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ABSTRACT: The addition of nanoscale, nonporous fumed silica [FS] particles to size-selective poly(2,2-
bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole-co-tetrafluoroethylene) [AF2400] systematically increases
penetrant permeability coefficients, similar to behavior previously observed in vapor-selective polyacety-
lenes, but contrary to results in traditional filled polymer systems. Permeability coefficients of large
penetrants increase more than those of small molecules in filled AF2400, thereby decreasing the size
selectivity of this polymer. AF2400 is readily plasticized by n-butane, whereas AF2400 containing 40 wt
% FS exhibits antiplasticization behavior, suggesting that filler addition alters AF2400 to allow n-butane
molecules to be accommodated in the polymer without significant swelling and subsequent plasticization
of the matrix. Both filled and unfilled AF2400 have essentially the same gas solubility coefficients, so all
of the increase in penetrant permeability in filled AF2400 is a result of increased diffusion coefficients.
There is reasonable agreement between diffusion coefficients obtained from transient sorption and steady-
state data, both of which increase regularly with increasing FS content. Positron annihilation lifetime
spectroscopy reveals that FS addition increases the size of free volume elements in AF2400. Thermal
analysis of filled AF2400 shows that FS has no detectable effect on the polymer’s glass transition

temperature, indicating that FS has little impact on long-range chain mobility.

Introduction

The separation of gases by selective permeation
through polymer membranes has become an established
unit operation that can compete successfully with
traditional separation technologies.! To improve the
competitiveness of membrane-based separations, a con-
siderable research effort has focused on enhancing
polymer selectivity and permeability. One avenue of
exploration has been to add inorganic particles, such
as zeolites, to polymers to combine the strong molecular
sieving properties of zeolites with the desirable mechan-
ical and processing properties of polymers.2=—* However,
efforts to reproducibly fabricate such membranes have
been hampered by problems such as defects resulting
from incompatibility between the polymer and the
dispersed zeolite phases.*

Recently,>~8 an alternate use of inorganic particles to
modify transport and separation properties of polymer
membranes has been identified. By adding nonporous,
nanoscale fumed silica [FS] particles to certain high-
free-volume, glassy polymers that are more permeable
to large organic vapors than to small permanent gases,
both permeability and vapor/permanent-gas selectivity
increase. For example, the addition of 30 wt % FS to
poly(4-methyl-2-pentyne) [PMP] simultaneously doubles
mixed-gas n-butane/methane selectivity and increases
n-butane permeability by a factor of 3.6 The primary
particle size of the FS filler used in these studies is
considerably smaller than that of zeolites and molecular
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sieves that have previously been added to polymers to
modify transport properties (10—30 nm vs ~1 um). The
nanoscale dimensions of FS render it small enough to
alter permeation and separation properties without
introducing gross, selectivity-destroying defects or com-
promising the mechanical strength of thin polymer films
at loadings of up to 50 wt %.57 Because FS is nonporous,
it does not permeate gas molecules as a zeolite could.
Rather, it appears that for stiff-chain glasses, such as
PMP, FS modifies polymer chain packing, and conse-
quently free volume, to affect changes in polymer
permeability and selectivity.”

In addition to PMP, we examined in detail the effect
of FS addition on transport in another high-free-volume,
vapor-selective polyacetylene, poly(1-trimethylsilyl-1-
propyne) [PTMSP].8 Similar to PMP, incorporation of
FS into PTMSP increases penetrant permeability. How-
ever, in contrast to PMP, n-butane/methane selectivity
decreases with increasing FS loading of PTMSP. This
result is ascribed to PTMSP having larger and more
interconnected free volume elements than PMP.8 Ad-
dition of FS increases the size of these free volume
elements to the point where free phase transport
mechanisms that favor light gas transport, such as
Knudsen diffusion, appear to become important.®

Here, we report permeability, solubility, and diffusion
coefficients in poly(2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxole-co-tetrafluoroethylene) [AF2400] containing
varying amounts of FS. AF2400, a random copolymer
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containing 87 mol % of the packing-disrupting dioxole
monomer, is, like PMP and PTMSP, an amorphous
high-free-volume glassy material. However, unlike the
polyacetylenes, it is size-selective (i.e., more permeable
to light gases, such as methane, than to large vapor
molecules such as n-butane).® As such, it is interesting
to compare and contrast the effect of FS addition on
transport in AF2400 with that in vapor-selective PMP
and PTMSP. Additionally, from an applications stand-
point, it is useful to determine whether nanoscale fillers
can be added to a size-selective polymer to yield a
mechanically robust material and whether the effect of
filler on transport properties is similar to that in vapor-
selective polymers. If so, filling could be a useful means
of tuning transport parameters in size-selective poly-
mers, for example, in cases where some loss in size
selectivity is an acceptable tradeoff to obtain higher
fluxes.

Background

Gas transport in nonporous polymer membranes
proceeds by a solution-diffusion mechanism, and the
permeability coefficient, P, which is the pressure and
thickness normalized steady-state gas flux, is expressed

ale,ll
C,—C,\_
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where D is the concentration-averaged diffusion coef-
ficient and C, and C; are the penetrant concentrations
in the polymer at the upstream (p,) and downstream
(p1) faces of the membrane, respectively. When the
downstream pressure is much less than the upstream
pressure, eq 1 may be expressed in the simple form20.11

P =SD 2)

where S is the solubility coefficient at the upstream
pressure. Permeability is frequently expressed in bar-
rers, where 1 barrer = 10719 cm?3 (STP) cm/(cm? s cmHg).
The ideal permselectivity of a polymer film for com-
ponent A relative to component B, aass, is defined as
the ratio of their permeabilities, which in light of eq 2
may be rewritten as the product of two ratios:10:11

LN ) Da
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where the first term on the right-hand side is the
solubility selectivity and the second is the mobility or
diffusivity selectivity.

Classically, a number of theoretical expressions have
been advanced to describe transport behavior in hetero-
geneous polymer systems.? Such models attempt to
account for volume filling and increased diffusive tor-
tuosity caused by the presence of filler particles. As
might be anticipated, these models predict a reduction
in polymer permeability with increasing nonporous filler
content. Despite their simplicity, they have been found,
at least qualitatively, to describe gas transport in many
filled polymers.1213 However, models of this type are
unable to predict the increased permeability observed
in FS-filled PMP and PTMSP and the dependence of
these properties on the primary particle size of the filler
particles,”® presumably because the models offer no
means of accounting for changes in polymer phase
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permeability in the filled materials nor the possibility
of an interfacial phase with transport properties differ-
ent from those of the polymer and the filler.

Gas solubility in a binary system consisting of filler
particles and polymer may depend on the filler concen-
tration as well as possible particle interactions with the
polymer matrix. The following additive model has
previously proved useful for describing sorption in FS-
filled polymers:14

S= q)psp + (1 - gop)sf (4)

where S, is solubility in the polymer matrix, St refers
to solubility in porous fillers or on nonporous filler
particles, and ¢, is the volume fraction of polymer.

Experimental Section

Film Preparation. Dense films of AF2400 and AF2400/
FS nanocomposites were prepared by solution casting. AF2400
(DuPont, Wilmington, DE) was dissolved in PF5060, a per-
fluorinated solvent supplied by 3M (Minneapolis, MN), to
prepare a 1 wt % polymer solution. A nonporous, hydrophobic
grade of FS available from Cabot Corp. (Tuscola, IL), Cab-O-
Sil TS-530, was added to the polymer solution. TS-530 FS has
been chemically treated with hexamethyldisilazane to replace
hydroxyl surface groups with hydrophobic trimethylsilyl sur-
face groups.’® The desired amount of FS was added to the
polymer—solvent solution and physically mixed at 18 000 rpm
for 10 min in a Waring two-speed commercial blender. The
blended mixture was filtered, poured into a casting ring, and
dried at ambient conditions until all solvent had evaporated.
AF2400 and AF2400/FS nanocomposite films were solvent-free
after drying for about 24 h. The films used in this study were
approximately 50 um thick as determined by a precision
micrometer. Further details of the nanocomposite film prepa-
ration protocol are described elsewhere.”

Thermal Characterization. Thermal analysis of AF2400
and FS-filled AF2400 films was conducted with a TA Instru-
ments (New Castle, DE) 2010 differential scanning calorimeter
(DSC) connected to a computer running TA's Thermal Solu-
tions software. DSC scans were performed in a nitrogen
atmosphere at a heating rate of 20 °C/min from room temper-
ature up to 300 °C. Film samples ranging from 10 to 12 mg
were sealed in aluminum sample pans. Second scan thermo-
grams were used to determine glass transition temperatures.

Positron Annihilation Lifetime Spectroscopy. The
PALS measurements were performed in N, at ambient tem-
perature using an automated EG&G Ortec fast—fast coinci-
dence system. The timing resolution of the system was 240 ps
determined using the prompt curve from a °CO source with
the energy windows set to ?’Na events. Polymer films ap-
proximately 50 um thick were stacked to a total thickness of
1 mm on either side of the 30 xCi ??Na—Ti foil source. From 5
to 15 spectra were collected for each sample with a 1 h
acquisition time required per spectrum. These results were
averaged to yield mean values. The standard deviations were
the population standard deviations for nine spectra, and each
spectrum consisted of approximately 1 million integrated
counts. The PALS parameters for the spectra did not vary as
a function of contact with the radioactive source. The spectra
were modeled as the sum of four decaying exponential terms
using the computer program PFPOSFIT. While the PALS
signatures of most polymers can be modeled using three
decaying exponential terms, a four-parameter fit gave better
statistical results for the materials discussed in this work. The
shortest lifetime was fixed at 125 ps, which is characteristic
of parapositronium self-annihilation. No source correction was
used in the analysis based on a fit for pure Al standards of
169 + 2 ps, 99.3 + 0.3%; 820 ps, 0.7%. Only the orthopositro-
nium (oPs) components with the longest measured lifetimes—
the third (z3) and fourth (z5)—were considered further since
they are ascribed to annihilations in free volume cavities of
the polymer matrix.
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Permeation Measurements. Pure-gas permeation proper-
ties of AF2400 and FS-filled nanocomposites were determined
with a constant-pressure/variable-volume apparatus.'® The
surface area of the film was 13.8 cm?, and gas flow rates were
measured with a soap-film bubble flowmeter. Prior to each
experiment, both the upstream and downstream sides of the
permeation cell were purged with penetrant gas. Permeability
coefficients of gases and vapors were determined in the order
of increasing penetrant condensability, i.e., Hz, N2, Oz, CHy,
n-C4H10. When steady-state conditions were achieved, the
following expression was used to evaluate permeability®

| 273 patm(dV) )

p, —p,; TA 76 \dt
where | is the film thickness, p. is the upstream pressure, p1
is the downstream pressure (atmospheric pressure in this
case), pawm is atmospheric pressure (cmHg), A is the membrane
area, T is the absolute temperature, and dV/dt is the volu-
metric displacement rate of the soap-film in the bubble
flowmeter.

Mixed-gas permeation properties of films were determined
with a feed containing 2 vol % n-butane in methane. The feed
pressure in these experiments was 11.2 atm, and the permeate
pressure was atmospheric. The ratio of permeate to feed flow
rate, or stage cut, was always less than 1%. Under these
conditions the residue and feed compositions are essentially
equal. The permeate composition was determined with a gas
chromatograph equipped with a thermal conductivity detector.
Mixed-gas permeability coefficients for n-butane and methane
were determined from the following relationship:

= Xperm! 273 Patm(dV!
XteodP2 — XpermP1 TA 76 \dt

(6)

where Xseeq and Xperm refer to the mole fractions of components
in the feed and permeate streams, respectively.

Sorption Measurements. Uptake of n-butane in AF2400,
in AF2400/FS nanocomposites, and on TS-530 FS powder was
measured with a Cahn RG Electrobalance (Bellflower, CA).
The balance is serviced by a vacuum system and housed in
an insulated box equipped with an air bath temperature
regulation system. Approximately 40 mg of sample was placed
on the balance and degassed under vacuum. The sample was
then exposed to a fixed n-butane pressure, and mass uptake
was monitored as a function of time using a computer equipped
with Labtech (Andover, MA) data acquisition software. This
procedure was repeated for incrementally higher n-butane
pressures to obtain a sorption isotherm.

Results and Discussion

Thermal Characterization. For the filled polymers
previously examined, PMP and PTMSP, it is difficult
to examine the impact of FS addition on the glass
transition temperature, Ty, because these polyacetylenes
thermally decompose before exhibiting a glass transi-
tion. This is not the case for AF2400, which has a well-
established T4 around 240 °C.Y7 This fact allows us to
probe the effect of FS content on long-range chain
mobility in AF2400. From DSC scans, the glass transi-
tion temperature of AF2400 was 244 °C, which is within
the typical range for this polymer. Subsequent scans of
AF2400 films containing different loadings of FS (10,
25, and 40 wt %) showed no significant change in glass
transition temperature (Ty ranged between 242 and 246
°C). This result indicates that the presence of FS
particles does not measurably alter the long-range
segmental dynamics important to the glass transition
in AF2400. Given the nonpolar, hydrophobic nature of
AF2400 and TS-530 FS, it is reasonable that inter-
actions between the two, which might affect T, are very
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Figure 1. Effect of FS content on oPs lifetimes in AF2400.
PALS spectra were collected at ambient temperature in a
nitrogen environment and modeled as the sum of four decaying
exponential terms using the computer program PFPOSFIT.

weak and that the primary impact of FS addition is on
chain packing and not on chain stiffness or mobility.

Previous studies on the effect of filler addition on
polymer glass transition temperature show a wide
variety of behavior. Most often fillers increase Ty,
presumably due to interactions between the filler sur-
face and polymer chains that restrict chain mobility.18
For example, lisaka and Shibayama'® demonstrate a
correlation between the heat of absorption of polymer
chains on a filler surface and the associated increase in
polymer glass transition temperature. Similarly, Yim
et al.?20 report a direct relation between polymer—filler
interaction energy and the increase in Ty for several
different polymer—silica composites. However, filler
addition may also decrease or have no effect on T,. For
instance, Hergeth et al.2! report that the addition of up
to 50 wt % silica to poly(vinyl acetate) and polystyrene
does not change the glass transition temperature of
these polymers. In addition to the strength of polymer—
filler interactions, Lipatov and Fabulyak?? suggest that
polymer chain stiffness is an important factor in con-
sidering a filler's impact on Tg. In the case of rigid
polymer chains, the effects of filler surface interaction
on chain mobility may not be detectable. Such findings
are generally consistent with our observation that the
addition of nonpolar FS to nonpolar, stiff-chain AF2400
produces no measurable change in Ty.

Positron Annihilation Lifetime Spectroscopy.
Figure 1 illustrates the effect of FS content on oPs
lifetimes in AF2400. As mentioned previously, the
longer the average lifetime of oPs probe particles in a
sample, the larger the average size of free volume
elements in the polymer. For most polymers, PALS
spectra are described by a single oPs lifetime, 7.
However, in high-free-volume polymers, such as AF2400,
a second, longer oPs lifetime, 74, is often observed.?® It
has been suggested that 74 corresponds to large, long-
lived free volume elements in such polymers.2* The
current PALS analysis of AF2400 and FS-filled AF2400
indicates that these materials possess a bimodal dis-
tribution of oPs lifetimes. On the basis of the data in
Figure 1, the shorter oPs lifetimes (z3) appear to be
nearly independent of FS concentration, whereas the
longer lifetimes (z4) generally increase with increasing
FS content. This result indicates that the addition of
FS increases the size of large free volume elements in
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Table 1. Permeability of Aged AF2400 Films Containing Fumed Silica?

as-cast sample permeability (barrers)

aged sample permeability (barrers)

sample \P) CHgy N2 CHg
AF2400 340 250
AF2400 + 10 wt % TS530 480 380 550 420
AF2400 + 40 wt % TS530 1060 1090 990 940

a All data are for pure gases taken at 25 °C and Ap = 3.4 atm. After the as-cast measurements for N, and CH,4 were conducted, the film
samples were tested with n-butane at pressures up to the vapor pressure of this compound at room temperature. Subsequently, the films
were stored in ambient atmosphere for 2.2 years prior to the second set of measurements.
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Figure 2. Methane permeability coefficients at 25 °C in
AF2400 containing 0, 25, and 40 wt % FS as a function of the
transmembrane pressure difference, Ap.

AF2400. A similar effect was observed when FS was
added to PMP7” and PTMSP,8 where it was shown that
the subtle increase in free volume detected by PALS
resulted in significant increases in penetrant perme-
ability and diffusion coefficients.

Permeability. Figure 2 presents methane perme-
ability coefficients in AF2400 containing 0, 25, and 40
wt % FS at 25 °C as a function of the transmembrane
pressure difference, Ap. Consistent with previous stud-
ies of AF2400,%2526 the permeability of this polymer is
very high relative to that of conventional glassy poly-
mers. For example, the methane permeability coefficient
in AF2400 (250 barrers at 25 °C) is orders of magnitude
higher than in low-free-volume polymers, such as poly-
(tetrafluoroethylene) (0.74 barrer at 25 °C)%’ or poly-
carbonate (0.26 barrer at 35 °C).?” Previous studies of
AF2400 have reported that the methane permeability
coefficient for this polymer in the vicinity of room
temperature may vary from 340 to 600 barrers.92526.28
The permeability of AF2400 to methane in the present
work is slightly below this range; however, given the
scatter in reported permeabilities for AF2400, our result
is reasonable. The exact cause of the variation in
reported AF2400 permeabilities is unknown, although
it has been suggested that it may be related to differ-
ences in film preparation conditions.28

Similar to our previous results for PMP%7 and PT-
MSP.8 the permeability of AF2400 is increased by FS
addition. For example at Ap = 3.4 atm, methane
permeability in AF2400 containing 40 wt % FS is 340%
higher than that in the unfilled polymer. This result
indicates that, contrary to traditional filled polymer
systems where addition of nonporous fillers reduces
permeability, incorporation of FS into AF2400 alters the
polymer matrix to permit more rapid penetrant trans-

1000 — ——
4 800 40 wt % FS 7
Q
E
(5]
< 600 - |
s 25wt % FS
_g 400 /:‘7
o D\D/D
£
™
[
o 200 - —
owt% FS
0 L | L 1 L | L 1 L
0.2 0.4 0.6 0.8 1 1.2
Ap, atm

Figure 3. n-Butane permeability coefficients at 25 °C in
AF2400 containing 0, 25, and 40 wt % FS as a function of the
transmembrane pressure difference, Ap.

port. For PMP and PTMSP this increase in penetrant
flux upon FS addition was attributed to a FS-induced
increase in system free volume.6=8 On the basis of the
PALS and permeation data in Figures 1 and 2, a similar
effect appears to occur as FS is added to AF2400. The
lack of an appreciable dependence of methane perme-
ability on pressure exhibited in Figure 2 for both
AF2400 and the nanocomposites is consistent with prior
reports for this penetrant in AF2400° and, in general,
for light gases in glassy and rubbery polymers.1!

Previously, the enhancement in permeability induced
by FS addition to PMP was shown to persist throughout
a 1 month aging period in the ambient atmosphere.”
This result suggests that FS enhanced permeability in
high-free-volume polymers is relatively stable and not
simply a short-lived effect. Further evidence for the
stability of the FS effect is given in Table 1, which
presents aging data for AF2400/FS nanocomposites.
Films containing 10 and 40 wt % FS were tested after
casting and then again after more than 2 years exposure
to ambient conditions. For both samples, the as-cast and
aged permeability coefficients are quite similar (aged
values are within +£15% of as-cast values). Thus, after
more than 2 years of aging, the permeability of FS-filled
AF2400 was essentially unchanged and, consequently,
still substantially higher than that in unfilled AF2400.

Figure 3 presents n-butane permeability coefficients
in AF2400 and FS-filled AF2400 as a function of Ap.
Similar to the methane data presented in Figure 2, the
permeability of AF2400 to n-butane increases regularly
with increasing FS content. However, unlike methane,
n-butane permeability coefficients exhibit pressure de-
pendence. Previously,®26 it was reported that AF2400
is readily plasticized by organic vapors, such as propane
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Figure 4. Permeability coefficients in AF2400 containing O,
10, 25, and 40 wt % FS as a function of penetrant size. Data
were taken at 25 °C and Ap = 3.4 atm except for n-butane,
where Ap ranged between 0.33 and 0.44 atm (i.e., the lowest
n-butane transmembrane pressure difference examined).

and chlorodifluoromethane. Consistent with this behav-
ior, the permeability of AF2400 to n-butane measured
in this work increases 3-fold over the pressure range
explored. On the basis of a conventional interpretation
of plasticization phenomena,?® the insertion of relatively
large n-butane molecules into AF2400 presumably
disrupts polymer chain packing, swells the matrix (i.e.,
introduces additional free volume), and increases local-
scale segmental dynamics, thereby increasing penetrant
diffusion coefficients (which, in turn, increases perme-
ability). As AF2400 is filled with FS, not only does
n-butane permeability increase, but the effect of pres-
sure on permeability changes dramatically. In contrast
to AF2400, n-butane permeability in AF2400 containing
40 wt % FS decreases systematically with increasing
Ap. This behavior is frequently observed for nonplasti-
cizing penetrants in glassy polymers and is related to
the saturation of nonequilibrium excess free volume
sorption sites and resultant decrease in solubility in
these polymers with increasing penetrant pressure.?®
However, it is unusual for a large, swelling-inducing
penetrant like n-butane to exhibit such antiplasticiza-
tion behavior at high penetrant activity (0.88 activity
on the upstream face of the film at the highest Ap
explored). Previously, in PTMSP, the amount by which
n-butane permeability coefficients increase with in-
creasing pressure was reduced as FS content increased.®
Our present results for AF2400 containing FS exhibit
similar, though more dramatic, behavior. This reduction
in n-butane-induced plasticization with increasing FS
content is consistent with the notion that FS addition
augments the size of free volume elements in these
polymers. As FS content increases, it appears to open
free volume elements in AF2400 large enough to ac-
commodate n-butane molecules without inducing swell-
ing of the matrix that is typically presumed to trigger
plasticization. AF2400 containing 25 wt % FS exhibits
behavior intermediate between that of AF2400 and the
40 wt % FS sample, as permeability first decreases
slightly and then increases with increasing transmem-
brane pressure difference.

Figure 4 presents pure gas permeability coefficients
for a series of penetrants in AF2400 and FS-filled
AF2400 as a function of molecular size, which is
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Figure 5. Permeability enhancement in AF2400, PMP, and
PTMSP as a function of penetrant size. AF2400 data (®) are
from pure gas measurements at 4.4 atm upstream pressure
(except n-butane for which upstream pressure ranged from 1.3
to 1.4 atm) in AF2400 containing 40 wt % FS and pure AF2400
samples. PTMSP data (O) are taken from pure gas measure-
ments at 4.4 atm upstream pressure (except n-butane for
which upstream pressure = 2.1 atm) in PTMSP containing 50
wt % FS and pure PTMSP. PMP data (a) are taken from pure
gas measurements at 4.4 atm upstream pressure (except
n-butane which is from mixed gas data at 11.2 atm upstream
pressure) in PMP containing 45 wt % FS and pure PMP.

characterized by critical molar volume, Vc. Consistent
with previous results for filled polyacetylenes, the
permeability of AF2400 nanocomposites to each pene-
trant increases systematically with increasing FS con-
tent. For AF2400, permeability coefficients decrease
regularly with increasing penetrant size, indicating that
this polymer is size-selective. This permeation behavior
is in contrast to that of the previously examined filled
polymers (PMP and PTMSP), which are more permeable
to large hydrocarbon vapors than to small permanent
gases (i.e., they are vapor-selective). Thus, the creation
of enhanced permeability nanocomposites via addition
of FS is not limited to high-free-volume vapor-selective
materials but can also be accomplished with a size-
selective polymer such as AF2400. On the basis of
previous results for PMP, by increasing system free
volume, FS addition decreases the size-sieving capacity
of this polymer, thereby enhancing vapor selectivity.”
A similar reduction of size selectivity is observed in
AF2400. For example, pure AF2400 is more permeable
to smaller nitrogen than to larger, more soluble meth-
ane, while AF2400 containing 40 wt % FS is more
permeable to methane than to nitrogen.

Since selectivities change upon addition of FS to
AF2400, the presence of FS enhances the permeability
of various penetrants to different degrees. This point is
illustrated in Figure 5, where the ratio of filled to
unfilled permeability coefficients in AF2400 (or perme-
ability enhancement) is presented as a function of
penetrant size. In addition to AF2400, results for PMP
and PTMSP are also included. The increase in perme-
ability due to FS addition to AF2400 becomes progres-
sively larger as penetrant size increases. For example,
hydrogen (Vc = 65.1 cm3/mol) permeability is 2.4 times
higher in filled AF2400 than in the unfilled polymer,
but methane (Vc = 99.2 cm3/mol) permeability increases
4.4 times, and the permeability of still larger n-butane
increases nearly 8 times. This behavior is similar to that
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exhibited by PMP and is consistent with a reduction of
diffusivity selectivity in a solution-diffusion polymer.”
PTMSP, on the other hand, exhibits smaller perme-
ability enhancement at larger penetrant sizes, suggest-
ing an increased influence of free phase transport
mechanisms (e.g., Knudsen diffusion).8

Figure 6 presents mixed-gas n-butane/methane se-
lectivity as a function of mixed-gas n-butane perme-
ability coefficients in AF2400 and FS-filled AF2400.
Data for filled PMP and PTMSP are included in this
figure for comparison. Consistent with the pure-gas data
in Figure 5, both n-butane permeability and n-butane/
methane selectivity increase systematically in AF2400
with increasing FS content. In fact, AF2400 exhibits a
selectivity reversal; samples containing 0 and 18 wt %
FS are methane selective, while those containing 30 and
40 wt % FS are n-butane selective. The mixed-gas
behavior of filled AF2400 is similar to that of PMP and
not PTMSP.78 This result suggests that FS addition to
AF2400 modifies polymer chain packing without creat-
ing free volume elements large enough to permit
transport mechanisms that favor light gas permeation,
such as Knudsen diffusion, to become important.

Previously,® we investigated the relative capacity of
different nonporous filler particles to enhance the
permeability of PMP. This analysis suggested that filler
particle size might be an important parameter. Smaller
primary particles were more effective at increasing
permeability in PMP than larger ones. The other
component in these polymer/filler systems is the poly-
mer, and recent studies of filled polyacetylenes indicate
that permeability enhancement at a given volume
fraction of FS decreases as the base polymer perme-
ability increases.® This result may be related to the
relative free volume of the polymers being filled and
their ability to accommodate FS particles within the
polymer matrix. Thus, PTMSP, which possesses the
largest and most numerous free volume elements among
the polymers examined, accommodates FS particles
with the least disruption of polymer chain packing and
experiences, therefore, the smallest permeability en-
hancement.8 Figure 7 demonstrates that AF2400 follows
the trend exhibited by the polyacetylenes. Methane
permeability enhancement at a fixed loading of FS is
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Figure 7. Methane permeability enhancement at 18 vol %
TS-530 FS (i.e., ratio of filled to unfilled polymer permeability)
as a function of the base polymer’s unfilled methane perme-
ability.
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Figure 8. n-Butane sorption at 25 °C in AF2400 containing
0, 25, and 40 wt % FS as well as adsorption on TS-530 FS
powder. The dashed line represents the predicted n-butane
uptake by the 40 wt % FS nanocomposite based on eq 4 and
the sorption capacities of pure AF2400 and TS-530 FS.

higher in AF2400 than it is in more permeable PMP or
PTMSP but lower than the enhancement exhibited by
poly(1-phenyl-2-(p-(triisopropylsilyl)phenyl)acetylene)
[PTPSDPA], a relatively low permeability polyacetylene.

Solubility. Previously, penetrant solubility in FS-
based nanocomposites of PMP and PTMSP was found
to be quite similar to solubility in the filler-free poly-
mers.”8 As illustrated in Figure 8, this also appears to
be the case for AF2400. Within the uncertainty in the
measurements, the equilibrium n-butane uptake in
AF2400 containing 0, 25, and 40 wt % FS is equivalent.
This result implies that the higher permeability of the
FS-filled AF2400 samples is due to higher diffusion
coefficients. n-Butane sorption in AF2400 and FS-filled
AF2400 is higher than n-butane adsorption on TS-530
FS powder. However, the difference in uptake between
the pure polymer and filler is much smaller for AF2400
than for the other two substituted acetylene polymers
examined. For example, at 0.7 atm the amount of
n-butane sorbed is 13, 17, 45, and 63 cm? (STP)/cm? for
TS-530 FS, AF2400, PMP, and PTMSP, respectively.



8412 Merkel et al.

-6
10 [ T T T T T T

) 40wt % FS
o A\A\M

£

o

- 25wt % FS

< m

Q O

L

b= 7L _
oy 10

[e]

o

g owt%FS

‘»

=1

&

o

10'8 1 1 1 1 1 1

26 27 28 29 30 31 32 33
3 3
Cavg, cm”(STP) /cm

Figure 9. Concentration averaged n-butane diffusion coef-
ficients in AF2400 containing 0, 25, and 40 wt % FS at 25 °C
as a function of the average penetrant concentration in the
film.

Previously, for PMP and PTMSP, sorption in the filled
polymers was higher than predicted on the basis of an
additive solubility model (i.e., eq 4), implying that
addition of FS introduces additional accessible free
volume into these systems.”2 The dashed line in Figure
8 represents the additive model predicted n-butane
uptake for AF2400 containing 40 wt % FS. This pre-
dicted sorption capacity is lower than that exhibited by
the 40 wt % FS nanocomposite, a result qualitatively
similar to that observed in the polyacetylenes. However,
as a result of the relatively small difference in n-butane
uptake between AF2400 and TS-530 FS (as opposed to
the polyacetylenes where this difference is large), the
disparity in predicted (by eq 4) and measured n-butane
sorption in AF2400 containing 40 wt % FS is close to
the uncertainty in the measurements. This result simply
indicates that the FS induced increase in polymer free
volume is more difficult to detect via sorption measure-
ments in AF2400 than in PMP or PTMSP.

Diffusivity. n-Butane equilibrium sorption and per-
meation data were combined to yield concentration-
averaged effective diffusion coefficients, D, via eq 1.
Figure 9 presents these diffusion coefficients as a
function of n-butane concentration in AF2400 containing
0, 25, and 40 wt % FS. Consistent with the permeation
data and the notion that FS facilitates penetrant
diffusion by opening the polymer matrix, D increases
with increasing FS content in AF2400. The concentra-
tion dependence of D indicates that the degree of
plasticization induced by n-butane decreases with in-
creasing FS loading. In fact, while D increases with
increasing n-butane concentration for AF2400 and
AF2400 containing 25 wt % FS, it does the opposite for
AF2400 containing 40 wt % FS, suggesting antiplasti-
cization behavior in this nanocomposite. These results
are consistent with FS altering AF2400 to inhibit
penetrant-induced swelling, probably by augmenting
the size of free volume elements relative to those in the
unfilled polymer.

In addition to D, which is calculated from steady-state
transport data, diffusion coefficients may also be esti-
mated from the kinetics of n-butane sorption. Figure 10
presents representative n-butane kinetic sorption frac-
tional uptake data in AF2400 and AF2400 containing
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Figure 10. n-Butane uptake in AF2400 and AF2400 contain-
ing 40 wt % FS at 25 °C. AF2400 sample thickness = 30 um,
initial pressure = 0 Torr, final pressure = 49.5 Torr. AF2400
containing 40 wt % FS sample thickness = 40 um, initial
pressure = 0 Torr, final pressure = 48.4 Torr.

40 wt % FS. In this figure, M is penetrant mass uptake
at time t and M., is the equilibrium mass uptake. On
the basis of an inspection of Figure 10, in which
n-butane uptake kinetics have been normalized to
account for differences in film thickness, sorption equi-
librium is attained much more rapidly in AF2400
containing 40 wt % FS than in AF2400. This result
implies faster diffusion in the 40 wt % FS sample, and
it is qualitatively consistent with the concentration
averaged diffusion coefficients. For both polymer samples,
the convex curvature relative to the x-axis at short times
is a typical artifact related to a finite time being
required to establish surface concentration equilibrium
at the beginning of the experiment.3® Kinetic or tran-
sient diffusion coefficients, D, may be extracted from the
data in Figure 10 by application of the one-dimensional
form of Fick’s second law. When the mass uptake is less
than 60% (i.e., M/M., < 0.60) and fractional uptake is
a linear function of t¥2, D may be estimated from3!

d(M/M,) (16D)1/2 )

dt2 - 127
where D is, to a good approximation, an average
diffusion coefficient over the concentration range cor-
responding to the initial and final pressures in the
interval sorption experiment.3!

Figure 11 presents n-butane diffusion coefficients in
AF2400 and FS-filled AF2400 determined from the
kinetic sorption studies. Also included in this figure are
the calculated concentration-averaged diffusion coef-
ficients (D) for comparison. For each sample, Kinetic
diffusion coefficients (D) are measured at a lower
n-butane concentration than D because the n-butane
pressure (and concentration in the film) in interval
sorption experiments is much lower than that in the
permeation and sorption experiments used to estimate
D. Despite the difference in measurement and calcula-
tion technique, there is reasonable agreement between
the sets of diffusion coefficients. Consistent with the FS
concentration dependence of D, n-butane kinetic diffu-
sion coefficients increase systematically with increasing
FS content. For AF2400 containing 40 wt % FS, kinetic
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Figure 11. n-Butane kinetic (closed symbols) and concentra-
tion averaged (open symbols) diffusion coefficients in AF2400
containing 0, 25, and 40 wt % FS at 25 °C. The solid lines
represent fits of the following model to the experimental
data: D = Do exp(5C), where Dy is an infinite dilution diffusion
coefficient, B is an empirical parameter that measures the
extent to which a polymer is plasticized by a penetrant, and
C is the penetrant concentration in the polymer.

and concentration averaged diffusion coefficients are
very similar in magnitude. This result suggests an
absence of plasticization in the 40 wt % FS sample,
which is consistent with n-butane permeation data.
Additionally, the agreement between kinetic and con-
centration averaged diffusion coefficients is expected in
nonporous films where Fick’s law governs mass trans-
port. For AF2400 and AF2400 containing 25 wt % FS,
n-butane kinetic diffusion coefficients are significantly
less than those calculated from steady-state data (i.e.,
D). This result may reflect the fact that n-butane
diffusion coefficients increase with increasing penetrant
concentration in these two samples (recall that D is
determined at a higher n-butane concentration than D).
In fact, as demonstrated in Figure 11, a simple expo-
nential model3233 for diffusion of plasticizing penetrants
in glassy polymers can reasonably describe n-butane
diffusion in AF2400 containing 0 and 25 wt % FS. The
apparent plasticization of these two systems by n-
butane is consistent with the permeation data reported
earlier, while the simple relationship between D and D
suggests that FS does not introduce interconnected
porous pathways (i.e., defects) into the nanocomposite.

Previously, several researchers34-3 have observed
that kinetic or transient diffusion coefficients in filled
polymers are greatly reduced relative to those in the
unfilled polymer. Moreover, apparent diffusion coef-
ficients in filled polymers obtained from transient
measurements can be much lower than those calculated
from steady-state data and are related in a complex
manner.3® These results have been attributed to im-
mobilizing adsorption by the filler particles which
increases the time required for penetrant to accumulate
in the polymer system to equilibrium levels.®¢ In con-
trast, for our AF2400/FS system, kinetic (or transient)
diffusion coefficients increase with increasing filler
content. In addition, steady-state diffusion coefficients
can be related to transient diffusion coefficients by a
simple concentration dependence model. These results
are consistent with filler particles that open the polymer
matrix and do not significantly immobilize n-butane
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molecules through surface adsorption or the formation
of blind pores.

Conclusions

The addition of nanoscale FS particles to AF2400 has
no detectable effect on the polymer’s glass transition
temperature, indicating that the filler has little impact
on polymer chain stiffness or mobility. PALS data reveal
that FS addition increases the size of free volume
elements in AF2400. The enhanced free volume of filled
AF2400 results in augmented penetrant permeability
and diffusion coefficients, similar to behavior observed
in FS-filled polyacetylenes. For the polymers examined
to date, FS-induced permeability enhancement de-
creases with increasing base polymer permeability. The
permeability of large penetrants increases more than
that of small molecules in filled AF2400, consistent with
a weakening of size selectivity in this polymer. As a
result, AF2400 exhibits a selectivity reversal for the
vapor-gas pair n-C4H;0/CH4, becoming n-butane selec-
tive above 18 wt % FS. FS addition modifies AF2400,
allowing n-butane to be accommodated without swelling
the matrix, thereby mitigating penetrant-induced plas-
ticization, whereas unfilled AF2400 is readily plasticized
by n-butane. Similar to previous results for PMP and
PTMSP, there is no measurable effect of FS addition
on penetrant solubility in AF2400. This finding implies
that all of the increase in penetrant permeability in
filled AF2400 is a result of increased diffusion coef-
ficients. Kinetic diffusion coefficients from interval
sorption and those calculated from equilibrium solubil-
ity and permeability data are in reasonable agreement
and confirm that FS addition reduces resistance to
molecular transport in AF2400.
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