanorod, as

the enthalpic driving force from directional attractions takes
dominance in these cases. We remind the reader that when
nanorods form network structure comprised of side-by-side
and side-to-end nanorod packing, the orientational order
parameter (S2(r)) is not meaningful. As for the global
structure, at ϵdir = 8kT, we observe no percolation as the
nanorods remain dispersed (see Tables S5−S7). At ϵdir = 8kT,
unlike the PNCs of L = 3d nanorods with isotropic attractions
where phase-separated aggregation is formed, the network
structure driven by directional nanorod−nanorod attractions
inherently has a higher tendency to percolate across simulation
box. As nanorod volume fraction increases from ϕr = 0.05 to
0.20, the number of percolated dimensions steadily increases.
For L = 5d nanorods, we show in Figure 10 the results for ϕr

= 0.10 and N = 20 with directional attraction between
nanorods. The analogous results for L = 5d PNCs at other
values of ϕr and N are provided in the Supporting Information,
Figures S10, S20 and S21. With the repulsive nanorod−
nanorod interaction, the nanorods remain dispersed at all ϕr
and N. When the directional attraction is set to ϵdir = 4kT, for
all three ϕr at L = 5d nanorods already aggregate and form the
network structure. We note that this is dramatically different
from morphologies of L = 3d nanorods at the same ϵdir. These
contrasting morphologies show the complex interplay between
nanorod length and directional attraction strength and how a
minor change in nanorod length can change the expected
morphology when nanorods have patches that directionally
attract each other. At ϵdir = 4kT, there is no significant
difference in g(r)nanorod−nanorod between different matrix/solvent
media at each ϕr, and the heights of contact peak are, again,
inversely proportional to ϕr, suggesting similar local packing at
different nanorod volume fractions. At ϵdir = 8kT, there is no
significant further change in either visualized morphology or
g(r)nanorod−nanorod beyond what we see at ϵdir = 4kT, suggesting
that the effect of the enthalpic gain from the attractive patches
coming into contact to drive nanorod aggregation does not
change beyond 4kT. In contrast, in the case of isotropic

Figure 9. Visualization of simulation configuration and nanorod−
nanorod radial distribution functions, g(r)nanorod−nanorod of L = 3d
PNCs with ϕr = 0.10, N = 20 with directional attraction strength
between nanorods (a and c) ϵdir = 4kT and (b and d) ϵdir = 8kT. Error
bars represent the standard deviation from 15 configurations collected
from three simulation trials, and when not visible, the error bars are
smaller than the symbol size.
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attraction at analogous nanorod length, we continue to observe
quantitative changes in the g(r)nanorod−nanorod contact peak
height when ϵiso increases.
As for the global structure, at ϵdir = 8kT, with L = 5d

nanorods, we see similar number of percolated dimensions as
we did for analogous nanorod volume fractions at ϵdir = 8kT
with L = 3d nanorods. At ϵdir = 4kT, there is no significant
difference in terms of number of percolated dimensions
compared to ϵdir = 8kT and ϕr = 0.10 or ϕr = 0.20, consistent
with the similarity we observed in visualized morphologies and
local crowding at these two attraction strengths. Interestingly,
at ϕr = 0.05, L = 5d nanorods form some percolation at ϵdir =
8kT but not at ϵdir = 4kT. This result is remarkable as the
visualized morphologies (Figure S10) do not show any
significant difference between the two directional attraction
strengths at L = 5d, ϕr = 0.05, and the difference in percolation
results seems to suggest that at these low ϕr, ϵdir of 4kT is
strong enough to maintain the local assembly structure but not
enough to support the network structure of nanorods spanning
the entire simulation box, and thus, the nanorods break down
into several smaller disconnected assemblies.
For L = 15d nanorods, we show in Figure 11 the results for

ϕr = 0.10 and N = 20 with directional attraction strength
between nanorods. The analogous results for L = 15d PNCs at
other values of ϕr and N are provided in the Supporting
Information Figures S11, S22, and S23. The L = 15d nanorods
form bundles with high orientational order with repulsive
nanorod−nanorod interaction due to the dominant entropic
driving forces. The one-dimensional bundled structure persists
when directional attraction is set to ϵdir = 4kT at all ϕr (see
visuals in Figure S11), where the side-by-side packing between
nanorods dominate, and we see no signs of side-to-end packing
that was prevalent in analogous systems with L = 3d and 5d
nanorods. At all ϕr, the contact peak heights in the nanorod
radial distribution functions increase only slightly for ϵdir = 4kT
from the analogous system with repulsive nanorod−nanorod
interactions, confirming that the nanorod aggregation is mainly

driven entropically and the directional attractions only play a
minor role.
At ϵdir = 4kT, for most values of ϕr and N, for L = 15d

nanorods, we see the presence of a strong short-range
orientational order that gradually decays as r increases, with
significant fluctuations in the value of S2. There is a notable
exception, namely at ϕr = 0.05 and N = 1 (Supporting
Information Figure S22e), where the nanorods form aggregates
with high orientational order at both short-range and long-
range. The solvent beads gain more translational entropy upon
aggregation of nanorods than the matrix chains (N = 20 and
80) do, and thus, the driving force for nanorod aggregation is
also stronger for the solvent. When ϵdir is increased to 8kT, we
do not observe any significant difference in visualized
morphology, g(r)nanorod−nanorod, and ⟨S2(r)⟩ for the L = 15d
nanorods compared to analogous systems with ϵdir = 4kT.
There is no significant difference in terms of number of
percolated dimensions between the two directional nanorod−
nanorod attraction strengths at the same ϕr. The number of
percolated dimensions for L = 15d nanorods fluctuate around
1 at ϕr = 0.05 and 0.10, agreeing with the mostly one-
dimensional bundles we observe in the morphologies. At ϕr =
0.20, we observe some multidimensional percolations due to
increased nanorod volume fraction.
Lastly, in the Supporting Information, Figures S27−S29, we

show the interfacial or bulk chains’ conformations as a function
of nanorod volume fraction for PNCs with directional
nanorod−nanorod attraction. We see the same trends as we
described in Sections III.A and III.B, where the interfacial

Figure 10. Visualization of simulation configuration and nanorod−
nanorod radial distribution functions, g(r)nanorod−nanorod, for L = 5d
PNCs with ϕr = 0.10, N = 20 with directional attraction strength
between nanorods (a and c) ϵdir = 4kT and (b and d) ϵdir = 8kT. Error
bars represent the standard deviation from 15 configurations collected
from three simulation trials, and when not visible, the error bars are
smaller than the symbol size.

Figure 11. Visualization of simulation configuration, nanorod−
nanorod radial distribution functions, g(r)nanorod−nanorod, and nanorod
orientational order parameters, ⟨S2(r)⟩, for L = 15d PNCs with ϕr =
0.10, N = 20 with directional attraction strength between nanorods (a,
c, e) ϵdir = 4kT and (b, d, f) ϵdir = 8kT. Error bars represent the
standard deviation from 15 configurations collected from three
simulation trials, and when not visible, the error bars are smaller than
the symbol size.
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chains extend and the bulk chains remain mostly unperturbed
or slightly contract in some cases, resulting in all chains being
unperturbed on average.
Overall, at the relative “short” nanorod lengths (L = 3d and

5d), with isotropic nanorod−nanorod attractions we observe
phase separation, and with directional nanorod−nanorod
attraction (when the attraction is strong enough), we observe
network structure spanning the entire simulation box, leading
to multidimensional percolation when the nanorod volume
fraction is high enough. This suggests that for nanorods with
short length, heterogeneous/patchy surface chemistry and
resulting directional/specific attractions between nanorods can
significantly facilitate formation of percolating nanorod
structures in PNCs. For long (L = 15d) nanorods, the
nanorods always form one-dimensional bundles with high
orientational order regardless of the type of attraction,
signaling dominance of entropic driving forces.

IV. CONCLUSION

In this work, we perform coarse-grained (CG) molecular
dynamics (MD) simulations to elucidate the morphology of
polymer nanocomposites (PNCs) containing nanorods with
two different types of nanorod surface chemistry/functional-
ization: homogeneous or patchy. The homogeneously
functionalized nanorod is modeled as a rigid body of CG
nanorod beads interacting with other CG nanorod beads via an
isotropic attraction. The patchy functionalized nanorod is
modeled as a rigid body of CG nanorod beads with a finite
number of attraction sites embedded in the CG nanorod beads
that interact with other attraction sites via an effectively
directional interaction. In this study, we only consider PNCs
where the nanorod diameter is equal to the Kuhn length of the
polymer matrix, the nanorod−nanorod interactions are
dominant and effectively attractive or repulsive, and all other
pairwise interactions (e.g., matrix−matrix or nanorod-matrix)
are treated as being purely repulsive. Using CGMD
simulations, we study the effect of the type of nanorod surface
functionalization, isotropic/directional attraction strength,
nanorod dimensions, matrix chain length, and nanorod volume
fraction on the morphology of the PNC.
For short nanorods, at similar ef fective nanorod−nanorod

attractions, the patchy nanorod surface functionalization leads
to a percolated nanorod morphology within the PNC, while
homogeneous nanorod surface functionalization leads to a
phase-separated aggregate of nanorods. For long nanorods,
regardless of the type of nanorod surface functionalization,
nanorods form either finite-sized or percolating aggregates/
bundles with high short-range orientational order.
How the attraction strength between nanorods affects the

morphology is also found to be dependent on whether the
nanorod has a homogeneous or patchy functionalization. For
homogeneously functionalized nanorods, at all aspect ratios
explored (i.e., L/D = 3, 5 and 15), as the isotropic attraction
strength increases, the morphology remains qualitatively
unchanged, yet the nanorod−nanorod contact peak increases
and nanorod orientational order increases. For patchy
functionalized nanorods and smaller aspect ratios (i.e., L/D
= 3) as the directional attractive strength increases, the PNC
morphology goes from dispersed nanorods to percolated
nanorods. The L = 5d nanorods consistently form a percolating
network structure, while L = 15d nanorods consistently form
finite-sized or percolating, one-dimensional bundles.

We also probe the impact of the addition of nanorods on the
conformation of matrix chains. At nanorod volume fractions of
0.05, 0.10, and 0.20, regardless of the nanorod surface
functionalization, the conformation of all the matrix chains
on average remains the same as the matrix chains in a pure
melt (with no nanorods). However, this is a cumulative effect
of the interfacial chains (i.e., chains in contact with the
nanorods) being extended and the bulk chains (i.e., chains far
from nanorods) either being compacted or remaining statisti-
cally the same as the matrix chains in pure melt. We note that
as nanorods and matrix chains interact via purely repulsive
potential, any observed perturbation of matrix conformation
originates purely from the physical presence and arrangement
of nanorods. It will be interesting to study how the
morphology (i.e., nanorod arrangement as well as matrix
chain conformations) is altered when we consider isotropic vs
directional attractive interactions between nanorod and matrix
chains.
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