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ABSTRACT: We present the results of a facilitated kinetic Ising model based investigation of the
confinement and filler-induced changes in the glass transition, fragility, and aging dynamics of a model
system. This work is motivated by the issue of relationships, if any, in the glass transition phenomena of
polymer nanocomposites and polymer thin films. Our results suggest that addition of plasticizing fillers lower
the T, and increase the fragility of the system, while antiplasticizing fillers have an opposite effect.
Confinement arising in freely suspended films of both filled and unfilled systems were seen to reduce the
overall T, of the system. Confinement and filler-induced shifts in the T, were not found to be quantitatively
equivalent when compared at the appropriate film thicknesses and interparticle spacings. However, the
fragilities exhibited a trend that suggests a closer quantitative equivalence between the PNCs and thin films.
In all the cases we examined, the aging dynamics and nonequilibrium relaxations were seen to be
quantitatively correlated to the filler or confinement induced changes in the relaxation times, but not at
the same temperature relative to their T, due to the differences in the fragility and relaxation spectrum of the

different systems.

Introduction

Polymer nanocomposites and polymer thin films constitute
two active areas of present research in polymer physics and
engineering. Polymer nanocomposites (PNC) typically refers to
the class of materials obtained by blending polymers and inor-
ganic fillers in which the mor%anic component has one or more
dimensions below 100 nm. ~~ Uniform dispersion of the filler
particles results in significant interfacial contact between the
polymer and the filler and in many cases leads to new and novel
properties arising from the unique synergism between materials.*

A number of efforts are presently underway to understand and
exploit such characteristics in the context of applications.

On another front, significant developments have also occurred
in the area of polymer thin films, specifically in quantifying the
influences of confinement dnd 1nterf401dl interactions upon the
properties of polymer films.®"® For instance, recent experiments
have demonstrated that polymer—surface interactions can lead to
properties for the polymer layer which are in general markedly
different from that of the bulk polymeric material.*' Moreover,
for properties such as glass transition temperatures,'! aging
dynamics,lz*15 and elastic moduli,8 the interfacial effects have
been shown to persist to extremely long length scales relative to
the physical dimensions of the polymer molecules.” The funda-
mental physics underlying such property variations are still yet to
be completely resolved.

Considering the critical role of interfacial interactions upon
both the properties of PNCs and thin films, an independent line
of enquiry has begun to probe the role and the relationships, if
any, between the properties of PNCs and the corresponding
characteristics of polymer thin films containin, ng either identical or
similar polymer—surface combinations.”'®!” Unearthing such
connections can be valuable since thin polymer films are usually
easier fabricated and characterized, and sophisticated experimental
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tools have been developed to allow for properties of the film to
be even discerned at specific locations relative to the surfaces. In
contrast, PNCs are typically harder to design, disperse, and
characterize, and much less fundamental understanding exists
regarding the origins of their properties.

One property where the above idea has attracted significant
attention is in the context of glass transition temperatures (7) of
polymer thin films and PNCs.”'*!7 Explicitly, a number of
experiments have tried to resolve the issue whether there is a
quantitative equivalence to be expected in the glass transition
phenomena and temperatures in comparing PNCs and polymer
thin films. Such investigations were spurred by experimental
investigations which suggested that the T,s of polystyrene (PS)—
silica PNCs and free-standing PS thin films were quantitatively
comparable when the average interparticle distance in PNCs
became identical to the polymer film thicknesses.'® Such reports
were in contrast to other experiments (on other combinations of
polymers, fillers, and surfaces) where only a qualitative corre-
spondence was observed between the properties of PNCs and thin
films.”

Motivated by the above experimental reports, in a recent work
we used a static percolation model of glass transition to examine
whether in general there is equivalence to be expected in the glass
transition temperatures ( o) of polymer thin films and polymer
nanocomposites (PNCs).' Such percolatlon models are based on
the hypothesis that glass transition in materials occur as a result
of the percolation of slow, immobile domains through the system.
The existence of such percolated slow domains has indeed been
observed in experiments and simulations of colloidal systems'® !
and simulation studies of bulk and thin films of polymers®** and
has also formed the basis for a number of theoretical models of
glass transition.***" In fact, in a recent work, Long and Lequex**
used such a percolation idea to successfully explain the thickness
dependence and the long-range nature of 7, changes in polymer
thin films. In our research,'” we adapted such a percolation model
to thin films by considering the influence of bounding surfaces
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upon the percolation of the slow domains. PNCs were modeled by
considering the particles as randomly placed impurities that are
either wet (i.e., containing only “occupied” or slow domains) or
dewet (i.e., containing only nonoccupied or fast domains) by the
polymer. For the wetting case, our model captured the physics
where arrested polymer sites in contact with the particle necessa-
rily spans across the particle. For dewetting polymers, our model
embodied the physics where arrested polymer domains are pre-
vented from spanning across the particle. The role of particle—
surface interactions was studied by including the effects of
“skins” of influence around the particles and surfaces which were
chardcterlzed by the strength of the interaction and their
thicknesses.”* 2* The results of our above study indicated that
while the qualitative behaviors of PNCs and thin films are similar,
a quantitative equivalence cannot be established in general.
However, we proposed a phenomenological scaling collapse of
our results which suggested a framework by which the results of
thin films may be used to estimate the properties of PNCs.

While the above study was useful in clarifying the relationships
between the 7ys of PNCs and thin films, several unanswered
issues still remain: “Can such percolation-like models be used to
shed light on the role of confinement and interfacial interactions
upon dynamical features such as relaxation times, fragilities, and
the nonequilibrium relaxation features?” “If so, how do such
dynamical features compare between PNCs and thin films?”
Unfortunately, models based on static percolation ideas such as
our earlier work ignore the transitory nature of the slow domains
and are hence incapable of answering such questions. While
attempts have been made to merge such static percolation models
with information on relaxation times,”> a more satisfactory
approach would be to use models and/or simulations which
embody the dynamical features in a more direct manner.

In this article, we extend our earlier studies to address the
above issues by using a model which falls in the category of “spin-
facilitated” kinetic models.*® Such models were introduced over
two decades ago by Fredrickson and Andersen (FA) 31733 and
have since then spurred many variants intended to mimic different
situations.’™** Such models exhibit many features characteristic
of glass transition phenomena such as dynamical relaxations
following a stretched exponential relaxation behavior, breakdown
of fluctuation—dissipation theorem in the aging regimes, etc.’*>
On the other hand, such models do possess some limitations.
Explicitly, the FA model is known to model better fragile glasses
which exhibit significant non-Arrhenius relaxation characteristic
and is less successful in capturing the features of stronger glass-
formers which exhibit closer to Arrhenius relaxation characteri-
stics. Moreover, the FA model is believed to not exhibit finite
temperature singularities in relaxation Chdl‘dCtel‘lSthS 3 the existence
of which is still under debate for many materials.>

In this work we used the simplest version of the spin-facilitated
models, viz., the original model of FA, and modified it to
represent the physical characteristics of thin films and PNCs.
Using such a representation, we address the following issues: (i)
How does confinement and interfacial interactions modify
(relative to bulk) the equilibrium relaxation times and fragility of
materials? (i) How does the addition of filler particles modify
(relative to bulk) the equilibrium relaxation times and fragility of
materials? (iii) Is there a qualitative and/or a quantitative equiva-
lence between the equilibrium relaxations of polymer thin films
and PNCs? (iv) Is there a correspondence to be expected between
the PNC and confinement induced changes in the equilibrium
relaxation dynamics and their “aging” behavior in glassy regimes?

In terms of the applicability of FA models to polymeric
phenomena, we note that an attractive feature is that most
polymers are frdglle glass-formers—a characteristic captured by
FA models.** On the other hand, FA models do not incorporate
any physics specific to polymeric materials and is hence incapable
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of addressing issues such as the role of backbone rigidity, polymer
packing characteristics, importance of chain connectivity, etc. In
fact, we note that recently Milner and Lipson have undertaken a
closer examination of the percolation model (especially its pre-
dictions regarding the distance dependence of 7}, in thin films)
and have concluded that the observed reduction in T, near free
surface fllms are too strong to be explained by pel‘COldthH
models.>” While notable efforts are already underway in the
development of theories capable of i 1ncorp0rat1n§ more realistic
polymer physics into glass transition theories,’ extensions to
thin films and PNCs are expected to be more challenging. Viewed
in this context, the main utility of the present work is to shed light
on the generic dynamical features which one may expect due to the
introduction of confinement surfaces and/or immobile impurities
corresponding to the addition of fillers. Deviations noted in
experimental observations from such expected generic behavior
may point to the importance of the polymer specific features and
motivate the development of alternative theories to incorporate
such features.

The rest of the article is arranged as follows: In section I, we
describe the original spin-facilitated model of FA and the manner
in which we adopt such a model to represent thin films and PNCs.
In section II we discuss briefly background information pertinent
to the quantification of glassy dynamics. In section III, we present
and compare the results for equilibrium and nonequilibrium
dynamics of unfilled and filled systems. In section I'V,we present
the results for the effects of confinement upon the equilibrium
and nonequilibrium dynamics of unfilled and filled systems.
Section V concludes with a brief summary of the main results.
Algorithmic details related to the implementation of our model
are relegated to the Appendix.

I. Two-Spin Facilitated Kinetic Ising Model

In this section, we review the original kinetic Ising model of FA
and describe the manner in which we have adapted such a model
to mimic the physics of thin films and PNCs.*' ~* Since many
excellent reviews exist of the model and its variants, we restrict
our discussion to only a brief exposition of the pertinent features.

Facilitated spin models proposed by FA represent the fluid of
interest as a mixture of down and up spins residing on a lattice. At
a physical level, down (up) spins represent regions of fluid with
higher (lower) than average density or lower (higher) than
average flexibility and hence exhibit slower (faster) dynamics.
The relaxation processes of a nonequilibrium state of such up and
down spins are postulated to proceed in a concerted manner.
Explicitly, a fast region “facilitates” the relaxation of both slow
and fast regions (i.e., allow them to change their orientation) by
potentially accommodating the density or shape changes neces-
sary for such relaxations. In contrast, a slow region is not
expected to be a facilitator and instead only contribute to the
overall freezing of the system. Temperature effects are simulated
by incorporating a higher tendency for the regions to adopt
“down” configurations at lower temperatures. In such a model,
upon quenching to a nonequilibrium state at low temperatures
the system becomes populated with a number of slow domains
interspersed by very few fast domains. By a facilitated relaxation
of the slow domains (and simultaneous conversion of the fast
domains to slow domains), the system dynamically relaxes to its
equilibrium population of slow and fast domains. The kinetics of
such processes have been shown to exhibit many similarities to
the dynamical features observed near the glass transition of many
materials.

In our research, we used a three-dimensional (3-D) cubic lattice
containing N total sites to embed the up and down spins. The
version of the FA model we use is termed the 2-spin facilitated
noninteracting Ising model,*'* in which spin flips (converting an
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up spin to down spin and vice versa) require at least two of its
neighboring spins to be in the up (fast) state. The energetics
governing such a model is given by the Hamiltonian

H:hﬁ:ai (1)

where 0; = £1 represents the spin configuration (+1 = up and
—1=down) and & denotes the magnitude of an external magnetic
field. In view of the noninteracting nature of the spins, the
equilibrium concentration of the up spins ¢ is given by

= (1vem()) o

where kg denotes the Boltzmann constant and 7 the temperature
of the system. In this work, we will work in units where kg7 = 1
and thereby implicitly accord 4! as a quantification of the
temperature of the system. The two-spin facilitation is implemen-
ted in the model by rendering the flip rate dynamics for the ith spin
(i.e., the rate at which the spin at site 7 flips from +0; to —40;) as

W = %aml-(m,- —1) exp[ph(o; — 1)] (3)

where 8 = (kgT)~ " and o is a constant that determines the overall
time scale for dynamics (which is set to 1 in our simulations) and
m; denotes the number of fast (up) neighbors of a given spin.

The above summarizes the original 2-spin facilitated FA
model. For the present study, we studied four different situations:

(i) Bulk systems: where the above model was implemented by
using periodic boundary conditions in all three dimensions.

(ii) Thin film systems: where the above model is supplemented
by bounding surfaces in one direction and periodic boundary
conditions in the other two dimensions. The bounded surfaces
were characterized by spins which were frozen in a preassigned
configuration. Explicitly, surfaces characterized by higher (lower)
mobility were modeled by using a surface containing only up
(down) spins. In the present study, we considered only the behavior
of freely suspended films which are typically characterized by
higher mobility, and hence we used surfaces with a quenched
configuration of up spins.

(iii) Bulk PNC systems: these were bulk systems in which
certain sites were assumed to be occupied by filler particles. Such
filler particles were represented by a collection of spins which
were quenched in either an up or down configuration. The centers
of the particles were chosen to be inserted on random sites on the
lattice (with a nonoverlapping provision that the interparticle
distance are at least the diameter of the particles themselves), and
all sites which are within a radius of the specified particle center
were considered to be a part of the filler particle. Plasticizing fillers
were represented by a collection of fast (up) spins whereas anti-
plasticizing fillers were modeled by a collection of slow (down) spins.
In our ecarlier work, we considered the effects of a “skin” zone
around the particles intended to mimic the influence of the particles
upon polymer dynamics.””*' In this work, we eschew these addi-
tional effects and restrict our consideration to the simplest case
where the particles are chosen as either up or down spins.

(iv) Thin film PNC systems: these represent thin films of PNCs
and were modeled by using a combination of the features
discussed in (ii) and (iii).

For implementing the kinetic Ising model, we used a rejection
free kinetic Monte Carlo scheme, the details of which are
elaborated in the Appendix. However, even accommodating for
these algorithmic features, three-dimensional simulations of such
a kinetic Ising model are still computationally expensive, and so
we have only performed a limited parametric exploration for the
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issues of interest. Explicitly, for the simulations probing the
equilibrium dynamics, we have used a 128 x 128 x 128 cell with
periodical boundary conditions and films with dimensions 32 x
128 x 128 and 16 x 128 x 128. For probing the nonequilibrium
relaxations, we have used (in addition to the above systems) a
bulk system with dimensions 256 x 256 x 256 and films of
dimensions 32 x 256 x 256 and 16 x 256 x 256. We have
explored PNCs with particles of diameter 3 and 5 (in lattice
spacing units).

In closing, we note that while the ideas behind the kinetic Ising
model have strong similarities to the static percolation picture of
glass transition, a quantitative connection between them is still
elusive. At some level, it is believed that the kinetic models lead to
larger scale structures which represent the slow domains modeled
in static percolation models.** The length scales emerging in such
kinetic models and their connections to length scales in real
materials are presently areas of active research but are of less
relevance to the issues pursued in this article.

I1. Equilibrium Dynamics of Glassy Systems: Background

In this section, we briefly discuss background information re-
garding quantifying of equilibrium dynamics of glassy systems.*~*°
In many of the present theories for glass transition, the relaxation
dynamics of the order parameters and viscosity are predicted to
follow a stretched exponential function of the form: exp[—(z/7%)"].%®
v quantifies the degree of nonexponentiality of the relaxation
dynamics and has been experimentally noted to be in the range
0.2—0.7 (and temperature dependent) for many glass formers. The
“relaxation time” can then be estimated from such stretched
exponential fit parameters 7* and v by one of two definitions. The
first one relies on an integrated measure of the relaxation dynamics
and is given by

- / o[- (/) di = T(4v ) ()
0

where I" denotes the gamma function. An alternative definition for
the relaxation times can be obtained by considering the slope of the
relaxation dynamics

T*
Trg = 7 (5)

It can be verified that for a purely exponential relaxation (v = 1)
7,1 = Tpo. In fact, for 0.5 <v < 1.0 we have 1, ~ 1,,. However, for
v <().5 then 7,1 > 1,,. Since the definition 7,; relies on an integrated
measure of the relaxation dynamics, in this work we use 7,1 (denoted
henceforth as 7) to discuss the temperature dependence of the
relaxation times.

The relaxation time 7 is usually of significant interest in glass
transition phenomena, and its temperature dependence serves to
quantify the material dependent characteristics. Experiments
have established that in supercooled liquids and polymers the
temperature dependence of 7 is usually non-Arrhenius and
follows a trend of the form*~*

7(T) = 19 exp(AE(T)/ksT) (6)

(1o is a prefactor with a unit of time) with a temperature-
dependent activation energy AE(T) which increases significantly
upon cooling. In many cases, it has also been shown that such
relaxation times can be fit to the Vogel—Fulcher—Tammann
(VFT) equation>36:44:43

oT) =1 exp<TD_TOTD) (7)
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Figure 1. (a) Relaxation dynamics of spin—spin correlation function, ¢(7), for different temperatures whose values are indicated in the legend. The
solid lines represent stretched exponential fits to the data with the fitting parameters In ¥ and v indicated in the parentheses. (b) VFT representation of

the relaxation times 7.

with D and T as parameters. While there have been some recent
reports raising doubts on the applicability of the above functional
form over the entire range of temperatures (i.e., whether there
indeed is a divergence at finite temperature),*>° it is nevertheless
accepted that the VFT form serves as an excellent fit to the
relaxation times of supercooled liquids at least over a reasonably
wide range of temperatures.

In characterizing glassy material properties, two quantities are
usually of interest: (i) the glass transition temperature 7, which is
defined experimentally as the temperature at which the v =
0(100) s; (ii) the “fragility” of the glass which is broadly defined
as the magnitude of the departure from Arrhenius behavior. The
latter is usually defined as

_ dIn(r/10)
AT |, )

=T,

It is to be noted that alternate definitions, such as the VFT
parameter D, have also been used to characterize the fragility of
the glass (m is directly correlated to D).

A. Quantifying the Facilitated Spin Model. In this research,
we were interested in examining the changes in the glass
transition temperature and the fragility of the material upon
confinement and/or the addition of fillers. A second objec-
tive is to explore the relationships between such equilibrium
relaxation times and the relaxation dynamics from non-
equilibrium states in the glassy regimes, a phenomena com-
monly termed as “aging”. To probe the former issue, our
simulations were initiated with systems prepared such that
all the spins were the up (fast) state, and then the system was
quenched to the temperature of interest. The equilibration of
the system was verified by probing if the average concentra-
tion of up spins matched the expected equilibrium value
(eq 2). For simulations quantifying the equilibrium dy-
namics, we considered the relaxation characteristics of the
spin—spin correlation function defined as*

_ (0i(0)o;(1)) — (o)
1— (o)’

(1) (9)

where 7 denotes the index of the spin site.

Prior studies have examined the relaxation dynamics of
the FA model for bulk conditions in both two and three
dimensions.*** Overall, these studies have confirmed that in
the supercooled regime the FA model exhibits a stretched

exponential relaxation with exponents v in the range
0.3—0.5. Shown in Figure la are representative plots for
different temperatures. In each of the cases, we have also
displayed the corresponding stretched exponential fits and
the respective fitting parameters. It is evident that in each
case the relaxation dynamics can be fitted reasonably well
by stretched exponential fits with exponents v ranging from
0.5t00.2.

In all the cases, we fitted the relaxation dynamics to
stretched exponential fits (results are discussed in the next
section) and extracted the relaxation time 7 = 7,y. In facili-
tated spin models, the fundamental time scale is set by the
dynamics of the spin flips. Consequently, there exists no
means to ascribe a real physical time unit to the relaxation
dynamics to determine a “7,” for our model. Therefore, we
relied on a VFT fit of the relaxation times (in the temperature
range 0.5 < T < 1) and used the VFT parameter T as a
quantification of the 7T, of the system. Shown in Figure 1b
are representative results for the relaxation times 7 along
with lines representing the VFT fit to the data. It is seen that
the VFTfits indeed provide a reasonable representation of
the temperature dependence of the relaxation times over the
range of temperatures studied. We note that our use of Ty as
a measure of the glass transition temperature is done (in a
manner similar to experiments) only to quantify the changes
in the relaxation behavior in the system and is not meant to
imply the existence of a finite temperature singularity in the
FA model.

To discuss the behavior of the fragility of the system, we
have considered both the D parameter of the VFT fits as well
as the temperature dependence of the exponent v of the
stretched exponential fits. The v parameter quantifies the
degree of nonexponentiality of the relaxation behavior at a
given temperature and is usually taken to be a measure of the
dynamical heterogeneities in the system. We are motivated to
use v in view of its simple physical interpretation and also due
to a number of previous studies which have suggested a
strong correlation between the fra%ility parameter m (defined
at T'= T,) and the v parameter.*” Explicitly, fragile glasses
(large m parameter, eq 8) have been shown to be characteri-
zed by small values of v parameter and vice versa.

I11. Effects of Filler Loading

A. Equilibrium Dynamics in Bulk Systems. Figure 2a
presents the effects of filler loading upon the parameter 7
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Figure 2. Effect of filler loading upon (a) T, parameter of the VFT fit as a function of the signed concentration ¢ and (b) v parameters (displayed as
v~ — 1) of the stretched exponential fits for identical number concentrations of the fillers. The inset displays the corresponding D parameters of the

VEFT fit as a function of the signed concentration ¢.

(which is taken to be a measure of the glass transition
temperature). To facilitate ready comparison, the results for
T, are displayed as a function of a “signed” volume fraction,
with the convention that the plasticizing particles are assigned
a negative sign and the antiplasticizing particles accorded a
positive sign (zero concentration corresponds to unfilled
systems). From the results, it is evident that the addition of
plasticizing fillers lowers T, relative to bulk systems whereas
the addition of antiplasticizing fillers are seen to lead to an
increase in Ty. In both cases, it can be seen that the magnitude
of such changes in T} increases with increasing concentration
of the fillers. These results are consistent with physical intui-
tion that plasticizing (antiplasticizing) particles contribute fast
(slow) domains in the relaxation of the system and thereby
decreases (increases) the temperature at which the (apparent)
glass transition occurs.

An interesting effect which can be noted in the results of
Figure 2a is that the concentration effects of the antiplasti-
cizing and plasticizing particles are not symmetric. Expli-
citly, we observe that the concentration effects of plasticizing
particles are stronger relative to antiplasticizing particles. A
physical rationalization of this result may be derived by
noting that in the supercooled states a majority of the spins
correspond to slow (down) states. In such a situation, addi-
tion of quenched fast domains represented by plasticizing
particles provides a significant contrast from the background
material and hence may lead to a substantial change in the
temperature at which the system becomes frozen. In contrast,
the addition of quenched slow domains (antiplasticizing
particles) in a background of many slow domains may be
expected to have only a small effect on the transition to frozen
states.

In Figure 2b we present results for the effects of particle
loading upon the exponent v (the parameter v is presented as
v~ — 1, a quantity which is expected to be directly correlated
to the fragility) of the stretched exponential fits. Also shown
in the inset are the VFT parameters D. As mentioned earlier,
both these quantities are taken to be as measures of the
fragility of the system, and it is evident from the results that
the trends exhibited by them are indeed correlated. Overall, it
can be seen that plasticizing particles enhance the fragility of
the bulk systems whereas antiplasticizing particles lead to a
reduction of the fragility. Similar to the trends noted in the
context of Ty, it is observed that the fragility values and v
parameters for systems filled with antiplasticizing particles
are virtually identical to those of unfilled systems. While a

complete physical understanding of the features determining
the fragility of a liquid is still elusive, broadly it is believed
that the systems in which there are smaller barriers to over-
come to explore the phase space tend to be less fragile and
vice versa. Using this reasoning, it may be rationalized that
the addition of antiplasticizing slow particles within the
supercooled states characterized by predominantly down
spins may tend to reduce the overall the dynamical hetero-
geneities (relative to the bulk system) and thereby reduce the
overall fragility of the system. In contrast, addition of
plasticizing particles would be expected to enhance the
dynamical contrasts between the different regions and there-
by enhance the overall fragility of the system.

We note that the above result is consistent with recent
simulations of Riggleman et al. which reported the reduction
in fragility of polymer melts filled with antiplasticizer
particles.* They attributed their results to the reduction in
the packing frustration arising from the introduction of
antiplasticizers and also proposed the notion of the barriers
in the potential energy landscape as playing an important
role in determining the fragility of the system. It is interesting
that similar effects are noted in our model which lacks such
packing effects, suggesting that such fragility effects may
arise purely as a consequence of the introduction of domains
which relax at a much slower or faster rate compared to the
bulk system.

B. Effects of Filler Loading in Confined Films. An interest-
ing question is whether the above trends noted for the
equilibrium dynamics of unfilled and filled systems hold
when thin films are compared instead of bulk systems. To
address this issue, in Figure 3 we display the parameters 7,
and D for filled systems of thin films with L = 16. The Ty and
D values are normalized by their values for unfilled systems
and compared with the corresponding results for bulk
materials to explicitly depict the effects specific to confined
systems. It is evident that in both Tj and D values the effects
of the plasticizing particles practically disappear in the
context of thin films. In contrast, addition of antiplasticizing
particles is seen to result in an increase in T, and decrease
infragility D comparable to that of the bulk situation. The
effects of the plasticizer particles may be rationalized by
noting that our model of thin film considers the case of freely
standing thin films which present “plasticizing” surfaces for
the dynamics of the confined films. In such cases, it may be
expected that the effects arising from the addition of plasti-
cizing particles to be only an additional contribution to the
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Figure 4. (a) Relaxation dynamics r(7) for filled and unfilled systems at 7 = 0.4. (b) Relaxation dynamics s(7) for filled and unfilled systems at the
temperatures indicated. The temperatures are chosen such that (7'— T,)/ T, = 0.52 for both systems. (c) Relaxation dynamics s(¢) for filled and unfilled
systems at the temperatures indicated. The corresponding logarithm of equilibrium relaxation times, In 7, are indicated in the parentheses.

effects due to the surface themselves (the effect of confine-
ment is discussed in the next section), and further addition of
plasticizing surfaces has a much less quantitative effect. In
contrast, addition of antiplasticizing particles within thin
films represents a situation similar to that of the bulk (when
examined relative to the Ty and D values of the thin film), and
not surprisingly the results also resemble those seen for bulk.

C. Aging Dynamics in Bulk Systems. It is of interest to
probe whether the above trends noted in the equilibrium
dynamics also describe the characteristics of relaxations
from nonequilibrium states, especially in the glassy regimes
(commonly termed the “aging” regime). To probe this issue,
we carried out a set of numerical experiments which started
from configurations with all spins facing up, and then quenched
the system to below or around the temperature 7} (discerned by
our VFT fits). In these states, the system continuously evolved
toward the equilibrium state without ever actually reaching it
(within the time frame probed in our simulations). The aging
dynamics accompanying such processes were probed by the
relaxation dynamics of spins:

r(1) = (o(f)/c—1 (10)

where (0(¢)) denotes the (time-dependent) average spin and ¢
represents the equilibrium spin concentration at that tem-
perature (cf. eq 2). The results for r(¢) are compared in Figure
4a for filled and unfilled bulk systems for a temperature of
T = 0.4. Recall that in the previous section we presented

results which suggested that the addition of antiplasticizing
(plasticizing) fillers led to an increase (decrease) in Ty. As
would be intuitively expected based on such considerations,
we do observe that the relaxation dynamics is slowest for the
largest antiplasticizing particle and fastest for the largest
plasticizing particles with the unfilled systems falling inbet-
ween. Moreover, it is evident that plasticizing particles display a
stronger filler effect compared to antiplasticizing particles.
These results suggest that the filler-induced changes in the
dynamics of aging processes are qualitatively consistent with
what may be expected based on the changes in Ty and D
parameters.

An interesting question related to the above issue is
whether all the changes in nonequilibrium aging dynamics
(resulting from perturbations due to confinement and/or
fillers) can be explained by either the changes in T or by
the changes in relaxation times arising from the introduction
of fillers. Such considerations are motivated by recent ex-
periments which by considering the aging behaviors of thin
films and nanocomposites have shown that in some instances
significant differences in aging behaviors may arise even
when either the effects on T, is negligible or is accounted in
their comparison.'#%-%°

To probe the above issue would require us to compare the
aging dynamics of different systems at (i) the same tempera-
ture relative to Ty or (ii) the same relaxation times. Unfortu-
nately, since we could not equilibrate the system at very
low temperatures, we were unable to extract equilibrium
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inset displays the corresponding D parameters of the VFT fits.

relaxation times for low temperatures. As an indirect probe
of the above issue, we have considered higher temperatures
(T> T,) for which we were able to equilibrate the system (the
relaxation time characteristics were discussed in the preced-
ing section) and examined whether the relaxation of the
initial nonequilibrium state to the final equilibrium state
can quantitatively be characterized as a unique function of
either (7' — Ty)/T, or the relaxation times. For this purpose,
we considered the relaxation of an auxiliary quantity s()
defined as

s(t) = r(t+ty)/r(tw) (11)

where t, is an arbitrarily chosen constant waiting time at
which the average value of the spins are normalized.

In Figure 4b,c we display the results s(7) for a representa-
tive case comparing a filled system with its unfilled counter-
part. Note that the temperatures at which these systems are
probed are different and are chosen in Figure 4b to be such
that the two systems possess the same temperature relative to
their Ty, (normalized by their respective Ty). In Figure 4c, the
temperatures are chosen based on the constraint that the
relaxation times of these systems are almost identical. It is
evident from the results (Figure 4b) presented that the
relaxation behavior of the systems are substantially different
when compared at the same (T — T)/Tp. In contrast, it is
observed from Figure 4c that there is quantitative match in
the overall relaxation behaviors of the two systems when
compared at the temperatures such that their relaxation
times actually match. The differences in Figure 4b,c may
be easily rationalized by noting that the addition of fillers
cause a change in fragility of the system in addition to the
changes in 7. Comparing at the same relaxation times
accounts for both fragility and 7)) changes and hence quan-
titatively characterizes the nonequilibrium relaxations.

In sum, our results indicate that the filler induced changes
in Ty are insufficient to characterize for the changes in the
nonequilibrium relaxation dynamics. In contrast, account-
ing for fragility changes through their impact on relaxation
times enables us to quantitatively characterize the filler-
induced shifts in nonequilibrium relaxation dynamics.

D. Comparisons to Related Experiments. Many experi-
ments have examined the influence of particle fillers upon
the 7, and of polymer nanocomposites. It is generally
observed that fillers which exhibit repulsive interactions with
the melt tend to lower the T, and the fragility, whereas fillers

possessing strong attractive interactions tend to increase the
T,.>'317>% Physically, fillers exhibiting repulsive interac-
tions may be envisioned to lead to a lower packing of the
polymers near their surfaces and hence speed the dynamics of
the polymers (i.e., act as plasticizing fillers). In contrast,
fillers exhibiting attractive interactions may be expected to
lead to densification of the polymers and hence a slowing of
the dynamics. Such experimental results are qualitatively
consistent with our own model predictions. More recently,
experimental results of Kumar and co-workers>® have also
displayed an asymmetry in the behavior of plasticizing and
antiplasticizing particles which is consistent with the results
displayed in Figure 2. An interesting prediction of our model
was that the fragility indices should correlate with the effects
of the fillers on the respective T,. These results are also
qualitatively consistent with recent experiments on nanopar-
ticle dispersed polymer systems.**>’

In the context of aging dynamics, experiments which have
probed the aging dynamics have seen effects consistent with
the results of our simulations.*>>* For instance, the reduc-
tion in aging of an epoxy/clay system was attributed to the
formation of a layer of reduced mobility near the par-
ticles.*”> In a similar manner, the addition of alumina and
silica particles to PMMA and P2VP was also shown to affect
aging in a manner consistent with their effects on the T g.49
These results are also qualitatively consistent with our model
predictions displayed in Figure 4a.

IV. Effects of Confinement

A. Equilibrium Dynamics in Unfilled Systems. In Figure 5
we present the results for the effect of confinement upon the
T, and v parameters of an unfilled system. It is evident that
confinement leads to a reduction in the T values, a trend
which is consistent with experiments and can be straightfor-
wardly rationalized as arising from the introduction of
“plasticizing” confining surfaces. In contrast, the v para-
meters are seen to display an intriguing nonmonotonic
behavior where it first increases with confinement (i.e., the
system becomes less fragile) and then increases with further
confinement. To corroborate the trends seen in v parameters
indeed represent an effect on fragility, in the inset we have
displayed the D parameters of the VFT fits which are also
seen to exhibit a similar nonmonotonic behavior.

To explain the nonmonotonic trends seen in our fragility
results, we offer a tentative rationalization which yet again
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invokes the relationship between the v and dynamical het-
erogeneities in the system. Explicitly, the effect of confine-
ment in lowering the fragility can be explained as arising
from the truncation of the relaxation spectra and the reduc-
tion in dynamical heterogeneities due to the smaller size of
the system. To understand the trends noted for further
confinement, we first point out thatthe fragility measure D
and v compares the dynamics at the same relative tempera-
ture measured with respect to the confinement-influenced
glass transition temperature. Because of the reduction in the
overall T, of confined films, identical relative temperatures
are equivalent to a lower absolute temperature for confined
films. Consequently, one may expect that the regions in the
interior of the films to be predominantly populated by slow
domains which contrast with the fast dynamics characteri-
zing the surfaces. This dynamical contrast is expected to
become more pronounced upon increased confinement and
is likely the cause of enhanced fragility noted in our results.

B. Equivalence of PNCs and Thin Films. An interesting
question relates to the “equivalence” of thin films and PNCs
within the kinetic model. Explicitly, “are the T and D values
of a thin film at a given film thickness quantitatively identical
to that in a PNC at the same interparticle distance?” Un-
fortunately, with only limited simulation results, we were
unable to provide a definitive answer to this question.
Nevertheless, we display in Figure 6a,b a comparison of
the thin film and PNC parameters for plasticizing particles as
a function of the film thicknesses and interparticle distances
(a simple cubic cell approximation was used to determine the
volume fraction dependent interparticle distances). It is seen
that the change in 7, parameters for PNCs exhibit trends
which are qualitatively similar to that for confined films.
However, it is evident that quantitatively the shifts exhibited
by confined films are much stronger and of longer range than
that of PNCs. These results are consistent with our earlier
work which used a static percolation model to analyze
similar issues (in fact, the qualitative features of Figure 6a
exhibit a striking resemblance to Figure 2 of ref 17).

A more interesting trend is evident in comparing the
fragility parameters D and v of thin films and PNCs dis-
played in Figure 6b. While the range of interparticle dis-
tances and confinement spacings unfortunately do not
overlap, the trends displayed do seem to indicate at least a
more quantitative equivalence between the thin films and
PNCs. As mentioned earlier, the v (and D) parameters
quantify the characteristics of relaxation dynamics of the
system at temperatures measured relative to their respective

To. In other words, systems with the same D parameter are
expected to exhibit the same relaxation time 7 (in units of 7y)
when measured at the same temperature relative to 7. With
this viewpoint, the results of Figure 6b taken together with
Figure 4b suggest that even while the changes in T, differ
substantially between PNCs and confined films (when com-
pared at equivalent spacings), the relaxation dynamics (and
possibly, aging) measured at the same temperatures relative
to the shifted T, are likely to compare quantitatively at
equivalent spacings. Admittedly, due to the sparseness of
the results, Figure 6b may only be regarded as a tentative
suggestion rather than a definitive proof of such a prediction.

C. Aging Dynamics in Unfilled Systems. Do the trends
noted in the equilibrium dynamics also manifest in the
nonequilibrium relaxations? Figure 7a compares the results
for the dynamics at 7=0.4 (“aging” regime) for unfilled films
of different thicknesses. It is seen indeed that thinner films
relax much faster the bulk systems and that the overall trends
displayed by the nonequilibrium relaxations are qualitatively
consistent with the confinement induced reduction in T,.
These results may be rationalized by invoking that the
introduction of plasticizing surfaces with faster dynamics
would indeed expedite the overall relaxations of nonequili-
brium states.

Asnoted earlier, a question related to the above is whether
one can quantitatively rationalize the aging features based on
the effect of confinement upon 7| or the relaxation times.
Similar to the results presented in section III, we explored
this issue by considering the nonequilibrium relaxation
behavior of higher temperature bulk and confined systems
(for which the equilibrium relaxation times are known)
chosen such that they possess either the same temperature
relative to the (T — Tg)/ T, or the same equilibrium relaxation
times. In Figure 7b.c, we present representative results which
again indicate that the nonequilibrium relaxation behaviors
of confined films and bulk systems are quantitatively con-
sistent with their relaxation times but not with the shifts from
To. Assuming that such trends hold at even lower tempera-
tures, these results suggest that the aging dynamics upon
confinement is expected to exhibit features that cannot be
explained only by the deviations of the system from its
respective T,. Rather, confinement effects on fragility and
its impact on the overall relaxation times need to be ac-
counted in characterizing the overall nonequilibrium relaxa-
tion behavior.

D. Equilibrium Dynamics of Filled Systems. The results for
the effects of confinement upon filled systems are presented
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for particle size of d = 3 in Figure 8a,b (normalized by their
respective bulk values). It is seen from Figure 8a that the
confinement effects on filled systems containing such small
fillers manifest as an almost identical thickness dependence
of Ty as that of the bulk unfilled systems. Interestingly, this
effect is seen to be independent of whether the fillers are
plasticizing or antiplasticizing. In analyzing the correspond-
ing results for the fragility parameter D (due to the ease of
comparison, we consider the D parameter instead of the
exponent v), we observe that the trends displayed by the
small particles (again, independent of the nature) are very
similar to those observed for the unfilled system (cf.
Figure 8b). Explicitly, we observe that confinement to L =
32 lowers the fragility whereas further confinement increases
the fragility of the system. Together, the preceding results
suggest that for small fillers there is no interplay between
confinement and the filler effects.

The results for the effects of confinement upon filled
systems (normalized by their respective bulk values) are
presented for larger particle sizes d = 5 in Figure 9a,b. It is
seen from Figure 9a that plasticizing and antiplasticizing
fillers behave quite differently in connection with their 7.
Explicitly, for large plasticizing particles, confinement effects
are seen to become negligible. These trends may be rationa-
lized by noting that even in bulk situation, large plasticizing
particles present many interfaces which are similar to the
one imposed by confinement. Whence, addition of another

confinement surface is expected to have only a minor influ-
ence upon the overall trends. In contrast, antiplasticizing
particles are seen to exhibit a behavior similar to that of the
bulk unfilled polymer, indicating the decoupling of confine-
ment and filler effects for such cases.

In comparing the results for the fragility D (Figure 9b),
again we see a dramatic difference between the plasticizing
particles and antiplasticizing particles. In the context of
plasticizing particles, the confinement effects become much
weaker and the overall trends become monotonic with
thickness. These results mirror those noted in the context
of T and can be again explained by the fact that introduction
of surfaces into polymers containing large plasticizing par-
ticles induces only a minor change in the constraints imposed
on the domains. In contrast, in comparing the results for the
antiplasticized particles, it is again apparent that both T and
the stretched exponential parameters exhibit similar trends
as noted for confining unfilled polymer systems (the differ-
ences are statistically insignificant relative to the errors
involved in fitting), which confirms that in such situations
confinement does not interplay with the introduction of
fillers.

To maintain brevity, we do not present our results which
examined whether the above trends manifest in the aging
dynamics and if the nonequilibrium relaxation dynamics of
confined, filled systems can indeed be quantitatively ratio-
nalized by the changes inthe relaxation times. Briefly, the
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relaxations from nonequilibrium states were observed to
indeed correlate to the particle size effects note above.
Moreover, the relaxation times (and not the distance
from the respective 7;) were found to be sufficient to
characterize the changes in aging dynamics occurring due
to confinement.

E. Comparisons to Related Experiments. The effects of
confinement on 7,57 '%111638760 and aging of unfilled
systems' >~ 1430017% have been elucidated by a number of
studies. It is generally believed that free-standing films
exhibit a lower 7, relative to the bulk systems. In contrast,
the presence of attractive interactions between the surface and
the polymer leads to an increased T, of the confined film
relative to that of the bulk. Such experimental results are
qualitatively consistent with our own model predictions. An
interesting prediction of our model is that the fragility indices
exhibit a nonmonotonic thickness dependence. The experi-
mental results for the latter are however inconclusive. Many
experiments’*>® have shown a broadening of the glass
transition and the associated relaxation processes upon con-
finement, a result which is consistent with the fragility in-
creases noted in Figure 5b. In contrast, other simulation and
experimental results>®"® have indicated a (monotonic) de-
crease in fragility upon confinement, a result which is similar
to the initial fragility decreases observed in Figure 5b. Such
experimental trends lead us to believe (speculatively) that a
comprehensive investigation of the thickness dependence of
the fragility parameters for system may indeed find a non-
monotonic variation similar to our model results.

Aging dynamics of confined polymers and liquids has
also been studied extensively. For instance, experiments
found that enthalpy recovery of o-terphenyl (o-TP) confined
in nanopores was drastically different from that of the
bulk.%’ Aging in ultrathin PS films (of size scales nanometers)
was studied by Kawana and Jones, who found shifts con-
sistent with the corresponding 7, changes.®? Priestly and
co-workers used fluorescence methods to demonstrate that
confinement of PMMA films may reduce the physical aging
rates—a trend which was again qualitatively consistent
with the shift in the T, arising from confinement.'*!?
More recently, Rowe and co-workers examined ultrathin
films to demonstrate a correspondence between the T,
changes and the manner in which the aging dynamics was
modified.”’

While the above results are qualitatively consistent with
our model predictions, in some cases, confinement effects on
aging dynamics have been in many instances much more
pronounced than that on the 7,. For instance, Priestly and
co-workers have also suggested such effects based on their
fluorescence measurements on thin films.'* We note that our
results did indicated confinement-induced shifts in 7, may
not suffice to explain the nonequilibrium relaxation beha-
vior. Consequently, such experimental trends are still con-
sistent with the results suggested by our model. Of more
puzzling nature are the experimental results from the studies
of Pfromm and Koros*® and Huang and Paul,'*'* who
studied the permeation across free-standing films of poly-
mers and found an accelerated aging with decreasing thick-
nesses. However, such effects were noted to persist up to
micrometer sized films for which no perceivable changes can
be expected upon the T, (and fragility). We do not have a
conclusive explanation for these results except to suggest that
aging experiments are typically carried out deep in the glassy
regime, for which even minute differences in 7, may mean
significant differences in the relaxation times of the system.
Consequently, it may be still possible that the experimental
system may be exhibiting dynamics characteristic of the
respective relaxation times. Alternatively, hydrodynamic
effects not included in our dynamical model, such as arising
during the diffusion and coalescence of free volume “bub-
bles” or stress relaxation effects, may also be potentially
responsible for such trends.”®

There have been very little experimental studies of the T,
and dynamics of filled, confined systems that we could
compare our results. Recall that the results in this context
exhibit much richer behavior which may provide a good
validation framework for testing the predictions of our
model.

V. Summary and Discussion

In this article, we presented a facilitated kinetic Ising model
based investigation of the confinement and filler-induced changes
in the glass transition, fragility and aging dynamics of a model
system. We summarize the main results below:

(i) Role of fillers: Our results suggested that addition of
plasticizing fillers lower the T, and increase the fragility of the
system. In contrast, antiplasticizing fillers were seen to increase
the T, and lower the fragility of the system.
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(i1) Role of confinement: Confinement of unfilled systems were
seen to reduce the overall T, of the system. In the case of filled
systems containing small particles, confinement effects were de-
coupled from the effects of the fillers. While larger antiplasticizing
particles exhibited also exhibited a decoupling of the filler
effects from the influence of confinement, confinement effects
were largely mitigated for larger plasticizing particles. The fragility
of the systems both filled and unfilled systems exhibited a
nonmonotonic trend with increased confinement, suggesting
an interesting interplay between dynamical heterogeneities and
confinement.

(iii) Aging dynamics and nonequilibrium relaxations: We used
two protocols to examine the impact of confinement and fillers
upon the nonequilibrium dynamics: (i) aging dynamics for
temperature 7' < Ty; (ii) nonequilibrium relaxations for tempera-
tures 7' > Tj. The first set of numerical experiments confirmed
that the aging dynamics qualitatively reflect the effects of changes
in Ty. The second set of experiments indicated that the non-
equilibrium relaxations quantitatively corresponded to the con-
finement or filler induced changes in the relaxation times.
Moreover, because of the changes in fragility upon confinement
and/or addition of fillers, changes in T, were found to be
insufficient to quantitatively characterize the nonequilibrium
dynamics.

(iv) Equivalence between thin films and PNCs: The confine-
ment and filler-induced shifts in the T}, were not found to be
quantitatively equivalent when compared at the appropriate film
thicknesses and interparticle spacings. The confinement induced
shifts in T} of films were of much larger magnitude and range
compared to the results for PNCs. However, the fragility para-
meters did indicate a potential quantitative similarity. The latter
suggests that the confinement and filler-induced shifts in the
aging dynamics may exhibit a quantitative equivalence when
examined at the same thicknesses and at the same temperatures
relative to their respective 7.

As stated in the Introduction, the main utility of our model and
this study in particular is to shed light on the effects that may arise
as a result of the introduction of slow domains and/or surfaces in
materials. Admittedly, the model does not incorporate any
feature specific to polymer molecules. Consequently, effects
noted in experiments above and beyond suggested in our results
could likely arise from the packing and/or intermolecular inter-
action effects not accurately accounted in our formalism. In the
above regard, we note that our discussion of the experimental
results did indicate that the trends noted in many experiments
qualitatively matched with the characteristics exhibited by our
numerical results, suggesting that such the overall features are not
specific to polymers.

Our study in this article can be extended potentially in several
directions. One may incorporate the effect of skin zones on the
particles to provide a more better accommodate the effect of the
particle on the polymer dynamics and provide more parameters
to fit realistic experimental data.'” Another direction is that the
equilibrium and nonequilibrium relaxations can be examined at
different spatial locations from the interface and the filler to shed
light on the inhomogeneities in properties arising from confine-
ment and/or filler effects.” We hope to pursue some of these
directions in our future researches.
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Appendix. Some Algorithmic Details of Implementation of the
Kinetic Ising Model

In our implementation of the two-spin FA model, instead of
the spin values o; we used a new dynamic order parameter #; as
the fundamental variable, defined as

o;+1
i = 9

where m; denotes the number of up-spin nearest neighbors of the
spin (0 < » < 13). In such a notation, the spin flip rate (cf. eq 3)
can be written as

W) = %acxp[?h(Mod(n, 2) — 1)]Floor (g) (Floor (g) - 1)
(A2)

with only spins with # > 3 being flippable.

We used a periodic 3D cubic lattice box of size N = L, x L, x
L. spins. For computational efficacy we only considered box
dimensions which were exponents of two. The array B(0:N — 1)
of size N were assumed to contain the values of # at different sites
stored by their index i = z + L, (y + L,x), where x, y, and z
denote the physical space index of the site in the X, Y, and Z
directions (x € [0, N,[, y €[0, N,[, z € [0, N.[). We note that among
the 14 possible values of B(/) (0 = n < 13) we have 12 cases of
movable spins and two unmovable configurations.

An independent stack C, is also created which keeps a list of
the sites (indexed by i) which has a value of specified value of #. If
at any step NC(n) denotes the number of sites with the specified
value of 7, then it can be deduced that the relative flip rate of the
class of spins with order parameter # to be

_ NCm)W(n)
1= SNCO) W) (43)

Ateach step, we choose a specific class 57 based on the distribution
Py Within such a class, a site which has such a 7 is then randomly
chosen. For such a site, a spin flip corresponds to a transforma-
tionto#’ such thaty’ = 5+ lifpisevenand ' = n — 1ifnis odd.
Such a move corresponds to an addition of

1

:;Namwm

8t (A4)

to the time counter. The stack C,, is then updated to reflect this
transformation and the preceding step is repeated.

In extending the above algorithm to thin films and PNCs, we
found it especially convenient to set B(/) to some value outside the
range 0 < 5 < 13 to model frozen sites. For instance, by setting
B(I)= —1 for a “frozen fast and B(I) = —2 for a “frozen slow”
site, we can exclude such sites automatically from dynamic
evolutions, with however the odd and even values B(/) still
influencing the dynamics of neighboring cell.
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