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Effect of Temperature on Physical Aging of Thin Glassy Polymer Films
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ABSTRACT: The effect of temperature on the kinetics of physical aging of thin films formed from two
amorphous glassy polymers, polysulfone based on bisphenol A and poly(2,6-dimethyl-1,4-phenylene oxide),
was investigated by monitoring the changes in gas permeability and refractive index. Films with different
thicknesses were subjected to isothermal aging at three temperatures, ranging from 35 to 55 °C, for a
period of aging of more than 200 days. The rate of permeability loss and the rate of densification
determined from the refractive index change by using the Lorentz—Lorenz equation were found to increase
with aging temperature. Similar qualitative trends of aging rate were noted by the two measurements.
The combination of effects of aging temperature and film thickness on aging behavior were studied and

compared with previous research.

Introduction

Physical aging, a phenomenon common to all amor-
phous materials in the glassy state, refers to the
evolution toward an equilibrium state and the associ-
ated changes in physical properties at temperatures
below the glass transition, Ts. Typical physical aging
studies usually involve probing the relaxation of volume
and enthalpy.! Tracking changes in gas permeability of
polymer films is also a useful way of monitoring physical
aging since permeability is quite sensitive to the loss of
free volume;2~8 our recent work has shown the rate of
permeability reduction during aging to depend on film
thickness in addition to the chemical structure of the
polymer.” Indeed, films that are submicron in thickness
age orders of magnitude more rapidly than expected for
bulk glasses; this has considerable implications for
commercial gas separation membranes. Ellipsometry of
thin films has proven to be another sensitive way to
track physical aging and provides a rather direct way,
via the Lorentz—Lorenz equation, to follow the densi-
fication.? Our prior work has been done at a single
temperature, 35 °C;7? the objective here is to explore
the effect of aging temperature (7',) in conjunction with
film thickness on the changes in gas permeability and
optical properties.

It has been proposed that physical aging takes place
in the temperature range between the f relaxation, T},
and Ty, where Ty refers to the first (i.e., highest)
secondary transition associated with the small-scale,
subsegmental, local intramolecular motions about the
flexible linkages in the polymer chain in the glass
state.l® However, some evidence that physical aging is
possible at temperatures below the 8 relaxation has
been reported.!! In any case, the 8 relaxations for the
glassy polymers studied in this work are far below room
temperature (see Table 1), and investigation of how
these relaxations may affect the aging process is beyond
the scope of this study.

The effect of film thickness on physical aging of glassy
polymers of interest for gas separation began some years
ago at the University of Texas at Austin. Pinnau first
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Table 1. Bulk Physical Properties of Polymers Studied

polymer p(g/em?®) Ty (°C) Tp (°C) n f
PSF 1.240 186 ~ —110® 1.633  0.1435
PPO 1.069 210 ~—=50t0 0 1573 0.1834

@ From refs 10 and 47. ® From refs 45, 46, and 48.

compared the experimental results from asymmetric
membranes with thick, dense films.2 Pfromm and Koros
concluded that membrane thickness plays an important
role in aging; thin films from a fluorinated polyimide
and bisphenol A polysulfone exhibited accelerated physi-
cal aging that was attributed to diffusion of free
volume.? Dorkenoo and Pfromm extended their studies
using glassy thin films made from a polynorbornene and
poly [1-(trimethylsilyl)-1-propyne] both experimentally
and theoretically.%13 Punsalan and Koros further stud-
ied the thickness-dependent sorption and effects of
physical aging on a polyimide.!* McCaig and Paul®1®
investigated accelerated aging in thin polyarylate films
in a more systematic way for films whose thicknesses
ranged from 0.25 to 33 um at a single temperature of
35 °C for a period of about 300 h. More recently, other
research groups have begun to explore these issues
using other techniques. For example, Priestly et al.16
reported studies on structural relaxation of ultrathin
glassy polymer films which showed significant differ-
ences in the relaxation processes in the free surface
layer, the interior of the ultrathin film, and the interface
layer confined by the substrate; these differences seem
to depend on aging temperature.

Recently, the effect of thickness on Ty has been widely
studied for thin film systems with or without substrate
confinement where the film thickness (/) is on a scale
comparable to the size of the polymer coils (! < 150
nm).17735 The thicknesses of thin films used in this work
are much greater than this range, and it has been shown
previously that the T of these thin films is the same
as that observed in the bulk.”36 Thus, the thickness-
dependent aging phenomena described later do not seem
to stem from a thickness effect on the glass transition
temperature.

In this paper, three aging temperatures, 35, 45, and
55 °C, that are far below the respective T of each
polymer are used to monitor the physical aging of thin
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Table 2. Details of Film Formation

film thickness formation
polymer (um) method solvent used
PSF <5 spin-coating cyclopentenone
>5 solution-casting  dichloromethane
PPO <5 spin-coating chlorobenzene
>5 solution-casting trichloroethylene

glassy polymer films for up to 400 days. These temper-
atures were chosen on the basis of the limitation of the
techniques and procedures used and the typical tem-
perature range of interest to the gas separation indus-
try. Most literature reports on physical aging do not use
temperatures far below T; because for bulk samples the
aging response does not become significant on sensible
time scales; however, this is not the case for thin films
or for many asymmetric or composite gas separation
membranes. From other studies,'%37-%¢ we can antici-
pate increased aging rates as the temperature is in-
creased in the range considered here because the higher
mobility enhances the rate of structural recovery.

Experimental Section

Materials. Two glassy polymers were used in this work:
the polysulfone based on bisphenol A (PSF) and poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO). These materials have
been described previously” and were used as received. Their
corresponding bulk values of T, and T}, density (p), refractive
index (n), and fractional free volume (f) are listed in Table 1.
The T, values shown were experimentally determined in a
conventional manner using a Perkin-Elmer DSC-7 differential
scanning calorimeter upon heating using a cycle of heating at
20 °C/min and cooling at 40 °C/min. The sample was scanned
twice, and the T, reported represents the onset of the transi-
tion in the second scan. The T values were taken from the
literature and were determined by dynamic mechanical analy-
sis at frequencies in the range 11—110 Hz.194-48 Clearly, these
values are far below the aging temperatures accessible by the
current techniques. The densities and the refractive indices
for PSF and PPO were obtained from the supplier, while the
fractional free volume (f = (V — V,)/V) was estimated from the
specific volume (V = 1/p) and the occupied volume (V,)
computed by Bondi’s method;* i.e., V, = 1.3V, where V, is
the van der Waals volume computed by a group contribution
method.?° These volumes were determined at 25 °C.

Film Preparation. In this work, films with thicknesses less
than 5 um were made by spin-coating polymer solutions at a
spinning speed of 1000 rpm for about 60 s onto the clean native
oxide (100) surface of a silicon wafer. Films with thicknesses
more than 5 yum were made by solution casting on the silicon
wafer. The details of these methods have been described
elsewhere®! and are summarized in Table 2. The film thickness
was tuned by the concentration of the polymer solution which
was filtered through a 0.1-0.45 yum Whatman PURADISC
Teflon filter before coating/casting. The final dry film thickness
was measured using different instruments. For films less than
2 um, thickness was determined by ellipsometry.’! For films
2—10 um thick, thickness was obtained using a profilometric
device.”5! A micrometer was used to measure the thicknesses
of more than 10 um. The thickness nonuniformity of all films
was found to be in the range 0.5—3%. Films thicker than 25
um may be assumed to exhibit “bulk” behavior. The film was
removed from the wafer surface using deionized water and
transferred onto a sample holder in a free-standing state; it
was then equilibrated at a temperature of 15 °C above T for
40 min in an oven with a Ny purge to remove prior thermal
history and subsequently quenched rapidly to room temper-
ature. The “fresh” film sample was then configured for
permeation or refractive index measurement following the
procedures described previously.”? These samples were iso-
thermally aged in air in storage chambers thermostated at 35,
45, or 55 °C (fan-assisted) with measurement of gas perme-
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ability and refractive index (see below for details) at certain
times; after each measurement, the sample was returned to
the original storage chamber for continued aging. The films
prepared for permeation measurement had thicknesses up to
62 um, and at least two duplicate samples were prepared for
each film thickness; films used for the refractive index deter-
mination had thicknesses less than ~1 ym, and four duplicate
samples were used to explore reproducibility.

Permeability Measurement. Pure gas permeability coef-
ficients were measured at the same temperature as the aging
temperature for Oz, N2, and CH,4 at an upstream pressure of
2 atm using a constant-volume/variable-pressure type perme-
ation cell following the standard procedures employed in this
laboratory®253 with specific details established for this work.”5!
During the aging process, the film samples were free-standing
without significant interaction with the Anopore disk used as
mechanical support during the permeation measurement.
Isothermal experiments involved the sample being measured
continuously as a function of aging time at the temperature
used for sample storage. Two permeation cells were built to
accommodate the two polymers studied which could be easily
thermostated at the desired aging temperature.

Refractive Index Measurement. A variable angle spec-
troscopic ellipsometer (VASE), model 2000D, from J.A. Wool-
lam was used to determine the refractive index of polymer
films at room temperature (25 + 0.1 °C). In contrast to
permeability measurements, the refractive index was deter-
mined at room temperature after removal of the film sample
from the aging storage chamber, regardless of the aging
temperature. The details for the refractive index measurement
have been given in an earlier paper.’ Ideally, the thin film
should be free-standing during aging, which requires the film
to be on and off the wafer surface before and after the
refractive index measurement; however, such a procedure
increases the probability of damaging the film sample after a
few trials and decreases the precision of the ellipsometry
measurement. The scheme used for permeation measurement
where an Anopore support disk is employed does not work for
the refractive index measurement because of the difficulty in
making the film strictly flat on this support and poses serious
alignment problems. The compromise adopted here was to
have the thin films continuously on the silicon wafer surface
during the aging process. This scheme is assumed to have little
effect on physical aging since the polymer film was not
constrained by the wafer support. There is only physical
contact between the film and wafer surface, and the film could
be easily removed by simply lifting it off the wafer. At least
three ellipsometry measurements were conducted for each film
sample, and the average value was computed to increase the
accuracy and shown in the figures presented in this work.
These three measurements could be completed within 5 min
after removal from the aging chamber. Any alteration to
physical aging during this short time caused by the measure-
ment temperature, 25 °C, being different than the aging
temperature, was assumed insignificant since the whole aging
process persists for very long times.”

Results and Discussion

Effect of Aging Temperature As Tracked by Gas
Permeability. Excellent reproducibility of the perme-
ability measurement has been demonstrated previously
with the maximum difference between the two duplicate
samples less than 2.5% at any aging time. The perme-
ability coefficients reported here are from a single film
measurement.

Figure 1 shows an example of the permeability
coefficients (P) for PSF films of various thicknesses as
a function of the isothermal aging time (¢) at 35 °C when
both the aging and measurement temperatures were the
same and held constant with a precision of +0.1 °C.
Data were collected for periods up to 10 000 h depending
on the aging temperature used. The aging behavior
observed is similar to that published earlier,” and
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Figure 1. Evolution of oxygen permeability coefficients of PSF

films of different thicknesses isothermally aged at 35 °C. Note

that the unit “barrer” commonly used in the gas permeation

literature has the following meaning: 1 barrer = 1071° ¢cm?
(STP) cm/(cm? s cmHg).
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Figure 2. Absolute oxygen permeability of PSF films with
thicknesses of ~400 nm as a function of aging time at the three
aging temperatures.

similar trends were observed for other aging tempera-
tures. Greatly accelerated physical aging is noted for
thin films compared to thick films of the same polymer
as reported previously;2~46.12.13.15 aging persists for long
times with no evidence of reaching an equilibrium state.
The vastly higher aging rate for thin films has been
rationalized by the greater possibility of free volume
diffusion and escape from the surface of thin polymer
films compared to thicker ones.”

Figure 3 shows a comparison of how the evolution of
oxygen permeability for PSF films with thickness of
~400 nm is affected by temperature. The higher perme-
ability coefficients observed at higher temperature at
the beginning of the aging process are expected due to
the normal effect of temperature on permeability. The
higher the temperature, the more rapidly gas perme-
ability is observed to decrease during aging. For ex-
ample, Figure 2 shows that at 55 °C the permeability
drops to values lower than observed at 45 °C after an
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Figure 3. Relative oxygen permeability of PSF films with
thicknesses of ~400 nm (normalized by value at ¢ = 1 h) as a
function of aging time at three aging temperatures.

aging time of ~100 h. To more directly compare the
aging response at different temperatures, the oxygen
permeability coefficients are replotted in Figure 3
normalized by the value observed at 1 h as a function
of aging time for each temperature. By this measure,
at any time after 1 h, the relative oxygen permeability
is lower the higher the aging temperature. This suggests
that aging rate increases with temperature as might be
expected on the basis of mobility considerations. The
relationships in Figure 3 display a rather wide time
interval over which an approximate linear relationship
pertains; however, there is clearly a delay before the
apparent linear range is reached, and with reducing
aging temperature, this “delay time” increases. This
phenomenon is reminiscent of volumetric aging results
on atactic polystyrene reported by Hutchinson,! who
described the time to reach this linear region as the
inflection point. The time scale for the delay obtained
here is comparable to the values reported in the
literature for aging temperatures far below T.1:54 The
slope of the approximate linear region decreases with
decreasing temperature as might be expected; however,
the effect is not large for these relatively small temper-
ature differences. Similar results were obtained for films
with other thicknesses.

In an earlier paper we characterized aging rate in
terms of the slope of plots of log P vs log ¢ (e.g., Figure
4) as is commonly done in the membrane industry; such
plots yield a nearly linear relationship at long aging
times.” For the plots in Figure 4, it seems that the
approximately linear relationship develops after aging
times of ~100 h. Figure 5 shows how this measure, i.e.,
—(d log Po,/d log t), of aging rate depends on film
thickness and aging temperature for PSF films. These
plots indicate that at each temperature the rate of
permeability loss with aging decreases as the film
thickness increases and appears to level off as the film
approaches what might be considered the bulk state,
as reported earlier.” The rate of permeability reduction
is higher the higher the aging temperature. The effect
of thickness on the oxygen permeability reduction rate
appears to diminish as aging temperature increases; i.e.,
the influence of film thickness on physical aging seems
to moderate at high aging temperatures. The coupling
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Figure 4. Logarithmic plots of the oxygen permeability and
aging time for PSF films aged at 35 °C. An approximately
linear relationship develops after an aging time of ~100 h.
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Figure 5. Rate of change of oxygen permeability at long aging
times for PSF films as a function of film thickness at different
aging temperatures.

effect of film thickness and aging temperature is also
noted in the studies of relaxation dynamics of glasses
below the glass transition by Jérome and Comman-
deur® for ultrathin films.

The observations noted above for PSF are similar to
those observed for PPO film samples aged at these
temperatures. Figure 6 summarizes the oxygen perme-
ability reduction rate for both PSF and PPO films as a
function of aging temperature. Clearly, PPO shows a
much higher aging rate than PSF. The aging rate is not
a linear function of the aging temperature, and PSF
seems to be more sensitive to the aging temperature
than PPO; as the temperature is increased from 35 to
55 °C, the oxygen permeability reduction rate for films
with thickness of ~400 nm increased 13.5% for PSF
compared to 6.4% for PPO. It is significant to note that
PPO has a much higher free volume than PSF does. We
believe this is a key element that determines the
relative rate of aging of one polymer vs another at a
given thickness at aging temperatures far below T; this
idea will be explored more fully in future studies.

Effect of Aging Temperature as Tracked by
Refractive Index. Good reproducibility of the refrac-

Thin Glassy Polymer Films 10151

0.20 ) 0.20

[ PPO A/'/""/A
[ 0.40pm

[ - H 045
045 [1.00um o~ ]

-
dlog P, 3 - ——o T~
08 [ PSF

L 0.40pum]|

0.10 0.70 pm]

L 1.00pm]
1.86um| 0.05

/ 3.50pm|

[ — o |

[ -—

0,05-'""""""""""""""0.00

30 35 40 45 50 55 60

Aging temperature (°C)

Figure 6. Comparison of the rate of change of oxygen
permeability for PSF and PPO films of different thickness as
a function of aging temperature. Closed symbols correspond
to films made from PSF while the open symbols represent films
made from PPO.
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Figure 7. Change in the refractive index of PSF and PPO
thin films with time at 55 °C. Closed symbols correspond to
films made from PSF while the open symbols represent films
made from PPO.

tive index measurement has also been shown in an
earlier paper with the maximum difference among the
duplicate samples less than 0.05% at any aging time.?
The refractive index shown in the following figures is
the average of multiple measurements for a single film;
the variation among these values is less than 7 x 1075
for all films at any aging time.

Figure 7 shows the change of the refractive index
(measured at 25 °C) of PSF and PPO thin films with
aging time at 55 °C. For PSF, an approximately linear
relationship is exhibited between the refractive index
and log ¢, except during the initial stages of aging. For
PPO, the plots show some curvature for the aging period
of investigation; nonetheless, the linear fit of the
experimental data produces a correlation coefficient of
R? = 0.986 for all PPO thin films. The slight scattering
of the data about the trend of the refractive index
change for each film might be considered as the error
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Figure 8. Change in refractive index of PSF films with
thickness ~700 nm at different aging temperatures as a
function of aging time.

of the measurement which is less than 0.0006 refractive
index units for all films. In each case, thin films display
a more rapid increase in refractive index than thick
films as reported recently.? Figure 8 shows the response
of the refractive index measurement at 25 °C for PSF
films (with thickness about 700 nm) aged at different
temperatures. Clearly, the refractive index increases
more rapidly the higher the aging temperature; this is
consistent with the gas permeability changes shown in
the last section.
The Lorentz—Lorenz equation®

L

2_1_ PNy
= ’12_1 = = pC 1)
n?+2 3My

provides a connection between refractive index and
density, where N,, is Avogadro’s number, M, is the
molecular weight of the polymer repeat unit, ¢ is the
permittivity of free space constant, p, and a is the
average polarizability of the polymer repeat unit. The
parameters on the right-hand side of the Lorentz—
Lorenz equations are constant except for density? and
are summarized into the material constant C, i.e., C =
N,ya/3Me. Since the refractive index appears to be an
approximately linear function of log ¢, the Lorentz—
Lorenz parameter, L, should also be an approximately
linear function of log ¢, due to the fact that the change
in refractive index during aging is quite small, as seen
in Figure 7. Likewise, log L approximately linearly
correlates with log ¢, as demonstrated in Figure 9 for
PSF thin films aged at 45 °C. As shown previously, the
Lorentz—Lorenz equation also provides a simple way
to define a volumetric aging rate,” i.e.

- (31<>_gL) _ (M
P,T

dlogt d log t)P,T )

The volumetric aging rate was calculated for each
polymer film at each aging temperature from the slope
of a log—log plot of L vs aging time within the region
over which such plots are best linearly fitted. Figure
10 shows how this volumetric aging rate depends on film
thickness and aging temperature for PSF. At a given
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Figure 9. A log—log plot of Lorentz—Lorenz parameter vs
aging time for PSF thin films aged at 45 °C.
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Figure 10. Volumetric aging rate, r, determined from the
Lorentz—Lorenz equation vs film thickness for PSF films at
different temperatures.

thickness the aging rate increases with aging temper-
ature; the aging rate decreases as the film thickness
increases at each aging temperature, and the influence
of thickness on aging rate seems to be more apparent
at lower temperatures, in agreement with the observa-
tions by gas permeability. These optically determined
volumetric aging rates at temperatures more than 100
°C below T, are higher than those reported in the
literature for bulk polymers aged at ~15 °C below T.1%6
Figure 11 compares the volumetric aging rate for PSF
and PPO films, with thicknesses of about 400 nm, as a
function of the inverse aging temperature. At a fixed
thickness, PPO has a higher aging rate than PSF which
is believed to reflect the higher fractional free volume
of PPO.” Figure 11 also shows that the effect of tem-
perature on the aging rate can be approximated by an
Arrhenius-like form. For films of ~400 nm in thickness,
the apparent “activation energy” is 5.1 kJ/mol for the
volumetric relaxation rate of PSF and 2.2 kJ/mol for
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Figure 11. Volumetric aging rate, r, determined from the
Lorentz—Lorenz equation vs aging temperature, for PSF and
PPO films with thickness ~400 nm plotted on Arrhenius
coordinates.
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Figure 12. Change in fractional free volume with time for
PSF films aged at 35 °C.

PPO, consistent with the fact that PPO ages more
rapidly than PSF.

The material constant C in eq 1 can be obtained from
the bulk values of refractive index and density for each
polymer (given in Table 1). With this simple relation-
ship, the density at any aging time can be calculated
from the measured refractive index. In addition, the
fractional free volume, f, at each stage of the aging
process can be determined as follows:

Vg v=1-L
f_ vV - Vo= 6

V, 3)

Figure 12 presents an example of the fractional free
volume obtained in this way for PSF films aged at 35
°C. The fractional free volume decreases gradually with
aging time and at a higher rate for thin films than thick
films, as expected.
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Figure 13. Correlation between oxygen permeability reduc-
tion rates and volumetric relaxation rates for PSF films with
thicknesses less than ~1 ym.

Correlation of Aging Rates. Both of the measure-
ment techniques employed in this work reflect the
densification or reduction in polymer free volume during
aging; therefore, as expected, both measurements pro-
vide similar descriptions of the aging behavior. It is,
thus, expected that there may be a quantitative cor-
relation between the two measures of aging rate. Figure
13 summarizes the oxygen permeability reduction rate
vs the corresponding volumetric relaxation rate for all
thin films, of thickness less than ~1 um, of PSF aged
at the three temperatures. Only data for thin films are
shown since ellipsometry cannot be used to measure
thick films; the upper limit of film thickness with
sufficient measurement accuracy is about 1 um. An
excellent correlation between the two measures of aging
rate is seen. Similar correlations of aging rates obtained
from positron annihilation, dielectric relaxation, and
dynamic mechanical thermal analysis have also been
reported.?® More detailed data analysis for other poly-
mers will be explored in future papers.

Summary and Conclusions

The observations reported here for PSF and PPO
films agree qualitatively with the temperature depen-
dence of the rate of volume relaxation reported in the
literature.38:3957 The results indicate that the aging
rates determined by both oxygen permeability reduction
and optically measured volume relaxation depend on
both thickness and aging temperature; the aging process
is faster the higher the aging temperature and the
thinner the film. The Lorentz—Lorentz parameter ap-
pears to change linearly with aging time on a log—log
plot and provides a direct correlation to the classical
volumetric relaxation.? Gas permeability measurements
show a similar linear relation, on a log—log plot, but
only at long aging times which provides a useful
measure of the aging rate for comparison purposes. For
both measurements, the aging rate increases with aging
temperature for a particular film thickness. The effect
of thickness on the aging response of polymer films
seems to moderate at higher temperatures. The com-
bined effects of thickness and temperature on the aging
behavior are very similar to the results obtained by
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Jérome and Commandeur.5® The similarity of response
by both methods is further illustrated by a correlation
between the two measures of aging rate; detailed data
analyses involving different polymer types will be
explored in future papers.
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