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We investigate by molecular dynamics simulation how thin film confinement modifies the fragility of a
model glass-forming liquid characterized previously in the bulk. Film confinement is found to reduce the
relative fragility of the polymer fluid, leading to effects similar to simulations of the addition of an
antiplasticizer additive. A reduction of fragility is not observed for the antiplasticized polymer film. These
effects are interpreted in terms of variation in the string (cooperatively moving segments) concentration
with film confinement and the addition of antiplasticizing additives.
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Diverse nanotechnology applications require an under-
standing of the property changes of glass-forming materi-
als under conditions of nanoscale confinement (thin poly-
mer films, features formed by nanoscale lithography, nano-
imprinting, etc.). This fundamental technological problem
has lead to experimental [1–4], and computational [5–7]
studies seeking to characterize the role of confinement on
glass formation in polymer films. In spite of these efforts, a
consensus has yet to emerge about the effect of confine-
ment on film properties. Most past studies have focused on
the apparent glass transition temperature, Tg; it remains
unclear how changes in that temperature correspond to
changes of molecular mobility in ultrathin films. In this
Letter, we gain significant new insights into these confine-
ment effects by comparing the influence of confinement to
the effect of antiplasticizer additives that, likewise, influ-
ence molecular packing. Fundamental studies of antiplas-
ticizers have been extremely limited. One of their main
characteristics is that, in contrast to the more widely
studied plasticizers, antiplasticizer additives reduce Tg
but increase the stiffness (shear and bulk modulus) of a
polymeric material [8–11].

We surmise that a proper understanding of the influence
of confinement on the dynamics of glass-forming films
requires a characterization of the relative rate at which
structural relaxation changes with temperature in compari-
son to a homogeneous fluid. This relative rate can be
quantified through the so-called fragility (the strength of
the temperature dependence of the structural relaxation)
[12] of the polymer, and its response to antiplasticizers and
confinement.

Recent theoretical arguments ascribe the change in fra-
gility in polymer liquids [13] to variations in packing
efficiency that arise from monomer structural shape.
Based on these arguments, we hypothesize that the fragility
of thin polymer films should differ from the bulk because
the packing frustration must build to its bulk value with
increasing thickness; under high confinement conditions
this packing frustration should be weaker. This viewpoint
leads to the general expectation, confirmed by simulations

[5], that confinement should normally cause a reduction of
liquid fragility, although the effect should be much smaller
in strong glass-forming fluids that suffer from a lesser
degree of packing frustration to begin with. More impor-
tantly, we also hypothesize that the addition of an anti-
plasticizer will lead to a stronger glass former, thereby
reducing or even eliminating the confinement effects that
are generally observed in thin polymer films.

To address the merit of this viewpoint, we perform
molecular dynamics simulations of a confined (free stand-
ing) pure polymer film (referred to as the ‘‘PP’’ system)
exhibiting ‘‘fragile’’ glass formation in the bulk, similar to
synthetic polymers such as poly(styrene). The fragility of
the pure polymer is compared to that of an antiplasticized
polymer film (referred to as the ‘‘AP’’ system). Our simu-
lations show that confinement of the PP system induces a
large shift in the fragility and the relaxation times. In
contrast, the AP melt shows little change in its fragility
and a smaller shift of relaxation times upon confinement. It
is also observed that cooperative molecular relaxation
processes (stringlike motions) are highly inhomogeneous
in the PP films, where free-surface effects propagate
throughout the films. The AP films are much more homo-
geneous, and cooperative motion is only perturbed in the
immediate vicinity of the free surface. Our results imply
that finite-size effects on glass-forming liquids should be
more important in fragile glass-forming liquids and should
be highly dependent on fluid fragility, thereby providing a
rationale for the sensitivity of polymer film confinement
effects [14] to chain molecular structure.

The explicit model considered in this work has been
fully characterized in the literature [5]; for conciseness,
only its main elements are recounted here. The polymer
consists of chains of 32 spherical Lennard-Jones (LJ) sites
connected via a stiff harmonic spring. The LJ parameters
for the polymer monomers are set to unity. The antiplasti-
cizer additive consists of spherical LJ sites with a � value
that is half that of the polymer monomers (� � 0:5); the �
parameter remains unity, which promotes entropic mixing.
The mass of the antiplasticizer particles is 1=8 that of the
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polymer monomers, consistent with the relative volumes of
each particle. The concentration of antiplasticizer particles
in the AP systems is 5% by mass, or 30% by mole. For bulk
configurations, we first simulate in an NPT ensemble at
zero pressure at each T of interest to obtain an average
density (�). Production runs are then conducted in the
NVT ensemble at the average �. This lead to mass den-
sities ranging from � � 0:98 at 1:1Tc to � � 0:93 at TA
(defined below) for the PP system, and � � 1:01 at 1:1Tc
to � � 0:96 at TA for the AP system. To prepare thin films,
we began with a bulk configuration and doubled the length
of the simulation box in the z direction, creating a free-
standing film with surfaces perpendicular to the z direction.
This was followed by an equilibration period of 107 time

steps (one time step was �t � 0:001�LJ, where �LJ ����������������
�2m=�

p
is the LJ time) using molecular dynamics at T �

0:6. This procedure for thin film generation yielded films
that were 8:81� and 9:03� for the PP and AP systems,
respectively, at T � 1:23Tc. After equilibration, tempera-
ture was lowered by �T � 0:01 every 50 000 time steps to
the range of interest, followed by an additional 2� 106

time steps for equilibration. Production runs proceeded
until at least 20 times the relaxation time at each T. In
this work we restrict ourselves to the range T � 1:1Tc; for
such temperatures, the relaxation times are reasonably
small and are amenable to study by molecular dynamics
simulations. All values reported in this Letter are in units
reduced by the LJ parameters of the polymer monomer.

Several characteristic T’s are used to characterize glass-
forming materials [13]. These are inferred from the T
dependence of specific relaxation times. The relaxation
times considered in this work are extracted from the
bond autocorrelation function, Cb�t�, of the bonds along
the polymer backbone [15]. The relaxation times, �, are
defined as the time whereCb�t� decays to 1=e � 0:368, and
are shown in Fig. 1. The reproducibility of our results was
examined by generating three independent configurations
at each T and examining the difference in �. The run-to-run
variation in � was less than 4%, except at the lowest
T�1:1Tc�, where the variation was approximately 10%.
These uncertainties were propagated to the characteristic
T’s via a sensitivity analysis. The characteristic tempera-
ture where the relaxation times begin to deviate from
Arrhenius behavior is denoted by TA [16]; in a sense, TA
marks the onset of the glass-forming regime [13]. The
values of TA are shown in Table I, and the uncertainties
are estimated to be less than 0.01 on all TA values. We use
Tc to designate the temperature where the system enters a
second dynamic regime of glass formation and the tem-
perature dependence of � changes due to changing features
of the energy landscape [13]. It is obtained by fitting � to

 � � A�T � Tc���; (1)

where A and � are adjustable parameters. The results of
fitting to Eq. (1) are shown in the main part of Fig. 1. The

fits are excellent at lower temperatures, and they degrade as
T increases. This is expected, since Eq. (1) is valid only
close to Tc. The fitted parameters of fitting to Eq. (1) are
shown in Table I, and the uncertainties in all values of Tc
are less than 2%. The change in Tc is much smaller upon
confinement for the AP systems compared to the PP
systems.

Two additional characteristic temperatures, denoted by
T0 and Tg, are obtained through fits to the Vogel-Fulcher-
Tammann-Hesse (VFTH) equation

 � � �0e
DT0=T�T0 ; (2)

where T0 represents the ‘‘end’’ of the broad glass-
formation regime. The value of D obtained from Eq. (2)
provides an estimate of the fragility of the system; higher
values ofD correspond to ‘‘stronger’’ (or less fragile) glass
formers [12]. The parameters in Eq. (2) are given in
Table I.

In this work, the glass transition temperature Tg is taken
to be the temperature where � � 100 s. If we assume that
our value of �0, obtained in Eq. (2), is �0 �O�10�13� s,
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FIG. 1 (color online). Relaxation times plotted against T. The
lines are fits to Eq. (1). The red circles (	) are for the AP system,
the black diamonds (
) are for the PP system, solid lines are
used for the bulk configurations, and dashed lines for the thin
films. The inset shows fits to Eq. (2) for the PP and AP film
systems. All figures available online in color.

TABLE I. Values of the characteristic T’s and parameters of
Eqs. (1) and (2) for the PP bulk (bPP), PP films (fPP), AP bulk
(bAP), and AP films (fAP).

Parameter bPP fPP bAP fAP

TA 0.59 0.56 0.51 0.51
Tc 0.42 0.35 0.34 0.31
Tg 0.37 0.27 0.26 0.25
T0 0.36 0.24 0.23 0.24
� 1.59 2.26 2.01 2.09
D 1.01 4.20 4.03 2.85
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then Tg corresponds to the temperature where Eq. (2)
predicts �=�0 � 1015. It should be noted that Eq. (2) is
strictly valid in the low-temperature regime of glass for-
mation, between Tc and Tg. Since none of our data lie in
this regime, we fit Eq. (2) to � values at the six lowest T’s
investigated here, and acknowledge that the large extrapo-
lation required to obtain T0 and Tg likely introduces a
significant uncertainty in their estimation. This uncertainty
is calculated to be less than 8% in all cases. We also note
that the values of T0 and Tg are only provided to enable
comparisons to previous works on thin polymer films
[which also fit to Eq. (2) above Tc]; the trends observed
in this work are consistent with literature reports [6,7].

Having established the behavior of several characteristic
T’s, we now proceed to examine the cooperative mecha-
nisms responsible for structural relaxation in the systems
considered in this work. Entropy-based models on the
dynamics of glass formation describe cooperatively rear-
ranging regions of particles which grow upon cooling
towards Tg [17]. Identifying these regions with the string-
like structures previously identified in glass-forming sys-
tems in the literature [18] implies that, at a common
reduced temperature, T=Tc, the strings in the liquid should
become smaller if the glass formation becomes stronger.
The definition of the strings has been described previously
[18,19]. For the PP systems, our procedure is identical to
previous works [18,19]. Mobile particles were defined as
those which had moved farther than the Brownian motion
prediction over a time window determined from the maxi-
mum in the non-Gaussian parameter; 6% of the PP mono-
mers were mobile, and this was not a function of T. In the
AP system, the time window and Brownian predictions
were determined from the motion of the polymer mono-
mers; however, the mobile particles were defined as all
particles which had moved farther than the Brownian
prediction. This turned out to be approximately 23% of
the antiplasticized system, and was also independent of
temperature. While there is a drastic difference in the
number of particles defined as mobile for the AP and PP
systems, the results discussed below justify our approach.
The mobile particles were analyzed for stringlike behavior.
Two particles are defined as being part of the same string if
the following relation is true:

 min�jri�0� � rj�t��j; jri�t�� � rj�0�j
 � � � 0:6�ij; (3)

where �ij is the effective � between the two particles for
the LJ potential. This inclusion of �ij in the definition of �
in Eq. (3) makes our definition of the strings slightly
different than in Ref. [18] and is necessary to properly
account for the different sizes of the polymer monomers
and the antiplasticizer particles.

Figure 2 shows the average string length (Ls) as a
function of T for the PP and AP thin films. Results for
the bulk are also shown for comparison. For the pure
polymer, we find that the strings become shorter for the

films, indicating that the material is less likely to relax
cooperatively, and consistent with the picture that strong
glass formers require smaller CRRs to relax compared to
fragile ones. In contrast, the overall change in the length of
the strings, Ls, is quite small when the AP system is
confined to a thin film. We observe a small increase in Ls
as Tc is approached from above. This is due to a depletion
of antiplasticizer particles near the free surface, and an
increase in the cooperativity near the free surface (not
shown); the center of the film retains a bulklike antiplasti-
cized polymer behavior. The fact that smaller strings are
found in the antiplasticized polymer, even though we are
looking at a larger number of particles for stringlike coop-
erativity, is a reassuring confirmation of the method em-
ployed to define the mobile particles. The composition of
the strings as is shown in the inset to Fig. 2 as a function of
temperature; the cooperative strings contain a large frac-
tion of antiplasticizer particles, and that fraction increases
as the temperature is lowered. In the thin films, the con-
centration of antiplasticizer in the strings is somewhat
smaller than in the bulk, but it is still larger than the overall
mole fraction of 30%.

We can gain insight into how confinement alters the
nature of particle movement in thin polymer films by
examining the distribution of mobile particles as a function
of position away from the free surface, and by comparing
relaxations near the free surface to those at the center of the
film. Figure 3 shows the probability of finding a mobile
particle at a given z position in the film at two different
temperatures for the pure polymer and the mixture. The
mobile particles are much more likely to reside near the
free surfaces in the pure system, where the density is
slightly reduced. For the AP mixture, this effect is not
nearly as dramatic; the distribution of mobile particles in
the AP film is much more homogeneous than in the pure
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FIG. 2 (color online). Average string length as a function of
T=Tc for the AP (	) and PP (
) in the bulk (solid lines) and thin
films (dashed lines). The inset shows the mole fraction of
antiplasticizer particles in the cooperative strings (Ls � 2) in
the AP bulk (solid) and thin film (dashed) systems at various T’s.
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films. The inset to Fig. 3 shows the composition profile of
the antiplasticized films; antiplasticizer particles do not
segregate to the free surface (where more free volume is
available). In fact, the free surface consists of mostly
polymer monomers. We also see from Fig. 3 that raising
T slightly expands the films, thereby leading to a slight
suppression of the peaks near the free surfaces.

Overall, our results suggest that confining a fragile
polymeric fluid to a thin film not only changes the glass
transition temperature, but also changes the very nature of
glass formation in these fluids. The packing frustration
effects that are predicted to be responsible for fragile glass
formation [13] can apparently be relieved either through
confinement or the addition of an antiplasticizer additive,
as both processes render fragile glass formers stronger. We
find that the confinement of a strong (antiplasticized) glass
former reduces the length scale over which the free sur-
faces affect the dynamics compared to the confined fragile
glass former, and leads to smaller changes in fragility or
the characteristic T’s with confinement. These observa-
tions are consistent with and help explain recent experi-
mental observations by Ellison et al. [2], who found that

two different dopants (which made the polymer a stronger
glass former in the bulk) could eliminate confinement
effects on the Tg of supported PS films. These authors
also found that simply adding the polymer monomer did
not eliminate the confinement effects. In their discussion
they suggest that the reduction of confinement effects is
likely due the smaller CRRs associated with stronger glass-
forming fluids, and our results substantiate this suggestion.

This work is supported by the SRC (No. 2005-OC-985)
and the UW-NSEC.

[1] J. L. Keddie, R. A. L. Jones, and R. A. Cory, Europhys.
Lett. 27, 59 (1994).

[2] C. J. Ellison, R. L. Ruszkowski, N. J. Fredin, and J. M.
Torkelson, Phys. Rev. Lett. 92, 095702 (2004).

[3] D. S. Fryer et al., Macromolecules 34, 5627 (2001).
[4] M. P. Stoykovich et al., Adv. Mater. 15, 1180 (2003).
[5] T. S. Jain and J. J. de Pablo, J. Chem. Phys. 120, 9371

(2004); Phys. Rev. Lett. 92, 155505 (2004).
[6] F. Varnik, J. Baschnagel, and K. Binder, Phys. Rev. E 65,

021507 (2002).
[7] A. R. C. Baljon, M. H. M. V. Weert, R. B. DeGraaf, and

R. Khare, Macromolecules 38, 2391 (2005).
[8] Y. Maeda and D. R. Paul, J. Polym. Sci., B Polym. Phys.

25, 1005 (1987).
[9] J. S. Vrentas, J. L. Duda, and H. C. Ling, Macromolecules

21, 1470 (1988).
[10] B. J. Cauley et al., Macromolecules 24, 403 (1991).
[11] K. L. Ngai, R. W. Rendell, A. F. Yee, and D. J. Plazek,

Macromolecules 24, 61 (1991).
[12] C. A. Angell, J. Phys. Chem. Solids 49, 863 (1988).
[13] J. Dudowicz, K. F. Freed, and J. F. Douglas, J. Phys.

Chem. B 109, 21 350 (2005); J. Chem. Phys. 123,
111102 (2005).

[14] Y. Grohens et al., Eur. Phys. J. E 8, 217 (2002).
[15] C. Bennemann, W. Paul, J. Baschnagel, and K. Binder,

J. Phys. Condens. Matter 11, 2179 (1999).
[16] S. Sastry, P. G. Debenedetti, and F. H. Stillinger, Nature

(London) 393, 554 (1998).
[17] G. Adam and J. H. Gibbs, J. Chem. Phys. 43, 139 (1965).
[18] C. Donati et al., Phys. Rev. Lett. 80, 2338 (1998).
[19] M. Aichele et al., J. Chem. Phys. 119, 5290 (2003).

-6 -4 -2 0 2 4 6
Z Position

0

0.02

0.04

0.06

0.08
Pr

ob
ab

ili
ty

-6 -4 -2 0 2 4 6
Z Position

0

0.2

0.4

0.6

0.8

1

x po
ly

AP Films

PP Films

FIG. 3 (color online). String density within PP and AP poly-
mer films at T � 1:23Tc (solid lines) and T � 1:51Tc (dashed
lines). The inset shows the local composition (mole fraction
polymer) of the AP films at the same two T’s.
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