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ABSTRACT: We havemeasured the temperature dependence of the physical aging rate β of thick (2430 nm)
and thin (29 nm) polystyrene (PS) films supported on silicon using a new streamlined ellipsometry procedure
that we have recently developed. The physical aging rates β(T) for the ∼30 nm thick films are found to be
reduced at all temperatures, which is not consistent with a simple shift in β corresponding to the average
reduced glass transition temperature (Tg) of these films. Instead, the β(T) results correspond well with there
being a gradient in dynamics near the free surface. Our β(T) results can be well fit by both a two-layer model
and a gradient model. The temperature-dependent length scale (of order 10 nm) that characterizes the depth
to which the enhanced dynamics near the free surface propagate into the film is similar to that found
previously by Forrest and Mattsson [Phys. Rev. E 2000, 61, R53-R56] for the molecular weight (MW)-
independentTg reductions of low-MWfree-standing PS films, strongly suggesting that the samemechanism is
responsible for both effects. This length scale grows with decreasing temperature, suggesting that the
mechanism is cooperative in nature.

Introduction

Numerous studies over the past nearly 20 years have reported
deviations from bulk behavior in nanoconfined systems of the
glass transition temperature (Tg) and associated properties such
as physical aging, diffusion, and modulus.1-15 Because of the
growing number of technological applications that rely on the
stability of glassy materials within domain sizes of tens to
hundreds of nanometers, improved fundamental understanding
of these phenomena is becoming critical. One important route to
developing such an understanding is to determine how these
various properties, which are interrelated in bulk systems, corre-
late in nanoconfined systems, if at all.

In recent years, a number of studies have investigated correla-
tions between changes in physical aging rate, and time to reach
equilibrium, with deviations of Tg in confined systems.15-33 By
definition, structural relaxation can only occur below Tg; thus,
one would anticipate properties associated with physical aging to
correlate with deviations inTg. In some studies,17,19-21,26,27 this has
been found to be the case. However, most puzzling are studies,
primarily from the gas permeation community, that indicate the
length scale (film thickness) at which deviations in the physical
aging rate occur can be much larger than the length scale at which
deviations in Tg occur.28-33 These results suggest that there are
likely additional factorswhich influence thephysical agingbehavior
beyond those that influence Tg in confined systems. Physical aging
studies in confined systems have been recently reviewed byPriestley
in ref 15; thus, we highlight here only those studies pertinent to our
discussion. In the present study, we focus on changes in physical
aging rates occurring near an interface on the length scale of tens of
nanometers, which we believe are associated with corresponding
changes in Tg. We have also observed changes in physical aging
rates atmuch larger, hundreds of nanometers, length scale for films

quenched in a free-standing state,34 which will form the subject of a
separate publication.

The majority of the investigations into the behavior of nano-
confined systems have focused on the glass transition. The
deviations inTg appear to be primarily associated with interfacial
effects perturbing the dynamics rather than simply finite confine-
ment of the material to nanometer-sized dimensions.7,8,11,35-38

These interfacial effects are believed to lead to a gradient in
dynamics emanating from the perturbing interface, with the
material eventually returning to bulklike behavior sufficiently far
from the interface. The observations that a free surface can impart
enhanced dynamics or that hydrogen bonding at a substrate
interface can reduce mobility are not particularly surprising. What
seems to defy understanding is the strength and depth of the
perturbation in dynamics. In some cases, shifts in Tg of many tens
of degrees have been observed1,2,11 with interfacial perturbations
propagating up to tens to hundreds of nanometers from the
interface.8,15,38

That a gradient in enhanced dynamics could exist near a free
surface was originally proposed by Keddie, Jones, and Cory,6

who developed an empirical fitting function, Tg(h) = Tg
bulk[1 -

(A/h)δ], for their Tg reductions in supported polystyrene (PS)
films based on the idea of a liquidlike layer near the free surface.
They assumed that the length scale characterizing the mobile free
surface layer exhibited a power law divergence at bulkTg with the
reduced filmTg(h) occurring when this length scale became equal
to that of the film thickness h. Others havemodeled this variation
in dynamics with depth using various layer models,39-42 with some
proposing a different functional form for the thickness-dependent
Tg reductions, Tg(h) = Tg

bulk/(1 þ h0/h).
40,43-45 However, it was

not until nearly a decade after the initial observations of Tg

reductions in thin polymer films that Ellison and Torkelson8

developed a unique fluorescence technique that could demonstrate
experimentally that a gradient inTg did exist near the free surface of
PS. Surprisingly, these fluorescence multilayer measurements
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found that bulklike dynamics are not recovered until 30-40 nm
from the interface,8 a depth significantly larger than anticipated.
Recent computer simulations by Baschnagel and co-workers44,45

have also observed a gradient in dynamics near the free surface, and
theoretical efforts by Lipson andMilner46 havemodified Long and
Lequeux’s percolation model47 to model a variation in Tg with
depth due to free surface and substrate interactions. What causes
the enhanced dynamics at a free surface to propagate to depths of
several tens of nanometers from the interface is perhaps the most
complex unresolved issue associated with confinement.

Although a length scale of tens of nanometers in polymer
systems immediately conjures ideas of chain size and radius of
gyration (Rg), Tg reductions in supported PS films have been
tested and found to be unequivocally independent of molecular
weight (MW).5,48-50 The same Tg reductions for a given film
thickness h are observed for PS films with MWs both above and
below the critical MW for entanglement and for Rg values
comparable to andmuch less than the film thickness.What seems
to influence the Tg(h) behavior is the size and flexibility of the
monomer unit and associated side group,37,49-51 which suggests
that cooperative segmental dynamics plays a role in this phenom-
enon. This cooperative motion idea is supported by a layermodel
analysis by Forrest andMattsson41,42 that fit theirMW-indepen-
dent Tg(h) reductions for low-MW free-standing films using a
layer model that allowed the thickness of the free-surface layer
ξ(T) with enhanced dynamics to vary with temperature in a
manner similar to that anticipated for the size of the cooperatively
rearranging region (CRR).A similar temperature dependence for
the length scale quantifying the range of deviations in dynamics
near the free surface was observed in computer simulations by
Baschnagel and co-workers.45 Studies have also demonstrated
that Tg nanoconfinement effects can be reduced or completely
eliminated by the addition of plasticizers,52-54 which has been
attributed to the plasticizer molecules reducing the cooperative
nature of the dynamics.52,53 However, careful studies by Torkel-
son and co-workers49 andVogt and co-workers51 have yet to find
a direct correspondence between Tg reductions in confined
systems and the size of CRR.

Some physical aging studies have also found evidence for a
gradient in dynamics occurring near a perturbing interface.Most
notably, fluorescence multilayer measurements by Priestley,
Torkelson, and co-workers20 have shown a gradient in physical
aging rate similar to that observed for Tg at both the free surface
and substrate interface. However, their studies suggest that the
length scale over which such perturbations propagate into the
film may be larger than that observed for Tg changes.

20 Kawana
and Jones17 used ellipsometry to measure the overshoot of the
expansivity-temperature curve (upon heating at 2 K/min) of
ultrathin PS films that had been aged for 7 days at either 343 or
353 K. Studies of 10-200 nm thick films supported on silicon
found no physical aging for 10 nm thick films that were aged
below bulk Tg but above the reduced Tg of the film (consistent
with observations made by fluorescence19). The authors inter-
preted the reduced intensity of the relaxation peak for thinner
films as arising from the presence of a liquidlike layer at the free
surface of order 10 nm, but they hypothesized that local structur-
al relaxation would be depth dependent reflecting the gradient in
Tg present in these films. Recent studies by Rowe et al.26,27 have
observed correlations between physical aging measured using gas
permeation and Tg reductions for ultrathin polysulfone (PSF)
films and found that the sizes of free volume elements were
different in the near surface region than in the interior of the film.
In contrast, Koh and Simon,21 who have used differential
scanning calorimetry (DSC) to measure the enthalpy overshoots
of stacked PS films for aging times out to 1000 min at tempera-
tures down toTg- 15K, found that the physical aging rate of PS
films at a fixed aging temperature decreased with decreasing film

thickness and that this decrease was consistent with a simple shift
in the temperature dependence of the physical aging rate caused
by a shift in Tg. The authors also investigated the time to reach
equilibrium at a few degrees below Tg and found that thinner
films reach equilibrium more quickly.

In the present study, we have used a newly developed stream-
lined ellipsometry technique55 to measure the temperature de-
pendence of the physical aging rate of ultrathin supported PS
films. The physical aging rate is determined from time-dependent
measurements of the film thickness quantifying the increase in
average film density during aging. A comparison of the tempera-
ture dependence of the aging rate between thick (2430 nm) and
thin (29 nm) films reveals that the aging rates for the thinner films
are not simply shifted to lower temperatures corresponding to the
shift in the average Tg of these films, but that the physical aging
rates are reduced at nearly all aging temperatures for PS films
<100 nm thick. We find these results to be consistent with a
gradient in dynamics present at the free surface, i.e., that the rate
of structural relaxation varies with distance from the free surface.
The temperature dependence of the reduced physical aging rates
has been analyzed using a popular two-layer model, from which
we extract a temperature-dependent liquidlike layer at the free
surface (of order 10 nm) that characterizes the depth dependence
of the gradient in dynamics.We find the temperature dependence
of this length scale to be very similar to that previously found to
describe the film thickness-dependent Tg reductions in these
films, strongly suggesting that the enhanced dynamics at the free
surface are responsible for both effects. In addition, we have
analyzed our data in terms of a more realistic continuous
distribution (gradient) in dynamics. In both the two-layer model
and gradient model, we observe that the length scale that
describes the depth to which the enhanced dynamics at the free
surface propagate into the film grows with decreasing tempera-
ture, bringing renewed support to the idea that the mechanism
controlling this behavior involves cooperative motion of the
segmental units.

Experimental Section

Polystyrene (Sigma-Aldrich secondary standard) with Mw =
245 000 g/mol,Mw/Mn = 2.0, as determined by GPC relative to
PS standards,55 was dissolved in toluene at concentrations from
1 to 15 wt%. PS films with thicknesses from 29 to 2700 nm were
formed by spin-coating at 500-3000 rpm onto silicon substrates
(∼500 μm thick) that were precut into 2 cm square pieces. All
supported PS films were subsequently annealed under vacuum at
393 K for at least 12 h to remove residual solvent and ensure a
uniform sample history. Some of the thickest films (∼2500 nm)
were annealed under vacuum for up to 48 h, but these films
produced identical experimental results to those obtained with
films annealed for only 12 h. No evidence of dewetting was
observed after annealing for any of the thick or thin PS films.
The glass transition temperature for the PS used was 374 K as
measured by DSC (Tg onset at 10 K/min on second heat after
cooling at 20 K/min)55 and 370 ( 2 K as measured by ellipso-
metry (Tg from film thickness on cooling at 1K/min) based on an
average of five samples ∼2500 nm in thickness.

At the start of each physical aging measurement, the PS films
supported on silicon were annealed in a glass Petri dish above Tg

at 403 K for 25-30 min to equilibrate the sample and erase all
previous thermal history. The films were thermally quenched by
removing them from the oven and placing the glass Petri dish in
thermal contact with a room temperature aluminumblock for 60 s.
This ensured a rapid (∼100 K/min), reproducible temperature
quench of the sample through Tg. The sample was then immedi-
ately transferred to the ellipsometer hot stage (Instec heater) that
was preset and stabilized (for ∼30 min) at the desired aging
temperature. The sample was quickly aligned on the ellipsometer
(Woollam M-2000) and data collection initiated. Continuous
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measurements of the ellipsometric anglesΨ andΔ as a functionof
wavelength λ at an angle of incidence of 65� were collected
(averaging over a 30 s period) every 2 min for 360 min. The film
thickness h and index of refraction n(λ) of the polymer film were
determined by fitting theΨ(λ) andΔ(λ) values for λ=400-1000
nm to a layer model comprised of the polymer film, modeled as
a Cauchy layer with n(λ)=A þ B/λ2þC/λ4, atop a silicon sub-
strate with a 2 nm native oxide layer.

Results and Discussion

Physical aging rates β were calculated by plotting the normal-
ized film thickness h/h0 as a function of the logarithm of the aging
time, as depicted in Figure 1. The value of h0 corresponds to the
thickness at an aging time of 10 min, when it is ensured that the
sample has reached thermal equilibrium with the aging tempera-
ture. The slope of the linear decrease in film thickness as a
function of the logarithm of the aging time characteristic of
physical aging is evaluated by a single parameter fit with the data
forced to pass through the first data point corresponding to an
aging time of 10 min:55

β ¼ - 1=h0 dh=dðlog tÞ ð1Þ
Figure 1 shows data for a 2300 nm thick film with β = 10.5 �
10-4 and a 29nm thick filmwithβ=7.7� 10-4 aged at 338K for
360 min. We have previously explored the use of different aging
times and found that the physical aging rates obtained from data
collected for 360 min are within experimental error of those
obtained from data collected for 24 h of aging.55

Figure 2 examines the effect of film thickness on the physical
aging rate of PS films supportedon silicon. In this figure, all of the
data have been collected at an aging temperature of 338 K,
corresponding to the peak in the temperature dependence of our
measured aging rate for∼2500 nm thick films (plotted in Figure 3).
Using ellipsometry, the thickest films we are able to reliably
measure are ∼2500 nm. For thicknesses beyond this, the oscilla-
tions in the Ψ and Δ data as a function of wavelength, and
the difficulty associated with producing optically flat samples,

degrade the fit to the layer model. The thinnest films we can
reliablymeasure are∼30 nm.At this thickness the total change in
film thickness over the entire 360 min aging run is <0.1 nm
(∼0.3% change in film thickness). We recognize this change in
thickness with aging time is exceedingly small and that one might
question the reliability of such ameasurement.However, eachdata
point shown in Figure 2 is an average of multiple measurements

Figure 1. Film thickness h, normalized by h0, the film thickness corre-
sponding to an aging time of 10min when the sample is ensured to be in
thermal equilibrium with the aging temperature of 338 K, as a function
of the logarithmof the aging time. Circles are data from a 2300 nm thick
PS film with the best fit line corresponding to an aging rate β=10.5�
10-4, and the triangles are data froma 29 nm thick PS filmwith a best fit
aging rate of β = 7.7 � 10-4. The physical aging rates were evaluated
using β = -1/h0 dh/d(log t).

Figure 2. Physical aging rate β plotted as a function of film thickness
for PS films supported on silicon for data collected at an aging
temperature of 338 K over a period of 360 min. Each data point
corresponds to anaverage of 2-6 samples. The curve is a best fit toβ(h)=
βbulk(1 - A/h) with βbulk = 10� 10-4 and A= 8 ( 1 nm for this aging
temperature.

Figure 3. Temperature dependence of the physical aging rate β plotted
for 2430( 120 nm thick PS films (filled circles) and for 29( 1 nm thick
PS films (open triangles). Each data point corresponds to an average of
2-6 samples measured over an aging period of 360 min evaluated using
β=-1/h0 dh/d(log t). The curve through the∼2500nm thickPS films is
simply a second-order polynomial fit to parametrize the temperature
dependence of the data, βbulk(T). The solid curve through the ∼30 nm
thick PS films is for eq 2withA(T) given by the best fit of eq 3 to the data
shown in Figure 4, while the dotted curve is for eq 5 with λ(T) given by
the best fit of eq 3 to the data shown in Figure 4.
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over 2-6 samples (more for the thinner films). In addition,wehave
performed control experiments on 30 nm thick films held aboveTg

in the equilibrium state and find that themeasured film thickness is
stable to within 0.011 nm over the course of the 360 min measure-
ment, corresponding to a change in overall film thickness of
<0.04%. Below ∼30 nm, the difficulties associated with the
inability of ellipsometry to independently resolve56,57 h and nmake
the aging measurement problematic.

The data shown in Figure 2 indicate that for PS film thick-
nesses g100 nm the measured aging rate is independent of film
thickness, while for films <100 nm in thickness we see a
progressive decrease in the physical aging rate. Because of the
well-known reductions in Tg with decreasing film thickness that
have been abundantly characterized for PS films supported on
silicon for thicknesses less than ∼100 nm,2,5 our initial inter-
pretation of the data shown in Figure 2 was that a shift in the
temperature dependence of the aging rate to lower temperatures
had occurred, corresponding to the shift inTg. In otherwords, the
decrease in the aging rate for filmswith thicknesses<100 nmwas
associated with the peak in the aging rate no longer correspond-
ing to 338K. Thiswould be consistentwith recent observations in
the research literature which used DSC to measure stacked PS
films for aging temperatures down toTg- 15K21 and with those
studies that have measured no physical aging for ultrathin PS
films at aging temperatures below bulk Tg but above the reduced
Tg of the film.17,19

To test this assumption, we measured the temperature depen-
dence of the physical aging rate for 29 ( 1 nm thick PS films
supported on silicon. Figure 3 compares the temperature depen-
dence of the physical aging rate for 2430( 120 nmand 29( 1 nm
thick PS films, both collected over an aging period of 360 min
with β evaluated using eq 1. It is clear from the data that the
physical aging rate for the thinner films is generally reduced at all
temperatures and has not simply shifted to lower temperatures as
anticipated by the reduced averageTg of these films. The reduced
physical aging rates imply that the percentage decrease in film
thickness during the 360 min aging process is less for the thinner
films.

On first consideration, it may appear that the results presented
in Figures 2 and 3 are not consistent with the fluorescence
measurements by Priestley et al., which found no change in the
physical aging rate between 500 and 20 nm thick PS films
supported on silica measured over an aging period of 80 min at
305K.19 However, the pyrene fluorescence studies by Ellison and
Torkelson,8 which demonstrated the Tg gradient in PS films as a
function of depth from the free surface, also found that films
thinner than 25 nm can no longer support a gradient in the Tg

dynamics. Thus, significant differences in the film dynamics
may exist between 20 and 30 nm thick films. Unfortunately, we
are unable to reliably measure films less than ∼30 nm with
ellipsometry.

Numerous studies presented in the research literature have
demonstrated that the average Tg of 30 nm thick PS films are
reduced from the bulk value by 5-10 K.2,5 It is clear that the
results of Figure 3 are not consistent with the thinner films having
simply a single Tg value reduced from the bulk, since that would
be observed as a simple shift in the temperature dependence of the
bulk aging rate in Figure 3 to lower temperatures by 5-10 K.
What is most peculiar is that we observe physical aging of 29 (
1 nm thick PS films at an aging temperature of 368 K, only a few
degrees below bulk Tg. This indicates that some portion of the
∼30 nm thick films must be in the glassy state, which would be
consistent with these films having a gradient in Tg dynamics
across the thickness of the film, as has been measured experi-
mentally using fluorescence.8 The large error bar associated with
this data point arises from the small variation in film thickness
between the measured films. At an aging temperature of 368 K,

very close to bulk Tg, the measured aging rate is very sensitive to
film thickness. The five films measured at 368 K that gave an
average aging rate of (5.9 ( 2.0) � 10-4 are 30.0 nm with β =
8.2� 10-4, 29.0 nmwith β=5.9� 10-4, 28.3 nmwith β=7.2�
10-4, 28.2 nm with β= 5.2� 10-4, and 27.3 nm with β= 2.9�
10-4.

We now demonstrate that the results of Figures 2 and 3 are
consistent with a gradient in Tg dynamics across the thickness of
the film. One can envisionmodeling a gradient inTg dynamics by
dividing a 30 nm thick film into six layers of 5 nm each, with each
layer exhibiting its own Tg and aging rate β. The bottommost
layer next to the substrate interface would exhibit nearly bulklike
properties,8 while the topmost layer next to the free surfacewould
exhibit nearly liquidlike properties.8,20 It is reasonable to assume
that the region of the film immediately next to the free surface
does not undergo any physical aging because its local Tg, much
reduced from the average film Tg, would be lower than the aging
temperature. However, ellipsometry is only able to measure a
single averageβ value across the entire thickness of the film.Thus,
with a single measured parameter, the most sophisticated layer-
type model we are able to interpret is a simple two-layer model
with a liquidlike layer at the free surface that does not undergo
any physical aging at the aging temperature and a bulklike aging
layer underneath. Such a two-layer model gives rise to a simple
parametrization for the data:

βðh,TÞ ¼ βbulkðTÞ½1-AðTÞ=h� ð2Þ
where our singlemeasured parameter can be used to comment on
the liquidlike layer thickness A(T) that characterizes the depth
from the free surface that the enhancedmobility persists. Numer-
ous other studies with similar limitations have interpreted their
data in this manner, obtaining a liquidlike layer thickness of
5-10 nm at the free surface of PS.6,17,41,42 However, all these
studies have also remarked that although the analysis is per-
formedwith a simple two-layermodel, it is farmore likely that the
change in dynamics across the thickness of the film occurs
uniformly as a gradient in dynamics as a function of depth.8,20,44

This point should not be forgotten.
A fit of eq 2 to the β(h) data presented in Figure 2 at an aging

temperature of 338 K gives best fit values of βbulk = 10 � 10-4

and a liquidlike layer thickness of A= 8 ( 1 nm, which is
independent of the overall film thickness. The data inFigure 2 are
well fit by the simple two-layer model and provide a liquidlike
layer thickness consistentwith previouswork.6,17,41,42 Todetermine
whether this analysis is consistent with the physical aging rates
measured over the range of temperatures shown in Figure 3, we
parametrize the βbulk(T) data in Figure 3 by fitting the 2430( 120
nm thick films to a second-order polynomial and use it to extract
A(T) values from the β(T) data for the 29( 1 nm thick films shown
via eq 2. This surface layer thickness A(T) is plotted in Figure 4.

From the A(T) data plotted in Figure 4, it is immediately
apparent that the effective surface layer thickness increases with
decreasing temperature, starting from∼3 nm just below bulk Tg.
Thismay initially appear counterintuitive but has been previously
observed by Forrest andMattsson,41,42 who performed a similar
layer-model analysis of their Tg(h) data for free-standing low-
molecular-weight PS films. We note that the low-MW free-
standing film data exhibit the same functional form for Tg(h) as
supported films with no MW dependence, the only difference
being that for free-standing films theTg reduction for a given film
thickness h is twice as large as for a supported film of thickness h
because of the presence of two free surfaces.1,2,41,42 This is in
contrast to the Tg(h) data for high-MW free-standing films which
exhibit a qualitatively different behavior with a strong MW
dependence.1,2 For comparison, we include dashed and dotted
lines in Figure 4 depicting the range of the calculated values by
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Forrest and Mattson41,42 for the surface layer thickness. Given
that their values were obtained from Tg measurements on free-
standing PS films using Brillouin light scattering42 and ours were
obtained from physical agingmeasurements on supported PS films
using ellipsometry, the agreement is quite remarkable. The simi-
larity also strongly suggests that our reduced physical aging
rates observed for PS films <100 nm thick are related to the Tg

reductions observed in these films.
How should this growing surface layer thickness A(T) with

decreasing temperature be interpreted? A(T) represents, in some
(unfortunately) ill-defined manner, the depth to which the
enhanced free-surface mobility propagates into the film. Recent
computer simulations by Baschnagel and co-workers44,45 have
observed that the length scale over which the enhanced dynamics
at the free surface transition continuously into bulklike dynamics
increases with decreasing temperature, consistent with this ob-
servation. Forrest and Mattsson41,42 related the temperature
dependence of the surface layer thickness to the temperature
dependence of the cooperativity length ξ(T), suggesting that
the propagation of enhanced mobility from the free surface
may be correlated with cooperative motion. Although this is an
appealing idea, it is not clear that Tg nanoconfinement effects
correlate directly with the cooperativity length scale.49-51

Following Forrest and Mattsson,41 we fit the temperature
dependence of our surface layer thickness A(T) to a functional
form for ξ(T) proposed by Donth and co-workers:58-60

AðTÞ ¼ ξðTÞ ¼ r0 þRðTons -TÞγ ð3Þ
The characteristic length ξ(T) growswith decreasing temperature
starting from an onset temperature for cooperative motion Tons

(in the vicinity of theRβ splitting region), with aminimum ξ(Tons)
size of r0 assumed to be onemonomer diameter60 (for PS, Forrest
and Mattsson41 took r0 = 0.6 nm). For bulk PS, Tons is
estimated41,42,58,59 to be 463 ( 15 K, ∼90 K above Tg. The
power-law dependence of ξ(T) is characterized by two fitting
parameters R and γ.61 Forrest and Mattsson41 obtained best
fit values of γ = 2.0 ( 0.1, R = (2.95 ( 0.30) � 10-3, and

Tons=485( 6K, holding r0 fixed at 0.6 nm.Using the temperature
dependence of eq 3 for their free surface layer, Forrest andMattsson
also obtained an effective Tg for their surface layer by fitting their
average film Tg(h) data for low-MW free-standing films to a three-
layer model comprised of two outer layers of thickness ξ(T) with
Tg

surf and an inner layer of thickness h - 2ξ(T) with Tg
bulk (see

Figure 6of ref 42) giving avalueofTg
surf=300(7K.41Wehave fit

eq 3 to our A(T) data presented in Figure 4 with r0 and γ fixed62 at
the values obtained by Forrest and Mattsson,41 r0 = 0.6 nm and
γ = 2, obtaining best fit values of R = (2.4 ( 1.0) � 10-3 and
Tons = 396( 13 K. If we assume that Tg occurs ∼90 K below the
onset of cooperative motion Tons, then this would suggest a Tg for
our surface layer of Tg

surf ≈ 306 K, in the same temperature range
previously estimated by Forrest and co-workers.41,42 Although this
agreement with previous estimates of a surface Tg is intriguing, we
hesitate to attach undueweight to this particular formof eq 3, as the
A(T) data couldbe equallywell describedbyother functional forms.
Several functional forms for the temperature dependence of the
cooperative length scale ξ(T) have been proposed, as described in
refs 63 and 64. We should note that Forrest and co-workers65 have
also recently applied this similar type of analysis to nanoparticle
embeddingmeasurements and obtained reasonable agreement with
the results presented in Figure 4.

To demonstrate that this temperature dependence of A(T)
describes the observed β(T) values for the∼30 nm thick PS films,
we include in Figure 3 the curve corresponding to β(T) from eq 2
with A(T) given by eq 3. This analysis demonstrates that the
temperature dependence of the physical aging rate for the h≈ 30
nm thick PS films shown in Figure 3 is consistent with the
presence of a gradient in dynamics as a function of depth from
the free surface. In addition, this analysis indicates that the depth
to which the enhanced dynamics penetrate into the film from the
free surface increases with decreasing temperature, suggesting
that the mechanism for the propagation of enhanced dynamics
from the interface is related to cooperative motion.

Alternatively, we can fit our data to a more realistic gradient-
type model that more accurately represents the continuous
change in dynamics with depth. A reasonable (simplest) ap-
proach would be to assume a single-exponential decay of the
aging rate from zero at the free surface to its bulk value, βbulk(T),
at a depth z sufficiently far from the free surface:

βðz,TÞ ¼ βbulkðTÞ½1- expð- z=λðTÞÞ� ð4Þ
This would define a characteristic length scale λ(T) that would
describe the depth to which the enhanced dynamics at the free
surface propagate into the film. We believe that such a definition
of λ(T) has amorewell-definedmeaning than theA(T) parameter
describing a “liquidlike” layer size of the somewhat artificial two-
layer model. The general functional form of eq 4 is supported by
the fluorescence multilayer measurements of Priestley et al.20 and
by a more recent observation indicating that no physical aging
occurs at a free surface.66We note that there is a muchmore solid
basis in the literature for a gradient in Tg with depth. While we
have already shown that a simple shift of the temperature depen-
dence of the average physical aging rate β(h,T) to lower tempera-
tures corresponding to the average reducedTg(h) for thin films does
not occur, a similar shiftmay occur for the local aging rate β(z,T) at
a given depth z due to the reduced local Tg at that depth Tg(z).

From eq 4, we define the average, experimentally measured,
film thickness-dependent aging rate as the arithmetic mean:

βðh,TÞ ¼ 1

h

Z h

0

βðz,TÞ dz

¼ βbulkðTÞ 1-
λðTÞ
h

1- exp -
h

λðTÞ
� �� �" #

ð5Þ

Figure 4. Squares correspond to the temperature dependence of the
surface layer thickness A(T) for the two-layer model, determined using
eq 2 from the β(T) data for the ∼30 nm thick PS films, while the solid
curve is a best fit of eq 3 to the data. The dashed and dotted curves
represent the range of surface layer thickness A(T) values obtained by
Forrest andMattsson41,42 using a similar two-layermodel analysis from
Tg measurements on low-MW free-standing PS films. Circles corre-
spond to the temperature dependence of the characteristic length λ(T)
for the gradientmodel, determined using eq 5 from the β(T) data for the
∼30 nm thick PS films, while the solid curve is a best fit of eq 3 to the
data. See text for details of the best fit parameter values.
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Lipson andMilner46 have recently discussed whether or not such
a “democratic” average, versus perhaps aweighted average, is the
most appropriate. Baschnagel and co-workers44 have also re-
marked that even though the average Tg(h) of the film may be a
simple arithmetic mean, this does not imply that other quantities,
such as the average relaxation time of the film, are also a simple
average of the local depth-dependent values. However, without a
specific reason to try something more complicated, we proceed
herewith the simplest definition.Nevertheless, it is worth keeping
in mind that different experimental techniques may average
across the distribution in dynamics in a different manner.12

The λ(T) data shown in Figure 4 were obtained from the β(T)
data for the 29( 1 nm thick films via eq 5 in a manner similar to
how theA(T) data were obtained from eq 2. In Figure 4, the λ(T)
data are fit to λ(T)= ξ(T) givenby eq 3,67 and the dashed curve in
Figure 3 corresponds to β(h = 30 nm, T) for the λ(T) data. It is
worth noting that eq 5, the β(h,T) for the gradientmodel, reduces
to eq 2, the β(h,T) for the two-layer model, when the film
thickness is large (i.e., h . λ). This explains why the λ(T) and
A(T) values overlap for the higher aging temperatures (see
Figure 4) when λ(T) <∼10 nm, sufficiently less than the h ≈
30 nm film thickness. Both λ(T) andA(T) are of order 10 nm and
increase with decreasing temperature. These two parameters are
not significantly different but simply illustrate two different
methods of characterizing the depth to which the enhanced
dynamics at the free surface propagate into the film.

We recognize that changes in Tg or R-relaxation dynamics are
not always observed with decreasing film thickness.9,68-74 Many
of these factors have been addressed. For instance, studies
addressing issues associated with sample preparation and resi-
dual stresses from spin-coating have found that local chain
conformations can be sufficiently relaxed after annealing times
of ∼20 min at Tg

bulk þ 20 K.75-78 This indicates that overall
global chain conformations do not affect Tg

7,79 yet would
probably influence other dynamics such as viscosity and dewet-
ting. Confinement effects tend not to be observed at temperatures
above bulk Tg

79 or when measurements are carried out at high
frequencies.80Unintendedwater uptake in somepolymers can act
as a plasticizer also eliminating confinement effects.54 Confine-
ment effects in supported polymer films generally result in a
broadening of the Tg dynamics combined with a loss in contrast
of the transition.81 This can explain much of the variability
observed in the literature as different experimental techniques
are sensitive to different parts of the glass transition.2,12,82

Experimental measurements of ultrathin films are technically
challenging because little material is available to provide a signal.
In addition, the strength of free surface effect can bemuchweaker
in some polymers.11,37,83 For example, the impact of interfacial
interactions can vary with tacticity84 or small differences in
monomer structure,37 such that competing effects between the
free surface and substrate interface can cancel out, resulting in
little or no change in Tg with decreasing film thickness. Overall,
these studies provide intriguing insight into what factors control
glass transition dynamics in confined systems and suggest meth-
ods by which confinement effects may be controlled in order to
tune material properties.

Here we have demonstrated for the first time that the tem-
perature-dependent length scale characterizing the depth to
which enhanced dynamics are propagated from the free surface
of PS is the same for both reductions in the physical aging rate
and reductions in Tg, strongly suggesting that both effects
are caused by the same mechanism. This mechanism appears to
be responsible for both the MW-independent Tg(h) reductions
observed in supportedPS films2,6,8,48,49 and theMW-independent
Tg(h) reductions of low-MW free-standing PS films,1,41,42 which
are both qualitatively similar, following the Keddie, Jones,
and Cory6 functional form. (This is in contrast to high-MW

free-standing films which exhibit a qualitatively different Tg(h)
behaviorwith a strongMWdependence.1,2) ThisMW-independent
mechanism manifests as a gradient in enhanced dynamics near a
free surface that propagates into the film for some distance before
bulklike dynamics are recovered. We have observed that the
length scale characterizing this gradient in dynamics grows with
decreasing temperature, bringing renewed support to the idea
that themechanism that propagates the enhanced dynamics from
the free surface is related to cooperative motion of the segmental
units.

The fact that the length scale of the effect grows with decreas-
ing temperature may explain some discrepancies in the research
literature pertaining to the size of the near surface region that
exhibits enhanced dynamics. For instance, studies of surface
mobilities at elevated temperatures near bulk Tg or when more
liquidlike properties are probed tend to observe enhanced dy-
namics to a depth of only a few nanometers.65,85 In contrast,
fluorescence multilayer measurements by Torkelson and co-
workers have indicated that bulklike dynamics are not recovered
until depths of 30-40 nm from the free surface of PS.8 Both of
these results are consistent with our observations. As shown in
Figure 4, the characteristic length describing the depth to which
the enhanced dynamics propagate from the free surface is only a
few nanometers near bulk Tg but grows to approximately 15-20
nm for temperatures 50-60 �C below bulk Tg. At the tempera-
tures at which the Torkelson fluorescence measurements observe
a reduced Tg of the PS surface,8 Tg

bulk - 32 K ≈ 340 K, our
characteristic length λ(T) for the exponential decay of the
enhanced dynamics near the free surface is ∼8 nm. For a
single-exponential decay that forms the basis of eq 4, four to five
characteristic length λ’s, i.e., 32-40 nm, would be necessary
before the dynamics would appear bulklike (to within experi-
mental error). However, we note that these results do not agree
with the extremely large length scale effects observed by the gas
permeation community28-33 that find differences in physical
aging rates for film thicknesses of several micrometers. Because
no corresponding Tg changes are observed at micrometer length
scales, this suggests that other unrelated effects may be the cause
of those results. This remains unexplained and worth further
study. Another open question is whether or not confined systems
age to the same equilibrium state as that of bulk. It is clear that the
rate at which structural relaxation occurs in confined geometries
is frequently different and does not necessarily correlate with Tg

changes,86 but there is also evidence16 that when equilibrium can
be reached, it is not the same equilibrium state as that of bulk.

Conclusions

Using ellipsometry, we have measured the temperature depen-
dence of the physical aging rate for thick (2430 nm) and ultrathin
(29 nm) PS films supported on silicon. We find that the thinner
films have reduced physical aging rates at nearly all temperatures,
a result that does not correspond simply to the shift in the average
Tg of these films. The reduced physical aging rates of these films
are consistent with a depth-dependent gradient in dynamics that
is approximated by a two-layer model with a nearly liquidlike
surface layer of order 10 nm. The thickness of the surface layer,
which characterizes the depth to which the enhanced mobility at
the free surface penetrates into the film, grows with decreasing
temperature, suggesting that the mechanism for the propagation
of enhanced dynamics from the interface is related to cooperative
motion. Our physical aging measurements using ellipsometry on
ultrathin supported PS films can be explained with an analysis
similar to that used by Forrest andMattsson41,42 for Tg measure-
ments using Brillouin light scattering of low-MW free-standing
PS films, strongly suggesting that the reduced physical aging rates
observed in PS films <100 nm thick are related to the Tg
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reductions observed in these films.We also present an analysis in
terms of a gradientmodel that more realistically characterizes the
continuous distribution in dynamics believed to exist at the free
surface of these films.
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