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ABSTRACT: Nanoparticles present a new frontier for understanding polymer dynamics in complex,
nanoscale environments. We report that the addition of single-walled carbon nanotubes (SWCNTs) produces
a minimum in the diffusion coefficient with increasing nanoparticle concentration, ¢. Initially, tracer
diffusion coefficients (D) are suppressed with increasing ¢ and then increase beyond a critical concentration,
Periv < 1 vol %. Shorter tracer chains exhibit a greater slowing down than longer chains, whereas longer
matrix chains decrease the value of ¢..;;. The experimental results are discussed in terms of locally anisotropic
diffusion perpendicular and parallel to the nanotube filler and simulated using a trap model that defines a trap
size and the extent of slowing perpendicular to the cylindrical trap. The simulated diffusion coefficients
capture both the initial decrease in D attributed to isolated traps and the recovery of D above ¢
corresponding to trap percolation. Nanoparticles influence polymer diffusion in fascinating ways and will
refine our understanding of polymer reptation and might also inform the study of biopolymer diffusion in

living systems.

1. Introduction

In 1855, Fick surmised that the flow of matter is analogous to
the flow of heat and electricity and proposed that the flux of
matter is proportional to its concentration gradient and later the
chemical potential gradient."? Fick’s first law persists as the
model for determining macroscopic diffusion coefficients. Sub-
sequently, the atomic and molecular scale mechanisms of diffu-
sion have been elucidated starting with Einstein’s 1906 work on
liquids® and more recently with de Gennes’ 1971 reptation
mechanism for polymer melts.* The reptation model describes
the motion of a polymer along its contour as it passes the physical
constraints imposed by the surrounding polymers and predicts
the molecular weight dependence of the macroscopic diffusion
coefficient. Polymer diffusion studies first focused on simple
linear chains in matrices of equally simple polymers,>® while
subsequent studies explored more complex architectures includ-
ing branched molecules, star molecules, and loops.> 1

Here we investigate the diffusion of linear polymers in the
presence of nanoparticles. Nanoparticles with desirable proper-
ties are now widely available, and there has been an explosion of
activities focused on combining nanoparticles with polymers to
create E)ol%/mer nanocomposites with unique and valuable prop-
erties."! ¥ Nanoparticles also provide access to a new range of
size differences between particles and polymers, wherein the
radius of gyration (R,) of the polymer is considerably larger than
the nanoparticle. For example, Cg fullerenes have diameters of
0.7 nm and a polystyrene (PS) of 75000 g/mol molecular weight
has 2R, = 15 nm.

The addition of nanoparticles to polymers provides a new
challenge to building a fundamental understanding of polymer
dynamics in complex environments. In the example of Cg and
PS, one might predict that the addition of the nanoparticles to a
polymer would act as a diluent and thereby smoothly increase
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both the free volume of the system and the diffusion coefficient as
the fullerene concentration increases. In contrast, this study
reports that the addition single-walled carbon nanotubes
(SWCNTs) produces a minimum in the diffusion coefficient with
increasing nanoparticle concentration. Thus, the addition of
nanoparticles to polymers has unforeseen consequences on poly-
mer diffusion, which in turn has direct impact on practical
problems, such as the stability of nanoparticle dispersions.

Since the 1980s, elastic recoil detection (ERD) has been used to
study polymer diffusion'* and thereby played a key role in testing
leading polymer diffusion theories including reptation, constraint
release, and mutual diffusion.>>'® ERD is an ion beam techni-
que that directly provides a concentration profile of diffusing
species, typically a deuterated polymer, as a function of depth
into a matrix. Polymer dynamics can also be explored using
rheology, but this is limited to nanocomposites with low nano-
particle concentrations to avoid solidlike behavior.'” Gas
permeability can indirectly probe polymer dynamics but is
inappropriate when using SWCNTs because small molecules
can be transported inside carbon nanotubes.'®"” Using ERD,
we follow tracer diffusion of deuterated polystyrene (dPS) in
polystyrene (PS) nanocomposites to understand the influence of
SWCNTs on polymer dynamics. This new understanding will
enable better manipulation of polymer nanocomposite properties
and melt processing, and could impact our understanding of
macromolecular movement in living cells. %!

2. Experimental Methods

2.1. Materials. Single-walled carbon nanotubes were synthe-
sized by a high-pressure carbon monoxide conversion (HiPco)
method at Rice University. Raw SWCNTs were purified by
thermal oxidization and a HCI treatment.”> The residual metal
is <5 wt %, as measured by TGA. Polystyrenes (PS) and deuter-
ated polystyrenes (dPS) were purchased from Pressure Chemical
and Polymer Source, respectively, and all used as received
(Table 1).
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Table 1. Polymer Characterization of Polystyrene (PS) and Deuter-
ated Polystyrene (dPS) by Size Exclusion Chromatography

name M,, (kg/mol) PDI
125k PS 126.4 1.03
480k PS 478.7 1.03
75k dPS 76.9 1.03
140k dPS 137.5 1.03
680k dPS 678.4 1.10

2.2. SWCNT/PS Nanocomposites. SWCNT/PS nanocompo-
sites were prepared by a coagulation method.”> A SWCNT/N,
N-dimethylformamide (DMF) suspension was bath sonicated
for 24 h, mixed with a PS/DMF solution, and sonicated for
another 10 s. The SWCNT/PS/DMF suspensions were precipi-
tated in excess water, and the nanocomposites were dried in
vacuum (130 °C, 24 h). Our earlier work has used optical
microscopy, Raman mapping, and SEM to demonstrate that
this fabrication method produces nanocomposites containing
uniformly distributed small bundles of SWCNTSs.**?* Before
adding the polymer solution, a SWCNT sample was removed
from the SWCNT/DMF suspensions for AFM to find the mean
diameter (~9.6 nm) and the mean aspect ratio (~35) of the
SWCNT bundles. Coagulation avoids agglomeration of the
SWCNT bundles. We report filler concentration in vol % by
using the following densities: 1.045 g/cm® for PS and 1.3 g/cm?
for SWCNTs. >

The glass transition temperatures (7,) of 480k PS and all the
nanocomposites (ranging from 0.08 to 4 vol % SWCNTs) made
with 480k PS were measured using modulated DSC (30—
150 °C, 10 °C/min, second run was analyzed). The PS and the
nanocomposites exhibit the same 7,, 105 °C. As previously
reported, this suggests the absence of strong interaction between
the fillers and polymer.?’

Dynamic frequency sweeps were performed in the linear
viscoelastic regime of the composites on a Rheometrics Solid
Analyzer (RSAII) using a shear sandwich fixture and a strain of
0.5% at 200 °C in N,. Studies have previously used rheology to
detect a dynamic percolation threshold in SWCNT nanocom-
posites and suspensions,'’*** because the change from liquid-
like to solidlike behavior in the storage modulus indicates the
formation of the SWCNT network and percolation. The low-
frequency data in Figure 1 for SWCNT/480k PS nanocompo-
sites shows a rheological percolation threshold of 0.24 vol %.
These data also show that the polymer relaxation time, which is
the inverse of the frequency corresponding to the intersection of
the storage modulus and the loss modulus, is constant at ~8 s for
480k PS and the SWCNT/480k PS nanocomposites. Further-
more, the plateau storage moduli at high frequencies are the
same for all of the nanocomposites, demonstrating that the
entanglement molecular weight (M.) of the PS in the nanocom-
posites remains the same with the addition of SWCNTs.** The
SWCNTs have no substantial influence on the local polymer
relaxations in these nanocomposites.

2.3. Preparation of Bilayer Samples. Tracer diffusion experi-
ments used bilayer samples with a PS nanocomposite at the
bottom (the matrix) and a thin dPS film on the top (the tracer).
The coagulated SWCNT/PS nanocomposites were hot
pressed (150 °C) between a silicon wafer and a 4 mm thick glass
block to produce smooth films. These thick, nanocomposite
films (>40 um) were annealed for 72 h at 150 °C before
assembling the bilayer samples. The dPS top layers were spin-
coated on silicon wafers with thicknesses of ~20 nm as char-
acterized by ellipsometry and transferred to the nanocomposite
films by standard methods.'® Bilayer samples were dried (25 °C,
48 h) before isothermally annealing at 150 °C in vacuum to
activate the diffusion of dPS into the SWCNT/PS composites.
Annealed samples were quenched to room temperature to arrest
the polymer diffusion. Given that D was found to be indepen-
dent of annealing time (as shown below), the annealing time for
each bilayer was selected such that the concentration profiles
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Figure 1. Storage modulus of SWCNT/PS 480k nanocomposites as a
function of frequency at various SWCNT concentrations at 200 °C. The
relaxation time for local motions remains constant at ~8§ s.

extend 300—500 nm into the matrix and thereby facilitate a
rigorous fitting of ¢(x) to determine D.

2.4. Elastic Recoil Detection (ERD). The concentration pro-
file of dPS in SWCNT/PS nanocomposites was measured by
ERD and used to determine the tracer diffusion coefficient.”"
The ERD conditions were He®" (3 MeV) ions, a 15° glancing
angle, and a ~5 x 5 mm? spot size. '"H and D atoms in the
sample are scattered in the forward direction and collected by an
energy-sensitive detector, such that a count—energy profile is
recorded and converted to a dPS volume fraction—depth pro-
file. In these experiments, the ERD sampling depth is ~800 nm
and the depth resolution is ~80 nm. The best fits to the ERD
data are convolutions of a diffusion equation and a Gaussian
function that describes the instrumental resolution.

Numerous researchers have measured polymer tracer diffu-
sion through a matrix of the same polymer and found that when
the matrix polymers are highly entangled, the tracer diffusion of
entangled chains is found to obey the reptation mechanism.* For
comparison, Figure 2 shows our experimental tracer diffu-
sion coefficients (D) of dPS in pure PS with data from the
literature.>'*3? Both our experimental results and selected data
from the literature used ERD to determine D and used tracer
molecular weights well above the entanglement molecular
weight of PS (18 kg/mol).33 The matrix polymers are well-
entangled with molecular weights as follows: 480 kg/mol for
this study, 260 and 400 kg/mol for refs 5 and 29, and 2000 kg/
mol for ref 14. References 5, 14, and19 reported tracer diffusion
coefficients at 174 °C, whereas the experiments in this paper
were performed at 150 °C. To facilitate comparison, the D(T =
150 °C) values were shifted to 174 °C using the following
equations:

D B
log = = A—
8T T—T.

D, =D, Q exp |2.3B ! — !
T, T, —T. T, —T.

where D, and D, are the diffusion coefficients at 150 and 174 °C,
respectively, 77 and T are the diffusion temperatures 418 and
447 K, respectively, and the Vogel temperature and constant for
polystyrene are T.. =322 K and B= + 983 K.** The solid line
represents the reptation prediction of D= D./M?, where D, is a
constant at fixed 7°and M is the tracer molecular weight. The D’s
measured for homopolymers in this study are consistent with
literature values.

2.5. Trap Model. As presented below, the minimum in diffu-
sion coefficient as a function of SWCNT concentration could
arise due to an anisotropic local diffusion coefficient perpendi-
cular and parallel to the SWCNT. The trap model simulates the
changes in the tracer diffusion coefficient by defining a trap size
and the extent of slowing perpendicular to the cylindrical trap.
The length of the cylindrical traps is 200 lattice units, and the
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Figure 2. Comparison of our results of dPS diftusion into pure PS with
data from literature. The slope of diffusion coefficient versus tracer
molecular weight exhibits a —2 slope (solid line), which is consistent
with the reptation mechanism.>!*3

radius is either 30 or 40 lattice units. The volume fraction of the
cylindrical nanoparticles was calculated using a length and
radius of 200 and 3 lattice units, respectively, to be consistent
with the mean aspect ratio of the nanotube bundles in the
experiments. We randomly place the traps in a 1024° lattice
cube using periodic boundary conditions and allowing overlap.
Note that the simulations were also preformed in a 512% lattice
cube, and the results are indistinguishable (see Supporting
Information). The experimental results suggest that the phe-
nomenon of interest occurs at times and length scales greater
than that associated with individual chain motion. Thus, we
treat the tracer polymer as a particle and the jump time between
lattice sites corresponds to the relaxation time of a chain. The
specified jump probabilities (py, p;) dictate the dynamics from
one lattice site to another, and the particle motion at steady state
determines the global diffusion coefficient. In these initial
simulations, the jump probability both outside and inside the
trap is po=1/6, while jumps into and out of the traps have a lower
probability (p; < po). Each simulation condition was performed
five times, and the mean diffusion coefficients are reported. The
diffusion coefficient was calculated every 25000 timesteps for
5000 independent particles, based on the mean-squared number
of lattice sites that a particle had diffused from its position at the
first time step. The reported diffusion coefficient is the average
over 10 such time periods. Simulations were carried out in
parallel on an Nvidia Tesla C870 GPU.

3. Results and Discussion

3.1. A Minimum in Polymer Diffusion Coefficient with
Increasing SWCNT Concentration. The bilayer films used
for ERD have a 20 nm deuterated PS top layer above a thick
(>40 um) SWCNT/PS nanocomposite matrix (Figure 3a,
inset). Polymer diffusion occurs upon thermal annealing at
150 °C. After quenching to room temperature, elastic recoil
detection was used to determine the dPS concentra-
tion profile in the semi-infinite nanocomposite matrix.
Figure 3a shows the dPS volume fraction versus depth for
140k dPS diffusing in a 1.6 vol % SWCNT/480k PS matrix.
In the as-prepared bilayer, the breadth of the symmetric dPS
profile defines the instrumental resolution and determines
the total dPS in the bilayer. Upon annealing, the dPS chains
penetrate into the matrix and this penetration increases with
time. The volume fraction profile for tracer diffusion into a
semi-infinite matrix is given by the following solution to
Fick’s second law'*
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Figure 3. Polymer tracer diffusion in SWCNT/PS nanocomposites
measured using ERD. (a) 140k dPS distribution in 1.60 vol %
SWCNT/480k PS nanocomposites as prepared and after annealing at
150 °C for different times. The solid lines are fits of the diffusion
equation (eq 3) to obtain the diffusion coefficients. Tracer diffusion in
these nanocomposites is independent of annealing time. (b) dPS tracer
diffusion coefficients in SWCNT/480k PS nanocomposites as a function
of SWCNT concentration for three dPS molecular weights. For all dPS,
the minimum diffusion coefficient occurs at a SWCNT concentration of
0.4 £ 0.1 vol %. (c) 140k dPS tracer diffusion coefficients at 150 °C asa
function of SWCNT concentration in 125k PS and 480k PS nanocom-
posites. The minimum diffusion coefficient appears at 0.8 vol %
SWCNTs in the 125k PS composites.

where ¢(x) is the dPS volume fraction at depth x, % is the
thickness of the original dPS layer, ¢ is the diffusion time, D is
the tracer diffusion coefficient, and erf denotes the error
function. By selecting a D and convoluting ¢(x) with the
instrumental resolution, theoretical profiles are fit to the
experimental profiles as shown by the solid lines in Figure 3a.
The diffusion coefficients of dPS in the SWCNT nanocom-
posites are the same after 25h (D=7.1 x 10""®cm?/s) or 70 h
(D =72 x 10~'® cm?/s) of annealing at 150 °C, indicating
that the tracer diffusion is independent of annealing time. A
constant D also indicates that the SWCNT network in the
nanocomposite is constant under these annealing conditions.

The influence of SWCNT concentration on the tracer diff-
usion coefficient in the SWCNT/480k PS nanocomposites
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is shown in Figure 3b. In addition to 140k dPS, D for 75k
and 680k dPS as a function of SWCNT volume fraction
are given in Figure 3b. At low SWCNT concentrations
(pswent)s the diffusion coefficient decreases as ¢swent
increases. The diffusion coefficient of the 75k dPS, for
example, decreases by almost an order of masgnitude, from
1.9 x 10~ ecm?/s in pure PS to 2.0 x 10~'° cm?/s in the
0.4 vol % SWCNT composite. In contrast, at higher
SWCNT concentrations, D increases as ¢swcenT increases.
A minimum in the tracer diffusion coefficient (D,,;,) is
observed for all the dPS molecular weights investigated.
The SWCNT concentration at D,,;, will be called the critical
volume fraction (¢) and is 0.4 0.1 vol % for all three dPS
molecular weights in the SWCNT/480k PS nanocomposites.
This ¢ 1s in the regime of the observed rheological percola-
tion threshold of these SWCNT/480k PS nanocomposites,
0.24 vol % (Figure 1). At ¢swent > Gerit, D gradually in-
creases from D,,;, toward the tracer diffusion coefficient
corresponding to pure PS (Dy). The magnitude of the
decrease in D is strongly influenced by the tracer molecular
weight, such that a lower dPS molecular weight yields a
deeper minimum in D and a smaller D,,;,/D,.

To explore the importance of matrix molecular weight on
tracer diffusion, we performed diffusion studies of the 140k
dPS tracer into SWCNT/125k PS nanocomposites. As in the
480k PS nanocomposites, the tracer diffusion of the dPS
in 125k PS nanocomposites manifests a rapid decrease
followed by a slower increase with the SWCNT loading
and exhibits a D,;, (Figure 3c). As expected, the 140k dPS
diffuses faster in 125k PS nanocomposites than in 480k PS
nanocomposites.>> However, the lower molecular weight
PS matrix also shifts the critical SWCNT concentration from
0.4 vol % for 480k PS composites to 0.8 vol % for 125k PS
composites. Furthermore, the recovery in D at ¢ > ¢ 18
more gradual for the 125k PS nanocomposites.

In summary, Figure 3 presents dPS tracer diffusion coeffi-
cients for four SWCNT/PS nanocomposite systems that
show an unprecedented minimum in D as the nanotube
loading increases. Across this range of SWCNT concentra-
tions, both the glass transitions temperature from DSC and
the relaxation time from linear viscoelastic measurements
(Figure 1) are constant. In the reptation model, the diffusion
coefficient (D) is given by

D = DyM? (4)

4 MoM.kgT
Dy = ———22 5
YT g ®)

where M is the tracer molecular weight, M, is the monomer
molecular weight, M, is the entanglement molecular weight
of the matrix polymer, kg is the Boltzmann constant, 7 is
temperature, and &, is the monomeric friction coefficient. In
our isothermal diffusion studies where M,, T, and &, are
expected to remain constant, we can estimate the required
change in M, needed to accomplish the observed D values
assuming that the conventional reptation model persists in
the presence of nanoparticles. For example, relative to D for
140k dPS in 480k PS, D for 140k dPS in the 0.4 vol %
SWCNT/480k PS nanocomposite is smaller by a factor of
~4. This decrease in D corresponds to, on average, a 4-fold
decrease in M., which further corresponds to a 4-fold
increase in the linear viscoelastic plateau modulus, G°y,
according to

_ pTNiks

GO
N M,

(6)

Mu et al.

where p is the polymer density and N, is Avogadro’s number.
In contrast, the linear viscoelastic data in Figure 1 for the
SWCNT/480k PS nanocomposites show that G°y is inde-
pendent of the SWCNT concentration from 0 to 0.8 vol %.
Thus, the dependence of the tracer diffusion coefficient on
the SWCNT concentration in these nanocomposites is not
coupled to changes in the local polymer dynamics of these
composites in a manner that is consistent with the simplest
reptation model. Moreover, even if M, of the matrix polymer
first decreased and then increased with the addition of
SWCNT (as Figure 3b,c would suggest), the reptation model
appears inconsistent with tracer molecular dependence of D
because the magnitude of the drop in D depends on M. Thus,
the observed minimum in the diffusion coefficient with
nanoparticle concentration requires us to consider alterna-
tive mechanisms.

3.2. Anisotropic Diffusion near SWCNT As Simulated by a
Trap Model. Two theories are typically used to describe
molecular transport in heterogeneous systems or hybrid
materials with impenetrable particles. The Maxwell theory>®
describes how diffusant mobility is impeded by particles
acting as obstacles and predicts a monotonic decrease in D,
as do extensions of the theory that relax the assumptions of
dilute and spherical particles.’” The free volume theory
predicts faster diffusion due to additional free volume asso-
ciated with the particles and predicts a monotonic increase
in D.*® Neither theory predicts the minimum observed in this
study.

We propose that the local diffusion coefficient near the
SWCNT is anisotropic such that diffusing perpendicular to
the SWCNT is slower than diffusion along the SWCNT
(Figure 4a). We will first develop a trap model to simulate the
consequences of local anisotropic diffusion on the overall
diffusion as a function of filler concentration and then
consider our experimental results in light of this model.

We have constructed a phenomenological trap model to
simulate the center-of-mass polymer diffusion through a
system of cylindrical nanoparticles, wherein the diffusion is
anisotropic in the vicinity of nanoparticles. To minimize the
number of adjustable parameters, this model defines a trap
size and one diffusion asymmetry. The shape of the traps is
set by the shape of the nanoparticles (Figure 4a). Figure 4b
shows a cylindrical trap (blue) of radius r surrounding a
SWCNT (red). Jump probabilities are used to define the
center of motion through the three-dimensional lattice. A
single jump probability, py, is used to described the diffusion
both inside and outside the traps; this is consistent with both
thermal analysis (7,,) and rheology (relaxation time, plateau
modulus) results, indicating that the local dynamics of the
matrix polymer are independent of nanoparticle concentra-
tion at these loadings. Using a cubic lattice, we set py equal to
1/6. The trap model captures the local anisotropic diffusion
by assigning a lower jump probability (p;) for entering
or escaping the trap. This diffusion asymmetry (p; < po)
captures the local anisotropic diffusion proposed in
Figure 4a by slowing the polymer diffusion only normal to
the trap surface.

In contrast to systems with microscale particles, nanopar-
ticle systems possess > 10 000 times more specific interfacial
area between the particles and the polymer matrix. Further-
more, the volume of the matrix within a radius of gyration of
the nanoparticle surface can significantly exceed the volume
of the nanoparticles.* Similarly, the specific surface area of
the traps is large, such that changing the dynamics across the
trap boundary alone has a dramatic effect on polymer
diffusion. Alternatively, three (matrix, parallel and perpen-
dicular to the filler) or more jump probabilities or even a
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Figure 4. (a) Schematic showing the concept of local anisotropic polymer diffusion of polymers (green) near a nanoparticle (red) whereby the diffusion
perpendicular (Dy,) to the nanoparticle is slower than the diffusion parallel to the nanoparticle (Dp,,). A trap model captures the concept of local
anisotropic polymer diffusion by defining a trap (blue) that surrounds the nanoparticle (red). (b) The trap size, as given by the radius of the cylindrical
trap, r, determines the spatial extent over which the diffusion is locally anisotropic. The slowing down of the polymer diffusion perpendicular to the trap
isrepresented by assigning a jump probability (p;) to enter or exit the trap that is smaller than the jump probability inside or outside the trap (py), that is,
Po > p1. (c) Atlow filler concentrations, ¢ < ¢, the cylindrical traps are below the percolation threshold and diffusion is retarded by the traps. (d) At
higher filler concentrations, ¢ > ¢, the cylindrical traps form percolated pathways that allow the diffusion to recover.

gradation in jump probabilities could be used to describe the
anisotropic diffusion coefficients near the nanoparticles, but
at this stage of the work additional parameters are unwar-
ranted. When the traps are isolated (Figure 4c), polymer
movement is slowed (see Figure 5b,d). As the volume frac-
tion of nanoparticles increases, the traps surrounding the
particles form a percolating network (Figure 4d). Because (1)
polymers move as freely within this network of traps as
outside the traps (po) and (2) the network spans the entire
sample, the influence of the traps on D diminishes above the
percolation threshold and D recovers (see Figure 5b,d). By
introducing locally anisotropic diffusion coefficients, the
simulations using the 3D trap model qualitatively capture
the minimum in the tracer diffusion coefficient as a function
of nanoparticle concentration, which we also observe experi-
mentally.

3.3. Comparisons of Diffusion Coefficients from Experi-
ments and Trap Model Simulations. Figure 5a replots the
experimental diffusion coefficients (Figure 3c) as the normal-
ized diffusion coefficient (D/Dg) for 140k dPS in SWCNT/
125k PS and SWCNT/480k PS nanocomposites. A sharper
minimum is observed with the larger matrix molecular
weight. While D,in/Dg is ~0.20 in both cases, the higher
matrix molecular weight exhibits a smaller critical concen-
tration (0.4 vol % rather than 0.8 vol %) and a faster
recovery of D/Dgat ¢ > ¢ Similarly, a sharper minimum
is observed when increasing the trap size in the simulations.
Figure 5b shows how the simulated D/D, values vary with
nanoparticle concentration for p; = 0.0001 and two trap
radii, r. As the trap radius increases from 30 to 40 lattice
units, the critical volume fraction (¢.i() at Dpmin/Do decreases
from 0.78 to 0.45 vol %. For a fixed nanoparticle size this
decrease in ¢ With increasing r is expected because increas-
ing r increases the trap volume, such that percolation occurs

at a lower ¢. In these simulations the length of the cylindrical
traps is fixed and equal to the nanoparticle length, so
increasing the trap radius from 30 to 40 corresponds to
increasing the trap volume by 78% at fixed nanoparticle
concentration and percolation occurs at a smaller ¢. Further-
more, the recovery of D/Dg above ¢ is faster for the larger
traps. Specifically, although D,,;,/Dg is comparable for both
systems, D/D, approaches 1 at ~4 and ~2 vol % for trap
radii of 30 and 40, respectively. Overall, the shift to lower ¢
and the faster rate recovery for traps with r =40 produces a
sharper minimum in D/Dy relative to the smaller traps. By
comparing parts a and b of Figure 5, a strong correlation is
revealed between the trap radii and the matrix molecular
weight. In SWNCT/PS nanocomposites, we conclude that
polymer diffusion is dominated not by the size of the
nanoparticles, but rather by the size of the region adjacent
to the nanoparticle wherein the local diffusion coefficients
are anisotropic. In these SWCNT/PS nanocomposites, the
spatial extent of the proposed anisotropic local diffusion is
dictated by the matrix molecular weight.

Figure 5c shows the experimental values for D/D, as a
function of SWCNT concentration where D,,;,/ D, decreases
from 0.55 to 0.18 as the dPS tracer molecular weight de-
creases from 680k to 75k. Furthermore, the rates of D/D,
recovery are comparable with D/Dg approaching 1 at ~4 vol
%. Unlike D,;n/Do, the critical nanoparticle concentration
(¢erit) appears to be independent of the tracer molecular
weight in the experiments. The trap model simulations
produced similar results by changing the probability that a
tracer molecule can move in and out of the trap, namely p;.
Figure 5d shows the simulation results, D/Dy, as a function
of nanoparticle concentration with » = 40. As p; decreases
from 0.01 to 0.0001, D y;,/ Do decreases significantly. Smaller
p1 values indicate greater anisotropy in the local diffusion
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Figure 5. Normalized diffusion coefficients as a function of nanoparticle loading from tracer diffusion experiments and simulations of the trap model.
(a) Experimental D/D, of 140k dPS diffusing into SWCNT/PS nanocomposites with PS matrix molecular weights of 125k and 480k. (b) Simulated
D/D, from the trap model with p; =0.0001 and two trap sizes of r = 30 or r = 40 lattice units. (c) Experimental D/Dg of dPS in SWCNT/480k PS
nanocomposites for three tracer molecular weights. (d) Simulated D/D, from the trap model having r = 40 lattice unit and various jump probabilities,
p1- In all simulations, py = 0.167 and the trap length is 200 lattice units. The nanoparticle loading is calculated using a filler radius of 3 lattice units.

coefficients, making is more difficult to enter or escape from
the trap relative to diffusing within the trap or in the matrix
(po)- By comparing the experimental and simulations results,
we found that in these SWCNT/PS nanocomposites the
small tracer molecules correlated with greater diffusional
anisotropy.

3.5. Discussion. We report a minimum in the tracer diffu-
sion coefficient as the nanoparticle concentration increases
in polymer composites with cylindrical (1D) nanoparticles,
namely SWCNTs. This previously unreported phenomenon
results, at least in part, from the new size regime that is now
available by the synthesis of particles that are smaller than
the polymers. Nanoparticles give rise to polymer nanocom-
posites with much larger specific interfacial areas, such that
even a modest perturbation in the vicinity of the nanoparti-
cles can have significant ramifications on the observed
polymer properties. Furthermore, this phenomenon might
have relevance beyond polymer nanocomposites, in that
living organisms require macromolecule diffusion in the
vicinity of natural nanoparticles including globular proteins
and actin filaments.

The minimum in the diffusion coefficient is inconsistent
with a simple reptation model; for example, the significant
changes in D are not coupled with changes in M.. However,
we were able to capture the tracer diffusion results by
imposing an anisotropic diffusion coefficient in the vicinity
of the nanoparticles, as simulated by the trap model. The
physical origin of this locally anisotropic diffusion requires
additional theoretical, computational, and experimental
work in a variety of nanoparticle/polymer systems. A possi-
ble physical interpretation of the anisotropic diffusion could
involve a disruption of polymer reptation near nanoparti-
cles. Reptation describes the motion of a polymer chain
along a confining tube that is defined by constraints or

entanglements within a high molecular weight polymer
melt. With sufficient thermal energy and time the entangle-
ments that define the confining tube relax because these
entangled polymers have diffused out of their own tubes.
Perhaps, in the vicinity of nanoparticles, the confining tube
for polymer reptation is perturbed such that diffusion be-
comes locally anisotropic. Certainly, in these SWCNT/PS
nanocomposites the SWCNT bundles are non-Brownian at
150 °C, such that any perturbation involving a SWCNT
bundle will be long-lived compared to confining tubes de-
fined solely by the polymer matrix. We have several studies
underway that are designed to determine the range of
materials showing a minimum in the diffusion coefficient
with nanoparticle concentration and to ascertain the under-
lying polymer physics.

4. Conclusion

Polymer diffusion in polymer nanocomposites containing
SWCNT consistently shows an initial decrease in the tracer
diffusion coefficient, D, followed by a recovery of D upon
increasing nanotube concentration. We have proposed that this
minimum in D arises from anisotropic diffusion coefficients near
the nanoparticles and simulated the influence of this anisotropy
using a 3D trap model. Strong correlations were found between
the SWCNT/PS nanocomposites and simulations of the trap
model showing that (i) as the matrix molecular weight increases
the anisotropic diffusion persists at greater distances from the
filler and (ii) as the tracer molecular weight decreases the
difference in diffusion perpendicular and parallel to the filler
becomes greater. The discovery of a minimum in diffusion
coefficient with nanoparticle concentration is unexpected and is
important for the fabrication, processing, and application of
polymer nanocomposites and the extension of reptation models.
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