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Synopsis

The sorption of propane by 75:25% (w/w) miscible blends of polystyrene and poly(vinyl
methyl ether) with different thermal histories was investigated near T,. The dual-mode sorp-
tion model was used to analyze the results. The evidence indicates that the Henry’s law
constant for states below T, cannot be smoothly extrapolated from the rubbery state.

INTRODUCTION

The dual-mode sorption model provides a useful equation for analyzing
sorption isotherms of gases and vapors in glassy polymers.!-® The total
equilibrium penetrant concentration C is described as two populations dis-
tinguishable by heats of sorption and diffusion coefficients. The model ex-
pressed as a three-parameter equation is

Cubp
1+ bp

C=CD+CH=kDp+ )]

where b is the affinity factor, C', the Henry’s law term, Cy the Langmuir
isotherm term, Cy the Langmuir capacity, k2, the Henry’s law constant,
and p the equilibrium pressure of the penetrant. The Langmuir capacity
is often associated with microvoids or low-density regions frozen into glassy
amorphous polymers at temperatures below the glass transition T,. At low
pressure or small b, equation (1) reduces to

C=Fk* 2

with £* the apparent Henry’s law constant given by
k> =kp + Cyb 3)

The Langmuir isotherm term in equations (1) and (3) is eliminated upon
passage from a glassy state to the rubbery state. Two phenomena explaining
its elimination have been suggested; the disappearance of Cj as T ap-
proaches T, from lower temperatures® and the condition that ki, = Cyb
for T>T, to give by equation (3)":

k* =2k 4)

for T>T,; Cy for T <T, is a constant, that is, Cy (T,).
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This paper describes the sorption of propane in a 75:25% (w/w) miscible
blend of polystyrene (PS) and poly(vinyl methyl ether) (PVME) in the region
of the T,. Dual-mode sorption model parameters kp, k*, Cy, and b are
evaluated and discussed using results from sorption experiments with blend
materials that had been subjected to three thermal histories.

EXPERIMENTAL

The atactic polymers polystyrene and poly(vinyl methyl ether) were ob-
tained from Poly Sciences, Inc. Viscosity measurements of the polymers in
benzene-solutions gave M ,, = 190,000 for PS and M ,, = 34,000 for PVME
using the Mark-Houwink equation. Both values were within the ranges
specified by the supplier. As expected, no crystallinity was evident when
the polymers were examined by x-ray diffraction. Planar sheet samples
were cast as previously described.!® Clear miscible blends of 75:25% (w/w)
PS/PVME were obtained by casting dilute toluene solutions on clean mer-
cury. The solvent was removed from the cast sheets by vacuum for several
days at 85°C and exposed to extended periods under vacuum in the sorption
apparatus before running sorption experiments. The 7, of the blend ma-
terials determined by dilatometry was 52°C. A single 7, was obtained by
dilatometry and by DSC measurements. Reagent-grade solvents distilled
and dried over molecular sieves were used.

Two 75:25% PS-PVME blends were prepared, and three thermal histories
developed. Sample SC-1 was cooled slowly, an average rate of 0.75°C min !,
from 85°C to room temperature; placed in the sorption apparatus; and sorp-
tion experimentation begun at 35°C. Sample Q was rapidly quenched from
85°C to below room temperature by exposure to the vapor above liquid
nitrogen. Subsequent sorption experiments were initiated at 50°C. After
investigating sample Q up to 85°C, it was very slowly cooled, an average
rate of 0.05°C min %, to 50°C, where sorption experiments were initiated.
This sample is designated SC-2.

A low-pressure apparatus similar to that previously described was used
to pressures of 60 cm Hg.!° The sample chamber was the interior of a hollow
vacuum stopcock with the pressure transducer attached directly to the bulb
end of the stopcock. This modification of the apparatus provided a small
sample chamber volume and reduced potential sources of leaks. The volume
could be readily measured in the standard manner by expanding a gas into
the chamber from a known volume. Blank sorption tests indicated no in-
terference from the small amount of stopcock grease to which the outlet
port of the chamber was exposed.

The vapor used in the sorption experiments was propane obtained from
Matheson at a purity of 99.98%. It was sujected to bulb-to-bulb distillation
before use. At the low pressures of these experiments, a simple equation
of state using only the second virial coefficient was used.!!

TREATMENT OF DATA

For T>T,, k* in equation (2) was evaluated for each isotherm using a
linear regression of the dependence of C on p. For T <T,, the dual-mode
sorption model parameters kp, Cy, and b were determined for each is-
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otherm iteratively by minimizing the mean deviation between the calcu-
lated and the experimental concentrations. The extent to which the
sorption parameters could be altered within the limits of the mean de-
viation and still give a reasonable fit to the experimental isotherm was
determined. These values are provided as average percentages for the
sorption parameters by using kp + two standard deviations to calculate
errors in b and Cj,.

RESULTS AND DISCUSSION

Values of the parameters obtained from the series of the sorption studies
are presented in Table I.

Interpretation of the results from the extensive investigation of sample
SC-1 requires consideration of the thermal history before the sorption ex-
periments and the order of the sorption experiments. SC-1 was cooled slowly
to 35°C and the sorption experiments performed in the order listed in Table
I over a period of several weeks. The enhancement of k£ * below T, over pro-
jected values from T'> T, is small, as indicated in Fig. 1, consistent with
the slow cooling history and the absence of preconditioning at high propane
pressure, as is the regimen for many sorption studies using glassy polymers.
When the temperature was raised to 50°C, just a few degrees below the
apparent T, of 52°C, the initial isotherm obtained by increasing the pressure

TABLE I
Sorption Parameters for the 75/25%(w/w) PS=PVME Blends
100 k) Cy 100 k*
T c¢cm?® STP c¢m? STP 100 b cm? STP
Series  Order (K) cmé.cm Hg cm? cm Hg ™! cmi.cm Hg
SC-1 1 308 3-5 (£ 11%) 2.1 (+ 19%) 1.6 (4 40%) 6.79 (+ 12%)
2 203 4.0 (£ 12%) 22 (£ 22%) 1.8 (£ 44%) 799 (£ 13%)
3 278 64 (£ 11%) 32 (+ 20%) 22 (+ 50%) 13.3 (+ 16%)
4 323 24 (£ 12%)= 1.4 (&= 32%) 1-4 (£ 55%) 4.33 (£ 51%)*
5 333 3.06 (+ 4%)
6 343 2.49 (+'4%)
7 353 1.99 (+ 4%)
8 364 1-89 (4 4%)
9 374 1-65 (= 4%)
Q 1 323 3.19 (+ 8%)
2 328 367 (+ 4%)
3 333 296 (+ 4%)
4 343 221 (£ 4%)
5 358 . 199 (£ 4%)
SC-2 1 323 2:45 (+ 4%)*
2 327 314 (1 4%)
3 338 2.71 (£ 4%)
4 356 2:00 (£ 4%)

¢ k*, after extended annealing in vacuum at 323 K.
b k*, initial sorption isotherm.
ck*, after annealing.
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Fig. 1. In Z versus T ! for sample SC-1: Z = k*, (0); Z = kp, (@). See text for different
method of calculating 2* and k, for the points with concentric circles.

in steps exhibited the usual curvature characteristic of glass polymers, but
with a small curvature. There was no reduction in the amount of vapor
sorbed over a period of 2-3 days after an equilibrium sorption was estab-
lished. However, subsequent desorption for approximately twice the time
required for a sorption experiment resulted in a sorption isotherm that
collapsed toward a linear, or Henry’s law, dependence of C on p. This
sequence of desorption and interval sorption isotherm determinations was
carried out four times. No further change was observed after about 100 h
total annealing in vacuum at 50°C. The first and fourth isotherms are shown
in Fig. 2. Assuming the slope of the fourth isotherm corresponds to &, in
equation (1), with Cy = 0 as a result of the extensive annealing in vacuum
just below T, parameters Cy and b could be calculated for the initial
isotherm despite the small number of points, although the resulting relative
errors are necessarily larger than for the other determinations. This dif-
ference in calculation method is noted in Table I and Fig. 1. The value of
kp is consistent with the values obtained by the standard calculation at
the lower temperature.
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Fig. 2. C versus p for sample SC-1 at 323 K: first isotherm, (0); fourth isotherm, (A).

The reduction of Cj during sub-T, annealing under vacuum and ar: ap-
parent lack of this reduction during annealing at even a low activity of
propane are consistent with findings for other systems. The volumetric
increase response to high vapor pressure at 7' <7,,'? the volume densifi-
cation by sub-7, annealing under vacuum, *1213 and the lack of densification
when annealed at low vapor activity4#1® have been demonstrated in other
systems.

The values of the sorption parameters for samples Q and SC-2 are com-
bined with results for SC-1 in Table I and Fig. 3. The values of k* are
consistent for the three series of experiments at 7> T,. The interesting
result is that the quenched material exhibited a value of £* at 50°C that
appears to be an extrapolation of the values above T,. Extended annealing
of sample Q in vacuum at 50°C did not reduce % *. However, the very slowly
cooled SC-2, effectively annealed in vacuum at this very slow rate, gave a
value of £* at 50°C consistent with the &, obtained for SC-1 after annealing
at 50°C. This value and the linear dependence of C on p indicate that Cy
approaches zero in sample SC-2 at 50°C after extended annealing in vacuum.
This implies that the regimen excluding this annealing leaves Cy> 0. All
samples exhibited an increase in &k, upon increasing the temperature
through T,, particularly SC-2, for which the solubility constant increased
almost 30% within an extremely small temperature range about T,.

The evidence indicated that &, in equation (1) for T< T, is not a smooth
extrapolation of £* evaluated at 7'> T, at least for this polymer blend with
propane as a penetrant. At T, k* = 1.4 k. This ratio of 2*/k; is less than
the value of 2 predicted for a system with a constant Cy in equation (4).%7
The values of C} obtained for SC-1 are presented in Figure 4. Although
the accuracy is low, C appears to decrease as T' — T, approaching a value
of approximately 1 at 7,. This could reflect the effects of annealing in
vacuum.
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These results appear to be more consistent with the method of elimina-
tion of the Langmuir isotherm term by kp = Cyb at T = T, than by C,
=0.
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Grant ENG 79-13784.
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