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ABSTRACT: Using molecular dynamics simulations, we elucidate the effect of nanorod
roughness on nanorod aggregation, dispersion, and percolation in polymer nanocomposites
(PNCs). By choosing coarse-grained models that enable systematic variation of the nanorod
roughness and by selecting purely repulsive pairwise interactions for nanorods and polymer
chains, we show how nanorod roughness affects the entropic driving forces for various PNC
morphologies. At this entropically driven limit, we find that increasing nanorod roughness
hinders nanorod aggregation and promotes nanorod percolation in the polymer melt. As
nanorod roughness increases, the nanorod volume fraction needed to induce nanorod aggregation also increases. Increasing nanorod
roughness increases the configurational entropy of the polymer chains and lowers the entropically induced depletion attraction
between nanorods.

Polymer nanocomposites (PNCs) with nanorods as fillers
are useful in energy storage,1−4 soft electronics,5−8 and

photonics9,10 applications, with the PNC functionality depend-
ing strongly on the nanorods’ structure within the PNCs (i.e.,
dispersion, aggregation, orientational alignment, and percola-
tion). The nanorod’s structure in PNCs can be controlled by
nanorod size (diameter and aspect ratio), chemistry, and
surface functionalization.11−13 A fluid of infinitely thin, hard
spherocylinders transitions from a dispersed and unaligned
(isotropic) phase to an aggregated and aligned (nematic)
phase as the volume fraction of the spherocylinders increases,
with the isotropic−nematic transition volume fraction
predicted to be the inverse of the spherocylinder aspect
ratio.14 When smooth nanorods are placed in a polymer melt,
the entropically driven depletion−attraction interaction favors
nanorod aggregation. Percolation15 (i.e., an infinitely spanning
network of particles) and factors affecting percolation, such as
aspect ratio,16,17 dispersity,18−21 nanorod alignment,15,22−24

and nanorod contact distance,16,17,25 have been well studied in
the context of smooth spherocylinders.
While the above fundamental studies are focused on smooth

spherocylinders, practically found nanorods exhibit surface
roughness that can affect their phase behavior.26−28 For
spherical nanoparticles, theory,29−31 simulation,32 and experi-
ments33 have shown that surface roughness can decrease the
depletion−attraction between the spherical nanoparticles. This
is due to free volume gain for the polymer/solvent of small
diameter around the nanoparticles’ rough crevices.33 In a
polymer solution, a spherical nanoparticle is considered rough
when the Rg of the polymer is less than the size of the rough
crevices;32 in a polymer melt, the relevant roughness length
scale is the diameter of a monomer.34 In a polymer melt, at
constant spherical nanoparticle roughness, as the monomer
diameter decreases, nanoparticles aggregate, become dispersed,

and then aggregate again.29 This nonmonotonic behavior of
the rough nanoparticles’ dispersion/aggregation with changing
monomer diameter is attributed to a competition of the
available free volume gain of the polymer at the rough ridges of
the nanoparticle and the entropic penalty to enter those rough
ridges. Even though many simulation studies have focused on
the morphology13,35−40 and dynamics41−44 of nanorods in a
polymer melt using coarse-grained models of nanorods with
overlapping beads or connected coarse-grained beads, to the
best of our knowledge, studies have not demonstrated how
varying nanorod roughness resulting from varying extents of
overlap in nanorod model beads impacts the phase behavior of
nanorods in the polymer melt, which is addressed in this letter.
We model the matrix polymer as a flexible bead−spring45

chain of coarse-grained (CG) beads, each of diameter 1d
representing a Kuhn segment of the polymer (Figure 1a) with
equilibrium bond distance of 1d and a force constant of 50kT/
d2. We model nanorods of length L as rigid bodies46 (using the
rigid/nvt/small fix command in the LAMMPS package47) of
CG spherical beads, each of diameter D. Nanorod roughness is
varied by changing the extent of overlap of the CG beads
(Figure 1b). The highest nanorod roughness (= 4) is achieved
when there is no overlap between the CG beads, and the
smoothest nanorod (= 0) has the most overlap of all cases
studied in this letter; note that roughness 0 is not a smooth
spherocylinder. In the Supporting Information (SI) Figures
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S1−S3 and Table S1, we present additional details about the
nanorod model, in particular, the nanorod occupied and
inaccessible volume for varying roughness values versus that of
an ideal spherocylinder with identical dimensions; we also
connect the model nanorod roughness to the roughness
dimensions one would measure in realistic nanorods. The mass
of the polymer CG beads and nanorod CG beads is fixed at 1
Lennard-Jones48 mass units in the LAMMPS package.47 This
choice results in nanorod masses varying with nanorod
roughness, with the mass of the smoothest nanorod being
larger than the mass of the roughest nanorod; however, the
choice of these nanorod masses does not affect the equilibrium
structural properties of the PNCs, as we show in Figure S4.
The nonbonded interactions between all pairs of beads (i.e.,

nanorod CG bead and polymer CG bead) are modeled with
the purely repulsive, Weeks−Chandler−Andersen49 (WCA)
potential where ϵWCA = 1kT, σWCA = (σi + σj)/2, and σi and σj
are the diameters of the i and j nonbonded CG beads. The
nonbonded interactions between nonadjacent beads on the
same nanorod are set to zero. Through the choice of these
nonattractive interaction potentials, we expect the entropic
driving forces to be dominant in dictating the equilibrium
morphology of the PNC.
We run molecular dynamics (MD) simulations in the

canonical ensemble at reduced temperature T* = 1 using the
LAMMPS47 package. The temperature is maintained with the
Nose  −Hoover thermostat.50 We prepare the initial config-
uration by randomly placing (without any overlap) the
nanorods and polymer chains in extended conformations in
an initially large simulation box. We maintain periodic
boundary conditions in all directions of the cubic simulation
box. The matrix chains in unphysical (initial) extended
configurations are relaxed and mixed with the nanorods over
30 million time steps with one time step equal to 0.0005τ,
where τ is the reduced unit of time. Then, the large simulation
box is gradually reduced in size over another 110 million time
steps to achieve a final simulation box with a meltlike occupied
volume fraction, η = 0.35.51−53 The above protocol ensures
that the initial configuration used for the next stage
(equilibration) has well-mixed chains and nanorods with the

chains in a relaxed configuration. We then equilibrate that
meltlike PNC system for 180 million time steps. After the
equilibration, we collect configurations every 1 million time
steps during the production stage of 20 million time steps. We
run three replicate simulation trials for each system. We
calculate pair correlation functions, nanorod orientational
order, nanorod cluster size, and percolation probability as
described in the Supporting Information. We report the mean
and standard deviation from the (20 configurations/trial × 3
trials = ) 60 configurations sampled.
We consider two matrix polymer chain lengths: N = 20 and

N = 80; their (neat polymer) radius of gyrations (Rg)
simulated with the same bead−spring model as the PNCs in
this study are 2.31 ± 0.01d and 4.94 ± 0.02d, respectively. We
consider nanorods of D = 1d (Kuhn segment of the polymer)
and L = 7d. Thus, the nanorod length lies between the 2Rg of
the N = 20 and N = 80 polymers, and the nanorod diameter is
commensurate with the Kuhn segment of the polymer. We
consider PNCs with nanorod volume fraction ϕ varied from
0.10 to 0.20.
In the SI Table S2, we provide the number of nanorods

(ranging from ∼700−950), number of solvent beads/polymer
chains (ranging from 60 000 to 300 chains depending on the
matrix polymer chain length), and the simulation cubic box
sizes (ranging from ∼36d to ∼46d) chosen to arrive at the
desired nanorod volume fraction ϕ ranging from 0.10 to 0.20.
In PNCs with an N = 80 polymer matrix, the roughest L =

7d nanorods (roughness 4) remain dispersed at a nanorod
volume fraction of ϕ = 0.16, while the two smoother nanorods
(roughness 2 and 0) aggregate as seen in Figure 2a−c. The

increasing contact peak value of the rod bead−rod bead radial
distribution function g(r) (Figure 3a) and increasing orienta-
tional order parameter S2(r) (Figure 3c) of nanorods in the N
= 80 polymer matrix with decreasing nanorod roughness show
a higher propensity of nanorod aggregation and alignment for
smoother nanorods. In Figure 3b, the matrix bead−rod bead
g(r) for roughness 0 and 2 exhibits a correlation hole region
which confirms polymer-depletion-induced nanorod aggrega-
tion; in contrast, the lack of a correlation hole in the matrix

Figure 1. Coarse-grained model of the (a) matrix polymer chain and
(b) nanorods of varying roughness. For all nanorods, the diameter is
D (in units of d), and length is L (in units of d).

Figure 2. Representative simulation snapshots of PNCs obtained
using visual molecular dynamics (VMD)54 with L = 7d nanorods of
roughness 0, 2, and 4 in the N = 80, 20, and 1 matrix at ϕ of 0.16.
Matrix beads are depicted as transparent gray beads to view more
clearly the (orange/brown) nanorod morphology.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.1c00503
ACS Macro Lett. 2021, 10, 1416−1422

1417

https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00503/suppl_file/mz1c00503_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00503/suppl_file/mz1c00503_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00503/suppl_file/mz1c00503_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00503?fig=fig2&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bead−rod bead g(r) for roughness 4 confirms nanorod
dispersion within the polymer matrix. These trends are similar
for the N = 20 polymer matrix with the only difference being
that nanorods with roughness 2 are dispersed in the N = 20
matrix. For both the N = 80 and N = 20 polymer matrices, the
chain conformations are not affected by nanorod roughness
(Figure S5). In contrast to N = 80 and N = 20 polymer
matrices, in a monomeric (N = 1) solvent where each CG
solvent bead of diameter 1d represents a collection of small-
molecule solvents or an oligomer the same size as the polymer
Kuhn segment, the nanorods remain dispersed for all
roughness values (Figure 2g−i and Figure 3g−i). Thus, the
effect of roughness on nanorods’ dispersion or aggregation is
dependent on the medium (i.e., N = 1 or N≫ 1) the nanorods
are placed in.
The increased nanorod aggregation and alignment observed

for smoother nanorods in a polymer matrix are explained as
follows. In PNCs with nanorods being the minority
component, the configurational entropy of the polymer chains
is a dominant driving force for nanorods to aggregate into
bundled structures (similar to that seen experimentally with
viruses in polymer solution55), much like the depletion
attraction between colloids.56 The nanorod roughness affects
this entropic driving force for depletion−attraction interaction.

This is because at the same D and L the nanorod’s occupied
volume decreases with increasing roughness, as shown in
Figures S1 and S2. Thus, the available volume of the polymer
matrix chains which is the difference between the total
simulation box volume and the total nanorods’ inaccessible
volume controls the polymer chain configurational entropy
which the system wants to maximize; as the nanorod
roughness decreases, the available volume of the polymer
matrix decreases, and the system needs to have nanorods
aggregated to maximize the volume available to the polymer
chains to sample different configurations. Further, this higher
entropic driving force for nanorod aggregation for the
smoother nanorods is able to overcome the larger effective
inter-nanorod repulsion seen in the potential of mean force
between two smooth nanorods (roughness = 0) than between
two rough nanorods (roughness = 4) (Figure S6). Addition-
ally, the surface of rough nanorods enforces positional order
along the axial direction when rough nanorods align in parallel.
Going from an unaligned to an aligned state, the loss in
configurational entropy of rough nanorods is more than
smooth nanorods. Together, these entropic driving forces lead
to higher propensity for PNCs with smooth nanorods to
exhibit aligned nanorod aggregates than PNCs with rough
nanorods.

Figure 3. Rod bead−rod bead and matrix bead−rod bead pairwise radial distribution function g(r) and orientational order parameter ⟨S2(r)⟩ for
nanorods of roughness 0, 2, and 4 in the N = 80, 20, and 1 matrix at ϕ of 0.16. Legend shown in part (c) holds for all plots. Error bars represent the
standard deviation from 60 independent configurations, and when not visible, error bars are smaller than the symbol size. Both the rod bead−rod
bead g(r) and matrix bead−rod bead g(r) approach 1 at large distances for all three nanorod roughnesses; we only show g(r) at small radial
distances to focus on the local packing of nanorods and the matrix polymer.
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In contrast to N = 20 and N = 80, nanorods remain
dispersed for all roughnesses in N = 1 further confirming that
the conformational entropy of the polymer matrix is a
dominant term in the entropic driving forces that is absent
in the N = 1 system. As a result, at ϕ = 0.16, the depletion−
attraction resulting from N = 1 is not strong enough to drive L
= 7d nanorods to aggregate or align regardless of roughness.
In Figures S7 and S8, we present the representative

snapshots of the systems at ϕ = 0.10 and 0.20. At ϕ = 0.10,
for N = 80, 20, and 1 and at all roughness values, we see the
dispersed state of nanorods. At ϕ = 0.20, the nanorods form
aggregates in N = 80 and 20 and remain dispersed in the N = 1
matrix; the dispersed state is like the observations for ϕ = 0.16
(Figure 2) but in the aggregated states, the extent of
aggregation is greater at ϕ = 0.20 than at ϕ = 0.16. The rod
bead−rod bead g(r) in Figure 4 at varying ϕ in N = 80 and 20
shows quantitatively that the trend of increasing nanorod
roughness leading to decreasing nanorod aggregation in a
polymer matrix seen at ϕ = 0.16 is also seen at ϕ = 0.20 but to
a much smaller extent. At ϕ = 0.10, in N = 80 and 20, the
nanorod roughness effects on rod bead−rod bead g(r) are
minimal. This nonmonotonic effect of ϕ on the rod bead−rod
bead pair correlation is not surprising. At ϕ = 0.20, nanorods
experience strong depletion attraction as compared to ϕ = 0.16
because of less available volume for the polymer chains at this
higher ϕ such that even the roughest nanorods are aggregated,

diminishing the effect of nanorod roughness. In contrast, at ϕ
= 0.10, the nanorods’ total inaccessible volume is small for all
roughness values, diminishing the entropic driving force for
nanorod aggregation for all roughness values. In N = 1, the
nanorod roughness does not affect the rod bead−rod bead g(r)
at all three ϕ’s because, as described before, the monomeric
solvent does not have the polymer chain conformational
entropy term.
The nonmonotonic effect of ϕ on nanorod morphology in

the N = 80 and N = 20 polymer matrices and lack thereof in
the N = 1 solvent are also reflected in the matrix bead−rod
bead g(r) and orientational order parameter ⟨S2(r)⟩ shown in
Figures S9 and S10. We also present in Figure S11 the matrix
bead−rod bead g(r) plotted up to larger radial distances to
show that all the matrix bead−rod bead g(r) values return to a
bulk-like correlation of 1 at large distances. We have also
calculated the nanorod center-of-mass (COM) radial distribu-
tion function presented in Figure S12. The conclusions based
on the rod bead−rod bead g(r) remain the same for the
nanorod COM−COM g(r).
The results presented so far describing the effect of varying

nanorod roughness on positional and orientational order with
increasing ϕ lead us to hypothesize that for each nanorod
roughness the PNC undergoes a dispersed to aggregated phase
transition with increasing ϕ and that this dispersion−
aggregation transition volume fraction, ϕD→A, increases with

Figure 4. Rod bead−rod bead pairwise radial distribution function g(r) for nanorods of roughness 0, 1, 2, 3, and 4 in N = 80, 20, and 1 matrix at ϕ
of 0.10, 0.16, and 0.20. The legend shown in part (i) applies for all plots. Error bars represent a standard deviation from 60 independent
configurations collected from three simulation trials, and when not visible, error bars are smaller than the symbol size. The rod bead−rod bead g(r)
approaches 1 at large distances for all nanorod roughnesses; we only show g(r) at small radial distances to focus on the local packing of nanorods.
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nanorod roughness. To mark the ϕD→A, we quantify the extent
of nanorod aggregation by calculating the weight-averaged
aggregation number ⟨Nagg

2 ⟩/⟨Nagg⟩.
18,57 In Figure 5a−5c, the

plots of log(⟨Nagg
2 ⟩/⟨Nagg⟩) as a function of ϕ ranging from

0.10 to 0.20 show the dispersion to aggregation transition as a
function of ϕ for all roughnesses. We mark ϕD→A by the value
of ϕ at which the log(⟨Nagg

2 ⟩/⟨Nagg⟩) increases sharply (e.g., for
N = 80 and roughness 4, the ϕD→A = 0.17). We find that the
ϕD→A increases with nanorod roughness for both N = 80 and
20 matrices, in agreement with our hypothesis. Further, for all
roughness values, as N decreases, the ϕD→A shifts to slightly
higher ϕ. In the N = 1 matrix, which lacks the polymer chain
conformational entropy, there is no such sharp increase, and
the values of log(⟨Nagg

2 ⟩/⟨Nagg⟩) are much smaller compared to
the analogous case in the polymer matrix because the nanorods
remain dispersed.
To quantify percolation, we calculate the percolation

probability of the nanorods in these systems (Figures
5d−5f). For PNCs with N = 80 (Figure 5d) and N = 20
(Figure 5e), at every ϕ, percolation probability increases with
increasing nanorod roughness. We also note that at higher
roughness values of 3 or 4 in the N = 80 matrix and roughness
values of 2, 3, and 4 in the N = 20 matrix the percolation
probability decreases sharply at ϕD→A; we conjecture that the
formation of polymer depletion-induced aggregation clusters
breaks up the percolation network. The percolation probability
of PNCs with smoother nanorods (roughness = 0 and 1) is
small and less affected by nanorod aggregation. For the N = 1
matrix, we observe percolation for the rougher nanorods
(roughness = 3 and 4) at high nanorod volume fraction, ϕ
(Figure 5f), without any nanorod aggregation/clustering
(Figure 5c).
For all values of N, at the higher values of ϕ, the difference

in percolation probability between the smoothest nanorod
(roughness = 0) which approaches the spherocylinder nanorod

model and the roughest nanorod (roughness = 4) of connected
spheres is significant. One reason for this could be the
difference in the occupied volume per nanorod with changing
roughness (Figure S1) which, at a fixed ϕ, leads to a higher
number density of rough nanorods than smooth nanorods, in
turn leading to higher percolation probability. Another reason
for the increase in percolation probability with increasing
roughness could be the increase in the surface area to volume
ratio with increasing roughness.58 We confirm that the high
value of percolation probability observed at high nanorod
roughness and at high ϕ is not affected by the chosen
simulation box size (see Figure S13 and Table S3). We also
show in Figures S14 and S15 that the choice of cutoff distance
used in the percolation analysis is appropriate.
In summary, in this letter we have demonstrated using

molecular dynamics simulations the effect of nanorod
roughness on nanorod aggregation, dispersion, and percolation
in polymer nanocomposites (PNCs). By choosing coarse-
grained models that enable systematic variation of the nanorod
roughness and by selecting purely repulsive pairwise
interactions for nanorods and polymer chains, we show how
nanorod roughness affects the entropic driving forces for
various PNC morphologies. At this entropically driven limit,
we find that increasing nanorod roughness hinders nanorod
aggregation and promotes nanorod percolation in the polymer
melt. As nanorod roughness increases, the nanorod volume
fraction needed to induce nanorod aggregation also increases.
This increasing nanorod aggregation for decreasing nanorod
roughness is explained based on the system wanting to increase
the conformational entropy of the polymer chains via
depletion-induced attraction between nanorods. To further
support this argument about the importance of conformational
entropy of the polymer on the observed nanorod roughness
effects, we show that by modeling the entire polymer chain as a
single coarse-grained matrix bead and mimicking increasing

Figure 5. Plots of log(⟨Nagg
2 ⟩/⟨Nagg⟩) and percolation probability for PNCs with L = 7d nanorods in matrices of N = 80, 20, and 1 as a function of

nanorod roughness and nanorod volume fraction, ϕ. In plots of log(⟨Nagg
2 ⟩/⟨Nagg⟩) and percolation probability, the legend shown in part (c) holds

for all plots. For log(⟨Nagg
2 ⟩/⟨Nagg⟩) plots, the ⟨···⟩ denotes the ensemble averages of 60 independent configurations. For percolation probability

plots, the error bars represent standard deviation from 60 independent configurations.
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values of N purely with increasing size of that single CG matrix
bead we do not observe nanorod aggregation for PNCs with
increasing polymer matrix size (Figure S16).
The key design takeaways from this letter are that one may

want to create physical roughness on nanorods/nanowires
experimentally if percolation at low ϕ is desired. If a bundled
array of nanorods with high orientational order is desired, one
may want to smooth out the surface roughness in nanorod
synthesis to favor depletion-induced aggregation. Computa-
tional researchers who choose the type of nanorod model in
their simulation studies will note that the observed nanorod
phase behavior is clearly dependent on the nanorod model
representation: rough “connected bead” nanorod model vs
smooth “approaching that of a spherocylinder” model.
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