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ABSTRACT: Polymer tracer diffusion inmultiwall carbon nanotube (MWCNT)/polymer nanocomposites
is reported. As previously reported for SWCNT/polystyrene (PS) nanocomposites, the tracer diffusion of
680k deuterated polystyrene (dPS) is strongly suppressed at lowMWCNT concentrations and then increases
at higher concentrations. In contrast, the tracer diffusion of 10k dPS and 75k dPS is independent of
MWCNT loading. These results reveal an important criterion for exhibiting a minimum in the tracer
diffusion coefficient (Dmin) with nanoparticle concentration, namely the relative size of tracer molecule and
nanoparticle. Specifically, when the radius of gyration of the tracer polymer (Rg) is smaller than the radius of
the nanotube particle (RCNT), the tracer diffusion is independent of nanoparticle concentration, while aDmin

is observed when Rg > RCNT. When the tracer molecule is large relative to the nanoparticle, the diffusion in
the vicinity of the nanoparticle appears to become anisotropic, which leads to a Dmin with increasing
nanoparticle loading.

1. Introduction

Multiwall carbon nanotubes (MWCNTs) were first identified
by Sumio Iijima using high-resolution transmission electron
microscopy.1 MWCNTs consist of multiple concentric cylinders
of carbon sp2 bonds separated by ∼0.3-0.4 nm, the spacing
between graphene sheets in graphite.2 The diameter of the
MWCNTs varies from several nanometers to tens of nanometers
depending on the number of concentric nanotubes stacked into a
MWCNT. The nanotube length ranges from hundreds of nano-
meters to a few millimeters. Compared to single wall carbon
nanotubes (SWCNTs),MWCNTsare generally easier to disperse
in polymer matrices as individual tubes.3 As with SWCNTs, the
MWCNTs exhibit remarkable electrical, thermal, and mechan-
ical properties4-6 and have been widely used to improve polymer
properties by making nanocomposites.7,8 MWCNTs provide
nanocomposites with numerous advantages with direct applica-
tions to electronics, permeable membranes, and other materials
applications.9,10

Nanocomposite properties are determined in part by the
inherent properties of the nanoparticles as well as the properties
of the polymer matrix. Moreover, the matrix properties in a
polymer nanocomposite can differ from the bulk polymer. The
properties of the polymers in the vicinity of the tube surface can
be influenced by the nanoparticle or nanotubes and, thereby,
differ from the bulk.11-14 The nanometer size of the MWCNTs
produces an extremely large quantity of interfacial area in the
polymer nanocomposites, and as a result, the volume fraction of
polymer near the polymer/matrix interface can be significant.5

Thus, in addition to probing the properties of polymer nano-
composites that result from the combination of nanoparticle and
polymers, efforts are underway to isolate the properties of the
polymers in the presence of nanoparticles, including the glass
transition.15

Diffusion studies are one attempt tomeasure a polymer-specific
property in nanocomposites. Typically, diffusion shows a mono-
tonic increase or decrease with nanoparticle concentration.16-18

Merkel et al. have reported that gas and large organic molecules
have an improved permeability in fumed silica/poly(4-methyl-2-
pentene) nanocomposites due to the increase in the polymer free
volume fraction with the addition of the nanoparticles, while in
ZnO/rubber nanocomposites, the gas permeability decreases due
to the increased diffusion path.19 In the carbon nanotube (CNT)
nanocomposites, an increase in gas permeability has been re-
ported, but the reason for the increase is complicated. For
example, rapid diffusion can result from the nanogaps surround-
ing the CNTs20 or through the tubes and the interstitial pores
between the tubes.21 Therefore, other techniques are necessary to
measure dynamics in carbon nanotube nanocomposites.

We recently measured polymer tracer diffusion in nanocom-
posites as a function of SWCNT loading to observe polymer
dynamics in the presence of nanoparticles.22 With increasing
SWCNT concentration the tracer diffusion coefficient exhibits a
minimum. The critical concentration at which the minimum in
diffusion coefficient exists is comparable to the dynamic percola-
tion threshold found in linear viscoelastic measurements.
A minimum in tracer diffusion coefficient was found for four
combinations of tracer and matrix molecular weight. We hy-
pothesized that this minimum is the consequence of anisotropic
diffusion near the nanotube surface, wherein polymers diffuse
more slowly in the direction perpendicular to the nanoparticle
surface than along the nanotubes (Figure 1). This idea was tested
by simulating the center-of-mass diffusion through a three-
dimensional set of cylindrical diffusion. At low trap concentra-
tions corresponding to isolated nanotubes, the tracer diffusion
decreases, while at higher trap concentrations the traps percolate
and the tracer can diffuse along the interconnected traps. Here we
explore the importance of the relative size of the tracer polymer
and the nanoparticles. By using MWCNTs with diameters
of tens of nanometers and a range of tracer polymer molecular
weight, this paper studies the tracer diffusion in systems
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wherein the tracer polymers are smaller than and greater than the
nanotube diameters. By combining the results from SWCNTand
MWCNT nanocomposites, we conclude that the tracer polymer
must be larger than the nanotube to exhibit a minimum in the
trace diffusion coefficient.

2. Experimental Section

2.1. Materials.Multiwall carbon nanotubes were synthesized
by a chemical vapor deposition (CVD) method from Nanolab,
Inc. RawMWCNTs were purified by thermal oxidization and a
HCl treatment as described in previous work.23,24 The residual
metal is less that 2 wt %, as measured by thermal gravimetric
analysis. TheMWCNTs were dispersed inN,N-dimethylforma-
mide (DMF) at a concentration of 0.1 mg/mL to characterize its
size. After sonicating the MWCNT/DMF suspension for 24 h,
one drop of the MWCNT/DMF suspensions was removed for
scanning electron microscopy (SEM). The SEM images were
taken with various magnification to measure the diameter and
length using a high-resolution scanning electron microscope
(JEOL 4000EX). The MWCNTs were well dispersed in DMF
and existed with a mean diameter of 34( 6.9 nm, a mean length
of 871 ( 313 nm, and a mean aspect ratio of 26.

Polystyrenes (PS) and deuterated polystyrenes (dPS) were
purchased from Pressure Chemical and Polymer Source and all
used as received. Table 1 provides the molecular weights of PS
and dPS by size exclusion chromatography (SEC).

2.2. Bilayer Sample Preparation. The bilayer sample for the
diffusion study is composed of a thick nanocomposite film
(matrix) and a thin dPS film (tracer). The MWCNT/480k PS
nanocomposites with 0-4.7 vol % MWCNT were prepared by
the coagulation method25 as detailed previously for our single
wall carbon nanotube/polystyrene nanocomposites.22 The nano-
composite matrices were hot pressed between a silicon wafer and
a piece of glass, and the thickness of the matrix layer is >10 μm.

Tracer diffusion experiments require that the dPS layers be
thin to minimize the dPS-dPS interactions and to avoid per-
turbing the polymer nanocomposite. The 75k dPS and 680k
dPS films were prepared by spin-coating dPS toluene solutions
on silicon substrates. Because the 10k dPS is below the entangle-
ment molecular weight, the 10k dPS tracer was blended with
480k PS (the matrix polymer) at a weight ratio of 9/4 and
co-spin-cast. The addition of 480k dPS provides mechanical
integrity while transferring the tracer film onto the polymer
nanocomposites. The deuterated films were floated off Si sub-
strates onto the surface of water and then picked up with the

thick nanocomposite films. The thickness of the tracer layer
is ∼20 nm, as measured by ellipsometry. The prepared bilayer
film was dried for 2 days prior to annealing.

2.3. Rheological Properties of the MWCNT Composites. The
linear viscoelastic behavior of the nanocomposites was mea-
sured on a Rheometrics Solids Analyzer II using the sandwich
fixture. Samples were annealed at 200 �C for 0.5 h before testing.
The modulus was measured using a frequency sweep under N2

(gas) at 200 �C with 0.5% strain.
The rheological response determines the dynamic percolation

threshold of the MWCNT/PS nanocomposites.26-28 Figure 2
shows the storage modulus of the nanocomposites as a function
of frequency at various MWCNT concentrations. The pure
polystyrene exhibits a terminal relaxation behavior with a slope
of 2 at low frequencies.With increasingMWCNTconcentration
solidlike behavior occurs as the modulus of the nanocomposites
becomes independent of frequency in the low-frequency regime,
indicating the formation of a MWCNT network in the nano-
composites. The dynamic percolation threshold in these
MWCNT/480k PS nanocomposites is ∼1.6 vol % MWCNT.
The polymer local relaxation time is ∼8 s and is independent of
MWCNT loading. At high frequency, the plateau moduli of the
nanocomposites are comparable to the 480k PS homopolymer
(GN�=∼ 1.3�105 Pa), suggesting that the nanotubes have no
significant influence on the average entanglement molecular
weight of the polymer chains.

2.3. Diffusion Measurement. The diffusion of dPS into nano-
composites was activated by isothermally annealing the bilayer
samples in custom-built vacuum ovens. These ovens have
greaseless copper seals for a cleaner environment and maintain
a uniform temperature to within <2 �C. The annealing tem-
peratures were chosen based on themolecular weight of the dPS:
140 �C for 10k dPS, 150 �C for 75k dPS, and 170 �C for 680k
dPS. Annealed samples were quenched to room temperature,
which is below the glass transition temperature, to arrest the
polymer diffusion.

Concentration profiles of dPS in theMWCNT/PS nanocom-
posites were measured by elastic recoil detection (ERD) and
used to determine the tracer diffusion coefficient.29 The ERD
conditions include He2þ ions (3 MeV), 15� glancing angle, and
a∼5�5 mm2 spot size. In these experiments, the ERD sampling
depth is∼800 nm, and the depth resolution is∼80 nm.TheERD
data (counts versus energy) are converted to dPS concentration
as a function of sample depth. Fick’s second law gives the
volume fraction profile for dPS tracer diffusion into a semi-
infinite matrix as

φðxÞ ¼ 1

2
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Figure 1. Schematic of locally anisotropic tracer diffusion in the
vicinity of carbon nanotubes (red) when the radius of gyration (Rg,dPS)
of the tracer polymer is larger than the radius of the nanoparti-
cles.22 Near the nanotubes the diffusion coefficient in the direction of
perpendicular to the nanotube surface (Dper) is slower than the diffusion
coefficient parallel to the nanotube (Dpar).

Table 1. Weight-AverageMolecularWeight (Mw) and Polydispersity
Index (PDI) of Polystyrene (Matrix) and Deuterated Polystyrenes

(Tracer), As Measured by Size Exclusion Chromatography

name Mw (kg/mol) PDI

480k PS 478.7 1.03
10k dPS 9.6 1.04
75k dPS 76.9 1.03
680k dPS 678.4 1.10

Figure 2. Shear storage modulus of the MWCNT/480k PS nanocom-
posites at various nanoparticle concentrations at 200 �C. A rheological
transition from liquidlike behavior to solidlike behavior occurs at∼1.6
vol % MWCNTs.
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where φ(x) is the dPS volume fraction at depth x, h is the
thickness of the original dPS layer, t is the diffusion time, D is
the tracer diffusion coefficient, and erf denotes the error func-
tion. By selecting a D and convoluting φ(x) with the instru-
mental resolution, theoretical profiles from eq 1 are fit to the
experimental profiles. Quality fits were obtained indicating that
a single diffusion coefficient is sufficient to describe diffusion in
these experiments, and our previouswork demonstrates that our
measured diffusion coefficients in the absence of carbon nano-
tubes are consistent with previously published values.22

3. Results

3.1. HighMolecular Weight Tracer Has aMinimum Diffu-
sion Coefficient. The bilayer films of 680k dPS on MWCT/
480k PS nanocomposites were thermally annealed at 170 �C.
The dPS concentration profile was measured by ERD at
room temperature, and the tracer diffusion coefficients (D)
were obtained by fitting the dPS depth profile.22 Figure 3
shows the tracer diffusion coefficient of 680k dPS in the
MWCNT/480k nanocomposites as a function of MWCNT
concentration. With increasing nanoparticle loading, D de-
creases from 9.1�10-15 cm2/s for pure polystyrene to 2.2�
10-15 cm2/s for nanocomposites with 1.6 vol % MWCNTs.
The diffusion coefficient recovers as the nanotube concen-
tration increases beyond 1.6 vol %. For example, D is 9.6�
10-15 cm2/s at the MWCNT concentration of 4.7 vol %.
A minimum in the diffusion coefficient occurs at 1.6 vol %
SWCNTs, which is also the critical nanoparticle loading
(φcrit) determined rheologically. At φ=φcrit, the normalized
minimum diffusion coefficient (Dmin/D0) is 0.24. Note that
while D changes nonmonotonically from 0 to 4.7 vol %
MWCNT, there is no substantial change in the plateau
modulus (Figure 2) and thereby the average entanglement
molecular weight.

The minimum in the tracer diffusion coefficient for 680k
dPS inMWCNT/480k PS nanocomposites is fully consistent
with our recent study of dPS tracer diffusion in SWCNT/PS
nanocomposites.22 In that study we hypothesized that the
nanoparticles perturb the confining tubes such that the
simple reptationmodel fails in the presence of nanoparticles.
Moreover, we proposed that the diffusion is locally aniso-
tropic such that diffusion perpendicular to the nanotube
(Dper) is slower than diffusion along the nanotube (Dpar). The
ramifications of this supposition were simulated using a
cylindrical trap model that defines only a spatial range
over which Dpar > Dper and a relative difference between
Dper and Dpar. At present, Dpar is set equal to the diffusion

coefficient away from the nanotubes in thematrix. The three-
dimensional simulations of the center-of-mass diffusion ex-
hibit a Dmin as the trap concentration increases. At low
concentrations, the traps are isolated and the overall diffu-
sion slows. With increasing concentration, the nanotubes
percolate and span the polymer matrix. Thus, the diffusion
traps are connectedwith each other, and the tracermolecules
are able to diffuse within a continuous network of traps.
Therefore, the diffusion coefficient recovers at high trap
concentrations and produces a minimum in the diffusion
coefficient. The simulations of D using the cylindrical trap
model capture the Dmin found previously for dPS tracer
diffusion in SWCNT/PS nanocomposites and reported here
for 680k dPS tracer diffusion in MWCNT/480k PS nano-
composites (Figure 3).

3.2. Low Molecular Weight Tracers Have Constant Diffu-
sion Coefficients. To further understand the polymer tracer
diffusion in the presence of carbon nanotubes, we used dPS
with molecular weights of 10k and 75k g/mol as tracer
polymers. In our previous diffusion studies in SWCNT/PS
nanocomposites and the results presented above with
MWCNT/PS nanocomposites, the tracer polymer molecules
are larger than the mean radii of the nanotube particles. For
example, the mean radius of the SWCNT bundles is 4.8 nm,
while the shortest tracer chain we used in our previous work
(75k dPS) has a size ofRg,dPS=7.2 nm.30Unlike our previous
work, the tracer polymers in this section are smaller than the
mean nanoparticle diameter. The tracer polymer size is
described by the radius of gyration (Rg):

30

Rg ¼ a
ffiffiffiffi
N

pffiffiffi
6
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p
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6
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whereMw andM0 are the weight-averaged molecular weight
and the molar mass of the monomeric unit, respectively, and
a is themonomer length.Fordeuteratedpolystyrene,a=0.67nm
and M0=112 g/mol.31 Thus, the size of the tracer polymers
are Rg,dPS (10k dPS) = 2.5 nm and Rg,dPS (75k dPS) =
7.2 nm. In comparison, the mean radius of the MWCNTs
is larger with RMWCNT=17 nm, as measured by SEM.

Figure 4 shows the diffusion coefficients of 10k dPS and
75k dPS in the MWCNT nanocomposites as a function of
nanoparticle loadings. In both cases, the diffusion coeffi-
cients are independent of MWCNT loadings. The mean
tracer diffusion coefficients for 10k dPS and 75k dPS are
(1.5( 0.4)�10-13 cm2/s at 140 �Cand (2.9( 0.3)�10-14 cm2/s
at 150 �C, respectively. The standard deviations for these
mean diffusion coefficients are 10%-26% of the mean
values. The Maxwell model for diffusion in a heterogeneous
medium with impenetrable obstacles predicts32

D

D0
¼ 1-φ

1þφ=2
ð3Þ

where D and D0 are the diffusion coefficients with and
without obstacles, respectively, and φ is the volume fraction
of obstacles. At φ = 0.05 (5 vol % nanoparticles), the
Maxwell model predicts a reduction in D of <8% (D/D0=
0.927). Within experimental error of our experiments, this
small decrease inD is consistent withD being independent of
nanoparticle concentration. Thus, our results do not contra-
dict the Maxwell model for tracer diffusion of 10k dPS and
75k dPS in MWCNT/480 PS nanocomposites with up to
5 vol % nanoparticles, wherein D is essentially independent
of nanoparticle concentration (Figure 4).

Figure 3. 680k dPS tracer diffusion coefficient at 170 �C in the
MWCNT/480k PS nanocomposites as a function ofMWCNT loading.
A minimum diffusion coefficient occurs at theMWCNT concentration
of 1.6 vol %.
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In contrast, the tracer diffusion coefficients for 680k dPS
into these same nanocomposites exhibit a pronounced mini-
mum at 1.6 vol % MWCNT (Figure 3). The distinction
between these two cases is the relative size of the tracer
molecule to the MWCNT radius. The higher tracer molec-
ular weight (680k dPS) has a radius of gyration that is larger
than theMWCNT:Rg,dPS (680k dPS)=21.3 nm,RMWCNT=
17 nm. In combination, Figures 3 and 4 identify a criterion
for the tracer diffusion to exhibit a minimum as a function of
MWCNT concentration. When Rg,dPS > RMWCNT, the
tracer diffusion changes nonmonotonically with increasing
MWCNT concentration, as is consistent with locally aniso-
tropic diffusion near the carbon nanotubes (Figure 1). How-
ever, when Rg,dPS < RMWCNT, then the tracer diffusion is
independent of MWCNT concentration. The absence of a
minimum in the tracer diffusion coefficient is consistent with
comparable local diffusion both parallel and perpendicular
near the nanotube, Dpar ∼ Dper (Figure 5).

4. Discussion

While Figures 3 and 4 compare the effect of tracer molecular
weight when diffusing into the same MWCNT/480k PS nano-
composites, Figure 6 shows the influence of nanoparticle
size. Both sets of data correspond to the same tracer polymer
(75kdPS) andmatrix polymer (480kPS). The distinctionbetween
the two sets of data is the nanoparticle type, SWCNT and
MWCNT. Tracer diffusion in nanocomposites with SWCNTs
exhibits a Dmin with increasing nanotube concentration, while D
is independent of nanotube concentration when the nanocompo-
sites contain MWCNT. As above, the difference between these
two cases is the relative size of the tracer polymer and the
nanoparticles. The tracer polymer size (Rg,75kdPS =
7.2 nm) is larger than the SWCNT bundles (RSWCNT=4.8 nm)
and smaller than theMWCNTs (RMWCNT=17nm).Asdescribed
above, the criterion for observingDmin is that the tracer polymer

is larger than the carbon nanotube. Furthermore, when the tracer
polymer is 680k dPS (Rg,680kdPS=21.3 nm) (data not shown),
nanocompositeswith SWCNTandMWCNTboth exhibit aDmin

because in both cases Rg,dPS > RCNT.
Figure 7 summarizes the results from tracer diffusion studies in

both SWCNT and MWCNT nanocomposites by plotting the
tracer polymer radius of gyration (Rg)

30 versus the radius of the
nanotube particle (RCNT). The shape of the points indicates the
presence (sphere) or absence (square) of a Dmin with increasing
nanoparticle concentration. All six systems shown in Figure 7
used a matrix of 480k PS. In addition, the system corresponding
to Rg,dPS=9.6 nm and RCNT=4.8 nm was also found to have
a Dmin with a 125k PS matrix.22 Figure 7 reveals that for both
SWCNT and MWCNT nanocomposites Dmin was observed
when the tracer polymer is larger than the width of the nanotube
(Rg,dPS>RCNT). In contrast, theDmin is absent for the condition
Rg,dPS < RCNT.

At first, this finding might appear inconsistent with results we
previously reported for tracer diffusion in SWCNT/480k PS
nanocomposites. Figure 5c of ref 22 shows the relative tracer
diffusion coefficient (D/D0) for three tracer polymers, and the
deepest minimum corresponds to the lowest tracer molecular
weight. In other words, the influence of SWCNT concentration
weakens as the tracer molecular weight increases, which corre-
sponds to larger Rg,dPS. Thus, one might extrapolate that a very

Figure 4. 10k dPS and 75k dPS tracer diffusion coefficients in the
MWCNT/480k PS nanocomposites as a function of nanoparticle
loadings. The diffusion occurs at 140 and 150 �C for 10k dPS and
75k dPS, respectively. The diffusion coefficients are independent of
MWCNT concentration.

Figure 5. Schematic of local tracer diffusion in carbon nanotube/
polymer nanocomposites, when Rg,dPS < RCNT. Tracer diffusion near
nanotubes is comparable in the directions of perpendicular and parallel
to the surface (Dper = Dpar).

Figure 6. Normalized tracer diffusion coefficient (D/D0) of 75k dPS in
MWCNT/480k PS (red) and SWCNT/480k PS (blue) nanocomposites
at 150 �C. D/D0 exhibits a minimum in SWCNT nanocomposites as a
function of CNT loading, while D/D0 is constant in MWCNT nano-
composites.

Figure 7. Summary of results of tracer diffusion experiments in carbon
nanotube/480k PS nanocomposites including data from SWCNTs
(RCNT=4.6 nm)22 and MWCNTs (RCNT=17 nm) and various tracer
molecular weights represented by Rg,dPS. Blue symbols indicate the
systems that exhibit a minimum tracer diffusion coefficient with
increasing nanotube concentration (see Figure 3), while red symbols
correspond to systems without a minimum (see Figure 4). Dashed line
represents Rg,dPS=RCNT.
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large tracer molecular weight could eliminate Dmin. Combining
this earlier finding with Figure 7 indicates that the presence of
Dmin requires an intermediate range of tracer molecular weight.
The tracer polymer must be at least as large as the nanoparticle
diameter, but the effect could be lost when the tracer polymer is
very much larger than the nanoparticle.

We have previously associated Dmin with locally anisotropic
diffusion in the vicinity of the nanotubes (Figure 1), and these
new results further the understanding of the local dynamics by
highlighting the importance of relative size. When the tracer
molecules are smaller than the nanoparticles, the diffusion
coefficient in nanocomposites is the same as in pure polymer,
and the nanoparticles have no significant influence on tracer
diffusion. This is the case shown in Figure 5, where Dpar ∼ Dper,
because the tracer polymer is too small to be significantly
entangled with the carbon nanotubes. Thus, when the nanopar-
ticles are large with respect to the tracer polymers (RCNT >
Rg,dPS), the excluded volume from impenetrable nanoparticles
is negligible at these low loadings (<5 vol %), so that the
nanotubes have no significant effect on diffusion in nanocompo-
sites. However, when the tracer polymers are large relative to the
nanoparticles (Rg,dPS>RCNT), the nanoparticles have a strong
effect on tracer diffusion. In this regime, the presence of nano-
particles slows polymer tracer diffusion until the nanoparticle
concentration reaches the percolation threshold and the tracer
diffusion begins to recover. Over this same concentration regime,
the plateau modulus is constant, suggesting that the average
entanglement molecular weight is fixed. When Rg,dPS>RCNT,
nanoparticles appear to be capable of inducing locally anisotro-
pic diffusion (Figure 1). The molecular mechanism associated
with slower diffusion away from the nanoparticles might arise
from local constraints induced by the carbon nanotubes on the
confining tube of the reptation mechanism. While additional
experimental and theoretical work is required to further develop
the molecular mechanism, this study unambiguously reveals the
importance of the relative size of the tracer molecule and the
nanoparticle on the polymer tracer diffusion.

5. Conclusions

Polymer tracer diffusion of dPS in the MWCNT/polystyrene
nanocomposites was studied for three tracer molecular weights.
Combining the results from this study with earlier tracer diffusion
studies in SWCNT/PS nanocomposites, we report that the tracer
diffusion is independent of nanotube concentration (0-5 vol %)
when the tracer polymers (Rg,dPS) is small relative to the nano-
particle (RCNT). In contrast, the tracer diffusion coefficient
exhibits aminimumwith increasing nanotube concentrationwhen
Rg,dPS>RCNT. This minimum is consistent with locally aniso-
tropic diffusion near the nanotubes such that diffusion perpendi-
cular to the nanoparticle is slower than along the nanotubes. We
report that this anisotropic diffusion requires the tracer polymer
to be larger than the nanotube radius. This important insight
informs the ongoing effort to develop a detailed molecular
mechanism of polymer dynamics in the presence of nanoparticles.
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