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Recent studies have shown that thin glassy polymer films undergo physical aging more rapidly than thick
films. This suggests that thickness may also play a role in the plasticization and conditioning responses of
thin glassy films in the presence of highly-sorbing penetrants such as CO2. In this paper, a carefully
designed systematic study explores the effect of thickness on the CO2 plasticization and conditioning
phenomena in Matrimid�, a polyimide commonly used in commercial gas separation membranes. Thin
films are found to be more sensitive than thick films to CO2 exposure, undergoing more extensive and
rapid plasticization at any pressure. The response of glassy polymers films to CO2 is not only dependent
on thickness, but also on aging time, CO2 pressure, exposure time, and prior history. Finally, thin films
experiencing constant CO2 exposure for longer periods of time exhibit an initial large increase in CO2

permeability, which eventually reaches a maximum, followed by a significant decrease in permeability
for the duration of the experiment. Thick films, in contrast, do not seem to exhibit this trend for the range
of conditions explored.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

At temperatures greater than the glass transition temperature
(Tg), amorphous polymers are nearly always in a state of physical
equilibrium, and their gas permeation properties at low sorption
levels are characterized by constant permeability, diffusivity, and
solubility coefficients. High sorption levels of more soluble gases,
such as CO2, can “plasticize” these polymers, resulting in an
increase in permeability and diffusivity with concentration [1].
These effects are reversible upon removal of penetrant, with no
observable time and thickness effects. The gas concentration alone
determines the transport properties.

In contrast, a polymer below Tg is in a non-equilibrium state, but
for bulk polymers, i.e., thick films, the rate of progress toward
equilibrium, termed physical aging, is very slow. At relatively low
penetrant concentrations, permeation usually follows the dual-
sorption e dual-mobility model [2] and the effects of penetrant
sorption are mostly reversible over reasonable time periods.
However, “plasticization” can occur at high penetrated concentra-
tions owing to increased free volume that facilitates molecular
motions and, thereby, increases the permeability of all gas species
[3e7]. Once the plasticizer is removed, the polymer may not
: þ1 512 471 0542.
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immediately return to its previous state, an effect sometimes called
“conditioning” [8]. Conditioning is not immediately reversible, and
all changes depend on the thermodynamic history and experi-
mental conditions.

Most gas separation membranes are made of glassy polymers,
and understandably the “plasticization” effect is very important as
membrane technology is extended to cases where there are high
partial pressures of penetrants that are highly soluble in the poly-
mer, such as natural gas streams with high CO2 contents. This is
a very complex problem for several reasons. Practical membranes
must be very thin, w100 nm, in order to obtain high flux or
productivity, but such thin structures are now well known to
behave differently than thicker counterparts. For instance, gas
transport through glassy polymers is significantly affected by
physical aging. Physical aging has been extensively studied in bulk
polymers [9], but films below w1 micron in thickness exhibit
greatly accelerated physical aging relative to the bulk state [10e17].
The reason for the thickness effect in thin films is not well-under-
stood, but there is every reason to expect that thickness also plays
a role in plasticization and conditioning behavior. Furthermore,
plasticization and physical aging are competitive processes; as
plasticization changes the state of the polymer, physical aging is
perturbed, and vice versa.

Much effort has been expended studying CO2 transport in thick
glassy films, generally under the implicit assumption that the
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Fig. 1. Film masking schematic.
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properties of thick films mimic those of thin films [18e22]. There
have been a few investigations concernedwith CO2 plasticization in
thin films, but systematic studies of this phenomenon are
extremely limited. Berens [23e26] and Hopfenberg [27,28] studied
gas sorption kinetics in polymer powders and suggested that
particle size played some role in transport properties; however,
they did not extensively study the size effect with plasticizing
molecules. Wessling et al. and Zhou et al. observed accelerated
plasticization in composite membranes and polyimide membranes,
respectively, with thicknesses varying from 0.5 to 4 mm [29,30].
Zhou suggests that the so-called “plasticization pressure” is thick-
ness dependent, in contrast with Pfromm [31]. Scholes et al.
reported significant plasticization for thin films below the plasti-
cization pressure and used an expanded dual-sorption model to fit
their data [32]. Chung et al. also observed that the plasticization
pressure was inadequate to determine the incipient point of plas-
ticization, but their work focused on thicker films (w50 mm) [33].
Kim et al. described the effects of CO2 exposure on thin 6FDA-based
polyimide membrane systems [34e37]. Kratochvil et al. showed an
unexpected decline in CO2 permeability and sorption above the
supercritical point of CO2 for uncrosslinked 6F-based polyimide
thick membranes, but did not see a decline for crosslinked
membranes under similar conditions [38,39]. Lee et al. investigated
how highly-sorbing organic vapors contaminants, such as toluene
or n-heptane, affect the CO2/CH4 separation performance of
Matrimid� hollow-fiber membranes [40,41]. Pandiyan, Neyertz,
and coworkers performed CO2 solubility, diffusion, and plasticiza-
tion simulations consistent with prior experimental results, but the
timescale of the simulation was only a few nanoseconds [42,43].
Most recently, Rowe et al. demonstrated that prior CO2 exposure
history plays an unusual role in physical aging behavior in thin
polysulfone films [44]. Clearly, there is growing evidence that CO2
effects on permeation behavior are thickness dependent.

The goal of this work is to explore how film thickness influences
CO2 plasticization and conditioning effects for glassy polymers used
as gas separation membranes with carefully defined and controlled
experiments. Having meaningful assessment techniques is essen-
tial for development of more robust membranes that provide high
separation performance and are not unduly perturbed by the feed
stream composition or operating conditions.
2. Experimental

Matrimid� 5218, a thermoplastic polyimide made from the
monomers 3,30,4,40-benzophenone tetracarboxylicdianhydride
(BTDA) and diaminophenylindane (DAPI), was used as received
from Huntsman Advanced Materials for this study (Table 1). It has
favorable high temperature properties for use in composites and
adhesives and is soluble in many common solvents. Matrimid� was
chosen because it is a commonly used material for commercial gas
separation membranes, has a high Tg (310 �C) and, thus, is deep
within the glassy state during normal use at ambient conditions,
Table 1
Matrimid� properties.

Polymer

Matrimid� 5218
and is known to be plasticized by CO2 to a significant extent. Thick
Matrimid� films were prepared by casting solutions in dichloro-
methane on silicon wafers with a steel ring barrier within a sealed
glove bag; thickness was controlled by varying the polymer
concentration. A Dektak 6 M stylus profilometer was used to
measure thickness for all thick films. Thin Matrimid� films were
prepared by spin casting solutions in cyclohexanone onto silicon
wafers at 1200 rpm for 90 s; thickness was controlled by varying
the concentration of polymer from 3e6 wt.%. A variable angle
spectroscopic ellipsometer (J.A. Woollam Co., model 2000D) was
used to measure the thickness of all thin films.

Gas transport studies for thin films are often hampered by the
presence of microscopic pinhole defects, which allow undesirable
convective flow to dominate gas flux andmake a film non-selective.
A defect fraction of 10�6 on an area basis is sufficient to render
a film useless for gas separation [45]. However, coating a second
layer of a highly-permeable polymer such as poly(dimethylsilox-
ane) (PDMS) directly on top of the selective glassy layer can miti-
gate defects by blocking convective flow [45]. At ambient
conditions, PDMS is a rubbery polymer whose gas transport
properties do not change with time due to physical aging. Rowe
et al. have confirmed that PDMS has no significant effect on the
glassy layer [46]. After spin-coating each thin Matrimid� film,
a coating was applied by spin casting a PDMS/cyclohexane solution
onto the glassy film at 1000 rpm for 60 s. Thewafer was then placed
on a hot plate and annealed at 110 �C for 15 min to crosslink the
PDMS film and remove residual solvent. The PDMS solution con-
sisted of Wacker Silicones Corporation Dehesive 940A and cyclo-
hexane in a 2:3 ratio by volume, proprietary catalyst (OL), and
crosslinking agent (V24). The thickness of the PDMS layer was
w4 mm as measured by a Dektak 6M stylus profilometer.

Any polymer film is imbued with a unique thermal history
originating from the formation process, so all films were heated to
15 �C above the glass transition temperature of Matrimid� and
annealed for 10 min, followed by a rapid temperature quench. This
treatment erases prior thermal history and relaxes any orientation
induced by the film formation process. Thus, all films are given
a common history, allowing legitimate comparison for physical
aging. Films were masked between two pieces of aluminum tape,
supported by an Anopore� disc for thin films (Fig. 1). All samples
were aged in air at ambient pressure and 35 �C. Samples experi-
enced no CO2 exposure during the initial aging period. Pure gas
r (g/cm3) Tg (�C) Refractive index

1.20 310 1.648
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permeabilities were measured at 35 �C using a standard constant
volume, variable pressure apparatus [47]. CO2 gas was provided by
Matheson Tri-Gas and was at least 99.99% pure. The upstream side
of the permeation cell had a small, observable leak owing to the
metal part connections, ensuring that accumulation of feed gas
impurities could not occur.

A typical experiment for demonstrating CO2 plasticization
effects in a polymer film involves measuring CO2 permeability as
a function of upstream gas pressure. The literature abounds with
polymer gas transport data for gases such as O2, N2, and CH4 that
follow the dual-sorption, dual-mobility model, which predicts
a slight decrease in permeability with increasing pressure.
However, plasticizing penetrants exhibit significant deviations
from this behavior. At relatively low CO2 pressures, the gas
permeability of a glassy film decreases with increasing pressure,
following the predicted behavior of the dual-mode model. As more
CO2 is sorbed, the polymer is plasticized, which leads to an upward
inflection in the gas permeability curve as CO2 pressure increases,
and the minimum in this curve is often called the plasticization
pressure. However, this term is somewhat misleading since plas-
ticization occurs well below this pressure [32]. As will be demon-
strated in this paper, CO2-induced plasticization effects for thin
films are pressure, time, and thickness dependent.

When conducting experiments on thin glassy films with CO2,
the results are greatly affected by the method chosen. Many vari-
ables must be taken into account: the pressure or concentration of
CO2 a film experiences, the exposure time a film spends at
a particular CO2 pressure, the aging time of the film both before and
during CO2 exposure, the film thickness, and any prior thermal or
plasticization history. In the following results, all procedures will be
explained in each subsection individually for clarity.
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Fig. 2. CO2 plasticization pressure curves for thin and thick films with identical prior
thermal history. The thin and thick films spent 3 and 10 min, respectively, at each
intermediate pressure.
3. CO2 permeation behavior for short exposure times

3.1. CO2 plasticization pressure curves

Asmentioned previously, plasticization is frequently depicted in
the literature with plots showing the CO2 permeability of a glassy
polymer passing through a minimum, the so-called “plasticization
pressure,” as pressure increases. Fig. 2 displays such curves for
a thick (w20 mm) and thin (w180 nm) Matrimid� film. The films
were first aged for 100 h at 35 �C. In each experiment, the films
were first exposed to 2 atm of CO2 at the upstream side of the
membrane. Pressure was incremented by 2 atm until reaching
20 atm, and then incremented by 4 atm until reaching 40 atm. Since
the time lag for Matrimid� filmswith thickness of 15e35 mm ranges
from 60 to 90 s, the steady state permeability at each pressure was
measured after w9 min of CO2 exposure by monitoring the
downstream pressure for w60 s. The pressure was then immedi-
ately increased to the next set point. A filmwith thickness less than
1 mm, however, reaches steady state in a very short time, and, thus,
the thin film was held at each pressure for only 3 min.

The thick film’s plasticization pressure curve (Fig. 2) had the
expected shape with a minimum at w14 atm CO2, which is
consistent with the literature. The CO2 permeability decreased by
22% from 2 atm to 14 atm, but the initial value was recovered by
36 atm. In contrast, the thin film’s apparent plasticization pressure
is w6 atm, and CO2 permeability decreased by only 6% from 2 atm
to 6 atm. The permeability returned to its initial value by 14 atm
and continued to increase markedly as pressure increased. At
40 atm, the permeability is nearly twice the initial value at 2 atm.
The difference in shape of the curves suggests that the thin film
experiences substantially more plasticization in short amounts of
time, even at lower pressures.
3.2. Effect of thickness on CO2 permeability hysteresis

A plasticization pressure curve provides some insight into
a polymer’s response to CO2 as pressure is varied but is rather
limited in describing the effect of CO2 exposure for longer times. A
modified plasticization pressure curve method was developed to
capture these details, following a similar method from Puleo et al.
[48]. The method involves four steps: 1. Pressurization from 2 atm
to 32 atm CO2, spending 10 min at each intermediate pressure; 2.
Hold at 32 atm CO2 for 4 h; 3. Depressurization from 32 atm to
4 atm CO2, spending 10 min at each intermediate pressure; 4. Hold
at 4 atm CO2 for 12 h. This procedure was applied identically to
a thick (w15 mm) and thin (w160 nm) Matrimid� film, each aged
for 100 h at 35 �C. Permeability was measured multiple times for
the thin film during the pressurization stage (at 2, 5, and 9min) and
depressurization stage (at 5 and 9 min). However, only one
measurement was made at each pressure for the thick film, since
the thick film’s time lag is orders of magnitude greater than that of
the thin film. More frequent measurements for thin films allow
effects of CO2 at short exposure times to become more evident.

Fig. 3 shows CO2 permeability versus both pressure and time for
the procedure described above. For the thick film, the pressuriza-
tion step resembles the plasticization pressure curve in Fig. 2, but
the plasticization pressure appears to have shifted to a higher
pressure (w16e20 atm) and the film does not return to its initial
permeability as quickly. This behavior is attributed to the greater
incremental increases in pressure involved in the different proce-
dure. Permeability increased in the 4 h hold step at 32 atm by 6.2%.
The permeability continued to increase during the depressurization
step, a phenomenon also observed in thick polystyrene [48],
cellulose acetate [49], and polycarbonate [50] films. The polymer
begins to relax toward its original state as penetrant is removed, but
does not have sufficient time for significant relaxation and the
dilated structure allows for greater gas flux. During the 12 h hold
step at 4 atm the permeability decreases and approaches the curve
generated during the pressurization cycle.

The thin film reasonably follows the shape of the plasticization
pressure curve from Fig. 2, but the different procedure results in
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Fig. 4. Short time experiments for thin and thick films with identical prior thermal
history.
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slightly different permeability values at each pressure. At 20 atm in
the pressurization step, measureable increases in permeability
were observed within 10 min of exposure time. At 32 atm,
permeability increased nearly 10% within 10 min of exposure time,
and over the 4 h hold period at 32 atm increased 40%. Unlike the
thick film, the permeability decreased during the depressurization
step. This decrease is attributed to thin films having shorter
relaxation times than thick films. Permeability continued to
decrease significantly throughout the 12 h hold step at 4 atm CO2,
but did not return to the regressed curve for the pressurization step.
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3.3. Short time CO2 permeation experiments

The experiments in the previous sections show that thick and
thin films respond differently to CO2 under conditions of varying
pressure and time. In this section, CO2 permeability is tracked for
a fixed time with fewer upstream pressure changes. Thick
(w35 mm) and thin (w180 nm) Matrimid�

films, each aged for
100 h at 35 �C, were exposed to a sequence of four CO2 pressures for
2 h at each pressure: 8 atm, 16 atm, 24 atm, and 32 atm. This
particular sequence was chosen to include pressures below and
above the CO2 plasticization pressure of Matrimid�, generally
accepted to be 12e14 atm.
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The responses of the thick and thin films tested with this
procedure (Fig. 4) are quite different. Taking the first data point
from each pressure for the thick film, one could construct a rudi-
mentary plasticization pressure curve sufficiently consistent with
prior observations. The thin film, however, exhibits a significant
departure from behavior observed with previous methods. Much
greater changes take place over short time periods, and the effect
becomes more pronounced as pressure increases. For example, the
CO2 permeability for the thin film increased 38% from start to finish,
while for the thick film the increase was 15%.
3.4. Effect of aging time on plasticization pressure and CO2

permeability

Gas sorption and permeability in glassy polymers is directly
related to the free volume, and free volume decreases as the
polymer ages. Thus, physical aging should have an effect on how
a polymer plasticizes in the presence of CO2. A series of thick
(w15e20 mm) and thin (w180 nm) films were prepared and aged at
35 �C. At set aging times a filmwas exposed to CO2 according to the
plasticization pressure curve procedure outlined in Section 3.1.
More thin films were tested so that the effect of aging time could be
more clearly seen.

Fig. 5 shows results of thick and thin films using the plastici-
zation pressure curve procedure at different aging times. The three
thick films, aged 100, 500, and 1000 h before testing, show little
discernible difference between their plasticization pressure curves.
This is attributed to the very slow physical aging of bulk glassy
polymers; thus, aging does not seem to play a significant role in the
plasticization response of bulk polymers. The thin films were aged
3, 100, 250, 500, and 1000 h before testing. As aging time increased,
the plasticization pressure curve shifts to lower permeability and
appears to flatten out. The effect of aging is more pronounced at
short aging times. For instance, the downward shift of permeability
from 3 h to 250 h aging is much greater than the shift from 250 h to
500 h, or from 500 h to 1000 h aging. This is a result of the more
rapid aging rate and higher free volume state of thin films at short
aging times. The plasticization pressure appears to decrease slightly
with increased aging time. Furthermore, films aged for shorter
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amounts of time had greater relative changes in permeability as
pressure was varied.
3.5. CO2 conditioning effects

In addition to being plasticized by CO2, glassy polymers can
display rather long term changes associated with the CO2 exposure,
often called conditioning effects, once the CO2 is removed. To
document such behavior, the permeabilities of O2, N2, and CH4were
measured for two thick (w20 mm) and two thin (w160 nm) films
before and after CO2 exposure, while the films were aging at 35 �C.
After aging for 100 h, thick and thin films were exposed to CO2
using the modified plasticization pressure curve method: each film
experienced a pressurization step, a hold step at 32 atm CO2,
a depressurization step, and a hold step at 4 atm CO2. Further
details can be found in Section 3.2. The remaining films did not
experience any CO2 exposure and serves as the “base case.” Upon
completion of the CO2 exposure period, the permeabilities of O2, N2,
and CH4 were tracked until the films had aged 200 h at 35 �C.

Fig. 6 includes permeability data for O2, N2, and CH4 and
selectivities calculated for O2/N2 and N2/CH4. The pure gas
permeabilities of the thin films were all initially greater than those
of the thick films, but even after aging 100 h the thin films showed
significant decreases in permeability and the relative positions of
the thick and thin films had reversed. Following CO2 exposure, thick
and thin film gas permeabilities increased considerably, but the
thin film increased to a greater extent for each gas. Despite having
shorter relaxation times the thin film did not return to the base case
permeability within the time period of this experiment. The thick
film, however, appeared close to returning to the base case after
aging 200 h. The general behavior of the pure gas selectivities was
consistent with predictions insofar as conditioning caused each
selectivity to decrease, but it is difficult to discern any difference
due to thickness within the limits of these observations.
4. CO2 permeation behavior for long exposure times

The experiments described above employ relatively short CO2
exposure times (<20 h). Most previous research in the literature
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tends to focus on thick films, shorter CO2 exposure periods, and
lower CO2 pressures. However, such experiments could mask the
effect that exposure to CO2 might have for longer periods of time or
at higher pressures. Further experiments were performed to
explore these possibilities. Three thin films, all 200e220 nm thick,
were aged for 200 h at 35 �C. The films were then exposed to CO2 at
constant pressure for 500 h, and CO2 permeability was tracked
throughout the exposure period. Similar to the experiments
described in Section 3.3, the particular CO2 pressures (8 atm,
16 atm, 32 atm) were chosen to include pressures below and above
the CO2 plasticization pressure of Matrimid�.

The literature suggests that such experiments will exhibit
a significant increase in CO2 permeability, asymptotically approach-
ing a maximum. In contrast, these thin films behaved quite differ-
ently. As expected, the CO2 permeability of each film, depicted in
Fig. 7,increased significantly with time. However, after each film
reached a permeability maximum, the trend reversed and the
permeability decreased. At higher pressures, the permeability
maximumoccurredatshortertimesanddecreasedtoagreaterextent
by500hof CO2 exposure. The permeability drop indicates that aging
is thedominantprocesseventhoughCO2 is still present in thefilm.To
our knowledge, such behavior has not previously been described in
the literature for gas transport processes, sincemost experiments of
this kind are performed at moderate pressures, with thicker films,
and for less than 100 h of CO2 exposure, all conditions where this
phenomenon is not as prominent. This behavior even occurs below
the plasticization pressure of Matrimid�, further confirming that
significant plasticization does indeed take place in thin glassy films
at any CO2 pressure. Another interesting result is that each film
has approximately the same maximum relative permeability, with
lower CO2 pressures requiring more time to reach the maximum.
This similarity could be due to each film having aged the same
amount of time before being tested. Following CO2 exposure, O2,
N2, and CH4permeability were measured for each film. All
permeability coefficients were below the respective values
measured before CO2 exposure, which is consistent with the
hypothesis that physical aging out-competed plasticization at
long CO2 exposure times in these thin films.

The effect of aging time and thickness on CO2 response at long
exposure times was investigated using the same procedure. Fig. 8
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Fig. 8. Effect of aging time and thickness
shows permeation data for three films tested at 32 atm CO2 for
up to 1000 h. Included here is data for a 220 nm film, aged 200 h at
35 �C, from Fig. 7. A second film, 202 nm thick, was aged 800 h at
35 �C before CO2 exposure, while a third film, 20 mm thick, was aged
200 h at 35 �C before CO2 exposure.

Physical aging is a densification process resulting in a loss of free
volume over time. Therefore, relative to aw200 nm film aged 200 h
at 35 �C, a film of comparable thickness aged longer and exposed to
similar CO2 conditions would show a decrease in the initial
permeability of the film, the same maximum permeability as the
previous film, and increased time until reaching a maximum
absolute permeability. The expected behavior did occur, and in fact
the maximum permeability of each film differed by 2%. The relative
change from time zero to maximum permeability was 42%.

Paralleling the evidence in Section 3, these data suggest that
thin films respond relatively more quickly and intensely to plasti-
cizing gases, such as CO2, than thick films. The data shown in Fig. 8
for thick and thin films, both aged 200 h at 35 �C, are consistent
with these observations. After 5 h of CO2 exposure at 32 atm, the
CO2 permeability of the thin film increased by 17%, passed through
a maximum, and then sharply declined with further exposure time
at constant pressure. In contrast, the permeability of the thick film
increased by only 8% over 1000 h of CO2 exposure at 32 atm.
Though it is possible that the thick film could go through
a maximum in permeability at a longer time or at significantly
higher pressures (such as the supercritical CO2 conditions tested by
Kratochvil et al. [38,39]), no maximum was distinctly observed
within the bounds of this experiment.

The behavior in Fig. 7 resembles the volumetric “memory effect”
observed by Kovacs et al. [51] for temperature jumps about the
glass transition of poly(vinyl acetate). Fig. 9 attempts to generalize
the Kovacs experiment by schematically showing the volume
relaxation of a glassy polymer at a fixed temperature, Tf, below the
glass transition temperature, Tg, versus time at that temperature for
various thermal histories. Curve 1 shows the case where the
polymer is simply down-quenched from T1, above Tg, to Tf. In all the
other curves, the polymer was down-quenched from T1 to Ti, held
there for a certain time, and then up-quenched from Ti to Tf. These
curves show the response of the volume versus time after arriving
at Tf. Curve 1 shows a simple monotonic volume relaxation as
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Fig. 9. Generalization of the Kovacs temperature jump experiment for glassy poly-
mers. The response shows the deviation of sample volume (v) from its equilibrium
volume (veq) at temperature Tf versus the time the sample has been at Tf following the
various thermal histories explained in the text.
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expected, whereas curves 2 to 4 show a maximum. For the latter,
the polymer responds to the up-quench with an initial increase in
volume, but then goes through a maximum as it begins to relax,
eventually following the course of curve 1. Kovacs termed this
a “memory” effect. McKenna and coworkers showed similar
behavior induced by concentration jumps in either relative
humidity or CO2 [52e56]. In the glassy state, the polymer cannot
respond immediately to the change in temperature, leading to the
non-monotonic volumetric response in the case of opposing
changes in temperature. The permeability vs. time plots in Fig. 7
represent a somewhat analogous situation as the concentration of
plasticizing penetrant within the polymer changes, resulting in
competition between two effects. First, the temperature quench to
below Tg causes aging, manifesting itself by a tendency to decrease
the permeability. Second, exposure to CO2 tends to dilate the
polymer, manifesting itself by a tendency to increase the perme-
ability. Neither stimulus causes an immediate response, owing to
the slow dynamics of the glassy state. However, it appears that the
tendency for physical aging dominates at long times. There is no
doubt the presence of CO2 affects the subsequent physical aging
kinetics.

5. Conclusions

Thickness plays a critical role in the CO2 plasticization and
conditioning processes of glassy polymer films. Thin films are more
sensitive to changes in CO2 pressure, and the response becomes
more intense at greater pressures. Permeability changes occur even
at short time scales for thin films, as opposed to thick films which
take nearly the same amount of time merely to reach steady state.
The difference in relaxation time distribution between thick and
thin films plays a significant role in the time dependence of CO2
response. At moderate time scales, thin glassy polymer films
undergo more rapid plasticization by CO2, in contrast with thick
films. This behavior is analogous to more rapid physical aging of
thin films. Moreover, the conventionally defined “plasticization
pressure” is not adequate to determine when plasticization begins.
Plasticization in thin films is strongly dependent on aging time of
a film, whereas thick films show little change with aging time.
Permeability data for O2, N2, and CH4following CO2 exposure
indicates that thinner films experience greater changes in gas
permeability in response to prior sorption of CO2, i.e., “condi-
tioning” effects, than do thick films, but the effect on selectivity is
unclear. Thus, CO2 transport data from thick films cannot fully
predict thin film behavior. The CO2 response of thin films is
dependent on thickness, aging time, CO2 pressure, exposure time,
and prior history.

At longer CO2 exposure times, thin films behave much differ-
ently than thick films. Initially, thin films exhibit a large increase in
CO2 permeability, but the trend eventually reverses and the films
decrease in permeability to a significant extent. This is attributed to
competition between the CO2 plasticization effect and physical
aging, and the behavior resembles the volume recovery “memory
effect” observed by Kovacs. Thick films do not seem to reach a well-
defined maximum within the experimental timescale. This
behavior has yet to be fully explained, and other investigations are
needed to determine its cause.
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