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Abstract

The effects of thickness (0.25—-33n) and aging time on the gas permeation properties of films formed from a glassy polyarylate made
from bisphenol-A benzophenone dicarboxylic acid were examined. Evidence is presented which shows that physical aging is responsible for
a significant decrease in gas permeability with time following quenching the polymer from above its glass transition temperature; the rate of
change is greater for the thinner films. Two methods of determining accurate film thicknesses were used to obtain absolute permeability
coefficients. The importance of the permeation protocol on the aging rate was examined, and a reversal of the aging process was demon-
strated by annealing the aged film above TheThese results indicate that physical aging occurs by two distinct simultaneous mechanisms:
one which is thickness dependent and another that is;®099 Elsevier Science Ltd. All rights reserved.
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1. Introduction that the rate of physical aging is independent of thickness
based on some limited observations [14,15], but Koros et al.
Industrial gas separation processes utilize very thin [1-3] have documented a substantial flux decay, which can
membranes to achieve high productivity; however, much be interpreted as a loss in free volume, over time in thin
of the research on screening or developing new materialsfilms that is not observed in thick films. In 1943, Alfrey et al.
for these processes has been performed on thick films.[16] proposed diffusion of free volume or “holes” as a means
Recent studies have shown that the gas flux or permeancef volume relaxation in glassy polymers which would, at
of very thin glassy polymeric membranes can dramatically least in principle, explain such size effects; however, Kauz-
decrease over relatively short time scales [1-3]. It has beenmann [17] objected to the general notion of diffusion of free
suggested that this is a result of a physical aging process thawolume which led Hirai and Eyring [18] to develop a model
is accelerated in very thin films. for an alternative mechanism. The literature continues to
Physical aging in amorphous polymers is a consequenceinvoke free volume diffusion as a mechanism, at least quali-
of the non-equilibrium nature of the glassy state and consiststatively, for volume relaxation [1-3,7,8,11,13,19-22]. For
of a continual evolution towards equilibrium; although, the example, Curro et al. [19] proposed a dual mechanism for
rate is usually exceedingly slow except just below the glass free volume reduction in which “lattice contraction”, similar
transition temperaturely [4—9]. This leads to changes in to the concept proposed by Hirai and Eyring, and free
polymer properties, e.g. a decrease in enthalpy, creep ratevolume diffusion occur simultaneously.
and toughness and an increase in density, storage modulus In this article, the effects of physical aging on the gas
and yield stress, etc [10,11]. These time-dependent changepermeation properties of bisphenol-A benzophenone-dicar-
are related to volume relaxation, which causes a decrease irboxylic acid (BPA-BnzDCA) films are examined. We are
segmental mobility of the polymer chains [7,12,13]. The able to report absolute permeability coefficieRsjnstead
effect of sample size on the rate of volume relaxation has of the observed permeande/€, in contrast to most other
been debated over the years. Braun and Kovacs suggestedtudies on very thin films, because accurate values of the
film thickness,£, were measured using scanning electron
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Table 1

Polymer structure and physical properties

Structure Polymer abbreviation Ty (°C) Density (g/cn) FFV?
BPA-BnzDCA 194 1.231 0.149

gria 7 T P
—o—@—lc— —o—-c—@—c—@—cr
CHg

2 Calculated from experimental specific volume and an estimate of occupied volume using the method of Bondi23.

[23]. BPA-BnzDCA was chosen because the diacid struc- The glass transition temperature was measured using a
tural segment will be used in future work to study the effect Perkin—EImer DSC-7 differential scanning calorimeter at a
of UV crosslinking on the permeation behavior of thin poly- heating rate of 2@/min. The sample was scanned twice
arylate films. Oxygen permeability of thin films can be and theTy evaluated at the onset of the transition in the
measured accurately and is a sensitive indicator of small second scan. The polymer appears to be amorphous due to
changes in free volume; this proves to be a very effective its clarity and the absence of a crystalline melting point. The
way of monitoring the process of physical aging. The effects polymer density was measured in a density gradient column
of film thickness, feed pressure and annealing temperaturebased on aqueous calcium nitrate solutions €30
are examined here to gain insights about the mechanism of All films were prepared by solution casting on silicon
physical aging. The effect of film thickness on the rate of wafers inside metal casting rings. The solution concentra-
permeability change was studied in great detail because thistion was adjusted to obtain film thicknesses ranging from
provides a powerful way to explore the notion of free 0.25to 33um. The thick films € > 2.5 um) were removed
volume diffusion as a mechanism of physical aging; the from the wafer and vacuum dried at room temperature for
time, t, response of a diffusion controlled phenomenon for 24 h and then at 15C for 5 days according to the standard
films of different thicknesses should scaletés’. Reversal procedures established in this laboratory for film prepara-
of the aging process by re-heating the membrane abgige tion prior to permeation testing. Thermogravimetric analy-
also demonstrated. This study presents the experimentakis (TGA) using a Perkin—Elmer TGA-7 was used to
results in a phenomenological manner, while the secondconfirm the complete removal of solvent. The thin films
one in this series attempts to quantitatively model these (£ < 2.5um) were floated off the casting surface with
results in terms of processes identified in the present study.water and then lifted onto porous ceramic supports. To
ensure solvent removal, the procedures established by
Pfromm [1] were used; the thin films were allowed to air
2 Materials and methods dry overnight, then dried at 100 for 24 h and finally
annealed at 23C@, which is well above thel;=194C,

BPA-BnzDCA was synthesized (see Table 2 for starting for 2 h. This produced a very thin yet dense polymer layer
monomers) by an interfacial polymerization method Supported by a porous ceramic layer; the polymer layer was
described by Morgan [24]. The BPA was used as received Not constrained by the support, as it could be removed by
from Aldrich Chemical. The BnzDCA, graciously donated Simply lifting it off the ceramic. Using separate methods of
by Nihon Nohyaku, was refluxed with excess thionyl chlor- film preparation for the thin and thick films did not have a
ide and purified by vacuum distillation to yield the diacid Substantial effect on the permeation properties particularly
chloride [25]. The polymer was reprecipitated twice from @as all the films were annealed at 28Cfor 2 h prior to aging.
chloroform into ethanol and then vacuum dried to remove  After annealing above th&; at 230C, the films were

residual solvent. quickly removed frqm .the vacuum oven, thereby “qgench-
ing” the polymer; this is assumed to lbe= 0 for all aging
Table 2 o considerations. The films used to evaluate the “bulk”
Monomer sources and purification permeation behavior were prepared following the standard
Monomer Source Purification Melting poirf) protocol described above. A temperature probe encased in
the middle of a 102um sample of BPA-BnzDCA was
Bisphenol-A (BPA) ~ Aldrich None a158—159 heated to 25, and then the polymer and probe were
gii’;fgg)':ﬁi”:;‘; J Nihon Nohyaku - None removed from the oven to simulate the slowest possible
(anDcAy) quench experienced by the samples in this study, where

thicknesses ranged from 0.25 to @B1. The heat loss
*Decomposes at 260 before melting. experienced by the bare probe was also measured and
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Fig. 1. Observed guench rate for a 1@ sample of BPA-BnzDCA®) and the bare temperature prokis ollowing removal from a vacuum oven at 280

plotted to show the maximum measurable quench rate bythen taken of an edge view of the polymer—ceramic compo-
this technique. The minimum and maximum quench rates site membrane. The SEM technique compares a secondary
are shown in Fig. 1, and there is relatively small difference electron image to a backscattered electron image during a
between them. The temperature in the thick film falls signif- single scan; the former shows both the polymer and ceramic,
icantly below theTy within 5 s of removal from the oven. while in the latter only the ceramic support is visible due to
The film thickness was measured by a micrometer for its higher atomic mass. Fig. 2 shows an example of the
values greater than 2/ &m, while this technique is not as image obtained by this technique; the right half of the
accurate as the SEM technique described subsequently, iscan is the secondary electron image which shows the poly-
does provide an adequate level of accuracy for reporting mer and ceramic, while the left half of the scan is the back-
absolute permeability values. As mentioned, the SEM scattered image where only the ceramic support is
procedure was used for films thinner than 254. Follow- discernible. This provides a clear picture of the polymer
ing completion of the permeation measurements, the film thickness and shows that the polymer does not invade
composite membranes were cooled in liquid nitrogen and the ceramic pores. The thickness of the polymer—ceramic
fractured to yield a polymer—ceramic cross-section; photo- membrane was measured with a micrometer prior to mount-
micrographs using a JEOL JSM-35¢ SEM microscope were ing the samples for SEM; this thickness was used in
conjunction with lower magnification photos of the entire
cross-section to verify the accuracy of the scale on the SEM
photomicrograph. The validity of this method for obtaining
accurate thicknesses was verified by performing profilome-
try on several of the films prior to their removal from the
silicon substrate. It is important to obtain an accurate
measurement of the film thickness, so that the absolute
permeability coefficientP, can be calculated rather than
simply reporting the observed permeanBé/, as is done
in most studies of such thin films.

Polymer The specific volume of BPA-BnzDCA was measured as a

Ceramic< P function of pressure in isothermal experiments on a Gnomix
eramic . . .

Support PVT apparatus. Fig. 3 shows the PVT behavior obtained

from these experiments over a pressure range of 0-—
50 MPa for temperatures from 50 to 280

Pure gas permeability coefficients were evaluated &€ 35
and 2 atm for @and N using a standard pressure-rise type
permeation cell following standard procedures employed in
this laboratory [25]. Liquid nitrogen traps were used on all
Fig. 2. Edge view of a polymer—ceramic composite film; the right half Pe€rmeation equipment and vacuum ovens to eliminate
shows the polymer and ceramic while the left half shows only the ceramic. possible pump oil contamination of the samples.
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Fig. 3. PVT data for BPA-BnzDCA; specific volume is shown as a function of temperature for pressures ranging from 0 to 50 MPa.

3. Alternative explanations to physical aging method gave essentially the same results as obtained using
a standard permeation cell with a vacuum pump. Thus,
This investigation was initiated as a result of the observa- contamination was eliminated as a cause of the observed
tion of significant decreases in the absolute gas permeability permeability reduction.
as a function of time after preparation of thin polyarylate  To assert that the observed changes in permeability with
films intended for a study of the effect of UV crosslinking on time are a consequence of physical changes that occur in the
separation performance. There is convincing evidence thatglassy state, it seemed important to show that similar
these observations reflect a physical aging phenomenon;changes do not occur in rubbery polymers. For this demon-
however, other alternatives were explored and eliminated stration, the oxygen permeability of a thin poly(dimethyl
as explanations for the data. The first was the possibility siloxane), silicone rubber, film spun on a ceramic support
of contamination of the sample by vacuum pump oil as and heated to 10C in a vacuum oven was measured for
noted in other similar studies [26,27]. This seemed unlikely over 48 h. The permeability response of the Qutt PDMS
due to the precaution of using liquid nitrogen traps on the film is shown in Fig. 4 as a function of time. The oxygen
vacuum pumps; nevertheless, a bubble flow meter was usecgermeability coefficients are all within 10% of the published
to measure the oxygen permeability of BPA-BnzDCA as a value of 933 barrers [28] and do not show a reduction over
function of time which avoids all exposure of the system to time. Any deviation from the expected value can be attrib-
vacuum pump oil. A number of measurements by this uted to experimental error inherent in measuring the
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Fig. 4. Effect of aging time on the oxygen permeability coefficient of a uilpoly (dimethylsiloxane) film after quenching from £@0 The dashed line is
the oxygen permeability [28] value of 933 barrers.
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Table 3
Bulk permeability and diffusivity coefficients for N, separation
Polymer Temperaturé) Po, (Barrers) o O,/N, b 10,8( cm? )a Do, /Dy,
o, —
BPA-BnzDCA 35 1.58 4.81 34 3.06
55 3.22 441 — —

2 Diffusion coefficient determined by time-lag method.

permeability coefficients for a thin membrane of a highly aging; the thermal reversibility demonstrated later provides
permeable material such as PDMS. even stronger evidence.
These results eliminate some possible causes that have
been suggested for the time-dependent behavior shown
nex_t. T_he observations _d.escribed her(_e ad_d justificatiop for4. Results and discussion
attributing the permeability change with time to physical

4.1. Effect of film thickness on aging rate
2.5 T T
(a) To our knowledge, there are no prior reports on the
synthesis or the properties of BPA-BnzDCA. In this study,
the permeation properties were measured over a range of
thicknesses (0.254—-38m) for an extended period of time
after preparation of the film. The “bulk” permeability and
diffusivity values for Q and N, were measured for “thick”
films at 35 and 5%C respectively, and 2 atm for comparison
purposes with the permeation properties of “thin” films as a
function of aging time. The bulk values are shown in Table 3
and on each aging figure as a horizontal dashed line that
does not change with time. “Bulk” values are defined here as
gas transport coefficients measured on very thick films
(£ > 30 um) according to standard procedures established
in this laboratory. The gas transport properties were
measured at 38 and 2 atm for @and N, except where
noted. Fig. 5(a) shows the oxygen permeability of BPA-
BnzDCA films at 38C as a function of time for a series
of films with thicknesses ranging from 0.25 to @& after
guenching from above tHE,. Itis interesting to note that all
the absolute permeability coefficients begin above the
“bulk” value of 1.58 barrers. For films ranging in thick-
nesses from 0.25 to 1.8§bm, the extent of permeability
reduction appears to be a strong function of the thickness;
the thinnest films exhibit the most rapid reduction in oxygen
permeability. The aging exhibited by the thicker films (4.4—
33 um) is less dramatic and does not seem to be a function
of thickness over the time scale investigated here. If the
volume relaxation or physical aging process that is believed
to be the cause of the observed time dependence of perme-
ability occurs by “diffusion” of free volume to the film

Oxygen Permeability (Barrers)

Oxygen Permeability (Barrers)

0.5 L I I I ! I surface, as suggested earlier, then the response observed
108 10° 10' 10" 10' 10" 10'* 10'° here should collapse to a single curve when plotted versus
the combined variabl&€?. As seen in Fig. 5(b), the situ-
v/ (sec/em?) ation is more complex than this. The permeability reduction

Fig. 5. Effect of aging timet, (a) and normalized aging timg€?, (b) on the over th? ra:/%ez 0; thIkar;esses I.S Imtlalllly f\1/erc)1/ rapid and dlcl)es
oxygen permeability coefficients for BPA-BnzDCA for films of the follow- not scale a , but for longer times all the data eventually

ing thickness: ©) 33, (@) 28, (©) 9.7, (A) 4.4, (V) 1.85, @) 0.99, () 0.74, collapse onto a single “master” curve; thus, such plots do
(#) 0.58, and (\) 0.25um. provide an informative way of representing the response.
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Fig. 6. Effect of aging timet, (a) and normalized aging tim&£?, (b) on
the oxygen permeability coefficients for thick BPA-BnzDCA films
(£ >2.5um): (O) 33, @) 28, ) 9.7, and &) 4.4 pm.

Fig. 6(a) shows that the majority of permeability reduc-
tion for thick films (¢ = 4.4 um) takes place during the first
10 h of aging and then slows significantly as thep@rme-
ability values approach the bulk value. All the thick films

aged at a similar rate, i.e. there does not seem to be any

dependence on thickness. Fig. 6(b) clearly illustrates the
non-scaling nature of the permeability reduction observed
initially. As shown in Fig. 7, the oxygen permeability of thin
films (€ = 1.85um) more nearly collapses onto a single

curve as aging progresses and the slope of the curve appears

to decrease a#€? gets larger. The initial aging of these thin
films also exhibits some non-scaling behavior which is most
clearly seen for the 0.2bm film.

It is well known that for a series of similar polymers, a

trade-off is observed between gas permeability and selectiv-

ity [29—37]. Robeson [38] has compared the selectivity
versus permeability for an extensive database of different
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Fig. 7. Effect of normalized aging time/¢?) on the oxygen permeability
coefficients for thin BPA-BnzDCA filmsf < 2.5um): (V) 1.85, @) 0.99,
(0) 0.74, #) 0.58, and (\) 0.25um.

polymers and has proposed an “upper bound” trade-off rela-
tionship. Fig. 8 shows that as films age, thé\Q selectivity
increases. Although the data are somewhat limited, some
important observations can be made. The general trend is
that selectivity increases with aging while permeability
coefficients decrease which is consistent with commonly
observed trade-off relationships. The,/R, selectivity
values begin below the bulk value of 4.81 and increase to
values higher than this with aging; Pfromm and Koros [1]
and Rezac et al. [2,3] reported similar trends for very differ-
ent polymers. The slopes of the initial increase in selectivity
are similar and do not scale @2 but as aging time
increases, the curves begin to approach each other and the
slope decreases.
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Fig. 8. Effect of normalized aging time/£?) on the Q/N, selectivity
coefficients for BPA-BnzDCA as a function of film thicknes®)(33,
(m) 28, () 9.7, (A) 4.4, (V) 1.58, @) 0.99, (0) 0.74, (#) 0.58, and {\)
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2.0 T T observed in the first. This demonstration of reversibility is
further strong evidence that physical aging or volume
relaxation of the polymer glass is the cause of the

e 1

% s o permeability losses and selectivity gains shown in Figs.
g 4 . - 5-8.

%

2 ‘. R 4.3. Effects of aging temperature and gas pressure

5 .

D *

g 1o b * . . ‘e o i The details of how the gas permeation rates are measured
o M AR could influence the observed aging [39,40]. Fig. 10 shows
3 the results from an aging experiment where the gas feed

pressure and the vacuum cycle during measurements were
varied from the standard protocol. Following each “stan-
dard” permeation measurement, a vacuum is applied for
0 100 200 300 both upstream and downstream to degas the membrane.
Total Aging Time (hrs) As the time for a permeation measurement is short
_ _ _ compared to the aging time, the majority of the aging
Fig. 9. Demonstration of the reversal of the effects of aging on the oxygen

permeability coefficients by heating above ffigagain. The vertical line takes place upder Vacuum' For oxygen., the typical gas
marks the time in the aging experiment when the membrane was re-heatedfeed pressure is 2 atm du”ng a permeation measurement.

i
Original Aging Curve | Heated above Tg Again
! i !

0.5

above theT,,. These standard procedures were used to measure oxygen
permeability on a 0.74em film and the aging results are
4.2. Proof of thermal reversibility plotted as open circles in Fig. 10. As an alternative, a 0.58-

pm film was aged under a constant upstream pressure of

Studies of other properties have shown that the conse-5 atm of oxygen (vacuum downstream), without degassing
guences of physical aging can be reversed by simply heatingbetween permeation measurements (see the closed triangles
the sample abovg, again [7,10]; this should also be true for  in Fig. 10). The results from this test are essentially identical
the observed changes in permeability. To demonstrate this,to results obtained using the standard protocol; thus, over
the permeability of a 0.99-m film was monitored for 141 h.  this range the measurement protocol does not influence the
The sample was then removed from the permeation cell andaging response.
heated to 23T for 2 h after which it was “quenched” using Polymer segmental mobility is obviously an important
the previously described procedures; permeation measurefactor that governs the rate of physical aging. All the
ments were again made as a function of aging time. Both thepermeation responses shown to this point were measured
original aging curve and that following the re-heat are at 35C; use of a higher temperature should increase the
shown in Fig. 9. The original loss in oxygen permeability aging rate due to an associated increase in chain mobility.
in the first aging cycle is recovered after heating abdye Fig. 11 compares the oxygen permeation responses at 55
the aging response in the second cycle is quite similar to thatand 35C for two films of nearly identical thickness, 0.58

2.0 T T T T
(0.74 um)
< 2 atm. O2
g Vac. Between Runs
= L e
Q 1.5 - 'S -
2 A
= (0.58um) 4
% 5atm. O, » 4
£ Continuous Pressure
2 Upstream >,
c 1.0 On -
[ Oy
g "%A
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e} “".A
05 | 1 1 1
10" 10" 10" 10" 10" 10'®

t/¢? (sec/cm?)

Fig. 10. Effect of deviation from the standard permeation protocol on the oxygen permeability coeffictrdsar{dard protocol (2 atm pressure and
degassing between measurementa),dlternate protocol (constant upstreampBessure of 5 atm).
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Fig. 11. Effect of aging temperature on the absolute oxygen permeability (a) and relative oxygen permeability (b) for films of nearly identesd:thigkn
0.58 mm aged at 5€&, (®) 0.59 mm aged at 3&. The dashed horizontal lines are the bulk values measured@t(6pper line) and 3% (lower line).

and 0.59um. In Fig. 11(a), the absolute oxygen perme- 5. Summary and conclusions

ability coefficients are shown as a function of time. The

permeability to @ at 55C is higher than that at 3€, The effects of film thickness on the physical aging of
as expected. To make a more direct comparison, theglassy BPA-BnzDCA was studied by monitoring the time
permeability coefficients for the aged samples were evolution of the permeability to gases, primarily.Ohe
normalized by their corresponding bulk permeability permeability decreases and selectivity increases with
value at the temperature of measurement (Table 3)aging time. These changes are believed to be the result of
with the results shown in Fig. 11(b). The curves are a decrease in polymer free volume which appears to occur
similar, but at the same aging time the relative perme- by two distinct mechanisms. For thick filmé & 2.5 um),
ability coefficients are always lower at B85 than at the observed permeability loss is relatively small and
35°C; the 55C data seem to be approaching some mini- appeared to approach the bulk value after 10 h of aging
mum value more rapidly than those at°@5 A more time following a quench from above thg,; the rate of
complete study of the effects of temperature on aging permeability loss appears to be independent of thickness.
response would no doubt be quite informative but was Conversely, the observed loss in absolute oxygen perme-
beyond the scope of the current work. ability for the thin films € < 2.5um) was much larger
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