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I. INTRODUCTION

Polymer nanocomposites, that is, nanoparticles (spheres,
cylinders, plates) dispersed in an entangledmatrix, have attracted
substantial academic and industrial interest since the early
1990s.1�7 It is well recognized that the addition of nanoparticles
to a polymer can result inmaterials that have significantly improved
properties, such as flame retardation, electrical conductivity, thermal
conductivity, impact strength, and viscosity. The interest in
polymer�carbon composites3,4,7�16 has rapidly increased since
carbon nanotubes became widely available in the late 1990s.
There have been many studies in the area of polymer/SWCNT
nanocomposites that have investigated dynamic, electrical, ther-
mal, and rheological properties;3,4,6�14,17 however, to the best of
our knowledge, no study has addressed static properties in a
polymer/SWCNT nanocomposite system. In this study we focus
on a dilute SWCNT nanocomposite system, where recently it
was found that the polymer diffusion is suppresed when the poly-
mer radius of gyration is larger than the radius of the nanotube.11,12

Because of the large aspect ratio of the SWCNT, the percolation
threshold appears at volume fraction10�12 of 0.4%. We explore
the polymer/SWCNT interface and focus on simple but unresolved
questions in the area of polymer/SWCNT nanocomposites: (i)
What is the effect of SWCNT on polymer chain conformation?
(ii) How is interchain packing perturbed by monomer�SWCNT
interactions and SWCNT radius? In this paper, we provide a sys-
tematic simulation study which sheds light on how the interaction
between polymer chains and SWCNT and polymer confinement
between SWCNTs affect the structure and conformation of dif-
ferent molecular weight polymer chains in the vicinity of the
SWCNT, for nanocomposite systems where polymer radius of
gyration is larger than the radius of the SWCNT.11,12

Few experimental studies have been undertaken on the
structure and conformation of polymers loaded with spherical

nanoparticles.5,18�24 There is controversy as to whether the
addition of nanoparticles to a polymer melt causes perturbed
behavior of polymers near the spherical nanoparticles. In particular,
neutron scattering of a polystyrene (PS) chains/(PS) nanopar-
ticles nanocomposite19,22 showed a polymer chain expansion for
polymer chains with radius of gyration larger than the nanoparticle
radius, which is contrary to other recent studies of PS/silica21,23

and poly(ethylene�propylene)/silica24 nanocomposites that
showed the polymer chains to be unperturbed. Moreover, in
a former study of a poly(dimethylsiloxane)/polysilicate nano-
composite,18 an increase of polymer chain dimensions is obser-
ved: in agreement with the observations of Mackay.19,22

Over the past two decades, many efforts have been made to
predict and investigate through theoretical,25�31 coarse-grained,32�59

and atomistic simulation60 the structure and conformation of poly-
mer nanoparticle solutions. Almost all of these studies investigate
the effect of spherical nanoparticles on the polymer radius of
gyration and structure of polymer chains. From a theoretical
point of view, mean-field25�27,30 and self-consistent-field28,29

theories predict that monomers are depleted around the spher-
ical nanoparticles, where the density of polymers is reduced
compared to its bulk value. Recently, by using the self-consistent
polymer reference interaction site model (SC/PRISM),31 it was
observed that spherical nanoparticles, smaller than the polymer
chains and attracted to them, perturb the polymer chain dimen-
sions. The nanoparticles cause an increase in the radius of gyra-
tion with an increase in the nanoparticle volume fractions in
accordance to the (PS) nanoparticle system,19,22 although there
are significant differences between the theoretical model system
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ABSTRACT:We investigate the static properties of monodisperse polymer/single
wall carbon nanotube (SWCNT) nanocomposites in comparison to polymer melts
by molecular dynamics simulations. The SWCNThas a large aspect ratio and radius
smaller than the polymer radius of gyration. We find that although the local chain
structure is significantly affected, the overall configuration, as characterized by the
radius of gyration, is not perturbed either by the interaction strength between the
polymer and the SWCNT or by variations in the SWCNT radius.
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and the experimental one. Some of the expansion is due to the
effects of the excluded volume created by the nanoparticles; the
nanoparticles act as good solvents to swell the polymers. From a
simulation point of view, the applicability of earlier studies,32�34

for high and moderate filler systems, was unclear38 due to the
assumption of noninteracting chains and also due to the fact that
polymer chains are too short to be directly compared to chains
found in many real systems.38 In further studies of polymer struc-
ture in the vicinity of the spherical surface, the monomer density
was found to be lower at the surface than in the bulk.40,46,58 In
contrast, when the polymer chains are attracted to spherical nano-
particles,36�39,41�45,48�52,54�57,59,60 themonomer density is higher
in the vicinity of the spherical nanoparticles than in the bulk.
Nevertheless, there is controversy as to whether the addition of
attractive nanoparticles to a polymer melt causes polymer chains
to either expand,36,39,51,55,59,60 remain unaltered,41,48,50 or reduce
their dimensions37,38,44 compared to their size in the bulk. While
most of the simulation studies were performed for nanocompo-
sites systems where the nanoparticle’s size is similar to the
polymer size,36,39,48,54,55,60 it is well recognized18�21,24,42,53,61,62

that in the case of polymer�nanoparticles mixtures their final
structures are strongly influenced by the characteristics of nano-
particles (e.g., size, shape, aspect ratio, type of nanoparticle surface,
surface area, volume fraction of nanoparticles) and the polymer
(e.g., molecular weight, structure, nature of the interactions
between the nanoparticle and the polymer matrix).

Furthermore, the interface between oligomers and single wall
carbon nanotubes (SWCNTs) has been the subject of several
simulation studies in recent years.53,63�69 In particular, the inter-
molecular interaction between different kinds of oligomers (such
as flexible backbones (poly(methyl methacrylate)), flexible back-
bones with bulky groups (polystyrene), and high rigid backbones
(polythiophene)) and SWCNT63,65,66 and also the conformation
of oligomers63,66 have been studied extensively by conducting
very short atomistic simulations in vacuo. These studies showed
on one hand that there are attractive interactions between the
oligomers and SWCNT63,65,66 which increase with greater radius
of SWCNT, tending toward the limit of a graphene surface.63,66

On the other hand, the structure of the oligomers is not changed
by the interaction with the SWCNT for the cases of flexible back-
bones with bulky groups63 and highly rigid backbones;66 thus,
these types of oligomers remain unperturbed by the SWCNT
interaction. It is worth noting that there have been recent studies,
by coarse-grained simulations, of the role of hydrophobic inter-
actions on the wrapping mechanism and physical adsorption of
DNA in aqueous environment70 or entangled polymers68,69 on
carbon nanotubes. Moreover, by using atomistic simulations, the
wrapping mechanism has been investigated further for different
kinds of molecules (such as DNA, flexible backbone, and rigid
backbones polymers) around the SWCNT to ascertain how the
wrapping is affected, not only by the chemical composition or
structure of the molecules66,67,71,72 but also by the lattice struc-
ture of the SWCNT, radius of the SWCNT, and the tempera-
ture.64 Although the analysis of an atomic-level simulation pro-
vides a useful insight into the interaction of oligomers with an
individual SWCNT, for a polymer/SWCNT nanocomposite
system it is important to relate the polymer�SWCNT interac-
tion with the monomer�monomer interaction and understand
how both affect the static properties of polymer chains.

The rest of this paper is organized as follows. In section II, we
present the general features of the simulation methodology and
simulation details that were used to investigate the static properties

of polymer melts and polymer nanocomposites. Subsequently in
the same section, the theoretical background is given for the
static properties that are usually studied in polymer melts and
polymer nanocomposites. In section III.A, we discuss the struc-
ture of both unentangled and entangled polymer chains, using a
coarse-grained model and analyze its conformation through the
calculation of the end-to-end distance and radius of gyration. In
section III.B, we consider a polymer/SWCNT nanocomposite
system where a long SWCNT is inserted in the simulation cell.
The structure and conformation of all the polymer chains are
explored and compared with those of the polymer melt at dif-
ferent interaction strengths and various radii of SWCNT. In
addition, we focus on the static properties of the polymer chains
that are in contact with the SWCNT to allow comparison with
recently studied experimental systems. Furthermore, we have
performed simulations with two SWCNTs present in the simula-
tion cell in order to investigate confinement effects on the polymer
chain structure. Finally, in section IV, conclusions of the study
are given.

II. SIMULATION METHODOLOGY AND STATIC
PROPERTIES

We performed molecular dynamics simulations of monodis-
perse polymer melts andmonodisperse polymer/SWCNT nano-
composite systems. The polymer melt is simulated by using a
coarse-grained polymer model.73,74 In a well-dispersed PS/
SWCNT nanocomposite the radius of the nanotube is of the
order of the Kuhn length of PS. Consequently, in the nanocom-
posite system simulations, an atomistic model was used for the
SWCNT. Thus, we include the influence not only of the geo-
metric characteristics but also the SWCNT structure surface on
the polymer properties. Polymer chains are composed of bead�
spring chains of Lennard-Jones (LJ) monomers m, of diameter
σm = 1 and mass mm = 1. Three different SWCNTs ((12,0),
(17,0), (22,0) of radius rSWCNT = 0.46σm, 0.66σm, 0.85σm, res-
pectively) are considered and span the simulation cell with their
atoms held fixed in a centered position in the simulation cell
along the z-axis. Amolecularmodel of the nanocomposite system
is shown in Figure 1. In the case of confined systems, two SWCNTs
((17,0)) are inserted in the simulation cell. The SWCNTs are
fixed in space and separated with a distance of Rg.

Figure 1. Model of the nanocomposite system (SWCNT in polymer
matrix) along the z-axis. For clarity, the connectivity of the beads is
not shown.
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Nonbonded monomer�monomer as well as monomer (m)�
carbon (c) interact via a truncated and shifted Lennard-Jones (LJ)
potential,75,76 with a cutoff radius rc = 2.3σm, given by77�80

ULJðrijÞ ¼ 4ε
σij

rij

 !12

� σij

rij

 !6

� CðrÞ
2
4

3
5 for r < rc

0 for r g rc

8>>><
>>>:

ð1Þ
where C(r)77�80 is a third degree polynomial which is added so
that the potential vanishes continuously at r = rc, ε is a char-
acteristic interaction energy (interaction strength) between
particles, and rij is the distance between particles i and j. The
interaction energy between monomers is εmm = kT = 1 (where k
is Boltzmann’s constant and T is temperature). The distance
between the carbon atoms in the SWCNT is 0.1415. Thus, for
the monomer carbon interaction, we use a geometric mean com-
bination rule: σmc = (σcσm)

1/2 = (0.141 3 1)
1/2 = 0.3755. The

interaction energy between monomer and carbon, εmc, varies
between 0 and 5kT. For the simulations where the polymers have
no interaction with the nanotube surface, only the repulsive term
of eq 1 is retained, and in order to have a very slight repulsion,
εmc = 5 � 10�4kT.

For nearest-neighbor monomers along the chain the LJ inter-
action is not included. Technically, these monomers are con-
nected to each other by a harmonic bond potential,73,74 given by

UbondðrÞ ¼ K
2
ðr� r0Þ2 ð2Þ

with an equilibrium bond length r0 = 0.967σm and a spring con-
stant K = 1111.73,74 The value of K is large enough to prevent the
chains from cutting through each other in the simulation, which
allows the formation of entanglements. It is worth noting that the
entanglement length of this polymer coarse-grained model, for
N = 128, is Ne = 36 as calculated by the Z1 algorithm81,82 based
on an analysis of 15 configurations.
A. SimulationDetails. In this study,NVTmolecular dynamics

simulations were performed using the GROMACS package77�80

at a melt density F* = (Nm/V)σm
3 = 0.85 (where Nm is the total

number of monomers in the system and V is the volume of the
polymer melt). In any simulation of the nanocomposite system,
the monomer density was retained to its melt value, and one
SWCNT was inserted in the simulation cell, so that simulations
were performed at filler volume fraction of 0.4% in accordance
with a recently studied PS/SWCNT nanocomposite.11,12 In the
case of confined systems, the filler volume fraction is 0.8%. The
length of the simulation cell was always larger than the end-to-
end distance of the polymer chains. In order to set the tempera-
ture at T* = kT/ε = 1, the Nose�Hoover83,84 thermostat was
used with an oscillation relaxation constant τT = 2.0τ.
The equations of motion were integrated using the leapfrog

algorithm85 with a time step equal to 0.005τ, where τ = (mσm
2/

kT)1/2 is the Lennard-Jones time. The duration of the simulation
runs were between 30 � 106τ and 50 � 106τ depending on the
length of molecules and system (polymermelt or nanocomposite)
studied. The time needed for the end-to-end vector autocorrela-
tion for 60-mer polymers to decay to zero is∼10000τ. The static
properties of the polymer chains were calculated after 20 � 106

steps for the polymermelts and after 30� 106 steps for the nano-
composite systems. The polymer chains diffuse several Rg distance

during the simulation; for example, 60-mer polymers diffuse 7Rg
in nanocomposite simulations when the attraction from the nano-
tube surface is kT. The polymers in contact with the nanotube
diffuse 3.5Rg and Rg distance when the attraction from the nano-
tube surface is kT and 2.5kT, respectively.
The details (number of polymer chainsNp, number ofmonomers

N, length of the cubic simulation cell Lcell, polymer radius of gyra-
tion, Rg, polymer end-to-end distance, Re) of the polymer melt
and nanocomposite simulated systems are given inTables 1 and 2.
B. Static Properties. In this section of the paper, we will

discuss the static properties, and their theoretical background, in
terms of how they are usually studied in both polymer melts and
nanocomposite systems. In particular, in a polymer melt, poly-
mer chains are supposed to be ideal in the sense that they obey
random walk statistics. Thus, the end-to-end distance Re of a
polymer chain is given by86�88

Re
2ðNÞ� � ¼ ðr1 � rNÞ2

� � ¼ lkL ¼ lk
2Nk ð3Þ

where r1, rN are the coordinates of the chain ends, lk is the Kuhn
length, L is the contour length, and Nk are the number of Kuhn
steps of the polymer chain. Also, another static property that
gives information about the conformation of the polymer chains
is the radius of gyration of a molecule, which is defined as the
average squared distance between monomers in given conforma-
tion and the molecule’s center of mass and is given by86,87

Rg
2ðNÞ� � ¼ 1

N ∑
N

i¼ 1
ðri � rcmÞ2

� �
ð4Þ

Table 1. Number of Polymer Chains Np, Number of Mono-
mers N in a Polymer Chain, Length of the Simulation Cell L,
Polymer Radius of Gyration Rg, and End-to-End Distance Re

for Polymer Melt Systems Studied in the Present Simulationa

Np

(polymer chains)

N

(monomers) Lcell Rg Re

256 10 14.441 1.451 (0.029) 3.582 (0.072)

256 12 15.346 1.605 (0.034) 3.977 (0.083)

256 16 16.891 1.901 (0.021) 4.729 (0.098)

128 20 14.441 2.158 (0.037) 5.393 (0.625)

192 30 18.923 2.751 (0.044) 6.761 (0.044)

64 32 13.406 2.794 (0.067) 7.019 (0.307)

72 40 15.02 3.139 (0.074) 7.888 (0.314)

96 50 17.808 3.557 (0.069) 8.939 (0.34)

96 60 18.923 3.886 (0.084) 9.688 (0.389)

96 64 19.335 4.072 (0.125) 10.24 (0.305)

20 128 14.441 5.688 (0.28) 14.751 (1.61)
aThe values in parentheses are the error bars. The monomer density is
F* = 0.85 for all the runs.

Table 2. Type of SWCNT, Total Number ofMonomersNm in
the Simulation Cell, Length of the Simulation Cell in the x or y
and z Direction (Lx,y, Lz), Respectively

SWCNT Nm Lx,y Lz

(12,0) 5760 14.431 32.648

(17,0) 5760 18.96 18.923

(22,0) 11520 24.536 22.598
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where rcm = (1/N)∑i=1 ri is the center of mass of the chain.
Similarly to eq 3, the radius of gyration follows the following
scaling relation:

Rg
2ðNÞ� � ∼ Nk ð5Þ

Furthermore, the radius of gyration about an axis j can give us
further information about the conformation of the chain around
the SWCNT and is given by

Rg
2ðNÞ� � ¼ 1

N ∑
N

i¼ 1
ðji � jcmÞ2

� �
ð6Þ

where ji = (xi, yi, zi) are the positions of the ith atom and jcm =
(xcm, ycm, zcm) are the positions of the center of mass.
In addition, another static property that has been largely studied

in polymer melts and polymer nanocomposites is the radial dis-
tribution function (rdf) or pair correlation function g(r). In gen-
eral, the gAB(r) between two particles A and B is defined by75�77

gABðrÞ ¼ V
4πr2 ∑

NA

i
∑
NB

j
PðrÞ ð7Þ

where V is the volume, NA and NB are the number of atoms
(monomers) A and B, respectively, and P(r) is the probability to
find a B atom (monomer) at a distance r from an A atom.

III. RESULTS AND DISCUSSION

A. Polymer Melt Simulations. 1. Dimensions of Polymer
Chains. In this section, we will investigate the structure and size
of polymer chains in a polymer melt on the basis of predictions
frommolecular dynamics simulations. Ourmodel differs from that
of Kremer and Grest89 because it contains attraction between the
monomers (full Lennard-Jones potential). Also, we use a harmo-
nic potential and not a FENE potential to bond the monomers in
the polymer chains.
Hence, in Figure 2, to verify that our model is suitable for ideal

polymer melts prior to applying it to nanocomposites, we show
as symbols the end-to-end distance ÆRe(N)æ and radius of gyra-
tion ÆRg(N)æ of polymers chains of different molecular weights in
a polymermelt. In addition, the end-to-end distance and radius of
gyration data are fitted with the scaling lawN1/2 which are shown
as solid lines. The fitting is closer to the simulation data for poly-
mer molecular weights greater than the entanglement length Ne,
in accordance with the idea that perfect Gaussian statistics are
found in the limitNf∞. Consequently, the value for the Kuhn
length (lk) of the polymer model for N = 128 as calculated from
eq 3 (ÆRe2æ = lkL

86�88) is lk = 1.79σm, in agreement within 1%
deviation with Kuhn lengths of common polymers (such as atac-
tic polystyrene).86,87 As can be seen from the inset of Figure 2,
ÆReæ/

√
6 overlaps with ÆRgæ for almost all the polymer molecular

weights (for both unentangled and entangled chains), which
denotes that the coarse-grained model used in this study can
precisely predict ideal polymer chains.74,87�89

B. Nanocomposite Simulations. 1. Structural Characterization.
We now focus on the analysis of the static properties of a polymer/
SWCNT nanocomposite system. By considering a fixed SWCNT
nanotube that spans the simulation cell, we consider an isolated
SWCNT nanocomposite with infinite aspect ratio.
We begin by discussing the structural behavior of the polymer

chains in a SWCNT nanocomposite system and focusing on the
structure in the vicinity of the SWCNT surface for different

monomer�SWCNT interaction strengths. When there is no
interaction between polymer chains and SWCNT, there is only
an excluded volume repulsion between the monomers and the
carbon atoms of the SWCNT in order to ensure an impenetrable
SWCNT. In Figure 3, the monomer�carbon radial distribution
function gmc(r) for different polymer molecular weights is
depicted. As can be clearly seen, for a very small distance from the
SWCNT surface (r ≈ 0.5σmc), there are no monomers, due to
the excluded volume. Subsequently, for r > 0.5σmc, there is a
layer around the SWCNTwhere the monomers are depleted due
to a reduction of accessible chain conformation in qualitative
agreement with theoretical predictions25�30 and simulation
studies32�35,40,41,46,50,56 of spherical nanoparticles composites.
An abrupt almost linear increase is observed from approximately
r > 0.5σmc (first monomer next to SWCNT surface) to r≈ 1.5σmc
(secondmonomer from SWCNT surface). Next, a concave regime
follows up to r ≈ 2.5σmc (second monomer + 1 bond length).
Subsequently, a convex regime follows up to a distance r≈ 4.3σmc.
Finally, themonomer depletion reduces smoothly until themonomer

Figure 2. End-to-end distance Re and radius of gyration Rg of polymer
chains of different molecular weight in a monodisperse polymer melt
from molecular dynamics simulations: (i) end-to-end distance of a
polymer melt (blue diamonds), (ii) fitting of the scaling law Re ≈ N1/2

on the simulation data (blue line), (iii) radius of gyration of a polymer
melt (red circles), and (iv) fitting of the scaling law Rg ≈ N1/2 on the
simulation data (red line). Inset: Re normalized with

√
6 and Rg of

polymer chains of different molecular weight in a monodisperse
polymer melt.

Figure 3. Monomer�carbon radial distribution functions of polymer
chains in the polymer/SWCNT (rSWCNT = 0.66) nanocomposite sys-
tem with no interaction with the SWCNT from molecular dynamics
simulations: (i)N = 30 (red line), (ii)N = 50 (green line), and (iii)N = 60
(blue line). Data are offset vertically by 0.5 and 0.25 for N = 30 and
N = 50, respectively.
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density reaches its melt value. Moreover, in the case of a constant
SWCNT radius, the increase of the size of the polymer chains
does not influence the depletion layer around the SWCNT. The
thickness of the depletion layer is increased by increasing the
radius of the SWCNT as is depicted in Figure 4, in qualitative
agreement with the mean-field25�27,30 and self-consistent-field
theories.28,29 It is worth noting that the depletion layer is
approximately of the order of 4σm and that a decrease in the
SWCNT radius causes a more pronounced depletion behavior.
Let us now focus on the case where there is an attractive inter-

action, modeled by the Lennard-Jones potential (eq 1), between
polymer chains andSWCNT. In Figure 5, we show themonomer�
carbon radial distribution function gmc(r) for different polymer
molecular weights. There is no depletion layer around the SWCNT.
As can be seen from Figure 5, gmc(r) exhibits a three-layer struc-
ture, which is almost indistinguishable for different polymer
molecular weights,90 showing that in this regime the relevant
length scale is the density dependent correlation length ξ(F).
The high monomer density of the layers establish a well-defined
interface between SWCNT and polymer melt whose structure
differs from that of the amorphous polymermelt.Monomer pack-
ing effects become important as monomers form layers around
the nanoparticle, which is illustrated by the oscillations of gmc(r).

In Figure 6, the gmc(r) is depicted for polymer chains (N = 60)
at different interaction strengths between monomers and carbon
atoms of the SWCNT. By increasing the interaction of the poly-
mer chains with the SWCNT, the number of contacts with the
SWCNT surface increases, so consequently the first peak of the
gmc(r) increases accordingly. The effect of increasing the strength
of the monomer�carbon attraction alters the density profile at
small distances but has little effect on the density at larger dis-
tances. In essence, this increase of the attraction leads to a more
pronounced layering of monomers around the SWCNT and a
greater degree of ordering of themonomers in the radial direction.
To better understand the structural changes in the vicinity of

the SWCNT surface, we calculate the monomer density F* as a
function of the distance d in the simulation cell. We show F*(d)
for the nanocomposite system with (i) nonattractive and (ii)
attractive interactions in Figure 7. Only in the second case does
the F*(d) show an enhancement in the polymer density near the
SWCNT surface in a direction perpendicular to the SWCNT
(either x or y) due to the monomer�carbon attraction. The
density profile becomes better defined, with larger oscillations, as
the interaction strength between monomers and SWCNT sur-
face increases. In the case of nonattractive interactions, depletion
of the monomer density in the vicinity of the SWCNT can be seen.

Figure 4. Monomer�carbon radial distribution functions of polymer
chains (N = 60) in a polymer/SWCNT nanocomposite system with no
interaction with the SWCNT from molecular dynamics simulations: (i)
Rg/rSWCNT = 8.33 (red line), (ii) Rg/rSWCNT = 5.88 (green line), and
(iii) Rg/rSWCNT = 4.57 (blue line).

Figure 5. Monomer�carbon radial distribution functions of polymer
chains of different molecular weight in a polymer/SWCNT (rSWCNT =
0.66) nanocomposite system at kT attractive strength with the SWCNT
frommolecular dynamics simulations: (i)N = 10 (black line), (ii)N = 30
(red line), (iii)N = 50 (green line), and (iv)N = 60 (blue line). Data are
offset vertically by 0.75, 0.5, and 0.25 for N = 10, N = 30, and N = 50,
respectively.

Figure 6. Monomer�carbon radial distribution functions of polymer
chains (N = 60) in a polymer/SWCNT (rSWCNT = 0.66) nanocomposite
system at different interaction strengths (εmc) with the SWCNT from
molecular dynamics simulations: (i) εmc = kT/2 (red line), (ii) εmc = kT
(green line), and (iii) εmc = 2.5kT (blue line).

Figure 7. Monomer density vs distance in x direction (perpendicular to
the SWCNT) of the simulation cell in a polymer (N = 60)/SWCNT
(rSWCNT = 0.66) nanocomposite system: (i) εmc = 0 (red symbols), (ii)
εmc = kT (green symbols), (iii) εmc = 2.5kT (blue symbols). The center
of SWCNT is located at 9.48.
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It is worth mentioning that the presence of a maximum and
subsequent oscillation in F*(d) for attractive interactions
are also observed in the density profile of monomers near a
smooth wall.49,91�93

Decreasing the radius of the SWCNT at a constant SWCNT
volume fraction increases the surface area of the SWCNT per
composite volume. As can been seen from Figure 8, the height of
the first peak increases with decreasing radius of the SWCNT,
showing that there aremoremonomer contacts with the SWCNT
surface. Closely related to this observation, we also find that a
decrease of the SWCNT radius also causes an increase in the peak
height of gmc(r) in the second and third layers as the SWCNT
radius decreases. The larger peakswith decreasing nanotube radius
denote that there is greater molecular ordering in the interface
region and lead to a more pronounced layering of monomers. In
the inset to Figure 8, we quantify the volume of the interfacial
region, relative to the volume of the nanotube usingZ rc

0
gmcðrÞr dr

πrSWCNT
2

ð8Þ

This quantity decreases as the radius of the nanotube increases,
indicating that the interfacial volume, the volume within which
the polymer structure is affected by the presence of the nanotubes,
relative to the volume of the SWCNT, increases as the radius of
the SWCNT decreases. Note that since gmc(r) gradually decays
to unity as the radial distance from the nanotube increases, we
assume that the cutoff radius for the interfacial region, rc, and
hence the upper limit for the integration to calculate the first
moment of gmc(r), is given by the third minimun of gmc(r).
However, the same qualitative trend arises if we had chosen, for
example, the position of the third maximum for the cutoff.
In Figure 9, we show the total monomer�monomer radial

distribution function gmm(r) of polymer chains (N = 60) for both
the polymer melt and the polymer/SWCNTnanocomposite sys-
tems in the cases of no interaction with the SWCNT and attrac-
tion with the SWCNTof the order of kT. There is no alteration of
the gmm(r) for all of the cases in the nanocomposite system.
Moreover, the gmm(r) for the SWCNT system is indistinguish-
able from that of the polymer melt system, showing exactly the
same structure. Attractive interactions of the order of kT between

polymer chains and SWCNT do not influence the monomer
structure in the case that the polymer radius of gyration exceeds
the radius of the SWCNT. Also, gmm(r) is independent of the
SWCNT radius and consequently of the surface area of the
SWCNT (see inset of Figure 9).
2. Dimensions of Polymer Chains in Contact with the

SWCNT. In Figure 10, we compare ÆRe(N)æ and ÆRg(N)æ of the
polymer chains that remain in contact (so polymers in the
polymer/SWCNT simulations that do not always contact with
SWCNT are ommitted from the value) with the SWCNT with
those in the polymermelt. As can be clearly seen, the Re and Rg of
contact polymer chains almost overlap with those in the polymer
melt for all the polymer molecular weight when interacting with
the SWCNT with kT energy.

Figure 8. Monomer�carbon radial distribution functions of polymer
chains (N = 60) in a polymer/SWCNT nanocomposite system at kT
attractive strength for different radius of SWCNT from molecular
dynamics simulations: (i) rSWCNT = 0.46 (red line), (ii) rSWCNT =
0.66 (green line), and (iii) rSWCNT = 0.85 (blue line). Inset: the
dependence of the volume of the interfacial region relative to the
SWCNT volume, quantified by eq 8, on SWCNT radius.

Figure 9. Monomer�monomer radial distribution functions of poly-
mer chains (N = 60) in the polymer/SWCNT (rSWCNT = 0.66)
nanocomposite system from molecular dynamics simulations for differ-
ent interaction strength between monomers and SWCNT surface: (i)
εmc = 0 (red line), (ii) εmc = kT (green line), and (iii) εmc = 2.5kT (blue
line). Inset: monomer�monomer radial distribution functions of poly-
mer chains (N = 60) in the polymer/SWCNT nanocomposite system
from molecular dynamics simulations for εmc = kT interaction strength
betweenmonomers and SWCNT surface for different SWCNT radii: (i)
rSWCNT = 0.46 (red line), (ii) rSWCNT = 0.66 (green line), and (iii)
rSWCNT = 0.85 (blue line).

Figure 10. End-to-end distance and radius of gyration of polymer
chains of different molecular weight of a polymer/SWCNT (rSWCNT =
0.66) nanocomposite system from molecular dynamics simulations: (i)
end-to-end distance of a polymer melt (blue open diamonds), (ii) fitting
of the scaling law Re≈N1/2 on the simulation data (blue line), (iii) end-
to-end distance of polymer chains in contact with the SWCNT,
interacting with kT energy with the SWCNT (blue filled diamonds),
(iv) radius of gyration of a polymer melt (red open circles), (v) fitting of
the scaling law Rg ≈ N1/2 on the simulation data (red line), and (vi)
radius of gyration of polymer chains in contact with the SWCNT,
interacting with kT energy with the SWCNT (red filled circles).
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In Figure 11, we show the ratio of the radii of gyration of poly-
mer chains which are in contact with the SWCNT to the value in
the corresponding pure melt at different interaction strengths
between the polymer chains and SWCNT.We observe that Rg of
the contact polymer chains retain the melt values for both un-
entangled and entangled polymer chains, even at very strong
levels of attraction between polymer chains and SWCNT (εmc =
5kT). Similarly, in the inset of Figure 11, we show the same ratio
when they interact with kT energy as a function of SWCNT
radius. Remarkably, the inset of Figure 11 seems in agreement
with Figure 11, where the Rg of the contact polymer chains retain
(within 6% deviation) its melt value for both unentangled and
entangled polymer chains at any radius of SWCNT smaller than
the Rg. In addition, in Figure 12 we show the polymer radius of
gyration of polymers in contact with the SWCNT, about the x, y,
and z axis (Rg,x,y,z). We observe that Rg is independent of the
different axis except the unentangled polymers (N = 10) where

in the z direction (parallel to the SWCNT) the short chains
“flatten”; thus, Rg appears a larger value in z than the x, y direc-
tion. Also, we do not observe any stretching of the polymer
chains that are in contact with the nanotube because the polymer
radius of gyration is larger than rSWCNT, in contrary to the pre-
vious studies36,39,60 where the nanoparticle radius of curvature is
large compared to the Rg, and has an influence on the structure of
the polymers in the vicinity of the nanoparticle.
Furthermore, we have performed a few simulations with two

SWCNTs present in the simulation cell in order to investigate
the role of geometrical confinement on the dimensions of the
polymer chains that remain in contact with the carbon nanotube.
We observe that the average radius of gyration of the polymer
chains that remain in contact with the SWCNT does not change
compared to its value in the single SWCNT nanocomposite, as
can be seen in Figure 13. However, a few polymer chains which
have contacts with both SWCNTs and whose center of mass is
within Rg distance from the center of the nanotube reduce the
radius of gyration due to the confinement as can be seen in the
inset of Figure 13. Because of the small nanotube volume frac-
tion, there are few polymers that are confined in this way. Thus,
the overall average radius of gyration is not affected.
Thus, we can conclude that in polymer/SWCNT nanocom-

posites with radius of SWCNT smaller than the Rg of polymer
chains the polymer chains follow unperturbedGaussian statistics,
independent of polymermolecular weight and interaction strength
with the SWCNT for an isolated SWCNT. These results are in
agreement with a recently studied experimental system of PS
with spherical well-dispersed19,23 or aggregated21 nanoparticles
and with studies for polymer chain dimensions in thin films,94,95

where it was found that the polymer chains parallel to the surface
were unperturbed even for film thickness smaller than Rg.

IV. CONCLUSIONS

In this paper, the structure and conformation of polymer
chains in melts and polymer/SWCNT nanocomposite systems
were investigated by means of molecular dynamics simulations
for both unentangled and entangled polymer chains at isolated

Figure 11. Radius of gyration of polymer chains in contact with the
SWCNT of different molecular weight normalized with its bulk value at
different interaction strengths between polymer chains and SWCNT
(rSWCNT = 0.66) surface: (i) εmc = kT (red circles), (ii) εmc = 2.5kT
(green diamonds), and (iii) εmc = 5kT (blue squares). Inset: radius of
gyration of polymer chains in contact with the SWCNT of different
molecular weight normalized with its bulk value for difference radius of
SWCNT at kT interaction strength between polymer chains and
SWCNT surface: (i) rSWCNT = 0.46 (red circles), (ii) rSWCNT = 0.66
(green diamonds), and (iii) rSWCNT = 0.85 (blue squares).

Figure 12. Radius of gyration of polymer chains in contact with the
SWCNT (rSWCNT = 0.66) of differentmolecular weight, interacting with
kT energy with the SWCNT, about the x, y, and z axis: (i) Rg,x (red
circles), (ii) Rg,y (green diamonds), (iii) Rg,z (blue squares). Inset: radius
of gyration of polymer chains in contact with the SWCNT (rSWCNT =
0.85), interacting with kT energy with the SWCNT, about the x, y,
and z axis.

Figure 13. Radius of gyration of polymer chains in contact with the
SWCNT (rSWCNT = 0.66) of different molecular weight: (i) one
SWCNT, εmc = kT (filled circles); (ii) confined system: two SWCNTs,
εmc = kT (open circles); (iii) confined system: two SWCNTs, εmc =
2.5KT (open diamonds). Inset: comparison of radius of gyration of
polymer chains in contact with the SWCNT (rSWCNT = 0.66) within Rg
distance from the center of the nanotube: (i) one SWCNT, εmc = kT
(filled circles), (ii) confined system: chains in contact with both
SWCNTs, εmc = kT (open circles), and (iii) confined system: chains
in contact with both SWCNTs, εmc = 2.5kT (open diamonds).
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SWCNT. An atomistic model was used for the SWCNT with a
large aspect ratio and radius smaller than the polymer chains
radius of gyration. Specifically, we find that although the local struc-
ture of polymer chains around and nearby the SWCNT is influe-
nced by the interaction strength with the SWCNT, the large
scale structure as quantified by the radius of gyration remains
unaffected. Althoughwe note that for the shortest chains (N= 10)
we observe a slight increase in Rg parallel to the SWCNT for
chains in contact with the SWCNT. The confinement of the poly-
mer chains by SWCNTs seems to affect only the polymers which
have contacts with both of the nanotubes. In particular, in cases
where there is no interaction between polymer chains and SWCNT,
a depletion layer is presented in the vicinity of SWCNT. When
the polymers are attracted to the SWCNT, there is a higher
monomer density than its bulk value in the vicinity of the SWCNT.
In addition, the monomer density profile of the monomers
around the SWCNT surface exhibits pronounced oscillations
by increasing the interaction strength with the SWCNT surface.
It is worth emphasizing that these results are independent of
polymer molecular weight, and interaction strength (εmc = 0kT
to εmc = 5kT) with the SWCNT.
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