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ABSTRACT: We report the results of coarse-grained simula-
tions of the transport of penetrants in polymer nanocomposite
materials. This work was motivated by recent experimental
results in the context of conductivity and barrier properties of
polymer nanocomposites. We adopt a coarse-grained simula-
tion formalism which is suitable for studying issues surrounding
the transport of ions, large gas molecules and probes in polymer
nanocomposite systems. The results presented focuses on two
issues: (i) the role of polymer interfacial layers and (ii) the
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influence of polymer matrix dynamics upon the transport properties of polymer—nanoparticle mixtures. Our results indicate that in
our model the penetrant transport properties are dominated by the “filler” effect, in which the particles act as obstructions for the
penetrant diffusion. Interfacial effects, which are driven by the polymer—particle interactions play a role, but their impact is shown to
be less important than the filler effect. A second outcome of our work is a demonstration that matrix segmental dynamics play a very
important role in determining the overall transport properties of the PNC. For nanoparticle systems, such effects are shown to lead
to significant deviations from continuum mechanical theories for the effective properties of particulate dispersions.

I. INTRODUCTION

Polymeric materials have been used in a variety of applications
to control the transport of different permeants.' ® For instance,
in the context of barrier and packaging materials, polymer
membranes are often used to block the transport of gases such
as water vapor, oxygen, CO,, etc.” 1° Polymer membranes have
also been used in the gas separation industry, where the
differences in the transport properties of gases is exploited as a
means for their separation.”'' More recently, solid polymer
electrolytes have attracted significant attention in the context
of lithium ion batteries due to their abilities to transport ions of
alkali metal salts.">" "

Adding particulate fillers (typically of the size of micrometers)
to the polymer matrix to create “composites” has often been
pursued as a strategy to modulate the properties of the under-
lying material.'*”"® Transport properties of such composites
conform to the traditional view of particulate fillers, in which the
latter acts as impermeable obstacles to reduce the overall
transport of the penetrants. This effect, which we refer to as
the “filler effect” in this article, has been the focus of many
continuum mechanical models and simulations. The oldest
among these models is the effective medium model of Maxwell
in which the effective diffusivity D.g of a composite medium
containing a volume fraction ¢ of impermeable spherical particles
was calculated as:"

_ 1-¢
Deff _Dm1 + (P/z (1)

where D,, denotes the diffusivity of the penetrant in the pure
polymer medium. A number of researchers have followed up on
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the above model to use alternative theoretical approximations
and/or to extend the model to treat situations involving other
filler shapes, reactions within the particulate phases etc.”” >

In contrast to the above expectations, recent experiments have
discovered that incorporating nanoscale sized fillers (termed
nanoparticles and denoted as NP in this article) can in some cases
enhance the transport over that of the pure polymer matrix. For
instance, incorporating fumed silica nanoparticles or TiO,
nanofillers in polymer membranes was shown to enhance the
membrane’s permeability and selectivity to large molecule
penetrants.”*>* In another related context, addition of nano-
sized particles of TiO,, SiO,, A, O3 to polymer electrolytes were
shown to lead to a significant increases in the conductivity of
lithium ions in the material.>*~*

A number of mechanisms have been proposed to rationalize
the above observations, and a majority of them have implicated
the nanoparticle-induced perturbations in the structure and dy-
namics of the polymer segments. Specifically, NPs have been
speculated to disrupt the packing of the polymers in the polymer—
particle interfacial region, causing the layers of polymer around
the NPs to have higher free volume and enhanced penetrant
diffusivities relative to the bulk regions.>> >” This enhanced
mobility was argued to offset and overcome the obstructional
effect of the particles and lead to the enhancements noted in the
transport properties. Evidence supporting such arguments were
provided in the context of barrier materials through positron
annihilation lifetime spectroscopy measurements which showed
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a shift toward larger free volumes in the material with increasing
NP loading.**** Similar observations have also been presented in
the context of mixtures of NPs with polymer electrolytes to
justify the increases noted in their conductivities.>®

Motivated by the above considerations, there have also been

several theoretical investigations modeling the influence of
polymer interfacial zones upon the transport properties of
polymer nanocomposite (PNC) membranes. A common ap-
proach to account for filler-induced modification of polymer
properties is to invoke a 3-phase model which posits the presence
of three well-defined phases, viz., the particle, polymer medium
and an “interfacial region” assumed to have its own physical
properties.**** Among these models, the recent work of Hill
and co-workers*™* constitutes a comprehensive effort in which the
effects of particle and penetrant sizes were incorporated within
the three phase model and predictions representative of experi-
mental results were reported. In an earlier article,** we extended
such approaches by accounting for a continuous gradation in the
properties of the interfacial layer*® *® to elucidate the influence
of polymer matrix stiffness, particle sizes and particle volume
fractions upon the penetrant diffusivity properties of PNCs.

The present work and the results presented herein are

motivated by two objectives:

(i) The role of polymer interfacial layers: While the above
theoretical models have shed useful insights into the
potential mechanisms behind the transport properties of
PNCs, several issues remain unresolved. Specifically, much
of the agreement reported between the models and
experiments has been only at the qualitative level, and
has focused on demonstrating that for appropriate choice
of interfacial parameters (i.e., the size of the interfacial
zones and the transport coefficients in such regions) one
can potentially offset the filler effect of the particles.
However, a microscopic investigation of the transport
properties of the PNC matrices and a direct comparison
to the results of continuum-based interfacial models has
not been attempted. Such a comparison would clarify the
regimes of applicability of continuum theoretical models
and the parameters therein, and delineate the regimes in
which NPs would actually serve to enhance the transport
properties of PNC membranes.* Such an effort would
also help shed light on the importance of alternative
mechanisms which have been proposed to explain the
observations noted in the context of PNC membranes and
polymer electrolytes. For instance, the increases in the
diffusivities of the gaseous permeants have also been
ascribed to the increased void spaces created due to
nanoparticle agglomeration.”*”>* In the context of polymer
electrolytes, nanoparticle-induced disruption of polymer
crystallization,”® and Lewis acid—base type interactions®"
between the polymer and nanoparticles have also been
advanced as factors contributing to the experimental
observations. Because of the lack of quantitative models
for such mechanisms, the relative importance of such
features remain unresolved.

(ii) The influence of polymer segmental dynamics and tem-
perature: This issue is motivated by the fact that in the
continuum mechanical models discussed above, the influ-
ence of polymer dynamics and temperature arises only
through the penetrant diffusivity values in the pure poly-
mer matrix (quantified by the factor D,, in eq 1). How-
ever, experiments in the context of polymer electrolytes

have indicated that the filler effects can exhibit a com-
plex temperature dependence which may explicitly
depend on the filler concentrations.>*** Motivated by
these considerations, in this article we address the inter-
play between polymer segmental dynamics and the filler
effects, and specifically the role of particle sizes in such
an interplay.

In an effort to shed light on the above issues, in this work we
present the results of kinetic Monte Carlo simulations of the
transport properties of penetrants in polymer—nanoparticle
mixtures. Our framework uses coarse-grained representations
of polymer molecules, penetrants, and particulate fillers to
quantify the diffusivity of penetrants as a function of the particle
concentrations, polymer segmental dynamics and polymer—
particle interactions. In this manner, we go beyond the above-
mentioned continuum mechanical approaches, and instead di-
rectly interrogate the interfacial zone and its impact upon the
overall transport properties. Moreover, by explicitly including the
dynamics of polymer segments in our simulation approach, we
examine the interplay between the particle interfacial effects, the
filler role of the particle and the mobilities of the polymer
segments.

Prior to elaborating the details of the simulation method and
the results, we briefly comment on the systems which fall under
the purview of the model adopted in this article. As discussed in
the next section, our model invokes a linear, flexible chain
representation of the polymer molecule, in which effects arising
from chain rigidity and side-chain packing etc. are absent.
Moreover, in the coarse-grained model that we adopt for the
polymer—penetrant—particle system, the shortest units of length
and time scale corresponds to that of polymer segments. Con-
sequently, our model and results are most suited for describing
penetrant motions which are either coupled to or happen at the
scale of the segmental dynamics of the polymers. In this regard,
we note that the dynamics of small gas molecules (such as Hy, O,,
CO, etc.) in glassy polymer membranes have been shown to be
decoupled from the segmental motions of the polymer matrix
and to be instead dependent only on the high frequency
vibrational motions of the polymer chains.>*~>” Accounting for
such effects in simulations requires atomistically realistic models,
and will constitute the focus of a subsequent independent
publication. In contrast, the motions of both larger probe
molecules®® % as well as ions arising from alkali metal salts®"*>
have been shown to be more strongly coupled to the segmental
motions of the polymer matrix. The results and analyses pre-
sented in the subsequent sections are expected to be more
appropriate for the latter class of systems.

A further limitation of our study is that we examine the role of
polymer—particle interactions only through its influence on the
polymer densities and free volumes occurring in the interfacial
layer of the particles. We note that polymer—particle interfacial
interactions can also have profound consequences for the
structure of the dispersion itself. In turn, the latter can have a
significant effect upon the properties of the nanocomposite.
Since our interest is in issues i and ii above, we restrict our
attention to the macroscopic transport properties of a uniform,
randomly dispersed suspension of nanoparticles in polymer
matrices.

The rest of this article is arranged as follows: In section II, we
present a brief description of the simulation methodology used in
our work. In section III, we present the results of our simulations.
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In section IV, we analyze the role of interfacial density perturba-
tions. In section V, we analyze the role of polymer segmental
dynamics upon the filler effects. In section VI, we summarize our
findings and relate them to experimental contexts.

Il. DESCRIPTION OF MODELING AND SIMULATION
FRAMEWORK

A.Bond Fluctuation Model For PNCs. We used the Carmesin
and Kremer version of the bond fluctuation model (BFM) for
our simulations of penetrant diffusion through the PNC
matrix.°>®* In this simulation method, the monomers of the
polymer are represented as cubes of sides unity which exist on a
regular cubic lattice of size L, X L, X L units. A monomer cube
occupies eight lattice positions, and the excluded volume interac-
tions between the polymer monomers are accounted by enforc-
ing the constraint that each lattice position be occupied by utmost
only one vertex of the monomer cube. The monomers are con-
nected by bond vectors, which are chosen from within set of 108
allowed bond vectors. The resulting bond lengths are restricted to
the range 2, /S, /6, 3, and /10. Elementary moves of a
monomer cube takes place as jumps to the nearest neighbors
along the lattice axes. The combination of the set of bond
vectors and the constraints on the occupation of lattice sites
ensures both self-avoidance of the monomers and prevents
bond crossings. As a result, the BFM simulation approach has
served as a convenient method to model both the equilibrium
and dynamical properties of polymer matrices. Indeed, earlier
studies have applied the BEM approach for the study of issues
such as phase separation of polymer blends,** interdiffusion of
polymers,°* the static and dynamical properties of block
copolymers® and the transport properties of homopolymer
matrices.®’

We model PNCs in the above framework by incorporating a
coarse-grained representation of particle fillers into the BFM
representation of the polymer matrix. We use the following
construction to model particles in the lattice representation: A
particle of radius R at location R; is assumed to be comprised of
the lattice cells {R.} which are located within a distance R from
the center of the particle R;. We start with a randomly dispersed
configuration of particles and assume that the particles remain
immobile. The latter assumption is expected to be reasonable
since the mobility of the particles in the polymer matrices are
typically very small at the temperatures of interest. The influence
of polymer—particle interactions is modeled in our simulations
through a short-range contact interaction between the polymer
monomers and the particles. Explicitly, polymer monomers
which are located a unit distance away from the particle surfaces
experience an energetic gain (or loss) depending on the strength
of polymer—particle interactions. To implement the latter, we
consider a shell of lattice points Ry around the particle (whose
center location is denoted as R;), defined such that, R <
|[Ro — R;))| = (R + 1). Polymer monomers occupying this
interactive shell are assumed have an energy cost of ), with x, >
0 for repulsive polymer—particle interactions and y, < 0 for
attractive polymer—particle interactions.

The above simulation model of PNCs is used in our work to
study the transport (diffusivity) properties of penetrants. To
model the penetrant, we use the simplest possible representation
where the penetrant is assumed to be the same size as the
polymer monomer. We also assume that the penetrants behave as
a “neutral solvent” with respect to both the polymer and particle

components and experience no energetic interactions with either
of them. Strictly speaking, such an assumption is not expected to
be applicable for the description of ions and many other classes of
permeants. However, to reduce the number of parameters, we
adopted this simplest representation.

B. Kinetic Monte Carlo Algorithm For Transport of Pene-
trants. Since one of the objectives of this study was to identify the
influence of polymer segmental mobilities (temperature) upon
penetrant diffusivities, we assume that the time scale for motion
of the penetrants can in general be different from that of polymer
monomers. We choose the unit of time as the time scale for the
penetrant motion and denote the time scale for polymer mono-
mer dynamics by the parameter p,... The limit p,; < 1 corre-
sponds to situations where the dynamics of polymer matrix is fast
(relative to the penetrant motion) and is representative of the
behavior of rubbery polymer matrices. In contrast, p,o; > 1
corresponds to situations where the dynamics of polymer seg-
ments is much slower than the penetrants and is representative of
the behavior of glassier polymer materials. However, we do
caution that a single parameter representation may not suffice
to capture all the dynamical differences between a true glassy
state and a melt state. In this context, our approach is similar in
spirit and validity to the idea of time temperature superposition
(TTS), which has been used widely in modeling polymer
properties at temperatures not too close to the glass transition
temperature of the material.

To implement the above feature in our simulations, we embed
the BFM simulation within a kinetic Monte Carlo framework.®*®
Explicitly, in this approach the conventional metropolis Monte
Carlo framework is modified such that the probabilities of Monte
Carlo moves for the penetrant molecules and polymer mono-
mers are chosen based on the relative time scales of their
motions. More quantitatively, if we use the notation M, to
denote the total number of polymer monomers (M, = K,N,
where N, denotes the number of segments in the polymer chain
and K, represents the total number of polymer molecules) and
N, to denote the total number of penetrant monomers, the
weighted probabilities of penetrant and polymer Monte Carlo
moves W, and W, can be deduced as:

_ ﬂw —1-W. = L
pretNa + Mp’ ’ pV@tMO + MP

o (2)

p

To implement the above, we first make a choice on whether to
move the penetrant or the polymer monomer. A penetrant is
chosen with a probability W, and the polymer monomer with a
probability W, = 1 — W,. Concomitantly, we add an elemental
MC time step to the system clock:

Pre
e (3)
P retMo + Mp

Otye =
Next, we randomly pick up a monomer from the chosen set and
attempt a BEM elementary step. The latter involves movement of
the chosen moiety along one of the six lattice directions. If the
target cell is unoccupied and the resulting bond lengths fall within
the range of permissible BEM vectors, then the move is accepted.
In the case of polymer monomers, due to the energetic interac-
tions between the monomers and the particles, a further Me-
tropolis criterion is used to accept or reject the move. To quantify
the diffusivity of the penetrants, we probe the time dependence
of the mean-squared displacement of the penetrant in the PNC
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Figure 1. Penetrant diffusivities D, (normalized to their values in the pure polymer matrix) as a function of the particle concentration ¢. The different
lines correspond to results for the p,. values indicated in the legend: (a) attractive polymer—nparticle interactions; (b) repulsive polymer—particle

interactions (lines are intended to be a guide to the eyes).

matrix and extract the long time diffusivity through the slope of
its asymptotic time dependence.

C. Simulation Parameters. Our simulations are carried out in
the N, V, T ensemble which keeps the total number of empty sites
(and hence the total volume fraction of polymer and fillers) a
constant upon changing the volume fraction of the particles. We
fix the total occupied sites to a volume fraction of 0.5 which
mimics the condition of a polymer melt for an unfilled PNC
system. We note that experimental conditions are more realisti-
cally simulated using a N, P, T ensemble where the total number
of empty sites (and the system density) may change due to the
introduction of the fillers. Unfortunately, such simulations are
not easily amenable with a lattice Monte carlo framework. In
discussing the results, we propose a way to normalize for the
density changes induced by simulation protocol and thereby
probe specifically the role of interfacial layers and polymer matrix
time scales.

In our simulations, we used a cubic periodical system of size
128> cells. The number of segments in the polymer chains was
fixed as N,, = 128, and the total number of penetrant monomers
N, = 60. We set the particle size R = 3.5. The particle volume
fractions were varied from 0.001 to 0.121 and correspondingly
the number of polymer chains were varied from K, = 1024 to
K, = 777. We studied two different polymer—filler interaction
strengths corresponding to y, = 1.0 and —1.0. y, = L0
corresponds to a “repulsive” polymer—particle interaction (as
confirmed by the density profiles of polymer monomers near the
fillers ), whereas j, = —1.0 correspond to attractive interactions.
The strength of the polymer—particle interfacial interactions are
in turn expected to influence the role played by the interfacial
layers upon the macroscopic diffusivities. The values chosen in
our simulations, while by no means universal, are representative
of the magnitudes of interactions in common filler polymer
systems.89

The retardation factor p,.; was varied between 1 and 1024.
Pret = 1 can be construed as the limit (temperature) at which the
segmental time scale matches with the time scale for diffusion of
the penetrant. Since our model envisions the penetrant to be
identical in size to the individual polymer segments (except
insofar as the interactions with the particle), pe < 1 would be
unphysical. The value p,; = 1024 represented the upper bound
for p,.. for which we were able to achieve statistically reliable
results for penetrant diffusivity.

9842

Ill. DIFFUSIVITY OF PENETRANTS IN PNC MATRICES

In parts a and b of Figure 1, we present the central results of
this article, viz., the results for the diffusivity of penetrants
(normalized to their values in the pure polymer matrix) in
PNC matrices as functions of the volume fraction of the fillers,
polymer—filler interaction strengths and polymer matrix time
scales. It is seen that for both repulsive and attractive polymer—
particle interactions and for all values of p,.. the penetrant
diffusivities increases with increased particle loading. Moreover,
it is seen that the polymer matrix retardation rate p,,, plays a
significant role in determining the magnitudes of the enhance-
ments in the penetrant diffusivities. Explicitly, it is seen that with
increase in the polymer matrix time scale (ie, at lower
temperatures), the particle-induced enhancements in diffusivities
become much more pronounced.

To facilitate a more closer comparison of the impact of
polymer—particle interactions, in Figures 2a and b we display a
comparison of the behaviors for the repulsive and attractive
polymer—particle interactions for the cases of rubbery (pyec = 1)
and glassier (pr; = 1024) polymer matrices. Surprisingly, we
observe that for p,.; = 1 the particle concentration dependencies
of both attractive and repulsive systems are almost identical.
However, it is seen that for p,.. = 1024, the diffusivities of the
attractive and repulsive systems differ from each other. These
results suggest an interplay between the dynamics of the polymer
matrix and the polymer—particle interactions, in a manner such
that retarding the dynamics of polymer segments impact the case
of attractive polymer particle systems more strongly than that of
the repulsive particle systems.

Broadly speaking, the above trends which indicate an en-
hancement in the penetrant diffusivities with increased particle
loading, are consistent with the “noncontinuum” experimental
results discussed in the Introduction.”***"3? Moreover, the
differences evident in the behavior of repulsive and attractive
systems confirm the importance of polymer—particle interac-
tions upon the penetrant diffusivities. However, the complex
dependencies of such trends upon the polymer—particle inter-
actions and the polymer matrix time scales suggests that the
above results cannot be rationalized exclusively through con-
siderations of filler-induced matrix structural perturbations. In
the following sections, we present a quantitative analysis of the
impact of particles upon the polymer structural and dynamical
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Figure 2. Comparison of the penetrant diffusivities D, (normalized to their values in the pure polymer matrix) for attractive (Att) and repulsive (Rep) as
a function of the particle concentration ¢: (a) pret = 1; (b) prec = 1024 (lines are intended to be a guide to the eyes).
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Figure 3. Density of polymer monomers as a function of the distance r from the surface of the particles for different particle loadings ¢: (a) attractive
particles and (b) repulsive particles (lines are intended to be a guide to the eyes).

characteristics to unearth the mechanisms underlying the trends
noted in Figures 1 and 2.

IV. ROLE OF POLYMER MATRIX STRUCTURAL PER-
TURBATIONS UPON PENETRANT DIFFUSIVITIES

A. Polymer Density and Free Volume Distributions. Most
prior researches have ascribed the “non-continuum” trends
exhibited by the penetrant diffusivities to “interfacial” effects
manifesting as garticle-induced structural perturbations of the
polymer matrix.***¥**** To examine the veracity of this hypoth-
esis, in this section we present simulation results for two related
quantities: (i) the local densities of polymer monomers around
the particles and (ii) the void or the free volume distributions
around the particle. The latter characterizes the void spaces
occurring in a polymer matrix due to the packing constraints of
the polymer chains and plays a prominent role in models of
penetrant diffusion in polymer media.”””" While the distribution
of free volumes are usually correlated to the density of polymers,
free volumes may also embody subtle polymer chain packing
effects which may not always be reflected in the local polymer
densities and hence we probe these characteristics independently.

To probe the above quantities, we used a Voronois tessellation
procedure to divide the space between the particles and assign
different points in space to the nearest particle. Subsequently, the
polymer monomer densities were averaged at each lattice point
and was assigned to the nearest particle as a function of the

distance of the lattice point from the particle. To quantify the
distributions of free volumes in our simulations, we defined voids
as the sites both (a) which are open and (b) which allow for
insertion of a penetrant molecule without violation of the
excluded volume constraints with surrounding polymer mono-
mers. In the BEM approach, such sites represent the cells through
which the penetrant can move through during its diffusion.
Since these matrix perturbations are equilibrium characteristics,
the averaged polymer densities and free volumes are indepen-
dent of pet.

In parts a and b of Figure 3, we display the results for the local
polymer monomer densities around the particles at different
particle concentrations. The first feature we observe is the
oscillations in the densities near the particle surface. These
represent the “interfacial” effects which arise as a consequence
of the perturbations in the polymer packing induced by the
presence of the particle surfaces. Many earlier theoretical and
simulations studies have focused on the origins of such features in
the polymer densities and have ascribed them to an interplay
between the polymer—particle interactions and the monomer—
monomer correlations within the bare polymer matrix.>>%37>73
Explicitly, the polymer enhancement or depletion near the
surface has been suggested to be correlated to the polymer—
particle interactions, whereas the range and period of the
oscillations reflects respectively the compressibility or monomer
correlation lengths in the polymer matrix. Consistent with such
expectations, it is seen in our results that there is a net depletion

9843 dx.doi.org/10.1021/ma201712j |Macromolecules 2011, 44, 9839-9851



Macromolecules

pfu%
0.5 1

0.475
0.45 A
0.425

0.4 1 & Attractive

0375 7 = Repulsive

0.35 T T .¢
0 0.05 0.1 0.15

Figure 4. Comparison of the bulk densities as a function of the particle
loading ¢ for the attractive and repulsive particle systems (lines are
intended to be a guide to the eyes).

of polymer densities (representing the integrated densities) near
repulsive particles and an enhancement of polymer densities near
the particle surfaces. Moreover, the range of oscillations in the
density profiles are seen to be of the order of a few monomers,
which is consistent with the polymer melt-like conditions chosen
for our simulations.

A second feature evident in the results of Figure 3, parts a and
b, is the change in the bulk polymer densities (i.e., at far distances
from the particle) as a function of the particle concentration.
These bulk densities are displayed in Figure 4 wherein it can be
seen that in both the attractive and repulsive particles, the bulk
density is lowered with an increase in the concentration of the
particles, with however a stronger effect noted for the attractive
system. To rationalize these trends, we note that our simulations
are performed in a constant volume ensemble where the total
number of empty sites are kept a constant in the polymer—particle
mixture. In such conditions, addition of particles involves con-
comitant removal of polymers which leads to a reduction in the
overall density of polymers in the mixture. To explain the
influence of polymer—particle interactions, we note that polymer
densities are enhanced near the surface of attractive particles
which contributes to a corresponding reduction in the bulk
densities. In contrast, for repulsive particles, the polymer densities
are depleted near the surface and therefore offsets (partially) the
reduction in the bulk densities.

The corresponding distributions of free volume sites around
the particle are displayed in Figure 5, parts a and b. In comparing

the free volume profiles of with that of the monomer density
distributions in Figure 3, parts a and b, it is seen that the trends
displayed by the free volumes, especially their bulk values, are
correlated (inversely) with the monomer density profiles. This
result is physically intuitive, since regions of larger polymer
density are expected to possess less space for the penetrants to
move and viceversa. Consequently, the changes in the free
volumes at the bulk conditions can again be rationalized as a
result of our simulation protocol. However, it is also seen that the
oscillations in the polymer density profiles are more pronounced
compared to the trends in the free volume profiles. The latter
underscores that the perturbations of free volume distributions
which arise from complex polymer packing effects cannot be
exclusively captured by the local values of the monomer densities.
Despite such minor differences, the results of Figures 3 and 5
allow us to conclude that in our simulations, the polymer
densities and free volumes are in correspondence and may be
used interchangeably to identify the influence of polymer matrix
perturbations upon the penetrant diffusivities.

B. Interfacial vs Filler Effects Upon Penetrant Diffusivities.
On the basis of the results presented in the previous section for
the density and free volume distributions, we divide the analysis
of the influence of the polymer matrix structural perturbations
upon penetrant diffusivities into two parts. The first contribution
arises from the decrease (increase) in the overall bulk density
(free volume) of the polymer (Figure 4), which would be
expected to lead to an enhancement in the diffusivity of the
penetrant in the bulk of the matrix. The second contribution is
from the so-called “interfacial effects” representing the density
and free volume perturbations near the particles. We note that it
is the latter factor which has been speculated to be responsible for
the noncontinuum trends observed in experiments.

We decouple the above contributions by first extracting the
changes in the penetrant diffusivity arising due to changes in
the bulk polymer densities. For this purpose, we probed the
diffusivity of the penetrant in a pure polymer matrix as a
function of polymer matrix densities for different polymer
segmental time scales p,.. These results are displayed in
Figure 6—consistent with expectations, it is seen that the
penetrant diffusivities increase with decreasing polymer den-
sity. Interestingly, it is seen that the density changes impact
glassier polymers (p,.; = 1024) much more significantly than
the case of rubbery polymers (p,.; = 1). Explicitly, it is seen
that while the penetrant diffusivities display an almost linear
retardation with increasing polymer density for p.. = 1,
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Figure 5. Free volume distributions of polymer monomers as a function of the distance r from the surface of the particles for different particle loadings ¢:
(a) attractive particles and (b) repulsive particles (lines are intended to be a guide to the eyes).
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Figure 6. Penetrant diffusivities in pure polymer matrices as a function
of the polymer volume fraction p, and segmental time scale p,. (lines are
intended to be a guide to the eyes).

in contrast, for p,. = 1024 the penetrant diffusivities approach
an arrested state at higher polymer densities. In other words,
the results of Figure 6 suggests that even minor changes
in the bulk densities can cause significant enhancements in
the penetrant diffusivities in glassier polymer matrices. In
section V, we discuss the physics underlying such trends, and
in section VI, we discuss possible experimental implications of
this result.

To examine the specific role of the interfacial effects, we now
normalize the diffusivity results of Figure 1 and Figure 2 by the
diffusivity of the penetrant in the polymer matrix with however
a density which corresponds to the bulk polymer density in the
corresponding PNC. The so-obtained normalized penetrant
diffusivity results are displayed in Figure 7, parts a and b and
Figure 8, parts a and b. It is seen that in all the cases, the
penetrant diffusivity decreases with increase in the particle
concentration. A second feature which is evident in Figure 7,
parts a and b, is that at small values of the retardation factor
(pret = 1, displayed in Figure 8a), the normalized diffusivity
follows a linear dependence upon the particle volume fraction.
However, at larger values of polymer retardation rate (p,e; =
1024, displayed in Figure 8b), it is seen that such a simple
relationship no longer holds, but instead the dependence of
the particle concentration becomes much more pronounced.
A third observation from the results of Figure 8, parts a and b,
is that the particle concentration dependencies are much
more pronounced for the case of attractive polymer—particle

interactions relative to the repulsive case. Interestingly, in
contrast to the results of Figures 2, parts a and b, we observe
that the differences arising from the interplay between inter-
particle interactions and the matrix dynamics manifests even
for rubbery matrices p,.; = 1 and becomes more pronounced
for pree = 1024.

The results of Figure 7 quantify the influence of the particles
and its associated interfacial layers upon the penetrant diftusiv-
ities. In this representation, the filler concentration dependence
of D¥, is seen to be qualitatively consistent with the “filler”
picture of the particles in which they act as obstacles for the
transport of penetrants.”®~ > By comparing the results in Figure 1
with Figure 7, we can conclude that the filler-induced enhance-
ments noted in Figure 1 arose exclusively due to the changes in
the bulk polymer density arising from the introduction of the
particle fillers. More pertinent to the question raised in the
introduction of this article, we observe that interfacial effects by
themselves are not strong enough to overcome the “filler effects”
of the particles! For instance, in the case of rubbery polymer
matrices (pye = 1) the penetrant diffusivities are observed to
follow a linear particle concentration (¢) dependence similar to
that predicted by classical continuum mechanical theories (cf.
eq 1). For glassier polymer matrices, the filler effects are more
accentuated, manifesting as a pronounced lowering of the
penetrant diffusivities with increased particle loadings. While
polymer—particle interactions and the resulting polymer inter-
facial effects do play a role, the latter is seen to be less significant
compared to the filler effects and manifests only as a weaker
particle concentration dependence for the repulsive system in
comparison to the attractive systems.

In summary, the analysis presented this section serve to
establish the two central results of our simulations: (i) the
enhancements in penetrant diffusivities seen in Figure 1
(or, “negative deviations” from continuum theories) arose
only as a consequence the density changes in the bulk
polymer conditions in the PNC; (ii) upon normalizing
for the changes in the bulk densities, the overall penetrant
diffusivities are dominated by the “filler” effect, in which
the particles act only as obstructions for the penetrant
diffusion. Interfacial effects and polymer dynamics do influ-
ence the magnitudes of penetrant diffusivities, without how-
ever changing the qualitative features of the behavior of
penetrant diffusivities.
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Figure 7. Penetrant diffusivities D*, (normalized to their values in the bulk conditions) as a function of the particle concentration ¢. The different lines
correspond to results for the p,., values indicated in the legend: (a) attractive polymer—particle interactions; (b) repulsive polymer—particle interactions

(lines are intended to be a guide to the eyes).
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function of the particle concentration ¢: (2) pret = 1; (b) pree = 1024 (lines are intended to be a guide to the eyes).

V. INFLUENCE OF POLYMER MATRIX TIME SCALES
UPON PENETRANT DIFFUSIVITIES

In this section, we consider the influence of matrix segmental
time scales upon filler effects. Specifically, we address the
question as to why rubbery matrices exhibit a behavior close
to continuum predictions (eq 1), whereas, glassier matrices
seem to exhibit a much stronger influence of the particle fillers
(cf. Figure 8). We address this issue at two levels: First, we
consider a simple model which has been proposed in earlier
studies to explain the influence of the polymer segmental time
scales upon penetrant diffusivities in a pure polymer matrix. We
demonstrate that the results of this model and an extension
which incorporates the effect of fillers, captures the qualitative
features observed in our simulation results. Subsequently, we
use the physics of the model to rationalize the trends observed
in our simulations. At a second level, we propose an argument
which addresses the fundamental regimes of applicability of
continuum mechanical models and rationalizes the p,., depen-
dent deviations of our results from such models.

A. Dynamically Disordered Random Media Model for
Penetrant Diffusivities. While many models have been pro-
posed for predicting the diffusivity characteristics of penetrants
in polymer matrices, only a few of them explicitly address the
role of polymer matrix time scales upon penetrant mobilities.
One such model, proposed in the context of modeling ion
transport in polymer membranes, is the dynamically disordered
random media (DDRM) model.”*~7¢ In the DDRM model, the
transport of penetrants through a polymer matrix is viewed
(typically, within a lattice representation) as the motion of a
penetrant through an array of obstacles which close and open at
a regular time scale (i.e., a flickering lattice). Such a model
possesses two parameters: (i) the equilibrium fraction of open
sites ¢,, which represents the average free volume of the matrix
and (ii) the time scale of opening of a closed site 7, which is
directly proportional to the time scale of motion of the polymer
segments. Note that the time scale of closing of an open site is
determined from ¢, and 7 through the principle of detailed
balance. This model was solved analytically for the lattice
case by Zwanzig and Harrison,”* and by Nitzan, Ratner and
co-workers,”® using an effective medium approximation.
While many refinements of DDRM have been proposed in
subsequent studies,”®”7? in this article, we adopt the original
Zwanzig—Harrison version of this model”* as a tool to

D
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Figure 9. Predictions of the dynamical disordered random model for
the penetrant diffusivities D,, as a function of the average fraction of
closed sites ¢, for different values of time scales for opening of sites 7.

understand the role of matrix time scales and its interplay with
the presence of fillers.

We first discuss the results of DDRM for the case when the
fillers are absent. In Figure 9, we display the results of this model
for the diffusivity of the penetrant (in a pure polymer matrix) as a
function of the average fraction of closed sites (¢, =1 — ¢,) for
different time scales of the polymer matrix. These results can be
compared to the results displayed in Figure 6 for our penetrant
diftusivities as a function of free volume and for different time scales.
It is seen that there is indeed a close correspondence between the
qualitative features of the two models, justifying the use of DDRM
as a basis for the explanation of our simulation results.

To probe the interplay between the matrix time scales and the
filler effects requires us to generalize the DDRM model to
incorporate the presence of “finite” sized fillers. However, the
algebraic details of such a generalization is quite involved and we
defer it to a future publication, and instead, in this article we focus
on a much simpler situation which involves the motion of a
penetrant on a lattice which now contains a mixture of flickering
sites as well as permanently immobilized lattice sites. The latter
can be viewed as a model for unit sized fillers dispersed in the
polymer matrix. This model has an additional parameter com-
pared to the original DDRM model, namely the concentration of
such filler sites ¢,. The formulas governing the generalization of
DDRM model to this situation can be derived through an
effective medium approximation similar to the method proposed
by Nitzan and co-workers in ref 76. We summarize the pertinent
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Figure 10. Predictions of the DDRM model generalized to incorporate
point sized fillers. D, denotes the penetrant diffusivity, which is depicted
as a function of the filler concentration ¢, for different values of time
scales for opening of sites 7.

formulas in Appendix and discuss the main features of its
predictions below.

To mimic conditions resembling our simulations of PNCs, we
fixed the concentration of the dynamically open sites (represent-
ing the polymer free volume), and probed the influence of the
concentration of filler sites. These results are displayed Figure 10
for different time scales 7 of the flickering sites. It is seen that for
low concentrations of the particles and/or fast flickering rates
(t = 1), the penetrant diffusivity is almost linear in the concen-
tration of the particle sites. This result is consistent with our
own results (Figure 7) for the rubbery matrices (pye = 1) and
also corresponds to the trends expected from continuum
models (eq 1). However, for higher concentrations of particles
and/or for larger time scales 7, we observe a nonlinear de-
pendence of the penetrant diffusivities upon the particle con-
centrations. The latter is qualitatively similar to the trends ob-
served in our simulation results for glassier polymer conditions
(cf. Figure 8b).

Since the qualitative features of the DDRM model are in
excellent agreement with our simulation results, we can use the
DDRM model to provide a physical basis for the matrix time scale
dependence of penetrant diffusivities noted in our simulations.
Preliminary to such an effort, we first explain the physics under-
lying the results of Figure 9 (and Figure 6). The extreme cases of
¢, = 0or T < 1 are the easiest to understand. When ¢, = 0, there
is a large enough fraction of open sites that the penetrant is able
to find some pathway for diffusion even if one or more of the
adjoining sites are blocked. In the other situation, when 7 < 1,
closed sites surrounding the penetrant open up on a fast enough
time scale to allow for the penetrant diffusion. In both the
preceding situations, the penetrant motion is practically unaf-
tected by the dynamics of the matrix, and the penetrant mobility
is explicitly proportional to ¢,(= 1 — ¢,) through the reduced
concentration of the average number of open sites. For the more
interesting regime when the time scale for opening (and closing)
is such that 7>> 1, the penetrant gets trapped in clusters of open
sites surrounded by closed sites. In the extreme case of a frozen
matrix (T = c0), the motion of the penetrant can only occur
through a connected path of open sites. Since such paths cease to
exist below the percolation threshold of open sites, the penetrant
mobility also drops to zero below the percolation threshold. For
the case of a finite but large 7, the closed sites around the
penetrant can eventually open up (on the time scale 7) to
facilitate the motion of the penetrant. In this regime, the
penetrant mobility becomes significantly hindered and is

extremely sensitive to the interplay between statistics of open
site clusters (which in turn depends on the average fraction of
open sites ¢,,) and the time scale 7, and hence exhibits a nonlinear
dependence on ¢,.

Using the above observations, we can now rationalize the
matrix time-scale dependent behaviors observed in Figure 7 and
10. From the above discussion, it is evident that for 7 < 1,
penetrant diffusion is not impacted by the dynamical phenomena
of the matrix and is reduced only due to the lower concentration
of the open sites. In such situations, introduction of a dilute
concentration ¢, of particle fillers (with ¢, maintained dilute
enough such that ¢, does not become too small), only reduces
the concentration of the open sites. Consequently, the mobility
of the penetrants are reduced by a factor proportional to ¢,.
These considerations are consistent with the linear particle
concentration dependencies observed in our simulations for
the penetrant diffusivities in rubbery matrices.

For glassier matrices (7 >> 1), the discussion in the context of
pure matrix suggests that the penetrant diffusion in the polymer
matrix happens through clusters of open sites which become few
and far apart. Upon the introducing particle fillers into the matrix,
the fillers break up these clusters of open sites due to their
function as permanently immobilized sites. Overall, this leads to a
retardation of the penetrant diffusion, albeit, in a nonlinear
manner due to the dependence of the latter on the resulting
cluster distribution of open sites. In this regard, repulsive
particles can be expected behave differently and have a less
pronounced effect compared to attractive particles because of the
reduction in polymer density occurring near the surfaces of the
particle. This can be expected to open up some sites near the
particles which facilitate penetrant diffusion and thereby partially
offset the filler effect.

B. Noncontinuum Behavior and Interplay of Filler, Matrix
Time Scale Effects. In this section, we discuss the physics
underlying the interplay between the filler role of the particles
and the matrix time scale effects. As noted in the Introduction,
continuum mechanical theories subsume the role of the latter as
just one that determines the bare penetrant diffusivity. However,
our simulation results (and the correspondence to the DDRM)
demonstrate that the matrix time scale could couple nontrivially
with the filler effects. In this section, we propose a scaling
parameter which quantifies the role of matrix time scale in
influencing the filler effects.

We begin this discussion by considering the manner in which
the characteristics of penetrant motion depend on the matrix
time scales p,.. Specifically, with increasing p,.;, the penetrant
motion in the polymer matrix is expected to resemble the motion
of a probe in a glassier medium. Prior simulations have demon-
strated that for such situations,****~®? the probe motion displays
anamolous diffusion characteristics at short time and length
scales. Such features are most conveniently captured in the
“non-Gaussian” parameter a(t) defined as®* 86

(1))

—5—1

)y

at) =

| W

which quantifies the deviations of the fourth moment of dis-
placement (1)) of a tagged tracer from the value expected
based on normal, Gaussian distribution of displacements. Non-
zero values of a(t) correspond to deviations from the “normal”
diffusion behavior.
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Figure 11. (a) Time-dependence of the non-Gaussian parameter a(t) for penetrant motion in the pure polymer matrix for different values of p,
indicated in the legend; (b) Length scale characterizing the regime of anamolous diffusion I, displayed as a function of the polymer segmental time scale

Pret (lines are intended to be a guide to the eyes).

In parts a and b of Figure 11, we display a(t) for the penetrant
motion in our simulations. It can be seen that a(t) initially
increases and reaches a maximum and then decays to zero at long
times, confirming the anamolous nature of diffusion of the
penetrant. This behavior can be rationalized by noting that for
glassier polymer conditions, the motion of the penetrants con-
sists of two regimes: (i) motion within small clusters of open sites
which are surrounded by the (dynamically) immobile polymer
segments; followed by (ii) longer time diffusive motion of the
penetrant due to the diffusion of the open sites themselves
(facilitated by the movement of the polymer segments). As the
polymer segments become slower (larger p,.;), the penetrants are
trapped for longer times, which leads to accentuated anamolous
diffusion characteristics.

We quantify the above characteristics by extracting a length
scale over which the penetrant diffusion remains anamolous. A
precise definition of the latter is not necessary for the qualitative
arguments we propose below, and hence we use the width of a(t)
as a parametric function of the mean-squared displacement of the
penetrant as a characteristic length scale I, quantifying the
anamolous diffusion characteristics. In other words, we define

© 1/2
/ ra(r?)
0

L= W (4)

where a(r*) denotes the function a(t) expressed parametrically
as a function of the mean-squared displaced r*(t). Shown in
Figure 11b are the so-determined [, displayed as a function of
the p,... Consistent with the explanations above, we observe that
increasing the matrix time scales leads to an increase in the length
scale over which anamolous diffusion persists.

The above considerations pertain to the case of a penetrant
diffusing in a pure polymer matrix. Upon introduction of the
fillers, a new length scale characterizing the geometry of
the particle suspension arises. A convenient measure for the latter
is the “average pore diameter,” which we denote as [p and is defined
as the average distance of an arbitrary point in a suspension to the
nearest point on the solid surface.*”* The latter has been widely
employed in the analysis of diffusion problems in porous media and
analytical expressions quantifying the particle concentration depen-
dence of I, have been furnished for hard sphere suspensions. For this
work, we used eqs 2.17—2.26 of Torquato and Avellaneda.”’”

9848

|pret
1024

0 256 512 768

Figure 12. Comparison of the length scale of anamolous diffusion
(denoted I, indexed to the primary X axis) with the average pore
diameter (denoted [, indexed to the secondary X axis). The solid line for
1, was computed for a particle radius of 3.5 which corresponds to our
simulation parameters. The shaded region corresponds to the regime
where continuum predictions are expected to hold. The dotted line
represents [, for a hypothetical system with a particle radius of 15 units,
in which the continuum regime (not displayed) is considerably ex-
panded (lines for I, are intended to be a guide to the eyes).

Our argument for the p,.. dependent deviations from the
continuum models seen in our simulations is as follows: Con-
tinuum approaches such as Maxwell model (and others similar in
spirit) are based on the picture of the penetrant exhibiting
“normal” diffusion behavior on the scale of the particle suspen-
sion . However, in the case of diffusion of penetrants in glassier
polymer matrices, our discussion above establishes an additional
length scale, I4, over which the diffusion is anamolous. We
propose that if [, <<Ip, then the diffusion process of the penetrant
on the scale of the PNC suspension is “normal” and continuum
mechanical considerations can be expected to hold. In contrast,
when I, > Ip, the diffusion process of the penetrant is no longer
normal on the scale of the particle suspension and deviations
from continuum mechanical predictions become manifest.

We provide evidence for the above proposal in Figure 12, by
comparing the length scales I, and I, for different particle
concentrations and matrix time scales p,.. Consistent with
intuitive expectations, the pore size diameter is seen to decrease
with increasing particle concentration. We note that only in
the regime of small p,.. and dilute particle concentrations, the
inequality [, > I holds. This result is consistent with the agree-
ment with continuum predictions noted in our simulation results
for pree = 1. In contrast, we observe that for larger prey, 14 > 1,
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which rationalizes the deviations noted from continuum pre-
dictions.

We emphasize that the above postulated breakdown of con-
tinuum predictions manifests mainly in the nanoscopic filler
regime. Indeed, since the length scale I, is directly proportional
to the radius of the particle R (the only length scale in the particle
suspension)87 increasing R leads to a corresponding increase in
l,. Beyond a certain radius of the filler, this would render [, > I, for
all reasonable values of p,., and particle volume fractions ¢ (cf.
dotted lines in Figure 12 for a fictitious scenario in which the
particle size is R = 15 units). In such situations, we would expect
the continuum predictions to hold and that the matrix time scale
would only serve to determine the bare penetrant diffusivities.
Conversely, moving to a smaller particle radius R would lead to
deviations from continuum models becoming manifest at even
smaller p... In other words, the polymer matrix time scale
(temperature) determines the radius beyond which a particle
may be considered to be a "macroscopic” filler for the modeling
of transport properties!

In summary, we suggest that the ratio ,/l; determines the
interplay between matrix time scale and the filler effects. For
systems involving low matrix free volumes (such as our simula-
tion conditions), penetrant diffusion is anamolous on length
scales comparable to and even larger than the pore scale of the
filler suspension. The latter leads to strong deviations from the
continuum predictions in the form of a nonlinear dependence of
penetrant diffusivity upon the particle concentration. These
findings demonstrate that continuum mechanical theories and
models which ignore the role of matrix time scales (except as a
factor which normalizes the bare penetrant diffusivity) may prove
inadequate for the modeling of transport properties of PNC
membranes.

VI. SUMMARY AND EXPERIMENTAL IMPLICATIONS

In summary, we used BFM simulations to understand the
mechanistic origins of penetrant diffusion in PNC materials. For
this purpose, we used the simplest possible model of a mono-
meric penetrant diffusing through a model well-dispersed PNC
matrix. Because of the coarse-grained nature of the model (the
smallest length scale of the phenomena which can be captured
corresponds to the polymer segments), our results are more
likely applicable to penetrants of size scale comparable or larger
than the scale of polymer segments. The latter class includes
ions of solid alkhali metals, large gas molecules, and dye probes.
In this final section, we briefly comment on the important out-
comes of our analysis and their correspondence to experimental
conditions.

(i). Interfacial vs Filler Effects. The overall penetrant diffusiv-
ities were then shown to be dominated by the “filler” effect, in
which the particles act only as obstructions for the penetrant
diffusion. While interfacial effects driven by polymer—particle
interactions were shown to play a role and explain the differences
between attractive and repulsive particle systems, the physical
range of such perturbations were small in the polymer melt
systems and hence their impact upon the penetrant diffusivity
was shown to be less important relative to the “filler” effect. The
overall content of this result is in disagreement with a majority of
the proposals advanced to explain the filler-induced enhancements
in the transport properties of polymer membranes.

In seeking to address the generality of the above conclusions, it
is useful to recall some of the limitations of our model. We recall

that our model is based on the use of a homogeneous, random
dispersion to mimic the structure of the nanoparticles in the
polymer matrix. However, it is well-known that polymer—
particle interactions can play a significant role in influencin
the structure, and in-turn the properties, of the composite.*> >
For instance, aggregation of particles may lead to overlap of
interfacial layers, which may open up a percolating pathway for
the diffusing penetrant.

A second limitation was that we examined only a narrow range
of parameters for quantifying the strengths of the polymer—
particle interactions. It may be speculated that larger polymer—
particle interaction strengths may change the overall transport
properties of the interfacial layer and thereby accentuate its
impact. Finally, our results are for the case of a model of a
“neutral” solvent. Polymer-penetrant and particle-penetrant in-
teractions may also influence the transport properties of the
penetrant. Relaxing some or all of these assumptions, may
potentially change the quantitative role of the interfacial layers
upon the transport properties of the composite.

(ii). Importance of Changes in the Bulk Conditions of Free
Volumes and Densities. Our simulation results did exhibit
enhanced penetrant diffusivities with the addition of nanoparti-
cles. We attributed such trends to the implementation of the
simulation protocol and the resulting particle-induced density
and free volume changes in the bulk polymer conditions in the
PNC. Moreover, since our results indicated that for the case of
glassier polymer matrices, the penetrant diffusivities are sensitive
to small density and free volume changes, even minor changes to
the bulk conditions may suffice to exert a significant influence
upon the overall penetrant diffusivities.

We note that there are at least three experimentally realizable
situations wherein nanoparticle-induced property changes may
influence the transport of penetrants: (a) If the polymer matrix is
crystallizable and if addition of particles disrupt the crystallization
of the polymer,* then we would expect that the bulk density to
be lower compared to that of the pure polymer matrix. This
would endow a higher mobility for the ions in the bulk and
rationalize the enhancements in the conductivities noted in
experiments. (b) Polymer membranes and polymer—nanoparticle
mixtures which are prepared deep in the glassy regime usually
do not achieve equilibrium,*>®* and are accompanied by a very
slow aging process which evolves the system toward equilibrium.
Such nonequilibrium effects become even more important for
rigid polymers and in aggregating filler systems which are
commonly used in barrier applications. In such situations, we
expect the bulk densities and free volume conditions to be lower
than that of the pure polymer matrix, and contribute to filler-
induced enhancements noted in the experiments. (iii) Addition
of fillers would likely change the thermal expansivity of the matrix
and may render the bulk densities and free volumes to be a
function of particle loading and temperature.

(iii). Importance of Matrix Mobilities (and Temperature).
An important outcome of our analysis is the conclusion that the
matrix dynamics plays a very important role in determining the
overall transport properties of the PNC. This happens in a 2-fold
way: On the one hand, as discussed above, the matrix time scales
govern the sensitivity of the penetrant diffusivities to the bulk free
volume and density changes. Whence changes in transport
properties arising due to changes in bulk conditions are inti-
mately tied to the matrix dynamics. On the other hand, our
results and analysis of section V demonstrated that there is an
interplay between the matrix time scales and the “filler” effects.
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For nanoparticle systems, such effects were shown to lead to
significant deviations from continuum mechanical theories.
Overall, these results demonstrate that polymer matrix dynamics
need to be explicitly accounted in any consideration of transport
properties of PNC membranes.

In summary, our conclusions shed important light on the
physical origins of the properties of PNCs and their modeling.
Admittedly, the above conclusions were derived using a simple
coarse-grained model which does not possess the detail of an
atomistically realistic model. Extensions of the present work
aimed at examining the influence of the size of penetrants, the
impact of polymer-penetrant interactions, and the role of poly-
mer crystallization will constitute directions for future study.
Furthermore, in a followup article, we will present results from
atomistically based simulations which more closely mimic the
conditions required to simulate the transport of small gas
molecules through polymer matrices and demonstrate that many
of the qualitative features of the above conclusions also hold for
such systems.

B APPENDIX A: DYNAMICAL DISORDERED RANDOM
MEDIA MODEL

In this appendix, we quote the pertinent results of the general-
ized DDRM model used for generating the results of Figures 9
and 10. These formulas can be derived straightforwardly using
the effective medium theory approach proposed in ref 76.

We denote the fraction of filler sites by the symbol ¢, and the
average number of closed flickering sites by the symbol ¢.. The
time scale governing the flickering sites is denoted as 7. The
average free volume (or open sites) of the system is denoted as ¢,
and is given as:

The long time mobility of the penetrant D, in a lattice with the

above parameters is then obtained as the solution of an implicit
equation:

D, = ¢, —p(1—x)(1 —egle))  xpe (a2)

1—pe(1—eg(e)) 1—p.
where
_ B 179
x—1_¢p, iy (A3)

and p. = '/3 corresponding to the percolation threshold for a
static, simple cubic lattice. The function g(¢) represents the
lattice Green’s function, and has been tabulated for a number of
lattices and dimensions in the Appendix E of ref 76.
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