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ABSTRACT: The effect of pressure on solubility and the influence of temperature on solubility,
permeability, and diffusivity of CsFs and its hydrocarbon analogue, CsHg, are reported in rubbery poly-
(dimethylsiloxane) (PDMS) and glassy poly(1-trimethylsilyl-1-propyne) (PTMSP). The solubility of CsF's
is lower than that of C3Hg in both polymers at all temperatures and pressures investigated. The isosteric
enthalpy of mixing C3Fs with PDMS and PTMSP is higher than that of CsHs due to less favorable polymer—
fluorocarbon interactions in the case of C3Fg, and it decreases with increasing CsFg concentration. Assuming
a coordination number of 10, the energy associated with mixing CsFs molecules and PDMS segments is
4.5 kJ/mol more than that required to mix C3Hg molecules with PDMS segments, in the limit of infinite
dilution. The isobaric activation energy of permeation (Ep) for C3Fs is positive for both polymers, and
that for CsHs is negative in both polymers. This result is particularly interesting for PTMSP since all
previous studies of activation energy of gas permeation in PTMSP report values that are near zero or
negative; this study provides the first report of a positive Ep value in PTMSP. In PDMS, differences in
both activation energy of diffusion (Ep) and enthalpy change on sorption contribute significantly to the
difference in Ep values of CsHg and C3Fg. For PTMSP, the difference in Ep values for CsFg and CsHg
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stems mainly from a substantially larger Ep value for CsFg than for CsHs.

Introduction

Perfluorocarbons (PFCs) are industrially important
compounds with very long atmospheric lifetimes (3000—
5000 years) and enormous global warming potentials
(5000—10 000 times greater than that of COz).! Because
of the potentially deleterious effect of these materials
on the environment, U.S. federal regulations have
restricted their use to “high-performance, precision-
engineered applications only, where reasonable efforts
have been made to ascertain that other alternatives are
not technically feasible due to performance or safety
requirements.”?

The separation of PFCs from permanent gases using
membranes has been the subject of several investiga-
tions.?~10 Relative to their hydrocarbon analogues, PFCs
exhibit low solubility in hydrocarbon-based polymers
such as poly(dimethylsiloxane) (PDMS),”11 poly(1-tri-
methylsilyl-1-propyne) (PTMSP),>7 and polyethylene.!!
This behavior has been ascribed to less favorable
interactions between fluorinated penetrants and hydro-
carbon-based polymers than between hydrocarbon pen-
etrants and hydrocarbon-based polymers.”?10 Similar
observations of low fluorocarbon solubility in hydrocar-
bon liquids have also been reported.?2~1* For example,
the mole fractions of CsFg and CsHg dissolved in
cyclohexane at 25 °C and 1 atm are 0.006 532 and
0.095 578, respectively;!4 that is, C3Fg is almost 15 times
less soluble in cyclohexane than CsHg.
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This report provides quantitative, experimental evi-
dence of the less favorable interactions between fluoro-
carbon penetrants and hydrocarbon-based polymers
that influence the energetics of gas sorption and trans-
port. Perfluoropropane was selected as a model pene-
trant, and its sorption, diffusion, and permeation prop-
erties are compared with those of its hydrocarbon
analogue, propane, in two very different hydrocarbon-
based polymers, PDMS and PTMSP. PDMS is a rubbery
polymer (its glass transition temperature, T, is —123
°C).15 As such, it presents a mobile, liquidlike environ-
ment to penetrant molecules. PTMSP, on the other
hand, is a stiff chain, glassy polymer (T; > 250 °C)
exhibiting very poor chain packing in the solid state.16:17
It is the most permeable polymer known, and it has the
lowest density and highest fractional free volume of all
known hydrocarbon-based polymers.? Permeability coef-
ficients of Ny and Hs in these polymers are also provided
because separation of PFCs from mixtures with these
permanent gases has been the focus of industrial
interest.!18-26

Background

Permeability. The permeability of a polymer film to
a pure penetrant is given by?’

p=_NL_ (1)
Py — DPq

where P is the permeability coefficient, N is the steady-
state gas flux through the polymer membrane, [ is film
thickness, ps is the feed or upstream pressure, and p;
is the permeate or downstream pressure. Penetrant
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transport through a polymer film is commonly described
by a three-step solution-diffusion mechanism.2” Accord-
ing to this mechanism, when penetrant flux obeys Fick’s
law

C,—C
p=_2_"p
Po — Py

(2)

where D is the effective concentration-averaged diffu-
sion coefficient, and Cy; and C; are the penetrant
concentrations at the upstream and downstream faces
of the membrane. If the downstream pressure is negli-
gible compared to the upstream pressure, eq 2 can be
simplified:?7

P=SD (3)
where the solubility coefficient, S, is defined as follows:

s=¢ 4)
P

In eq 3, S should be evaluated at the upstream condi-
tions. The effective concentration-averaged diffusivity
is defined by

Cy Dloc Co
D= [& 7% 40 = [DdC 5)

where D), is the local concentration-dependent diffusion
coefficient, @ is the penetrant mass fraction in the
polymer at concentration C, and D, is the so-called local
effective diffusion coefficient.

Selectivity. The ideal selectivity, oa,/p, of component
A over B is a measure of the potential separation ability
of the membrane material. The ideal selectivity can be
written as the ratio of the pure gas permeabilities:%7

Py
Oa/B E}TB (6)

or

SaDa (7)

a ——_—
A/B SB DB

where the first term on the right-hand side is the
solubility selectivity and the second is the diffusivity
selectivity. In addition to operating conditions (i.e.,
temperature, pressure, and gas composition), penetrant
solubility depends on condensability and polymer—
penetrant interactions.?” In the absence of specific
interactions (e.g., hydrogen bonding), the first effect is
dominant, and solubility increases as penetrant con-
densability, characterized by critical temperature, nor-
mal boiling point, or Lennard-Jones force constant,
increases.?” Thus, solubility selectivity increases as the
difference in condensability between two penetrants in
a mixture increases. Often, larger penetrants are more
condensable and therefore more soluble than smaller
penetrants. However, larger penetrants have lower
diffusion coefficients than smaller penetrants, and as
the difference in penetrant size increases, so does the
diffusivity selectivity.2” Thus, a tradeoff often exists
between solubility selectivity and diffusivity selectivity,
with the overall selectivity depending on the relative
magnitudes of these two terms.
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Solubility. The sorption of sparingly soluble gases
in rubbery polymers is qualitatively similar to the
sorption of gases in low molecular weight liquids, and
the gas concentration in the polymer, C, often obeys
Henry’s law:27

C=rFkpp (8)

where kp is the Henry’s law constant and p is the gas
pressure in contact with the polymer. The uptake of
more soluble vapors in a cross-linked rubbery polymer
is fre%uently described using the Flory—Rehner expres-
sion:

Ina=In¢, +(1—¢,) + y(1— ¢)*+
8| PR ﬂ)
oo (57w

where a is penetrant activity in the vapor phase, ¢9 is
the volume fraction of sorbed penetrant, y is the Flory—
Huggins interaction parameter, Vs is the penetrant
molar volume, and v/V) is the effective number of cross-
links per unit volume of penetrant-free polymer (ex-
pressed in moles of cross-links per unit volume of
penetrant-free polymer). In this study, penetrant activ-
ity is set equal to the relative pressure, p/psat, where
Psat 1s the saturation vapor pressure of the penetrant.
The volume fraction of sorbed penetrant, ¢, is calcu-
lated from the equilibrium penetrant concentration in
the polymer, C, as follows:

22414]1 (10)

¢z=[1+c—V2

where V; is the penetrant partial molar volume and is
estimated as described previously.!® In this equation,
C and V3 have units of ecm? (STP)/cm?® polymer and ¢cm?/
mol, respectively. 22414 is a conversion factor (cm?
(STP)/mol).

Sorption isotherms for gases in glassy polymers are
usually concave to the pressure axis at low pressures
and linear at higher pressures.?” Such isotherms are
often described using the dual-mode sorption model.??
In this model, penetrant molecules are viewed as being
partitioned into two populations which are in dynamic
equilibrium with each other: (i) penetrant molecules
sorbed by a dissolution mechanism in the dense polymer
matrix (Henry’s law population) and (ii) penetrant
molecules filling unrelaxed, molecular-scale gaps (micro-
voids) frozen into the glassy state (Langmuir popula-
tion).?? The dual-mode model is expressed analytically
as a sum of these two contributions to penetrant
sorption:

Cybp
1+ bp

C=hy + (11)

where C is the total concentration of penetrant in the
polymer, kp is the Henry’s law constant, Cy; is the hole
saturation constant or Langmuir sorption capacity
parameter, and b is the Langmuir affinity parameter.

Temperature Dependence. The temperature de-
pendence of permeability, diffusivity, and solubility at
temperatures far removed from polymer thermal transi-
tions is described as follows:27
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E

P=P, exp(— R_;) (12)
E

D =D, exp(— R_f]l)’) (13)
AH

S=S, exp(— RTS) (14)

where Py, Dy, and Sj are preexponential constants, Ep
is the activation energy of permeation, Ep is the activa-
tion energy of diffusion, and AH; is the enthalpy of
sorption. Because permeability is the product of solubil-
ity and diffusivity (eq 3), the activation energies of
permeation and diffusion and the enthalpy of sorption
are related:

Ep=Ep + AH, (15)

Equation 15 is a consequence of eqs 3, 12, 13, and 14
and is, therefore, subject to the assumptions inherent
in these equations. For example, eq 15 does not hold if
the downstream pressure cannot be neglected in com-
parison to the upstream pressure due to the assump-
tions underlying eq 3. Also, if the penetrant transport
properties (i.e., P, D, and S) are functions of concentra-
tion, eq 15 is expected to be a simplified form of a more
general model.?° Nevertheless, eqs 12—15 are the stan-
dard model for describing the temperature dependence
of gas solubility, diffusivity, and permeability in poly-
mers, and we will use them in this study.

Experimental Section

Materials. PDMS. Poly(dimethylsiloxane) (PDMS) compos-
ite membranes were used for pure gas permeation experi-
ments. These membranes, composed of a filler-free PDMS film
on a highly microporous support, were kindly provided by Dr.
Ingo Pinnau of Membrane Technology and Research, Inc.
(Menlo Park, CA). The poly(dimethylsiloxane) was from Wack-
er Silicones Corp. (Adrian, MI) and was cross-linked at 100
°C using a proprietary cross-linker/catalyst system supplied
by them.

A dense filler-free PDMS film of thickness approximately
250 um was used for the sorption measurements. Cross-linking
was achieved using the same method described above. The
cross-link density of this film was estimated to be 7.8 x 107°
mol/cm?.3! Since the film for the permeation measurements
was cross-linked under the same conditions, it should have a
similar cross-link density to that of the dense film.

PTMSP. PTMSP was kindly provided by Permea, Inc. (St.
Louis, MO). Isotropic poly(1-trimethylsilyl-1-propyne) films,
approximately 50 um thick, were prepared from a 2 wt %
solution of the polymer in toluene as described previously.3?
After casting and drying, the samples were stored in liquid
methanol at ambient conditions to mitigate physical aging. The
films were removed from methanol and dried at ambient
conditions for 24 h before using them for experiments. These
films were utilized for both sorption and permeation measure-
ments.

Gases. The gases and vapors used in the permeation and
sorption experiments had a purity of at least 99.5%. Ny and
H, were obtained from National Specialty Gases (Durham, NC)
while CsHg and C3Fs were purchased from Machine Welding
(Raleigh, NC). All gases were used as received.

Characterization. Sorption. Solubility coefficients were
determined using a high-pressure barometric apparatus.3?
Initially, a polymer film was placed in the sample chamber
and exposed to vacuum overnight to remove the air gases. A
known amount of penetrant gas was introduced into the
chamber, and the pressure was allowed to equilibrate. Once
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the chamber pressure was constant, the amount of gas sorbed
by the polymer was determined by mass balance. Then
additional penetrant was introduced, and the procedure was
repeated. In this incremental manner, penetrant uptake was
determined as a function of pressure. The maximum pressure
was 3—25 atm depending on the penetrant. Sorption equilib-
rium for all gases was reached within, at most, a few hours.
After measuring each isotherm, the polymer samples were
degassed under vacuum overnight. The system temperature
was controlled to +0.1 °C using a constant temperature water
bath. For PDMS, the sorption experiments were performed in
the following order: Ng, Ho, CsHg, and CsFg. For the last two
gases, solubility was measured at different temperatures in
the order of increasing temperature, i.e., 25, 35, 45, and then
55 °C. The orders of gases and temperatures for PTMSP were
also the same, except that sorption of Hy in PTMSP was not
measured.

Permeation. Pure gas permeability coefficients were deter-
mined using a constant pressure/variable volume apparatus.3*
The membrane area was 13.8 cm?. The upstream pressure was
varied from 2 to 17.4 atm for N, and Hy while for C3Hg and
CsFs it was kept constant at 2.36 atm. In all cases, the
downstream pressure was atmospheric. Gas flow rates were
measured with a soap-film bubble flowmeter. The system
temperature was controlled to £0.5 °C using a DYNA-SENSE
temperature control system. Prior to each experiment, the
upstream and downstream sides of the permeation cell were
purged with penetrant gas. Permeability coefficients of the
gases and vapors were determined in the following order: Ng,
H,, CsHs, and CsFs where, for each gas, measurements at
different temperatures were made in the order of increasing
temperature. For PTMSP, to minimize conditioning effects, a
fresh film was used for each gas. The variation in nitrogen
permeability from film to film, at all temperatures measured,
was less than 10%. When pseudo-steady-state conditions were
attained, the following expression was used to evaluate perme-
ability:

p_22414 1 P1dv 16)

A p,—pRT dt

where A is the membrane area (cm?2), [ is the membrane
thickness (cm), ps is the upstream pressure (atm), p; is the
downstream pressure (atmospheric pressure in this case), R
is the universal gas constant (6236.56 cm? cmHg/(mol K)), T
is the absolute temperature (K), and dV/d¢ is the volumetric
displacement rate of the soap film in the bubble flowmeter
(cm?/s).

Results and Discussion

Solubility. PDMS. Sorption isotherms for nitrogen
and hydrogen in PDMS at 35 °C are presented in Figure
1. The isotherms obey Henry’s law, and our experimen-
tal data are in good agreement with previously pub-
lished data for nitrogen sorption in PDMS at 35 °C.35
From Figure 1, the ratio of nitrogen to hydrogen
solubility is approximately 1.6. The value of this ratio
in a wide variety of liquids lies between 1.2 and 2.2.36
For example, the No/Hjy solubility ratio is 1.4 in carbon
disulfide, around 1.7 in alcohols, and in the range 1.9—
2.2 in hydrocarbon liquids at 25 °C and 1 atm.3¢ Thus,
the No/Hy solubility ratio in PDMS lies in the same
range as that in liquids, and this is one simple method
for ensuring that the data are reasonable, since this
ratio is expected to be comparable among rubbery
polymers and liquids.

Sorption isotherms for propane and perfluoropropane
in PDMS at 25, 35, 45, and 55 °C are presented in parts
a and b of Figure 2, respectively. Perfluoropropane
solubility in PDMS is enormously lower than that of
propane. For example, at 35 °C and 3 atm the sorbed
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Figure 1. N; and H; sorption in PDMS at 35 °C.
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concentrations of CsHg and CsFs are 23 and 2.3 c¢cm3
(STP)/(ecm? polymer), respectively, a difference of 1 order
of magnitude. For both penetrants, solubility decreases
with increasing temperature at a given pressure, indi-
cating that the sorption process is exothermic.

Propane sorption isotherms are convex to the pressure
axis, which is consistent with the behavior of highly
sorbing penetrants in rubbery polymers.2” The curva-
ture of the isotherms decreases with increasing tem-
perature, suggesting a weaker dependence of solubility
on pressure at higher temperatures. This is consistent
with the findings of Shah et al.,’” who observed a
decrease in the pressure dependence of propane solubil-
ity in PDMS as temperature increased. They obtained
an infinite dilution solubility of 6.45 ¢cm?3 (STP)/(cm?
polymer atm) at 35 °C, which is in excellent agreement
with our value of 6.5 £ 0.06 cm?3 (STP)/(cm? polymer
atm). If the propane sorption isotherms are plotted as
a function of activity (i.e., p/psat) instead of pressure (cf.
Figure 2¢), the four isotherms collapse to a single curve.
This result suggests that the change in the curvature
of the isotherms with temperature is a result of explor-
ing a smaller activity range at higher temperatures,
since the maximum pressure in these experiments is
almost the same but the value of pg, increases substan-
tially with temperature.

Perfluoropropane sorption isotherms are linear (cf.
Figure 2b). When the amount of perfluoropropane
sorbed in PDMS is plotted against penetrant activity
(cf. Figure 2d), which should account for variability in
CsFs condensability with temperature, the CsFg sorbed
concentration increases with temperature. This behav-
ior is qualitatively unlike that of CsHg and suggests less
favorable interactions between Cs3Fg and the PDMS
matrix than between C3Hg and PDMS.

In the absence of specific interactions between pene-
trant molecules and the polymer matrix, solubility
coefficients usually scale with measures of penetrant
condensability such as critical temperature, T..2” Such
relationships often utilize solubility coefficients in the
limit of zero pressure (called infinite dilution solubility,
S*) to compare solubilities of penetrants on a consistent
basis:

S®”=1lm S =1lim~ amn

Suwandi and Stern38 observed a linear correlation of
the logarithm of infinite dilution solubility, S®, with
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(TJ/T)? for a large number of penetrants in PDMS. This
result has been reproduced in Figure 3 (the numerical
data have been tabulated previouslyl®) along with the
S values of propane and perfluoropropane determined
in this study (filled symbols). The data for propane obey
this correlation, but perfluoropropane solubility coef-
ficients fall well below the trendline, consistent with our
previous isothermal study of hydrocarbon and fluoro-
carbon solubility in PDMS.10 This result suggests that
the fluorinated penetrant experiences less favorable
interactions with PDMS than its hydrocarbon analogue.

From sorption data such as those presented in Figure
2a,b, the effect of temperature on solubility can be
determined. Solubility values from these figures, cal-
culated either at constant penetrant pressure or at a
constant penetrant concentration in the polymer, can
be fitted to the van’t Hoff equation (eq 14) to obtain
enthalpies of penetrant sorption. Thus, two enthalpies
of sorption can be calculated viz. the enthalpy of sorption
at constant pressure (isobaric), AH 5 , or the enthalpy of
sorption at constant concentration (isosteric), AHC.
The relationship between the isobaric and isosteric
enthalpies of sorption is derived in the Appendix. In this
document, AH will be used in equations which apply
to both isosteric and isobaric enthalpies of sorption,
while the superscripts “C” and “P” will be used to denote
the particular types of enthalpies when it is necessary
to make this distinction.

Isosteric enthalpies of sorption were calculated for
CsHg and C3Fs in PDMS from the data in Figure 2a,b.
Since sorption is typically viewed as a two-step process
involving penetrant condensation from a gaslike density
to a liquidlike density followed by mixing condensed
penetrant molecules with polymer segments, the en-
thalpy of sorption can be viewed as a sum of the
enthalpy changes for these two steps:3°

AH,= AH, ,+ AH,, (18)

con

where AH.nq and AH, are the enthalpy changes as-
sociated with penetrant condensation and mixing, re-
spectively.?? To estimate AHy, a value of AH g must
be supplied. However, AH.nq varies somewhat over the
temperature range of study. For example, AHnq for
CsHsg and CsFg changes by 2.7 and 4.5 kd/mol, respec-
tively, over the temperature range investigated. For the
present calculation, AH..nq values have been taken at
40 °C, which is the midpoint of the experimental
temperature range. The AHyng values are —13.6 and
—12.7 kd/mol for CsHg and CsFg, respectively, at this
temperature.?’ These values were used in eq 18 to
calculate the isosteric enthalpy of mixing in PDMS, and
the results are presented in Figure 4a. Basing the
calculation of AH,, on the AH g value at 40 °C is an
arbitrary choice, and the values of AH,, in Figure 4a
will vary somewhat depending on the value of AH g
used. However, there is no qualitative change in the
order of the data presented in Figure 4a or its depen-
dence on concentration if other reasonable reference
temperatures are used for determining AHonq, so the
discussion and conclusions below are not affected by this
choice.

As indicated in Figure 4a, the enthalpy of mixing
perfluoropropane with PDMS segments is much greater
than that of propane. For example, at infinite dilution
the enthalpies of mixing for C3Fg and C3Hg are 2.5 and
—2.8 kd/mol, respectively. In both cases, the enthalpy
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Figure 3. Correlation of infinite dilution solubility, S*, in
PDMS with reduced critical temperature: (M) propane data
of this study; (@) perfluoropropane data of this study; (a) data
of Suwandi and Stern,?® Barrer et al.,’® and Robb.* The

correlation line is S® [em?® (STP)/(cm3 atm)] = 0.0245 x
10Q1.075(TJT)?,

of mixing decreases with concentration, implying that
the process of mixing becomes more favorable in the
presence of greater amounts of penetrant. Typically, if
the polymer matrix and the penetrant molecules are
chemically dissimilar and do not have specific interac-
tions with each other, interactions among penetrant
molecules are more favorable than those between pen-

etrant molecules and polymer chains. At low penetrant
concentrations, mixing these penetrant molecules with
the polymer is a less favorable process than at higher
concentrations. As penetrant concentration increases,
the environment into which the penetrant is dissolving
becomes more like that of the penetrant, and the mixing
process becomes more favorable. The enthalpy of mixing
of propane depends much less on penetrant concentra-
tion than that of perfluoropropane. This result is
reasonable because, from a structural viewpoint, pro-
pane and PDMS are much more similar than perfluoro-
propane and PDMS.

The difference in interaction energy of PDMS with
perfluoropropane and propane can be estimated from
polymer—polymer, penetrant—penetrant, and polymer—
penetrant interaction energies. Based on the regular
solution and Flory—Huggins theories!®

RT
2(Tgp — Iyp) = N_A G — xw) —
1
ﬁ(AHcondH - AHcondF) (19)

where I'rp is the potential energy required to separate
a perfluoropropane molecule and a PDMS segment to
infinite distance, I'yp is the potential energy required
to separate a propane molecule and a PDMS segment
to infinite distance, z is the coordination number, Ny is
Avogadro’s number, yr and yg are the Flory—Huggins
interaction parameters for perfluoropropane and pro-
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in PDMS. (b) Difference in potential energies associated with
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pane, respectively, and AHcongr and AHcnan are the
molar enthalpies of condensation of perfluoropropane
and propane, respectively. The product z(I'rp — I'yp) is
the difference in potential energy associated with in-
serting a C3Fg molecule and a CsHg molecule in PDMS.
Also*!

where AH,, is the enthalpy of mixing and ¢s is the
penetrant volume fraction (which is <1 in this study).
Combining eqs 19 and 20 yields

Npz(Tgp — T'yp) = (AH,p — AH, ) —
(AHcondH — AH, ondF)

C

=AHS — AHS, (21)

where AHS, and AHS; are the isosteric enthalpies of
mixing the fluorocarbon and hydrocarbon penetrants,
respectively, with the polymer segments. The left-hand
side of eq 21 is the difference in energy associated with
inserting a mole of C3Fg molecules and a mole of CsHg
molecules in PDMS.

Figure 4b presents the calculated difference in po-
tential energy associated with inserting CsFg molecules
and C3Hg molecules in PDMS. In the limit of infinite
dilution, this difference is 4.5 kdJ/mol while at the
highest concentration considered, 3 cm?® (STP)/(cm?
polymer), it is 1.2 kJ/mol. The result at infinite dilution
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is in excellent agreement with that previously estimated
from isothermal sorption data (4.6 kJ/mol at infinite
dilution).1°

PTMSP. A nitrogen sorption isotherm in PTMSP at
35 °C is presented in Figure 5 along with previously
published data for comparison.*2 Qur data are in good
agreement with the literature data. Sorption isotherms
for propane and perfluoropropane in PTMSP at 25, 35,
and 45 °C are presented in parts a and b of Figure 6,
respectively. The isotherms are concave to the pressure
axis, which is typical for gas sorption in glassy poly-
mers.?” There is a substantial difference in the solubili-
ties of the hydrocarbon and fluorocarbon analogues,
with propane being more soluble in PTMSP at all
temperatures and pressures tested. As noted previ-
ously,? this difference in hydrocarbon and perfluorocar-
bon solubilities is smaller in high free volume PTMSP
than in liquidlike PDMS. For example, at 35 °C and 3
atm, the sorbed concentrations of CsHg and C3Fg in
PTMSP are 68 and 26 cm? (STP)/(cm? polymer), respec-
tively, which is significantly smaller than the order of
magnitude difference observed in PDMS.

Isosteric enthalpies of sorption were calculated for
CsHs and CgFg in PTMSP from the data in Figure 6a,b.
The enthalpies of condensation for CsHg (—14 kdJ/mol)
and C3Fg (—13.4 kd/mol) were taken at 35 °C, the
midpoint of the experimental temperature range.*° The
isosteric enthalpies of mixing in PTMSP were then
calculated from eq 18 and are presented in Figure 7a
as a function of penetrant concentration. Similar to
PDMS, the enthalpy of mixing of CsFg in PTMSP is
generally more positive (i.e., endothermic) than that of
CsHg in PTMSP. However, unlike PDMS, the enthalpies
of mixing of the two penetrants show opposite trends
in PTMSP; the enthalpy of mixing CsFg with PTMSP
decreases with concentration while the enthalpy of
mixing CsHg with PTMSP increases with concentration.

The trend of the enthalpy of mixing of propane can
be rationalized by considering the additional mode of
sorption available in glassy polymers, i.e., the Langmuir
microvoids. A glassy polymer such as PTMSP contains
nonequilibrium microvoids (so-called Langmuir sites)
dispersed throughout the equilibrium matrix. These
microvoids represent sorption sites that, from an ener-
getic perspective, are easily accessible to penetrant
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Figure 6. (a) CsHs and (b) C3Fs sorption in PTMSP as a
function of temperature.

molecules. At low penetrant concentrations, the micro-
voids are relatively unoccupied and can accommodate
penetrant molecules with little or no distortion (i.e.,
swelling) of the polymer matrix. As penetrant concen-
tration in the polymer increases, these sites become
progressively more saturated, resulting in a larger
fraction of the sorption occurring in the densified regions
of the polymer (i.e., the so-called Henry’s law region).
Penetrant sorption in the Henry’s law region is ener-
getically more expensive than sorption in a Langmuir
microvoid, since this process involves the creation of a
gap large enough to accommodate the penetrant (i.e.,
the polymer swells*®). Thus, the enthalpy of mixing
increases with concentration. At high concentrations,
it reaches a limiting value determined by the enthalpy
of sorption of the penetrant in the densified matrix. A
similar trend has been reported for CO2 sorption in a
high barrier, glassy polymer, poly(ethylene terephtha-
late).44

The concentration dependence of the enthalpy of
mixing of perfluoropropane in PTMSP is similar to that
in PDMS. This result suggests that the less favorable
interactions between the fluorinated penetrant and the
hydrocarbon matrix are more important than the dual-
mode effects in determining sorption energetics.

An interesting example of mixing behavior that
follows the same logic is displayed in Figure 7b for
isosteric enthalpies of mixing CsHs and CsFg with a
fluorinated copolymer of 87 mol % 2,2-bis(trifluoro-
methyl)-4,5-difluoro-1,3-dioxole and 13 mol % tetra-
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fluoroethylene, called Teflon AF2400.8 In this case, the
penetrants encounter a fluorinated environment, and
the concentration dependence of the enthalpies of mix-
ing as well as their relative magnitudes reflect this fact.
Propane has a less exothermic enthalpy of mixing, and
AH,, decreases with concentration, both of which signify
less favorable polymer—penetrant interactions. On the
other hand, the concentration dependence of perfluoro-
propane’s enthalpy of mixing suggests that Langmuir
microvoid filling is the dominant factor affecting the
energetics of the dissolution process.

Permeability. PDMS. The permeabilities of PDMS
to nitrogen and hydrogen in PDMS as a function of the
pressure difference across the polymer film at 25, 35,
45, and 55 °C are shown in parts a and b of Figure 8,
respectively. The permeabilities of both penetrants
increase with increasing temperature at a given pres-
sure, indicating a positive activation energy of perme-
ation. This result is typical for the permeation of
supercritical gases in PDMS. For example, Bixler and
Sweeting?® reported an Ep value for nitrogen in PDMS
of 10.9 kd/mol, which is similar to the value of 9.3 kd/
mol obtained from the data in Figure 8a.

Parts a and b of Figure 9 present the effect of
temperature on the permeability of PDMS to propane
and perfluoropropane, respectively, at an upstream
pressure of 2.36 atm. The data can be fit to the
Arrhenius equation (eq 12), and the activation energy
of permeation, Ep, can be calculated. Since the perme-
ability values are at a constant upstream pressure, the
Ep value thus calculated is an isobaric (i.e., constant
pressure) activation energy of permeation. In a similar
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Table 1. Activation Energies of Permeation and
Diffusion, and Enthalpy of Sorption at 2.36 atm (i.e.,
Isobaric) for CsHg and C3Fg in PDMS and PTMSP¢

polymer penetrant Ep (kJ/mol) AH? (kJ/mol) Ep (kd/mol)

PDMS CsHsg -13+12 —20£0.2 7T£12
CsFg 3+3 —13+1.8 16 £3

PTMSP CsHs —8+1.2 -9+0.7 1+14
CsFs 7+4.0 -7+20 14+ 4.5

@ Note: Ep, AHg, and Ep values have been calculated using eqs
12, 14, and 15, respectively.

fashion, isobaric enthalpies of sorption can be calculated
for the two penetrants at a pressure of 2.36 atm, from
eq 14 and the data in Figure 2a,b. The calculated values
are presented in Table 1. The errors in the table have
been calculated by the method of propagation of errors.*6
These Ep and AH f values have been used to calculate
Ep values according to eq 15. As indicated earlier, the
use of eq 15 is subject to restrictions on the concentra-
tion or pressure dependence of the permeability, solubil-
ity, and diffusion coefficients. However, since the per-
meability data have been measured at a single pressure,
it is not possible to evaluate the pressure (or concentra-
tion) dependence of the permeability coefficients. There-
fore, the activation energy of diffusion has been calcu-
lated by assuming the validity of eq 15, as is practically
always done in the literature.

Usually, the permeability of relatively condensable
gases in PDMS decreases with increasing temperature
(i.e., Ep is negative).*” This is because, in weakly size
sieving PDMS, the solubility of condensable gases
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decreases with increasing temperature more rapidly
than diffusion coefficients increase (i.e., |AH;| > Ep). The
propane data in PDMS are consistent with this trend.
However, perfluoropropane displays markedly different
behavior. Its permeability coefficient increases slightly
with temperature, indicating a positive Ep value. From
Table 1, the different effect of temperature on the
permeation behavior of the Cs analogues is related to
differences in both the dissolution and diffusion of these
penetrants. Larger penetrants require more energy to
execute a diffusive jump in a polymer matrix than
smaller penetrants.® In this regard, perfluoropropane
is substantially larger than its hydrocarbon analogue.
The critical volumes of C3Fg and CsHg are 300 and 203
cm?/mol, respectively. Consequently, the activation
energy of diffusion is much larger for C3Fg (16 kdJ/mol)
than for CsHg (7 kd/mol). Additionally, a difference in
polymer—penetrant interactions contributes to the dif-
ference in the temperature dependence of permeability
of CsFg and CsHg. From Table 1, the magnitude of the
isobaric enthalpy of sorption is lower for CsFg than for
CsHs. The enthalpies of condensation for C3Fg and CsHg
are similar (—12.7 and —13.6 kJ/mol, respectively, at
40 °C*9), so the mixing of propane with PDMS is more
favorable than mixing perfluoropropane with PDMS.
The combination of less favorable mixing and hindered
diffusion causes C3Fg to have a substantially larger
activation energy of permeation than CsHg in PDMS.

PTMSP. Figure 10a,b presents No and Hs perme-
ability in PTMSP as a function of temperature and
pressure. For these penetrants, permeability coefficients
decrease with increasing temperature, which is opposite
to the behavior in PDMS. This temperature dependence
of permeability is consistent with the high free volume
and poor size-sieving ability of PTMSP.

Parts a and b of Figure 11 present Arrhenius plots of
CsHs and CsFg permeability coefficients, respectively,
in PTMSP at 2.36 atm. For CsHg, permeability increases
as temperature decreases, which is qualitatively similar
to the trend in PDMS. On the other hand, CsFs perme-
ability decreases as temperature decreases, and this is
the first report of permeability coefficients decreasing
with decreasing temperature in PTMSP. Isobaric acti-
vation energies of permeation for these penetrants are
tabulated in Table 1 along with enthalpies of sorption
and calculated activation energies of diffusion. Similar
to PDMS, Ep for C3Fg in PTMSP is positive and opposite
in sign to that of propane. This result reflects the larger
size of perfluoropropane (larger Ep) and its less favor-
able interactions with PTMSP (larger AH,, and, there-
fore, more positive AH, relative to propane). The relative
contributions of these two effects to the difference in
Ep between C3Hg and CsFg in PTMSP are shown in
Table 1. For PTMSP, the difference in C3Hg and C3Fg
activation energies of permeation (15 kd/mol) is mostly
due to the large difference in Ep values (13 kd/mol) with
a small contribution from the AH; difference (2 kJ/mol).
Thus, for PTMSP, it is primarily the difference in
penetrant size and the associated effect on the diffusion
process that causes the dramatic difference in Cs
analogue transport properties. In contrast, in PDMS the
difference in Ep values between CsHg and CsFg (16 kd/
mol) is due to nearly equal contributions from the
difference in Ep (9 kd/mol) and AH (7 kd/mol). This
result suggests that hydrocarbon—fluorocarbon interac-
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Figure 9. Effect of temperature on (a) C3H8 and (b) C3F8
permeation in PDMS at 2.36 atm upstream pressure and 1
atm downstream pressure.

tions have a stronger effect on penetrant transport
properties in liquidlike PDMS than in high free volume,
glassy PTMSP.

The unusual nature of C3Fg’s positive activation
energy of permeation in PTMSP is highlighted in Figure
12, which presents Ep values as a function of penetrant
critical temperature for this polymer. The data of
Masuda et al.*? are included in Figure 12 for compari-
son. Excluding our data for CsFg, Ep values in PTMSP
are negative for all penetrants and decrease (i.e.,
increase in absolute value) with increasing penetrant
critical temperature. This behavior is consistent with a
solubility selective polymer where Ep is significantly
influenced by AH; (because |AHg| > Ep) and where the
enthalpy of sorption decreases with increasing pen-
etrant condensability (7). The activation energy of
permeation for CsFg deviates substantially from the
empirical trendline through the other penetrants. In
fact, based on C3Fg’s critical temperature and the best
fit line through the rest of the data, its expected Ep
value would be —9.8 kJ/mol as compared to the mea-
sured value of 7 kJ/mol. As mentioned previously, this
difference appears to be primarily due to CsFg’s large
size and its effect on the diffusion process.

It has been suggested®®® that PTMSP contains a
network of quasi-permanent, interconnected free volume
elements spanning the polymer through which the
majority of penetrant transport occurs. Transport in
these interconnected free volume elements may be
similar to that in zeolites, where the critical penetrant
diameter, or the smallest size window through which a
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given molecule can fit, governs the transport. Transport
through such interconnected free volume elements
should be an energetically inexpensive process com-
pared to transport through the densified polymer
matrix. The kinetic diameter of C3Fg (5.4 A) is much
larger than that of C3Hg (4.3 A).51 Thus, it is possible
that CsFs is larger than the critical free volume element
diameter for transport in the interconnected free volume
elements, which may restrict its access to this energeti-
cally inexpensive mode of transport.

Conclusions

CsFs solubility is lower than that of its hydrocarbon
analogue, CsHg, in both PDMS and PTMSP due to less
favorable polymer—fluorocarbon interactions as indi-
cated by a higher AH, for the fluorocarbon as well as a
decrease in AH,, with increasing penetrant concentra-
tion. Unlike PDMS, AH,, of CsHg in PTMSP increases
with penetrant concentration, which is due to the
different energy requirements for dissolution in the two
types of sorption sites present in a glassy polymer viz.
the Langmuir sites and the Henry’s law sites.

The activation energy of permeation for CsFg is
positive and opposite in sign to that of CsHg in both
polymers. This is the first report of a penetrant having
a positive activation energy of permeation in PTMSP.
In PDMS, the difference in Ep values between propane
and perfluoropropane is due to the difference in pene-
trant sizes as well as the difference in polymer—
penetrant interactions. For PTMSP, however, it is
primarily the larger size of C3F's and its associated effect
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fit to the data for all the penetrants except CsFs and is given
by Ep [kd/mol] = —1.52 — 0.024 x T, [K].

on diffusion that is responsible for the difference in Ep
values. Thus, polymer—penetrant interactions have
more of an effect on gas transport properties in liquid-
like PDMS than in high free volume, glassy PTMSP.
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Appendix

The activation energy of permeation provides infor-
mation about the temperature dependence of the per-
meability coefficient of a penetrant in a polymer. This
parameter is usually determined from permeability data
measured over a range of temperatures and at a fixed
pressure. To assess the contributions of sorption and
diffusion to the temperature dependence of the perme-
ation process, the activation energy of permeation is
compared with the enthalpy of sorption and the activa-
tion energy of diffusion. To make this comparison in a
consistent manner, these parameters must also be
determined from data at similar conditions of temper-
ature and pressure. Specifically, for the enthalpy of
sorption, gas solubility must be determined at the same
fixed pressure as the permeability data and over the
same range of temperatures. The enthalpy of sorption,
thus determined, is an isobaric enthalpy. From eq 14

P_ d In S
AH, = R&um% (AD
Using eq 4, eq Al can be rewritten as
P_ _ d In C
AH, = R@umi (42

On the other hand, if the energetics of the sorption
process are used to obtain information about differences
in interactions of various gas molecules with the poly-
mer matrix, it might be of interest to compare enthal-
pies of sorption at the same penetrant concentration in
the polymer rather than at the same pressure in the
gas phase surrounding the polymer. This enthalpy of
sorption at constant concentration is the isosteric en-
thalpy of sorption, which is defined as

¢_ ofdInS\ _  fdInp
AH, R(d(l/T))c +R(d(1/T)

) (A3)
C

The isobaric and isosteric enthalpies of sorption defined
by eqs A2 and A3, respectively, are related, and this
relationship is derived below.

To maintain equilibrium between penetrant in a pure
gas phase (o) and in a sorbed phase () as a result of a
change in temperature and/or pressure, the change in
penetrant chemical potential, u, in both phases must
be equal:#¢

du® = du’ (A4)

Dividing by the absolute temperature 7' and expanding
the resulting differentials for u/7T in the two phases
gives*

8/1(1/T) (zm“/T) _ (Buﬁ /T)
(BT PdT+ ap po_ oT P,CdT+

B B
wbIT (34/1)
( ap |1c p+ oC P,Tdc (A5)
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At constant concentration C, eq A5 simplifies to
(a,ua/T) B (Bluﬂ /T)
(d_p) _\aT Jr T Jrc

dT/e (agﬁ/T) B (8ga/T)
ap |1.C ap IT

(A6)

Substituting for the various partial derivatives*
dp\ _ —H“+H’
(dT)c TV -V Ao

where HP H%, VP and V* refer to the partial molar
enthalpies and volumes in phases 8 and o, respectively.
If phase a is a gas phase and phase f is the sorbed gas
in a polymer in equilibrium with phase a, then typically
Ve > VB, Substituting (VA — V) ~ —zRT/p and rear-
ranging**

(dlnp) _H —H" (A8)
c

d(1/7T) zR

Alternatively, at constant pressure, eq A5 simplifies to

dc\ H’ - H*
(%
aC|p,r
Now?3?
W=ul+RTIna (A10)

where a is the penetrant activity. Combining eqs A9 and
A10 and rearranging

dlnC H' — H*
= All
(d(l/T))p “p(7n] (A1D)
dln Clpr
From eqs A2, A3, A8, and All
c_ 1 dlna P
s 2(8 In C)P,TAHS (A12)

Equation A12 provides the relationship between the
isobaric and isosteric enthalpies of sorption.
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