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The influence of physical aging on the profile of free volume characteristics in thin polysulfone (PSF) films
was investigated using variable energy positron annihilation lifetime spectroscopy. The PSF films
exhibited decreasing o-Ps lifetime during physical aging, while o-Ps intensity remained constant. The o-
Ps lifetime was reduced at lower implantation energies, indicating smaller free volume elements near the
film surface (i.e., in the top w50 nm). These near-surface regions of the films age dramatically faster than
bulk PSF. The accelerated aging is consistent with the notion of enhanced mobility near the film surface,
which allows polymer near the surface to reach a lower free volume state more quickly than the bulk. No
influence of the silicon wafer support on aging behavior was detected. Additionally, the impact of CO2

conditioning on physical aging was briefly examined. The results from these studies were compared to
aging behavior of ultrathin PSF films tracked by gas permeability measurements, and favorable agree-
ment was found.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Glassy polymers are inherently non-equilibrium materials that
evolve over time towards thermodynamic equilibrium, a process
termed physical aging [1]. Physical aging is manifested by changes
in the polymer’s physical properties over time (e.g., density,
refractive index, permeability, etc.) [2–5]. These changes can
significantly alter the performance of devices containing glassy
polymers, making it essential to study and understand aging
behavior. Physical aging of bulk polymers has been studied exten-
sively, and several models have been developed to describe the
behavior [2,6–8]. Glassy polymer applications (e.g., microelec-
tronics, separation membranes, optical materials, and lithography),
however, often utilize the material in thin film form [9–12]. Initially,
it was believed that the aging behavior of thin films would follow
that of the bulk material; however, reports have shown that
physical aging can be very sensitive to sample dimensions
[4,13–18]. For example, in polymers used to create gas separation
membranes, the physical aging rate can become orders of magni-
tude more rapid, as compared to bulk behavior, when the film
thickness is reduced below about one micron [4]. This phenomenon
: þ1 512 471 0542.
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has broad implications in several technologies, and an improved
understanding of how physical dimensions affect aging rates will
allow more accurate predictions of the long-term performance of
ultrathin glassy polymer films.

Significant effort has focused on understanding the influence of
confinement on the glass transition behavior of ultrathin polymer
films (i.e., less than 100 nm thick) [19–23]. Free standing films and
films supported on non-attractive substrates are suggested to have
a region of enhanced mobility near the film surfaces; this enhanced
mobility results in decreased Tg as film thickness is reduced
[22,24,25]. Conversely, films supported on attractive substrates
have mobility restrictions at the polymer–substrate interface that
can cause an increase in Tg with decreasing film thickness [26,27].
These deviations in glass transition behavior can influence physical
aging behavior, as shown by Priestley et al. [28]. However, Tg

changes are typically not evident at film thicknesses above
w100 nm, while thickness-dependent changes in aging behavior
can arise in films that are microns thick. It is not fully understood
why the changes in physical aging behavior exist at length scales far
beyond that expected from studies of the dynamics of ultrathin
films. However, deviation from bulk behavior can be larger at lower
temperatures, perhaps causing the deviation to manifest itself at
larger length scales in these materials far below Tg [29,30].

Studying the mechanisms responsible for accelerated aging in
thin polymer films is ongoing, and several models have been
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proposed to describe the behavior, including the diffusion of free
volume and thickness-dependent lattice contraction [31–34]. These
models can often describe thin film aging data as shown by Huang
and Paul, and McCaig et al. [32,33]; yet, if the thickness-dependent
factors have no physical significance, they become merely fitting
parameters. Verification of these models remains elusive due to the
shortage of suitable experimental techniques to test their
assumptions. Several techniques, including tracking gas perme-
ability, ellipsometry, and fluorescence spectroscopy, have been
used to study physical aging in thin glassy polymer films [4,18,35].
These techniques, however, probe integrated properties of the
entire film. Therefore, they cannot provide details regarding the
spatial dependence of properties, such as density, across the film
and the evolution of the spatial dependence of such properties with
aging. To validate the proposed models, the free volume, or density,
profile within the film and its time dependence should be
characterized.

Positron annihilation lifetime spectroscopy (PALS) is a unique
experimental technique capable of determining the size and
concentration of free volume sites in amorphous polymers by
measuring the lifetime of injected positrons [36]. The lifetime of
positrons that annihilate as ortho-positronium (o-Ps), s3, depends
on the size of the free volume cavity in which they are located and
can, therefore, be related to the size of free volume elements in the
sample [36–42]. A spherical cavity shape is traditionally assumed,
using the relationship shown in equation (1) to relate s3 and cavity
size:

s3 ¼
1
2

�
1� r

r þ Dr
þ 1

2p
sin

�
2pr

r þ Dr

���1

(1)

where r is the cavity radius and Dr is the e� layer thickness
(1.656 Å). Additionally, the fraction of positrons that annihilate as
o-Ps, the o-Ps intensity (I3), is related to the concentration of free
volume elements in a polymer.

PALS has been used to study the changes in free volume char-
acteristics during physical aging for a variety of amorphous poly-
mers [43–48]. Depending on the nature of the polymer, these
studies report a decrease in the free volume element size (s3) and/
or concentration (I3) with physical aging. One of the earliest studies
using PALS to track physical aging, by Jean et al., reported decreases
in s3 with annealing time below Tg in an amine-cured epoxy resin
containing diglycidyl ether of bisphenol-A [49]. Conversely, phys-
ical aging in polycarbonate resulted in decreased o-Ps intensity
while s3 remained constant, as reported by Hill and Agrawal [44].
The standard PALS technique uses high energy positrons that
penetrate deeply (on the order of 100 mm) into amorphous poly-
mers and, therefore, probes the average properties of bulk systems,
with no ability to study the influence of surfaces or film thickness
on free volume.

The coupling of PALS with a variable mono-energetic positron
beam source has resulted in a relatively new technique that allows
the energy of the incident positron beam, and, therefore, penetra-
tion depth, to be controlled from a few nanometers to several
microns [50–53]. The median implantation depth, z1/2, and mean
implantation depth, z0, are given in nm by:

z1=2 ¼
28:1
rðzÞE

1:71 (2a)

z0ðEÞ ¼ z1=2ðEÞðln 2Þ�1=2 (2b)

where r is the polymer density in g/cm3 and E is the incident
positron beam energy in keV [54,55]. This ability to selectively
control the positron implantation depth enables the free volume to
be studied as a function of distance from the surface, allowing the
nature of the free volume profile within a polymer film to be
characterized. The implantation-stopping profile, P(z), also a func-
tion of the beam energy, broadens as the implantation energy
increases [54,55]. Equation (3) shows the dependence of P(z) on
implantation depth:

PðzÞ ¼ � d
dz

�
exp

�
�
�

z
z0ðE; rðzÞÞ

��2�
(3)

There are only a few reports on the use of this technique to study
thin polymer films [50,52,56–58]. Polystyrene, the most commonly
studied polymer using this technique, was shown by Cao et al. and
Algers et al. to have increased o-Ps lifetime near the polymer
surface [56,57]. Additionally, the o-Ps intensity was shown to
decrease near the films surface; this result was attributed to
a fraction of the positrons diffusing back out of the film and anni-
hilating as free positrons in the vacuum surrounding the sample.

How the free volume profile in a polymer film evolves during
physical aging is not currently understood, even though such
information is essential for determining the mechanisms behind
accelerated aging in thin glassy films. In this work, variable energy
PALS was utilized to study the age-dependent profile of free volume
characteristics in thin polysulfone films. The utility of this tech-
nique to probe physical aging in thin glassy polymer films is
demonstrated. The results were analyzed to evaluate the influence
of the free surface on physical aging. Additionally, the results were
directly compared to aging studies of gas permeability of ultrathin
films, and favorable agreement was found.

2. Experimental section

2.1. Materials and film preparation

Bisphenol A-based polysulfone (PSF) from Solvay Advanced
Polymers with a glass transition temperature, Tg, of 186 �C was used
as received in this study. This polymer was selected based on its
utility in the gas separation industry and existing knowledge of its
aging behavior. Thin films (l w 450 nm) were prepared by spin
casting a 5 wt% polymer solution of cyclopentanone onto silicon
wafers at 1000 rpm for 60 s. A variable angle spectroscopic ellips-
ometer manufactured by J.A. Woollam Co., model 2000D, was used
to measure film thickness. Using de-ionized water, the thin PSF
films were lifted from the silicon support onto thin wire frames and
heated 15 �C above the bulk Tg in a N2 purged oven for 20 min to
erase any previous history [59]. The films were then rapidly
quenched to the aging temperature, defining the start time for the
aging studies. The films were subsequently aged, either in a free-
standing state on the thin wire frame or supported on a silicon
wafer, in a dry environment at 35 �C.

Thick PSF films (l w 100 mm) were prepared by solution casting
from methylene chloride onto silicon wafers using metal casting
rings and glass plates to slow evaporation. The films were dried for
one week at room temperature, at 100 �C in a vacuum oven for two
days, and finally heated to 230 �C for 30 min to remove any residual
solvent and remove prior history. The thick films were then rapidly
quenched to the aging temperature to define the starting time of
the aging studies.

2.2. Positron annihilation lifetime spectroscopy (PALS)

PALS measurements were performed using an automated EG&G
Ortec fast–fast coincidence system with BaF scintillators and
a resolution of 260 ps (60Co source with the energy windows set to
22Na events). Polymer films were stacked (w1 mm thick) on either
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side of a 30 mCi 22NaCl foil (2.54 mm Ti) source, and wrapped in
aluminum foil. At least 106 counts are collected for each measure-
ment, and each spectrum took approximately 30 min to collect.
Data analysis was performed using LT9. The spectra were best fitted
with three components with the shortest lifetime fixed to 125 ps,
characteristic of p-Ps annihilation [36]. Only the ortho-positronium
(o-Ps) components with the longest measured lifetimes, (s3), and its
intensities, I3, were considered further since they are ascribed to
annihilations in free volume cavities of the polymer matrix [36].

2.3. Variable energy PALS

The variable energy PALS experiments were conducted at the
intense slow positron beam facility at the National Institute of
Advanced Industrial Science and Technology (AIST) in Tsukuba,
Japan [53]. Positron lifetime spectra were collected by measuring
the time between the signal from the pulsing system and the
annihilation g-ray detected by a BaF2 scintillation detector. Spectra
were collected for energies from 0.3 keV to 5.4 keV, with at least
106 counts at each energy measured. The time resolution of the
apparatus was 250–480 ps dependent on incident energy. Experi-
ments were performed under high vacuum at 25 �C. More details
on the intense slow positron beam facility have been reported by
Suzuki et al. [50,53]. All variable energy PALS experiments were
performed using films supported on 15 mm� 20 mm pieces of
silicon wafer. Films aged or treated in the free standing state were
placed on the silicon support immediately before testing.

3. Results and discussion

3.1. Variable energy PALS measurements

Positron lifetime spectra for 0.3 and 3.0 keV implantation
energies in a 450 nm thick PSF film are shown in Fig. 1. These
spectra are representative of the data sets collected and analyzed in
this work. The data analysis procedure is important because
different evaluation methods can result in different estimates of
free volume characteristics, as discussed by Algers et al. [56].
Several evaluation methods were considered, including the use of
background correction and fitting to three or four lifetimes, with all
methods yielding consistent results. The fitting procedure which
most accurately fit the data was to remove the energy-dependent
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Fig. 1. Positron lifetime spectra of polysulfone film from variable energy positron beam
at incident energies of 0.3 keV (C) and 3.0 keV (>).
background signal from each raw spectrum using reference spec-
trum from a Kapton film and fit the resulting spectrum to three
lifetimes, with the shortest lifetime fixed to 125 ps, characteristic of
the p-Ps lifetime. This procedure was used to analyze all of the data
reported in this study.

3.2. Physical aging of supported PSF films

Fig. 2 presents the o-Ps lifetime as function of mean positron
implantation depth for 450 nm thick PSF films aged for various
times on a silicon wafer support. Each dataset represents a different
sample that was aged for the specified time, after quenching from
above Tg, at 35 �C in a dry environment prior to measurement. The
o-Ps lifetime decreases at all implantation depths during the
physical aging process, corresponding to a decrease in the average
free volume element size with aging, as expected. After aging for
w3000 h, s3 decreased by w0.1 ns across the entire PSF film.
Interestingly, relative to the center of the film, s3 is reduced near the
surface of the PSF films, to a depth of w50 nm, at all aging times,
indicating smaller free volume elements near the film surface.
These results contrast with the behavior reported for other poly-
mers studied using this technique, including polystyrene, where s3

increases at low implantation energies [50,56–58,60]. Although the
aging history of other polymers studied using variable energy PALS
is unclear and may contribute to the different depth-dependent
behavior of s3, this finding indicates some difference in the nature
of the near-surface region in these polymers. A recent study by Ata
et al. showed polystyrene had similar s3 values at penetration
depths of 8.8 nm and 350 nm, suggesting that the influence of the
free surface extends less than 8.8 nm into the film in the case of
polystyrene, which is a significantly smaller region than seen in the
PSF studied here [61]. Furthermore, an additional long-lived life-
time component at low implantation energies has been reported
and may increase o-Ps lifetime estimates if not accounted for by
fitting an additional lifetime or removing the Kapton reference
background, as was done here [56,62]. The o-Ps lifetimes at higher
implantation energies in PSF are also lower than in the film center,
indicating reduced free volume element size near the back surface
of the film. The s3 profile is not symmetric with respect to the film
center because the range of depth probed, in addition to the
average depth, increases with increasing implantation energy,
causing reduced depth sensitivity at higher energies [55].
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Fig. 2. Influence of positron implantation depth and physical aging on o-Ps lifetime in
thin PSF films. Lines are provided to guide the eye.
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The o-Ps intensity data for the PSF films studied are presented in
Fig. 3. Physical aging did not have a significant influence on the I3
profile in the PSF films studied, indicating the number of free
volume elements did not change measurably during the aging
process. The I3 decrease near the film surface resulted from the
population of positrons that diffused from the near-surface of the
film and annihilated in vacuum as free positrons. Conversely, at
higher implantation energies, a portion of positrons annihilated in
the silicon support instead of in the polymer film and caused the
decrease in I3 at deeper implantation depths.

The influence of physical aging on the profile of free volume
characteristics in PSF presented here suggests a thickness-depen-
dent lattice-contraction type mechanism is responsible for accel-
erated aging in thin glassy films. This accelerated aging is thought
to result from enhanced mobility near the film surface that allows it
to reach lower free volume more rapidly than the bulk, resulting in
smaller free volume elements near the film surface, as seen in Fig. 2.
Accelerated aging results are also well described in terms of
diffusion based models [32,34]; however, in this case, the number
of free volume elements does not change with time as would be
expected if diffusion of free volume dominated the aging process.

3.3. Comparison of physical aging in free standing and supported
PSF films

Studies have shown property differences between free standing
and supported ultrathin films (i.e., l< 100 nm), depending on the
polymer/substrate interactions present [22,63]. In addition to
influences on the glass transition behavior, strong attractive poly-
mer/substrate interactions were thought to cause the suppressed
aging in a 20 nm poly(methyl methacrylate) film on a silicon
substrate, as compared to a 500 nm film [28]. Although the free-
standing case was not studied, this result illustrates the possible
influence of substrate interactions on physical aging.

In this work, the PSF films were not strongly bonded to the silicon
support, as they were easily separated at any time, and the films
were significantly thicker than films shown to have substrate-
dependent properties. A previous report, on identical PSF samples,
demonstrated a strong correlation between the aging behavior of
supported films studied by ellipsometry and free standing films
studied by gas permeability measurements, indicating minimal
influence of the silicon support on aging [33]. To further investigate
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Fig. 3. Influence of positron implantation depth and physical aging on o-Ps intensity in
thin PSF films.
the influence of the silicon support on physical aging in PSF films, the
free volume characteristics of PSF films aged with and without
the silicon wafer support were studied using variable energy PALS.
The films aged without the silicon wafer support were supported by
thin wire frames, attached on only two sides, allowing the film to age
in a free-standing state. Note that due to experimental requirements,
films aged in the free standing state were placed on a silicon support
immediately before testing. Fig. 4 a and b present the o-Ps lifetime
and intensity profiles, respectively, for PSF films aged for 8 and
3000 h in both the free standing and supported states. The free
volume characteristics are identical, within experimental error, at
each aging time for both sets of films, indicating the silicon support
had no significant influence on aging in the 450 nm thick PSF films,
as might be expected in view of the weak adhesive bond.
3.4. Influence of previous history on physical aging

The state of a glassy polymer and, correspondingly, its aging
behavior depend not only on its contiguous environment, but also on
its previous history (e.g., thermal, stress, vapor exposure) [64,65]. In
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Fig. 4. o-Ps Lifetimes (a) and intensities (b) versus mean implantation depth for PSF
films aged for 8 and 3000 h supported on a silicon wafer (filled symbols) and in
a freestanding state (unfilled symbols). Lines are provided to guide the eye.
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addition to thermal treatments, there are a number of ways the free
volume state of glassy polymers can be altered. For example, exposure
to high pressure CO2 causes glassy polymers to swell, and upon
removal of the CO2, the system is unable to immediately return to its
previous state, leaving the polymer in a lower density state [66–68].
While the effects of this conditioning treatment are not immediately
reversible, the polymer may return to its original state by physical
aging (i.e., changes due to conditioning are semi-permanent). Appli-
cation of mechanical stress and exposure to highly sorbing vapors can
also induce these types of changes in glassy polymers [69,70]. Glassy
polymers used commercially have complex histories arising from
their production, storage, and delivery, making it is essential to
understand how this previous history affects subsequent aging
behavior. However, limited information on this issue exists because
only the freshly quenched state is typically studied.

The influence of previous history on the aging behavior of thin
PSF films was investigated using variable energy PALS. In the
standard case, the PSF film was aged after a rapid quench from
above Tg; in the conditioned case, the PSF film was quenched from
above Tg, aged for 500 h, and exposed to 800 psig CO2 for 24 h
before the experimental aging time began. Fig. 5 displays the profile
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Fig. 5. o-Ps Lifetimes (a) and intensities (b) versus mean implantation depth for PSF
films aged for 8 and 3000 h after a thermal quench (filled symbols) and after condi-
tioning with CO2 (unfilled symbols). Lines are provided to guide the eye.
of free volume characteristics of the films aged with these two
different histories. The CO2 conditioning returned the free volume
elements to the same size as after the thermal quench from above
Tg, indicating the conditioning and thermal quench had similar
influences on the free volume element size in PSF, shown in Fig. 5 a.
A similar increase of s3 in bulk PSF upon exposure to high pressure
CO2 was reported by Yuan et al. [71]. Moreover, the free volume
elements in the conditioned films contracted similarly during
physical aging as in the thermally quenched case. While the
behavior of the s3 profile was similar in the two cases studied, the
concentration of free volume elements, as related to I3, was altered
significantly. Upon conditioning by CO2, I3 decreased throughout
the PSF film, indicating a decrease in the number of free volume
holes, shown in Fig. 5 b. For instance, at a mean implantation depth
of 100 nm, I3 decreased from 27.5% in the thermally quenched case
to 26% in the conditioned case, independent of aging time. This
result, in connection with the increase in s3 upon conditioning,
suggests that free volume elements combined to some extent
during the exposure to high pressure CO2 after aging for 500 h.
Consistent with the behavior after a thermal quench, the I3 profile
did not change significantly with aging time in the conditioned
films. These findings suggest that although the conditioned films
have a different free volume distribution than the thermally
quenched samples, physical aging progresses similarly in both
cases.
3.5. Comparison with bulk physical aging behavior

Fig. 6 a and b show the aging response of bulk PSF (l w 1 mm)
after a quench from above Tg, tracked using the standard PALS
technique. As in the thin film aging studies, the o-Ps lifetime
decreased with physical aging while I3 was unchanged. The value of
s3 measured in the bulk material, 1.96 ns, is similar to that
measured in the thin films during this study and to bulk values
reported in the literature [71,72]. However, the bulk measurements
give slightly lower o-Ps intensity values than the thin films studied
in this work. Similar deviations between o-Ps intensity measured
using the standard technique and variable energy beams exist. For
instance, Hu et al. reported an I3 of w15% for poly(methyl meth-
acrylate) (PMMA) measured using the standard technique, while
variable energy PALS studies by Algers et al. show an I3 of 30% in
PMMA [56,73].

A comparison of the aging behavior (i.e., the change in s3 with
time) between the bulk and thin film state of PSF is shown in Fig. 7.
Clearly, physical aging is significantly accelerated in the thin film as
compared to the bulk, in agreement with the results from gas
permeability studies on PSF [4]. Indeed, the change in s3 with aging
was w5 times greater in the thin film than in the bulk samples. This
result provides further evidence of the substantial impact that free
surfaces have on the physical aging behavior of thin glassy PSF
films.
3.6. Impact of the free surface on physical aging

The free volume characteristics measured using variable energy
PALS allows the influence of the free surface on physical aging to be
examined. The average o-Ps lifetime across a specific depth of film,
s3, can be calculated using equation (4):

s3 ¼
P
ðs3i � DliÞ

l
(4)

where s3i is the o-Ps lifetime across the distance Dli and l is the total
film depth analyzed. Fig. 8 presents the average o-Ps lifetime as
a function of aging time for three regions of the film studied; the
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surface to 50 nm deep, the surface to 125 nm deep, and through the
entire 450 nm film. The inset in Fig. 8 illustrates the regions of
interest. s3 decreases with physical aging in each case. The decrease
in s3 with physical aging is similar for all penetration depths,
w0.1 ns from 8 to 3000 h of aging, indicating that physical aging
progresses in the same way throughout the film during this aging
period despite the deviation in free volume properties across the
film depth. As the total penetration depth increases, the average o-
Ps lifetime at each aging time increases, a result from the lower o-Ps
lifetime in the near-surface region of the films studied. It is believed
that the smaller free volume elements near the film surface result
from enhanced mobility in the near-surface region over the bulk
(i.e., the free volume elements near the surface aged more rapidly,
and are therefore smaller, as compared to the bulk after the first
eight hours of aging). Standard aging models might suggest that the
smaller free volume elements near the surface would age more
slowly due to the decreased driving force (i.e., smaller free volume
elements might be expected to be closer to equilibrium) as
compared to the film center. However, the enhanced mobility of the
near-surface region, relative to the bulk, counterbalances the
reduced driving force, resulting in a similar decrease of free volume
element size with time after 8 h of aging throughout the film.
3.7. Comparison with gas separation studies

Tracking gas permeability properties is another method used to
study the influence of film thickness and the free surface on
physical aging. To compare the results from the variable energy
PALS studies presented here with results from gas permeability
studies on ultrathin PSF films, the PALS parameters are first con-
verted to fractional free volume, FFV, or f. Correlations in the
literature show good agreement between free volume estimates
from PALS parameters and from equations of state [36,39,43,74].
The relationship between PALS parameters and free volume can be
written as

FFV ¼ C � I3 � vf ðs3Þ (5)

where C is a constant relating o-Ps intensity to the total number of
free volume elements and vf is the average free volume element
size, as related to s3 [36]. While this correlation includes the o-Ps



Table 1
Model parameters.

Parameter Value

FFV 0.1560
s3 (ns) 1.96
C0 (ns�3) 0.0206
A (Barrer) 397
B 0.839

1 Barrer¼ 1� 10�10 [cm3(STP) cm/(cm2 sec cmHg)].
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intensity, this factor was not considered here because no aging
dependence on I3 was detected, and the influence of the surface
and silicon substrate on I3 is an artifact of the experimental tech-
nique that is not well characterized. Equation (6) shows the
connection between FFV and s3 used in this work:

FFV ¼ C0 � s3
3 (6)

where C0 is a constant related to the number of free volume
elements. Here, C0 can be calculated using the FFV calculated from
bulk density and group contribution theory [75], and s3 from PALS
measurements on bulk PSF using the standard technique. Since r
and s3 are proportional across the range considered here, s3

3 is used
in place of 4/3Pr3 to represent the free volume element size.
Furthermore, Maurer and Schmidt showed equation (6) more
accurately follows the free volume data from PVT measurements
and the Simha–Somcynsky equation-of-state theory than equation
(5), at least in the case of PMMA [39]. Then, gas permeability, P, can
be calculated using the following correlation:

P ¼ A� e�B=FFV (7)

where A and B are constants from literature correlations based on
bulk polymers [76]. The parameters used in this equation are
shown in Table 1. Finally, equations (6) and (7) can be combined to
provide the following connection, which contains no adjustable
parameters, between PALS parameters and gas permeability:

P ¼ A� e�B=ðC0�s3
3Þ (8)

The data presented in Fig. 8 were used to calculate permeability
values as a function of penetration depth and aging time using
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Fig. 9. Comparison of O2 permeability estimated from o-Ps lifetime data during
physical aging of a 450 nm thick PSF film with O2 permeability measured directly from
PSF films of different thickness. Lines are provided to guide the eye. 1
Barrer¼ 1�10�10 [cm3(STP) cm/(cm2 sec cmHg)].
equation (8); the results are shown in Fig. 9. The gas permeability
data in Fig. 9, previously published, were collected on free standing
PSF films [77]. There is good agreement between the gas perme-
ability behavior determined by these two very different experi-
mental techniques, especially considering the PALS estimate of
permeability was obtained with no adjustable parameters. Both the
measured gas permeability data and the permeability estimated
from the PALS studies decrease with aging time, as expected.
Additionally the initial gas permeability decreases with film
thickness; it is suggested that this decrease results from the
enhanced mobility of the ultrathin films, which allow them to reach
a low free volume state, and therefore a lower permeability, in the
time required to prepare the samples for measurement following
the quench from above Tg. The similarity in the aging response
determined by these two techniques shows the clear connection
between changes in free volume due to physical aging and gas
permeability.

4. Conclusions

The influence of physical aging on the profile of free volume
characteristics in thin PSF films was studied using variable energy
PALS. The loss of free volume accompanying physical aging-
induced densification was manifested by the shrinking of free
volume elements. As expected, the aging behavior of these PSF
films was not noticeably influenced by the presence of a silicon
wafer support. While the influence of aging on o-Ps lifetime, related
to the free volume element size, was similar between CO2 condi-
tioned and thermally quenched films, the o-Ps intensity was lower
in the CO2 conditioned films. The influence of the free surface on
physical aging was examined and aging was shown to progress
similarly across the entire depth of the PSF film. Gas permeability
values were calculated directly from the variable energy PALS
results and compared with measured permeability data. Excellent
agreement between these two experimental techniques illustrates
the connection between changes in free volume and gas perme-
ability properties caused by physical aging. Enhanced mobility near
the film surface, which allows the region to achieve a lower free
volume state more quickly than the bulk, is believed to cause the
reduction in free volume size measured near the PSF film surface
and contribute to the accelerated aging in thin films as compared to
the bulk.
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