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Synopsis

The miscibility of poly(methyl methacrylate) (PMMA) with bisphenol chloral polycarbonate
(BCPC) has been studied using differential scanning calorimetry (DSC), optical indication of
phase separation on heating (i.e., lower critical solution temperature (LCST) behavior), density
measurement, and gas permeation. All evidence indicates that PMMA is miscible with BCPC over
the whole blend composition range. Single composition-dependent glass transition temperature
and LCST behavior have been observed for each blend. The specific volumes of the blends follow
closely the simple additivity rule indicating the interaction between PMMA and BCPC is weak.
Gas permeability coefficients for He, H,, O,, Ar, Ny, CH,, and CO, measured at 35°C under 1 to
2 atm upstream pressure are lower than those calculated from the semilogarithmic additivity rule.
The difference between this calculated permeability and the measured one increases with gas
molecular size. As a result, the ideal gas separation factors for He/CH,, CO,/CH,, and O,/N,
gas pairs estimated from the ratio of pure gas permeabilities are higher than predicted from the
semilogarithmic additivity rule. These permeation results were interpreted in terms of the free
volume theory and the activated state theory, which have been proposed to describe gas transport
behavior in polymer mixtures.

INTRODUCTION

Previous studies have shown that information about the state of mixing of
blends can be learned from the dependence of gas permeability on blend
composition.! The gas permeability coefficient, P, when plotted semilogarith-
mically versus the blend composition in terms of volume fraction, ¢, often
shows a linear relationship when the blends are miscible (1-4), i.e.,

In P=¢)In P, + ¢,In P, (1)

On the other hand, an S-shape relationship between In P and ¢ is usually
observed for blend systems which are immiscible.®-!2 This contrast allows one
to distinguish a miscible blend system from an immiscible one.

The rationale for the simple mixing rule shown in Eq. (1) for miscible blends
stems from both free volume theory and activated state theory as shown
recently by Paul.!® Indeed, it is a special case of more general equations as
explained later. Moreover, the deviations from this simple rule have been
found to increase with the gas molecular size when the two component
polymers in the blend have strong interactions.!*'® This finding has an
important bearing on the application of polymer blends to gas separations by
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membranes since separation factors for blends can be higher than predicted
from the semilogarithmic-rule and, in some cases, can be even higher than
those of the component polymers.!*'> However, relevant studies on this
subject are limited.

To extend our knowledge in this area we have investigated gas transport
behavior in several miscible blend systems.*4-'® This paper reports results
for blends of poly(methyl methacrylate) (PMMA), and bisphenol chloral
polycarbonate (BCPC). The latter has the following repeat unit
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and is a highly flame-resistant polymer.?° It has mechanical properties close
to bisphenol-A polycarbonate, (PC) and has been reported to be miscible with
PC.? Recent miscibility studies in our laboratory have shown that PMMA is
miscible with both BCPC and PC, although earlier reports state that PMMA
is immiscible or partially miscible with PC.?21-?® A re-examination of the
miscibility of PMMA /PC blends has been described elsewhere.?® In this
communication, the miscibility of PMMA /BCPC blends will be discussed first
followed by investigation of the gas transport properties of the blends.

EXPERIMENTAL

The PMMA used in this study was a commercial product of Rohm & Haas
Co. designated as Plexiglas V(811). It is totally amorphous with M, = 52,900
g/mol and M,, = 130,000 g/mol. Its glass transition temperature, T, mea-
sured by differential scanning calorimetry (DSC) is 106°C. The BCPC used
here was kindly supplied by Dr. R. P. Kambour of the General Electric Co. It
is also totally amorphous with a 7, of 164°C.

Films of the two homopolymers and their blends were prepared by solution
casting. PMMA and BCPC in the desired ratio were dissolved in tetrahydro-
furan (THF) at about 5% by weight total polymer and then cast onto a glass
plate or an aluminum pan. The solvent was allowed to evaporate slowly at
room temperature, and the formed films were dried in a vacuum oven at
temperatures 20 to 30°C higher than their T ’s. After drying, the films were
quenched to ambient conditions. To investigate the solvent effect on blend-
phase behavior, another solvent, chloroform, was also used to prepare the
50/50 blend whose state of mixing will be compared with the THF solution
cast sample.

T,’s for PMMA /BCPC blends were measured using a Perkin-Elmer DSC-2
differential scanning calorimeter equipped with a thermal analysis data sta-
tion. The heating rate was 20°C/min and the onset of the change in heat
capacity was defined as the T,. The cloud points of the blends were measured
using a hot plate on which the film was covered with a glass slide and heated
until it became cloudy. To reduce thermal decomposition, the films were
heated fast to temperatures about 30°C below the cloud point and then
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heated slowly at 2°C/min to the cloud point and beyond. The temperature at
which the clear film first started to become cloudy was taken as the cloud
point.

Densities of the films were measured at 30°C by a density gradient column
using aqueous solutions of calcium nitrate. These solution columns with
density gradients less than 0.1 g/cm® in each were prepared for samples of
different density ranges.

The gas permeability coefficients for He, H,, O,, N,, Ar, CH,, and CO, at
35°C were measured by a high pressure permeation cell whose design and
operation have been described elsewhere.?"?® Because gas permeabilities in
glassy polymers are usually a function of pressure, the permeabilities were
measured at near constant pressure conditions to facilitate development of a
meaningful relationship with blend composition. For most cases the upstream
side pressures were kept at 1 to 2 atm while the downstream side pressure was
effectively zero. For N, and CH , with PMMA, the permeabilities were so low
that higher upstream pressures up to 3-5 atm had to be used to enhance the
accuracy of measurement.

RESULTS AND DISCUSSION

Phase Behavior

PMMA /BCPC blend films cast from THF solution were transparent which
suggests they are miscible. DSC thermograms show that each blend has a
single 7, intermediate between that of PMMA and BCPC (see Fig. 1). The
T,’s measured by DSC are plotted versus blend composition in Figure 2. For
the 90% BCPC blend, the cast film shows a T, somewhat below that of the
arbitrarily drawn smooth curve for unknown reasons. However, this blend
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Fig. 1. Second heat DSC thermograms for PMMA /BCPC blends cast from THF solutions.
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Fig. 2. Glass transition temperatures by DSC for PMMA/BCPC blends cast from THF
solutions (solid points) and precipitated from methanol (open point).

prepared by precipitation using methanol as the nonsolvent gives a T, on the

curve.

It should be noted that phase behavior can be affected by the solvent choice
when solution casting is used to prepare the blend. Blends which are miscible
can phase separate during the course of solvent evaporation if there exists an
immiscible region in the ternary phase diagram, that is, the solvent effect.?-3
For instance, the 50% BCPC film cast from chloroform solution was trans-
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Fig. 3. Comparison of DSC thermograms for 50% blend cast from CHCl; and THF solutions.
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Fig. 4. Cloud points for PMMA /BCPC blends.

lucent, suggesting two phases exist in the blend. Figure 3 compares DSC
thermograms of this blend cast from THF solution to that cast from chloro-
form solution. While the film cast from THF showed a single T, the film cast
from chloroform showed two. The humps at 40 to 90°C in the first scans are
due to relaxation of the pendent ester group in PMMA.?23% The overshoot at
the transition of BCPC for the chloroform cast film in the first scan is due to
the sub-T,, annealing effect.®~%

It is well-known that phase separation may occur when a miscible blend is
heated (i.e., lower critical solution (LCST) behavior).3”-3° This phenomenon
can be conclusive evidence that the blend is miscible. PMMA /BCPC blends
exhibit phase separation on heating as shown in Figure 4.

SPECIFIC VOLUME

Previous studies for miscible polymer blends have shown that the specific
volume of the blend, V, is often smaller than that calculated from linear
additivity, Vg,

Videa = ViV, + V. W, (2)
where W is the weight fraction and subscripts 1 and 2 denote the two
components. This phenomenon can be the result of denser packing of the
polymer chains owing to the favorable interaction between the component
polymers which promotes miscibility. The magnitude of the contraction
expressed as the residual volume, V,

Ve =V — Videal (3)

is qualitatively an indicator of the extent of this interaction. Figure 5 shows
the densities, specific volumes, and residual volumes of PMMA /BCPC blends.
The specific volumes closely follow the simple additive rule. The residual
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Fig. 5. Densities and specific volumes of PMMA /BCPC blends at 30°C. Upper part shows
residual specific volumes on expanded scale, the arrow bar indicates the error range.

volumes are as small as the experimental errors, +0.0005 g/cm? indicating
the interaction between PMMA and BCPC must be relatively weak.

GAS PERMEATION

Figures 6 to 11 show permeability coefficients for all gases used here plotted
semilogarithmically versus volume fraction of BCPC in the blend. As seen, gas
permeabilities for the blends are lower than those calculated from Eq. (1)
represented by the dashed lines in Figures 6-11. Similar results have been
found before for several other miscible blend systems, for example, poly-
styrene with poly(phenylene oxide)'* and polycarbonate with a copolyester.'®
On the other hand, opposite cases where gas permeabilities follow the semi-
logarithmic linearity* or even a positive deviation** have also been observed.

To explain the various ways in which gas permeability can depend on blend
composition, the free volume theory and the activated state theory have been
used. In the free volume theory,'®*' the gas permeability of the blend is
related to that of the two component polymers by

In(P/A) = [¢,/In(P,/A) + ¢,/In(P,/A)] 7 (4)



GAS PERMEATION IN MISCIBLE BLENDS 2941

I 1 1 1
>0l 35°C i
—
o
el
e
—~l 0 10
a| - —
3]
Bk ]
I -
E|E
ojo -

Px 10°]

2= I ] ] 1
0 62 04 06 08 10
PMMA ¢, BCPC

Fig. 6. Semilogarithmic plots of He and H, permeabilities vs. volume fraction of BCPC in
blends.
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Fig. 7. Semilogarithmic plot of O, permeabilities vs. volume fraction of BCPC in blends.

where A is a characteristic constant for a gas. According to this equation
which assumes additivity of free volume, the gas permeability of the blend
will be higher than that calculated from Eq. (1) so long as P, and P, are
substantially different. When P, and P, are similar in magnitude, then Eq. (4)
reduces to Eq. (1) (see Appendix). If there exists a significant volume contrac-
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Fig. 8. Semilogarithmic plot of Ar permeabilities vs. volume fraction of BCPC in blends.

tion for the blend, then the permeability will be lower than that predicted by
Eq. (4).1* For PMMA /BCPC blends, the correction for this effect is negligible
since the volume contraction is small (see Fig. 5). The permeabilities for O,,
CH,, and CO, calculated from Eq. (4) are also shown in Figures 7, 10, and 11
using values for A of 7.9 X 1077,® 2.2 X 1078, and 6.6 X 10~¢ [cm® (STP) -
cm/cm? - cm Hg - s],%2 respectively. Obviously, gas permeabilities predicted
from the free volume theory are significantly higher than the measured ones.

In the activated state theory, the diffusion of a small molecule in a blend is
described by

In D = ¢,n D, + ¢,In D, + (aRT — 1)AE,,/RT (5)

where D is the diffusion coefficient, a is a constant which gives (aRT — 1) a
negative value of approximately —0.5, R is the gas constant, T is the
temperature, and AE,, is the deviation term for the activation energy, E,,
defined as

Ep,=¢,Ep + ¢, Ep, + AE), (8)
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Fig. 9. Semilogarithmic plot of N, permeabilities vs. volume fraction of BCPC in blends.

From ternary solution theory,>'®* it has been shown that the solubility
coefficient, S, for the blend can be related to that of the components by

InS=¢;In 8, + ¢,In S, + (BV;/RT )$1¢, (7

where B is the binary interaction parameter for the blend and V; is the molar
volume of the penetrant. The permeability coefficient is the product of the
diffusion coefficient and the solubility coefficient, i.e.,

P=DS (8)
Combining Egs. (5) and (7) yields
In P = ¢,In P, + ¢,ln P, + («RT — 1)AE,y/RT + (BV,/RT o9, (9)

Compared to Eq. (1), Eq. (9) has two excess terms. As we will show later, these
two terms are all negative for PMMA /BCPC blends which results in the
negative deviations observed in Figures 6-11.
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Fig. 10. Semilogarithmic plot of CH, permeabilities vs. volume fraction of BCPC in blends.

Since gas diffusion and solubility coefficients in glassy polymers like PMMA
and BCPC are functions of pressure, true sorption and diffusion parameters
can only be obtained from sorption and permeation experiments over a wide
pressure range. For an approximation, however, the gas diffusion coefficient
can be represented by an apparent value, D,, measured from the time-lag
method, that is,

D, = ¢,/60 (10)

where ¢ is the film thickness and  is the diffusional time lag. Figures 12-16
show the semilogarithmic plots of apparent diffusion coefficients of various
gases versus volume fraction of BCPC in the blend. As shown, the apparent
diffusion coefficients are lower than predicted from semilogarithmic additiv-
ity. Thus, according to Eq. (5), the excess term must be negative, or, AE,, is
positive since (aRT — 1) is negative. This means that the activation energy
for gas diffusion in the blend is higher than the sum of additive contributions
[see Eq. (6)]. Such a result suggests that the activation process for a gas to
jump from one site to another requires more energy for the blend than
expected from contributions of the pure components presumably because of
the interactions between the component polymer molecules in the blend.

To examine how gas solubilities in PMMA /BCPC blends are related to
blend composition, an apparent gas solubility coefficient defined as

P=D,S, (11)
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Fig. 11. Semilogarithmic plot of CO, permeabilities vs. volume fraction of BCPC in blends.

is adopted here. Using the permeability and apparent diffusivity reported
above, the apparent solubility coefficients for various gases in the blends are
calculated and presented in Figure 17. Again, negative deviations are ob-
served. This result is predicted since for miscible blends the binary interaction
parameter, B, is negative which leads to a negative excess term in Eq. (7). No
efforts were made to estimate B value from this result because the apparent
solubility observed in Figure 17 does not represent the Henry’s law solubility
defined in Eq. (7).

IDEAL GAS SEPARATION FACTOR

Since gas separations by membranes have been of intensive interest in
recent years, it would be interesting to examine the potential of applying
miscible blends for gas separation. In practice, the true separation factor for a
gas pair A and B is measured from the ratio of their permeation rates using
gas mixtures as the penetrant. For an estimate, however, this permselectivity
characteristic can be obtained by examining the ratio of gas permeabilities of
the two pure gases, namely, the ideal gas separation factor for gas A relative
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Fig. 12. Semilogarithmic plot of O, apparent diffusion coefficients vs. volume fraction of
BCPC in blends.

to gas B defined as
“g = P,/Py (12)

It should be noted that the ideal gas separation factor may be different from
the actual one measured from mixed gas experiments for two reasons. First,
the two gases when mixed may compete for sorption sites in glassy polymers
leading to different sorption and transport behavior from the pure gases.'**®
Second, when one of the gases has much higher solubility than the other, its
plasticizing effect could change the diffusion coefficient of the other, which
cannot easily be estimated from pure gas experiments.

Three gas pairs of some practical interest, namely, He/CH,, CO,/CH, and
0,/N,, are considered below for their permselectivity characteristics. Figures
18 and 19 show the ideal separation factors plotted versus blend composition.
Contrary to the negative deviation behavior for permeability, the ideal sep-
aration factors are higher than that of the semilogarithmic additivity rule.
Note that if gas permeation behavior in the blend follows Eq. (1), in other
words, the semilogarithmic additivity rule, then a similar mixing rule can be
derived for gas separation, namely,

nad = dn(ad), + doln(ad), (13)

as represented by the dashed lines in Figures 18 and 19.
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Fig. 13. Semilogarithmic plot of Ar apparent diffusion coefficients vs. volume fraction of
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Fig. 15. Semilogarithmic plot of CH, apparent diffusion coefficients vs. volume fraction of
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Fig. 16. Semilogarithmic plot of CQO, apparent diffusion coefficients vs. volume fraction of
BCPC in blends.
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Figures 6-11 not only show that the gas permeability is lower than that
from the linear additivity rule but the extent of deviation increases with gas
molecular size, that is, the smallest for He and the largest for CH,. This
causes the positive deviation for the ideal separation factor. The He/CH,
pair exhibits deviations larger than CO,/CH and O,/N, pairs do because He
and CH, differ the most in molecular size. Similar results have been observed
for several other miscible blend systems.*-!8 In cases where the two compo-
nent polymers have similar separation factors, the separation factors of the
blends can be even higher than that of the two components.!*'® This suggests
that better gas permselectivity could be achieved through blending of two
miscible polymers.
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Fig. 18. Semilogarithmic plot of ideal separation factors for He/CH, pair vs. volume fraction
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CONCLUSIONS

This study has shown that poly(methyl methacrylate) and bisphenol chloral
polycarbonate are miscible over the entire blend composition range. DSC
thermograms reveal a single composition-dependent glass transition for each
blend. Lower critical solution temperature (LCST) behavior has also been
observed, as when transparent blends turn to cloudy when heated to high
temperatures. Density measurements suggest that the interaction between
PMMA and BCPC is evidently weak because the specific volumes of the
blends closely follow the additivity rule.

The permeability coefficients for various gases in the blends are lower than
that calculated from the semilogarithmic additivity rule. Moreover, the mag-
nitude of this deviation increases with molecular size, which results in ideal
separation factors higher than expected from the semilogarithmic linearity for
He/CH,, CO,/CH,, and O,/N, gas pairs. These permeation results can be
explained by the activated state theory for gas diffusion and the ternary
solution theory for gas solution in miscible blends. Both the apparent diffu-
sion and solubility coefficients for the blends also show negative deviation
from the semilogarithmic additivity rule.



GAS PERMEATION IN MISCIBLE BLENDS 2951

20

| ! I |
0o 02 04 Oe6 08 10
PMMA b, BCPC

Fig. 19. Semilogarithmic plot of ideal separation factors for CO,/CH, and O,/N, pairs vs.
volume fraction of BCPC in blends.

This research was supported by the University of Texas Separations Research Program, the
U. S. Army Research Office, and the donors of the Petroleur Research Fund, administered by the
American Chemical Society.

APPENDIX

A simple free volume treatment assuming additivity of free volume, or no
volume change on mixing, gives Eq. (4) as the mixing rule for permeability in
multicomponent polymer systems.'® In general, Eq. (4) predicts permeability
values which lie above the linear relation on semilogarithmic coordinates
given by Eq. (1), but for some circumstances Eq. (4) gives essentially equivalent
results as Eq. (1). The purpose here is to examine more closely the differences
between Egs. (1) and (4) and to see when they give comparable results.

As suggested by the inset in Figure 20, let P, be the prediction of Eq. (1)
and P be the prediction of Eq. (4) for a given composition. By algebraic
rearrangements of these two equations, we can show that

[In(P,/P)]”
" 2[2In(P,/A) + In(B,/P)] (14)

In(P/P,) =
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Fig. 20. Deviation of the permeability predicted by additive free volume model, P, from the
linear semilogarithmic relation given by Eq. (1), i.e., P,.

This result is plotted in Figure 20 with the factor P/P, given as a function of
the ratio of the permeabilities of the two pure polymers for different absolute
levels of permeability relative to the constant A. As can be seen, the dif-
ference between the predictions of Egs. (1) and (4) vanish as P, approaches P,.
In fact, the difference is only of the order of 10% when P, and P, differ by a
factor of 10.
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