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Abstract

Part | of this series documented a substantial loss in gas permeability over time for thin films of a glassy polyarylate made from bisphenol-
A—benzophenone dicarboxylic acid. The rate of permeability loss, and, thus, aging was found to be dependent on film thickness in a way that
suggested that physical aging occurs by two mechanisms. In this paper, a mathematical model was developed to quantitatively describe the
physical aging process in terms of the free volume (permeability) loss observed using reasonable physical parameters. The model describes
two simultaneous mechanisms of free volume loss: free volume diffusion to the film surface (thickness dependent) and lattice contraction
(thickness independent). A step-wise model development is described with comparison to the data and optimization of the model parameters

at each step. The final dual-mechanism model describes the experimental data presented in Part | remarkatl939diiisevier Science
Ltd. All rights reserved.

Keywords Physical aging process; Free volume diffusion; Lattice contraction

1. Introduction disputed the notion of hole diffusion leading to alternative
explanations of volume relaxation [21,22].

The first paper in this series [1] showed that the gas The evidence presented in Part | [1] supports the idea that
permeability of thin, glassy polyarylate membranes the free volume reduction associated with physical aging
decreases significantly with time after quenching from occurs by two simultaneous mechanisms: one seems to be
above the glass transition temperature while selectivity independent of thickness and is completed quickly while the
increases modestly. Considerable evidence supports theother is thickness dependent and seems to scale with thick-
contention that these effects are due to physical aging orness as expected for a diffusion process, i.e. the tine,
volume relaxation of the glassy polymer film, and that the response for films of different thicknesse&, collapse
rate of aging is strongly influenced by the film thickness onto a single curve when plotted versi®. The purpose
[1-5]. Knowledge of this phenomenon is relevant to here is to construct a mathematical model based on these
membrane-based gas separation processes [2—4,6—11]. Itwo mechanisms to see if it is possible to describe quantita-
turn, the observations provide an opportunity to gain a better tively the response observed using reasonable physical
understanding of how glassy polymers evolve toward an parameters.
equilibrium state.

Most of the theories of physical aging or glassy state
volume relaxation have been developed in response 03 Background
experimental observations and are mainly phenomenologi-
cal in nature [12—16]. The literature continues to invoke free  \When a polymer melt (or a liquid) is cooled, the time
volume diffusion as a mechanism, at least qualitatively, for scale for volume contraction increases rap|d|y as the
volume relaxation [2-5,12,13,17-20]; however, some have temperature becomes lower, and eventually the polymer is

not able to maintain an equilibrium structure on the time
scale of the observation; amorphous materials that are

*Corresponding author. Tel+1-512-471-5392; fax:1-512-471-0542. trapped in such a non-equilibrium state are Comm_only
E-mail addresspaul@che.utexas.edu (D.R. Paul) referred to as glasses. The actual state of the glass, as judged
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Fig. 1. Schematic temperature—volume relationship for an amorphous polymer. The arrow represents the spontaneous loss in specific volurge of a rapidl
guenched sample to that of a slow cooled specimen.

for example by specific volume, depends on its history (see excess vacancies in thin metallic films, where the surface
Fig. 1). There is a driving force for the glass to relax (physi- acts as a sink for “holes” [24,25]. Curro et al. [13] prompted
cal aging) over time to the equilibrium state, but for most by the well-known volume relaxation experiments of
polymer glasses (based on observations of macroscopicKovacs et al. [26] for poly(vinyl acetate), developed a quan-
samples) the rate of this process is extremely slow (usually titative analysis of the diffusion of free volume in the form
imperceptible) except at temperatures slightly belgwi he of holes or vacancies, limited by chain segmental motion;
kinetics of the relaxation is generally understood to be deter- they described this change in fractional free volufas
mined by the rate of segmental motion of the polymer _

chains. Most of the polymer literature apparently regards ot/ot = V(DVI) @
the specific volume of a glassy polymer as a bulk property whereD, the diffusion constant for holes, is a function of
and does not consider sample size effects or the mechanisméractional free volume, and the driving force for vacancy
by which the volume contraction occurs. However, as diffusion is a free volume gradient. The well-known
mentioned above, there is considerable evidence, albeitDoolittle equation [27] was used to describe the free volume
mostly indirect, that polymer glasses that are very small in dependence of the diffusion coefficient
at least one dimension relax much more rapidly than macro- 1 1
scopic specimens. The following subsection considers two D = Drexp{—B<]c - f—)] 2
mechanisms of volume contraction; one (free volume diffu- r

sion) depends on the dimensions of the sample while thewhere the reference state is taken as the glass transition
other (lattice contraction) does not. The next subsection temperature and® is a material constant. They proposed
provides a basis for connecting the observed changes invalues of D,=1x10 *cm%s and B=10.5; other

gas permeability (see Part | [1]) with the volume contraction published values foB range from 1.0 to 10.5 [13,15,28].

that accompanies physical aging of a glassy polymer. Their analysis assumed an arbitrary length scélayhich
they chose not to identify with any physical dimension of
2 1. Prior models for volume contraction the sample but argued in favor of a much smaller, submi-

cron, internal length scale. Of course, use of the thickness of
In 1943, Alfrey et al. [23] proposed, in a qualitative a thin film for this dimension would naturally lead to a
discussion, that diffusion of “holes” or free volume from thickness dependent aging rate.
the interior of a glassy polymer to the surface is responsible  Curro et al. [13] coined the term “lattice contraction” to
for volume contraction on isothermal aging below the glass describe the simple mechanism of volume contraction in
transition temperaturdy. This type of mechanism has been which segments of the polymer chains uniformly move
claimed to be responsible for the elimination of quenched-in closer together throughout the sample. That is, if one
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Fig. 2. Experimental PVT relationship of BPA—BnzDCA and the estimates of the specific volume parameters for the model.

imagines a lattice, the overall reduction in volume is caused calculated by various group contribution schemes like the
by a decrease in lattice spacing throughout the specimen;simple Bondi method [34], the somewhat more complicated
this mechanism is not dependent on sample size. Theyscheme suggested by Park and Paul [35], etc. For a given
argued that lattice contraction could possibly be coupled polymer/gas pair, the above provides a relationship between
with free volume diffusion to describe the overall volume the gas permeability coefficient and the specific volume of
reduction upon aging. Curro et al. did not propose any math- the polymer. As the latter changes with sample history, such
ematical model for the simple mechanism of lattice contrac- as during physical aging, so does the gas permeability. To
tion. However, Hirai and Eyring [22] proposed that volume the extent that this relationship is valid, permeation
contraction in a liquid due to an isothermal pressure increasemeasurements provide a useful and sensitive way to monitor

from p, to p, is described by the following equation: physical aging, especially in thin films where density
s measurements are difficult to perform with high levels of

VEVo (v Vo) ) accuracy.

wherev, is the final volumey; the initial volume  the time It is necessary to establish some experimental specific

and r a relaxation time. This equation provides a simple Volume—temperature relationships for bisphenol-A—benzo-
model to describe the kinetics of size independent lattice Phenone dicarboxylic acid (BPA—-BnzDCA) since these will
contraction; however, a more realistic model might require a be needed in the model to be developed later. First, it is
distribution of relaxation times or more conveniently USeful to review some general features of glassy polymers
emp|oy a Stretched exponential function [29_33] that haVe been W|de|y discussed in the |itel’ature for more
than 50 years. Fig. 1 schematically illustrates the specific
2.2. Relationship between gas permeability and specific ~ volume—temperature relationship of a typical amorphous
volume polymer [23] where the line AC represents the equilibrium
relationship. In the vicinity of the glass transition tempera-
Diffusional processes in polymers are commonly ture, equilibrium cannot be reached within the experimental
described within the framework of the concept of free time scale, so the specific volume follows a different rela-
volume; Eq. (2) is a typical example. The permeation of tionship on cooling below this temperature. The latter is
gases in glassy polymers has been successfully correlatedilustrated for glasses that are rapidly quenched and slowly
in terms of free volume using an analogous relationship  cooled; it is generally held that the various glassy state lines
P — Ac®D are approximately parallel to each other. The line labeled
= Ae (@) . " . s . . L
slow cooled”, while not an equilibrium relationship, is
whereP is the gas permeability coefficient, aAcandB are representative of glasses made under many conditions.
constants that depend on the gas molecule type. The frac-The specific volume of glassy polymers made by many

tional free volume, FFV of, in this relationship is defined as  different processes (extrusion, molding, solvent casting,
V-V etc.) over a wide range of processing conditions is remark-
- Vo

(5) ably reproducible, at least within a certain tolerance; we

v refer to this as the glassy or “bulk” state. It appears that a
whereV is the polymer specific volume ang the volume guenched sample with a higher specific volume will
occupied by the polymer segments; the latter can be rapidly approach this state (see arrow in Fig. 1) while

f
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Table 1 were calculated from Eg. (5) to give the results shown in

Model parameters for BPA-BnzDCA Table 1.

P(O)uu (Barrer) Vo® (cmig) £ f, f, Va_llues for the glassy or “bulk’fy, and equilibrium f,, 3
fractional free volume were computed from specific

1.58 0.692 0.160 0.149 0.102  yolumes obtained from lines BD and BC, respectively, at

#Occupied volume calculated by the Bondi method [36]. 35°C. The films were initially heated fﬁg +35C ,:_2,300
b Fractional free volumes were calculated by Eq. (5) from experimental @Nd then cooled. An upper bound on the “initial” free
volume—temperature data in Fig. 2. volume, f;, of the quenched film would be defined by the
specific volume taken from line EF drawn parallel to BD
relaxation from the bulk state towards the equilibrium is that intersects the equilibrium line at 280 It is unlikely
much slower. that the cooling rate experienced by the films could produce
such a highf;, but the data do show that the actual initial
fractional free volume is larger thafy (since the perme-
3. Heuristic model development ability coefficient is initially higher than the “bulk” value).
It appears that the model is not extremely sensitive to the
In Part | [1] of this series, it was shown that the rate of exact initial value used.
change in gas permeability coefficients with aging time was  In the following model development, we need a quanti-
strongly dependent on film thickness for very thin films tative relationship between free volume and the perme-
(€ < 2.5um) while for thicker films this effect did not  ability coefficient. Eq. (4) provides the form to be used for
seem to be significant. This implies that the loss of free this purpose. Based on a large database of glassy polymers,
volume with time by physical aging occurs by two mechan- Park and Paul [35] reported values Af= 397 Barrer and
isms; one that is thickness dependent (free volume dif- B= 0.839 for oxygen. For our system, the valueAgf was
fusion) and one that is not (lattice contraction). The adjusted to 441 whild3,, was held at 0.839 so that the
following is a heuristic approach to developing a “bulk” oxygen permeability value calculated from Eq. (4)
mathematical model for describing such a dual mechanismusingfy = 0.149 matches the experimental valRe- 1.58
of aging. Barrer. Eq. (4) assumes that the fractional free volume is
The data were separated into two groups, “thick” and uniform across the thickness of the film. However, if there is
“thin”, so that the aging mechanisms could be identified diffusion of free volume as considered in the following
and modeled separately. The validity of using a diffusion model, then there will be a distribution dfacross the
mechanism to describe the permeability reduction observedfilm. In this case, Eq. (4) is assumed to apply point by
in the thin films is tested and the proper diffusion equations point so that the permeability is a function xfindt, i.e.,
identified. This is followed by the development of an P(xt), and then it is necessary to integrate the calculated
empirical thickness independent relationship for the thick permeability coefficients over the thickness of the film to
films. Finally, relationships that combine both mechanisms compare with the experimentally observed valu&$). The
are developed, limiting conditions established, values of appropriate integration is given by the expression
parameters are optimized and the model output is compared 1 1 (02 gy

to the entire experimental data set. = == = (6)
Pt) € J)-en Pxt)

3.1. Free volume limits and relationships
3.2. Simple diffusion model

The first step in this model development is to define and
quantify certain limits of fractional free volume for the =~ The simplest model for volume relaxation by free volume
subject polymer. In Part | [1], experimental PVT data for diffusion only may be written in terms of Fick’s second law
the polyarylate BPA—BnzDCA were presented. The line With a constant diffusion coefficient for appropriate initial
ABD in Fig. 2 summarizes the experimental results extra- and boundary conditions, i.e.
polated to zero pressure. The AB segment represents th _ 2¢ /0.2
equilibrium melt line and BC its extrapolation beloty. oot = D"t/ 0
The BD segment is the relatively reproducible “slow initial condition:
cpoled line discussed above. Eree volume cgn be calculatedf _f att—=0 for —£/2 <x<4£/2
via Eg. (5) once a value oY, is established; a value of
0.692 cn*'f/g was calculated by the Bondi group contribution boundary conditionst = f, att=0 for x= +£/2,
method [34,36]. of

In what follows, three fractional free volume values are — =0 for t =0 at x= 0 (midplane.
used, all corresponding to the permeability measurement ax
temperature of 3. Specific volume values were obtained The values offyand fare set at those given in Table 1 while
as described below and the corresponding free volumesthe free volume diffusion coefficienf), was used as an
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2.0 T T T T (7) by PDEase, a computer program that solves ordinary and
= partial differential equations. These profilesfoft) were
v ® O oa used to calculaté(x,t) via Eq. (4). The profile ofP(x,t)
15 L f‘ifvfxz"'w%\ I i was integrated ovek via Eqg. (6) to computeP(t); the

well-known analytical solutions of Eq. (7) with these initial
and boundary conditions yielded identical curves.
Fig. 3 compares the oxygen permeability coefficients

Oxygen Permeability (Barrers)

1or calculated by this simple model (lines) with the experi-
mental data (symbols) for films with < 2.5um. Calcula-
D=10" cmfs tions are shown for three diffusion coefficients, spanning
0.5 - three orders of magnitude, for comparison with the experi-
mental data. The shape of the model curves does not closely
resemble the data; the model curves always have a higher
0.0 L ! L L slope than the data at long times. The experimental data do
10" 10" 10% 10" 10" 10" not entirely collapse onto one curve whers plotted versus

t/£2 as this simple model would require. At short times, the
experimental data lie above the limit predicted by the

Fig. 3. Comparison of the simple diffusion model (Eg. (7)) calculations model.

(lines) for three free volume diffusion coefficienf8)(with the experimen-

tal oxygen permeability data for thin BPA—BnzDCA filmé € 2.5 um): 3.3. Self-retarding diffusion model
(V) 1.85pum; (@) 0.99pm; (d) 0.74pm; (®) 0.58pm; and (A) 0.25pm.

ye? (sec/em?)

The failure of the simple diffusion model described above
to represent the experimental data indicates, as expected,
that the diffusion of free volume is a self-retarding process
in which the diffusion coefficient for free volume is depen-
dent on the free volume. As free volume is reduced, chain
mobility decreases, which in turn causes the rate of aging to
decrease [27,37—40]. This is analogous to a concentration
dependent diffusion coefficient for sorption of organic
vapors by polymers. To incorporate a free volume depen-
dent diffusion coefficient, Eq. (7) was modified as follows:

adjustable parameter. This initial condition assumes a
uniform distribution of free volume of; across the entire
membrane before physical aging begins. The boundary
conditions assume that after aging starts, the free volume
at the surface is at the equilibrium valdig and the profile is
symmetrical about the centerline. The glassy fractional free
volume, fg, was used as the upper limit of free volume for
comparison with the thin film data because the thickness
independent (lattice contraction) mechanism was thought
to account for the majority of the initial loss in free volume.  of d (D of )

The fractional free volumef(x,t), was calculated from Eq. 3t~ ax\_ ox ®

whereD is described by a Doolittle type expression

2.0 T T T T

- D = Dgex —Z 11 (9)
v e 0 & f fy
VWW..’

andZ is a material constant arid is the diffusion coeffi-
cient for free volume aft= f;. This partial differential equa-
tion was solved with the same boundary conditions as before
. using the software mentioned earlier. A comparison
between the model (lines) and the thin film data (symbols)
5 o, for three values o is shown in Fig. 4. Wherz =0, the
4 diffusion coefficient is no longer free volume dependent,
721 and the model reduces to Eq. (7). Zsncreases, the diffu-
sion coefficient for free volume becomes more dependent on
0.0 ; 1 the free volume, and therefore, the aging rate slows signifi-
4o 10" 107 10" 10 10' cantly and the slope of the predicted response begins to
resemble the shape of the experimental data. For values of
ve? (secicm?) Z=3 andDy=10""cm?/s, the model agrees rather well
_ _ - ~with the shape and magnitude of the part of the experimental
Fig. 4. Comparison of .the frge volume dependent d!ffu5|on coeff.|C|ent aging data that scale WZ, i.e. the “master curve”. The
model (Eqg. (8)) calculations (lines) for three valuesZofith the experi- . A .
mental oxygen permeability data for thin BPA-BnzDCA films values forDy andZ will be further optimized when the final
(@ <2.5um): (V) 1.85pm; (@) 0.99um; () 0.74um; (#) 0.58pm:; model is assembled.
and (A) 0.25pm. A free volume dependent diffusion coefficient leads to

1.0 -

0.5 -

Oxygen Permeability (Barrers)

D = D, exp[-Z(1/f-1/f )]
D, = 1x10"* cm?/s z
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2.5 T T T the work of Hirai and Eyring discussed earlier, the following
equation was adapted to describe this aging process:

f=fy+ (f —fpe (10

wheref; = 0.149 in the present cade= 0.160 (estimated as
described above) is the initial fractional free voluris,the
aging time, andr is a material relaxation time. The name
“lattice contraction” given to the mechanism described by
Eqg. (10) comes from the work of Curro et al. [13]. Since
1.0 - BPA-BnzDCA is a new polymer, there is no information in
the literature about the appropriate magnitude of the relaxa-
tion times for this material; however, Sandreczki et al. [32]
used a relaxation time of 3.5 h for bisphenol-A polycarbon-

Oxygen Permeability (Barrers)

0.5 1 | 1

1 10 100 1000 ate in another aging study. In Fig. 5, the experimental data
from Part | [1] for the thick flms are compared with the
Aging Time (hrs) lattice contraction equation shown above for several values

Fig. 5. Comparison of the lattice contraction model (Eq. (10)) calculations of 7. Itis apparent t.hat avalue afbetween 3 and 5 h gives

(lines) for four values of with the experimental oxygen permeability data QOOd agreement with the data; the value from the StUdy by

for thick BPA—BnzDCA films € > 2.5um): (O) 33 wm; (W) 28 um; () Sandreczki et al. is within this range.

9.7pm; and &) 4.4pm. The lattice contraction expression adequately reflects the
shape and magnitude of the initial aging curves. The

much better agreement between the model output and theassumpt_ion that the free volume reduption due to lattice
experimental data. This confirms the expectation that free contraction stops at the glassy valig,is debatable, but
volume diffusion is a self-retarding process that cannot be the expression proposed here for this mechanism is phenom-
described by a constant diffusion coefficient. Next, we €nological in nature and appears to be consistent with the
address modeling of the rapid initial stage of aging. available data. Intuitively, one nj!ght expect that the fr_ee
However, before doing so it is important to comment on a volume should approach the equilibrium value by the lattice
discrepancy between the experimental data and the model$ontraction mechanism, just as assumed in the diffusion
to this point. The initial fractional free volume of the film Mechanism. An expression representing a large drop in
immediately after quenchingf;, must be larger thari, initial free volume over a short time scale followed by an
because the initial permeability coefficients reported in @PProach to the equilibrium free volume over nearly geo-
Part | [1] of this series are larger than those seen in thick logical time scales that accurately represents the experi-
or bulk films where the fractional free volume fs The mental data could not be found. A stretched exponential
work of Pfromm and Koros [2] and Rezac and co-workers function was explored, as it meets some of the requirements,
[3,4] indirectly support the conclusion that the permeability Put the shape and magnitude of the curves were not
coefficients of thin films begin above the bulk value. They Comparable to the experimental data.
reported that @N, selectivity values in thin films begin
below the bulk (aged, thick film) values and increase beyond 3 5 pyal mechanism model
this with time; indicating that the respective permeability
coefficients begin above the glassy permeability and As mentioned at the outset, the data from Part | [1]
decrease with time. They were not able to show this directly strongly suggest that free volume is lost by diffusion to
because they did not have a sufficiently accurate way tothe surface and uniformly throughout the film simul-
measure the film thickness. For convenience, we have esti-taneously. Thus, we attempt here to construct a model that
matedf; as described earlier using ideas suggested by Alfrey combines both mechanisms in a self-consistent way. We do
et al. [23] more than 50 years ago; this estimate is clearly this by restating the total free volume at any time and
only an upper bound ofa position within the film as follows:
3.4. Lattice contraction model F=f—Afc — 4 19
whereAf, ¢ is the amount of free volume lost due to lattice
contraction andAfy represents that lost by diffusion. The
former is defined by

An inspection of the data in Part | [1] indicates that there
is a relatively rapid reduction in permeability (hence, free
volume) that is more or less independent of film thickness
and is, therefore, the only mechanism discernible in thick Af . =f, — f* (12
films. As mentioned earlier, there is evidence that this
process begins at a free volume higher tfiarBased on where the quantity* - is represented by the following
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2.5 T T T T T T whereas, the changes predicted by the diffusion mechanism
do scale ag/£? and this dominates the responses at high
values oft/€? for thin films. The experimental data do not
show the earliest stages of the short-term response that is
independent of film thickness; thus, the fit of the data is not
very sensitive to the choice §fused in the model.

It is useful to see how the predicted free volume varies
with the time and position within the film. Fig. 7 shows
predictions for three thicknesses that differ by an order of
magnitude from each other. For the thickest filéh=€ 1 mil
or 25.4pm) diffusion of free volume has little effect except
at very long times near the free surface. Essentially all of the
predicted aging occurs by lattice contraction, and, thus,
the free volume has approached the valué, dfiroughout
the film between the timets= 1 and 10 h as shown. Levels
off lower thanf, develop over an appreciable region near the
surface after quite long times relative to the observation
times in Part | [1], i.et = 1000 h.

1.5

Oxygen Permeability

1.0 i

0.5
108 10° 10™ 10" 10 10" 10" 10

ve? (sec/lcm?)

Fig. 6. Comparison of the dual mechanism model (Eg. (11)) calculations

(lines) for the experimental oxygen permeability data for thin BPA— For the thinnest film, £ =0.254um, diffusion is
BnzDCA films: (©) 33um; (M) 28 um; (¢) 9.7um; (A) 4.4um; (V) predicted to be the dominant mechanism of volume con-
1.85um; (@) 0.99um; () 0.74pm; (#) 0.58um; and () 0.25um. traction over times of the order used in the experimental
investigation. However, even after 100 h, the center of
adaptation of Eq. (10): this very thin film is still quite far from the expected equili-

R 13 brium free volumef,. This is shown in greater detail in Fig.
e =fg + (i = Tp)e 13 8 as the value of free volume at the center of the film is

The free volume lost to the surface by diffusion is given by plotted versus the aging time for the same three thicknesses
asin Fig. 7. There is very little change in the valud affthe

Afp =fi —fo 14 center line for the two thicker films(= 2.54 and 25.4.m);
where the change ify is governed by the following diffu-  for the thinnest film the value dfis about half way between
sion equation: fyandf, after 100 h of aging time. Computational limitations
of 5 of precluded calculating the free volume in the thinnest film for
-0 - —(D—D) (15) aging times much greater than 100 h. The free volume
ot X X reduction is predicted to be a mixture of lattice contraction
with the initial condition: and diffusion for the intermediate thicknegs= 2.54 um.

The effects of the self-retarding feature of the diffusion

fo =1 att=0 for —£/2<x<4£/2 mechanism for this intermediate thickness are conveniently

and boundary conditions: seen in Fig. 9 by comparing calculations usibg 0 (D =
constant) and = 3 whereD decreases rapidly with a loss in

fo =fe + (fi — fy) att >0 for x= =£/2, free volume.

of The lattice contraction component adequately describes
b _po fort =0 atx=0 (midplane the thickness independent nature of the first mode of aging,
ox and free volume diffusion with a free volume dependent

where D is dependent on the total free volumie,and diffusion coefficient rather accurately simulates the self-
described by the Doolittle expression of Eq. (9). retarding nature of the second mode of aging. The values

Optimization of the model parameters by comparison to of Z and Dy in the final model are within the ranges of
the experimental data for all thicknesses led to values of similar model parameters in other aging studies [13,28],
Z=3 andDy = 4.48X% 10~ cm%s. The model predictions  and the value of 3.5 h for was based on the study by
and the experimental permeability data are shown in Fig. 6 Sandreczki et al. [32] of the structurally similar polymer
plotted as a function af€% The predicted lines calculated BPA-PC.
from the model are in remarkably good, but not perfect,
agreement with the experimental data represented by the
points. The predicted values are essentially all within 10% 4. Summary and conclusions
of their corresponding experimental values. There is a
predicted curve for each thickness since the initial aging The permeability reduction experienced by BPA-
modeled by the lattice contraction mechanism is inde- BnzDCA films in Part | [1] of this study was modeled in
pendent of film thickness and does not scale td; terms of free volume reduction occurring by two
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Fig. 7. Effect of film thickness on the free volume distribution predicted from the dual mechanism model for a membrane of thickhesssponse is
symmetrical about the center line, ix(£/2) = 0.

simultaneous mechanisms: lattice contraction and free lifetime; another is to provide insight into the mechanisms
volume diffusion. The results from the optimized dual- of the aging process. Although many assumptions were
mechanism model compare favorably with the experimental made in order to construct this model, the final result is
data for both thick and thin films. entirely consistent with two mechanisms being responsible

One goal for constructing this type of model is to predict for the permeability reduction seen in glassy films. One
the gas transport behavior of any glassy polymer over its mechanism, lattice contraction, is independent of thickness



Fig. 8. Effect of film thickness on the value of the free volume at the center line as a function of aging time.
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and describes a rapid reduction in free volume following a [10] Costa G, Biagini E, Cavazza B, Turturro A. Polym Prepr Am Chem

quench from aboveTy. The other mechanism can be
successfully modeled as diffusion of free volume out of a
membrane, and the limits of free volume diffusion are
obtainable by simple PVT experiments. It is hoped that
the presentation of this model will stimulate further experi-

mental studies and subsequent refinement of the model or

alternate explanations.
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