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The study of diffusion and permeation of methane, nitrogen, and helium in 
miscible blends of poly(styrene-stat-acrylonitrile) (PSAN) and poly(methy1 meth- 
acrylate) (PMMA) at 35-140°C shows that permeation coefficients (P) of helium 
followed the linear logarithmic mixing rule. Positive deviations from the linear 
logarithmic mixing rule were observed for permeation and diffusion coefficients (0) 
of methane and nitrogen below the glass transition temperature (Tg). The deviations 
decreased with increasing temperature and disappeared above Tr The experimental 
results were analyzed by free volume and activated state theories. The Arrhenius 
plots of log D or log P us. the reciprocal of temperature exhibited discontinuities 
in the glass transition region for all gases and blend compositions. The discontinuities 
are caused by large thermal expansion coefficient differences between the rubbery 
and glassy states of PSAN and PMMA. The sorption of methane in 50150 PSAN/ 
PMMA has dual-mode characteristics below Tr 

Introduction 
There is a growing body of literature on experimental studies 

of penetrant permeation in polymer blends and related co- 
polymers. Hopfenberg and Paul (1978) reviewed the literature 
on gas transport in polymer blends and found that the fol- 
lowing simple mixing rule for the permeation coefficient ( P )  
was useful in the analysis of transport data in blends and 
copolymers: 

where 4, is the volume fraction of component x,  and P, is the 
permeation coefficient. Paul (1982a,b, 1987) studied gas trans- 
port in blends of polycarbonate (PC) with a copolyester, pol- 
ystyrene (PS) with poly(pheny1ene oxide) (PPO), and 
poly(methy1 methacrylate) (PMMA) with poly(styrene-stat- 
acrylonitrile) (PSAN). While the experimental data for PC/ 
copolyester and PS/PPO blends had negative deviations from 
the prediction of Eq. 1, the data for PMMA/PSAN blends 
had a positive deviation. Paul and his coworkers discussed the 
deviation of the experimental results from the linear logarith- 
mic mixing rule in the context of both the activated state and 
free volume theories (Paul, 1982; Kumins and Kwei, 1968). In 
this study, the diffusivities and permeabilities of gases in PSAN/ 

PMMA blends were measured at temperatures ranging from 
T, - 60°C to Tg + 45°C. The wide temperature range used for 
the acquisition of experimental data enabled us to carry out a 
more detailed analysis of the transport properties in terms of 
the activated state and free volume theories. PSAN and PMMA 
were selected because they were known to be miscible through 
earlier work (Suess et al., 1987; Pfennig et al., 1985) and were 
totally amorphous and their Tg’s were approximately the same 
(near 100°C). 

Experimental Studies 
Materials 

Poly(styrene-stat-acrylonitrile) (PSAN), containing 30 wt. 
070 of acrylonitrile and poly(methy1 methacrylate) (PMMA) 
were obtained from Scientific Polymer Products. The weight- 
average molecular weight of PSAN is 185,000 as supplied by 
the manufacturer. The weight-average molecular weight of 
PMMA is 93,000 and the number-average molecular weight 
46,000. 

The glass transition temperatures ( T,) of the polymers were 
measured by the use of a Perkin Elmer 7 Series differential 
scanning calorimeter (DSC). DSC experiments were carried 
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possible that the film could have deformed under pressure 
during the permeation experiment. To avoid large errors arising 
from film deformation, we have developed a special procedure. 
All experiments at temperatures above T, were preceded by an 
experiment at 70"C, which was below the TK's of both com- 
ponent polymers and their blends. After experiments above T, 
were completed, the temperature was lowered to 70°C and the 
experiment was repeated. I f  the permeation and diffusion coef- 
ficients measured from the two experiments at 70°C before 
and after the high-temperature experiments were within lo%, 
the measurements above T8 were deemed correct. 

Gas sorption experiments 
A sorption apparatus (Koros and Paul, 1976) was used to 

measure the solubility of gases in polymers. The temperature 
bath used was the same as that of the permeation apparatus. 

1 , , , , I Two Setra 204 pressure transducers were used to measure the 
pressure. The pressure range and sensitivity of the pressure 
transducer were 0-500 psia (0-3.5 MPa) and 0.1 psia (0.7 kPa), 
respectively. For both the sorption and permeation appara- 
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PSAN (vol fraction) 
tuses, the pressure transducers were connected to an Omega 

personal computer. The pressure readings on different chan- 
nels were monitored and recorded on the computer for further 

Figure 1. Diffusion coefficients of methane in PSANl WB-31 A/D converter, which was in turn connected an IBM PMMA blends vs. blend composition. 
A at 35'C; o at 50°C; o at 75'C; and v at 90'C. 

analysis. 
out in a nitrogen atmosphere at a heating rate of 10"C/min. 
The Tg of PSAN was found to be 95°C and that of PMMA 
97°C. 

Film oreoaration 

and Discussions 
Transport properties vs. blend composition 

The permeability and diffusion coefficients of methane, ni- 

plates to cast- films by allowing the solvent to-evaporate slowly. 
The films were dried in an air-circulating oven by raising the 
temperature gradually (about 15°C each day) until the oven 
temperature reached 75 "C and then maintained at that tem- 
perature for one week. Subsequently, the oven temperature 
was raised 10"C/d under vacuum until it reached 130°C. The 
oven temperature was kept at 130°C for another week. The 
films were then cooled from 130°C to ambient temperature in 
four hours and peeled off from the glass plates. The thickness 
of the film was measured with a Mitutoyo 227 low force mi- 
crometer. The accuracy of the micrometer is ~ 0 . 1  mil (1 
in. = 1,000 mil). 
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I Gas permeation experiments 
A permeation apparatus (Koros et al., 1976) was used to 

measure the permeation and diffusion coefficients of gases 
through polymer films. A Neslab Tamson bath circulator was 
used to control the temperature of the silicon oil in the bath. 
The entire apparatus, except for the pressure transducer and 
the control valves, was immersed in the oil bath. The sensitivity 
of the MKS 128A pressure transducer was lo-' torr. The up- 
stream pressures were 40 psia (280 kPa) for helium and 100 
psia (690 kPa) for methane and nitrogen. Since the polymer 
becomes rubbery when the temperature is above its Tgr it was 
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PSAN (vol fraction) 

Figure 2. Diffusion coefficients of methane in PSANl 
PMMA blends vs. blend composition. 
e at IOO'C; o at llO'C; o at 120°C; and v at 140°C. 
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PSAN (vol traction) 

PSAN (vol fraction) Figure 5. Permeation coefficients of nitrogen in PSANl 
Figure 3. Diffusion coefficients of nitrogen in PSANl PMMA blends vs. blend composition. 

A at 35°C; o at 50°C; at 7S'c; and v at 90"~. PMMA blends vs. blend composition. 
A at 35°C; at 5O'C; o at 75'C; and v at 90°C. 

are plotted separately to maintain clarity of the presentation 
and to highlight the different composition dependencies in the 
two regions. It is obvious that the diffusion coefficients of N2 
and CH4 in PSAN/PMMA blends show positive deviations 
from the linear logarithmic mixing rule at temperatures below 
Tg. The deviations decrease as the temperatures increase and 
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Figure 4. Diffusion coefficients of nitrogen in PSANl 
PMMA blends vs. blend composition. 
A at 100°C; o at IlO'C; o at lZO'C; and v at 14O'C. 

become relatively minor when the T, of the polymer is ap- 
proached (near 90°C). At temperatures above Tg, the diffusion 
coefficients of nitrogen and methane follow the linear loga- 
rithmic mixing rule. Plots of the permeation coefficients of 
nitrogen, methane, and helium in PSAN/PMMA blends vs. 
the volume fraction of PSAN are given in Figures 5-10. Again, 
positive deviations from the linear logarithmic mixing rule 
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Figure 6. Permeation coefficients of nitrogen in PSANl 

PMMA blends vs. blend composition. 
A at IOO'C; o at llO'C; n at 120'c; and v at 1@'C. 
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Figure 7. Permeation coefficients of methane in PSANI 
PMMA blends vs. blend composition. 
A at 35°C; o at 50°C; o at 75°C; and v at 90°C. 

represented by Eq. 1 were observed for nitrogen and methane, 
and the deviations decrease as the temperature increases. In 
contrast to the observations of nitrogen and methane, the 
permeation coefficients of helium follow the prediction of Eq. 
1 very well for the entire temperature range. These phenomena 
and experimental data will be discussed using the free volume 
and the activated state theories. 

Activated state theory 
The transport of small molecules in polymers is often dis- 

......... . . . . . . . . v . . . . . . . . a . . . . . . .  
5 

5 x10- l0  

0.2 0.4 0.6 0.8 1 .o 0.0 

PSAN (vol fraction) 

Figure 9. Permeation coefficients of helium in PSANl 
PMMA blends vs. blend composition. 
A at 35'C; o at 50'C; D at 75°C; and v at 90°C. 

cussed in terms of an activated process of the Arrhenius type 
(Kumins and Kwei, 1968): 

where Tis the absolute temperature, ED is the activation energy 
for diffusion, and Do is a preexponential factor. Based on the 
"universal" correlation between In Do and ED/T for a large 
number of gas-rubbery polymer combinations, Paul (1984) 
derived a rule of mixing on the basis of Eq. 2 for a polymer- 
containing components A and B as follows: 

? 
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Figure 8. Permeation coefficients of methane in PSANI Figure 10. Permeation coefficients of helium in PSANl 
PMMA blends vs. blend composition. PMMA blends vs. blend composition. 
A at 1OO'C; o at llO'C; at 120'C; and v at 140°C. A at IOO'C; 0 at 110°C; 0 at 120°C; and v at 140°C. 
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Table 1. Activation Energies and Preexponential Factors of Diffusion and Permeation Coefficients of Methane in 
PSAN/PMMA Blends 

100% 75/25 50/50 25/75 100% 
CH, PSAN PSAN/PMMA PSAN/PMMA PSAN/PMMA PMMA 

__ 
Below Tg 

D, x ld (cm2/s) 3.46 1.46 8.82 9.27 57.2 
Ed (KcaVmol) 10.20 9.88 10.85 11.77 13.50 
AEA8 (KcaVmol) 0.00 - 1.09 - 0.92 -0.85 0.00 
Pox lo6 (cm3 x cm)/(cm2-s.cm Hg) 1.65 0.79 1.92 5.62 244.0 
AEn (Kcal/mol) 7.62 7.33 8.16 9.23 12.22 

Above Tg 
Do (cm2/s) 478.40 330.97 417.00 490.80 1,369.2 
Ed (Kcal/rnol) 17.05 16.98 17.36 17.83 18.86 
A E A B  (Kcal/mol) 0.00 - 0.49 -0.55 - 0.54 0.00 
Po (cm3 xcm)/(rn’.s.cm Hg) 0.054 0.138 0.425 1 .so9 3.110 
AEp (Kcal/mol) 15.05 16.02 17.00 18.29 19.08 

where b is a constant derived from the universal correlation 
and UAB is related to the components and mixture by: 

(4) 

The quantity of (bR - 1) in Eq. 3 is negative (Paul, 1984) 
because bR is smaller than unity. Therefore, a positive AEAB 
results in a lower diffusion coefficient than predicted by the 
linear logarithmic mixing rule, and a negative AEAB results in 
a higher than predicted value. In analyzing our data by Eq. 
3, we first calculated the Do and ED values below and above 
Tg by the regression analysis. The calculated values of Do and 
ED of methane and nitrogen are given in Tables 1 and 2, 
respectively. It was observed that the AEAB values for the three 
blends were all negative at temperatures below Tg. According 
to Eq. 3, a negative AEAB value would have a positive deviation 
of D from the linear logarithmic mixing rule. Our experimental 
results indeed agree with the prediction. Since (bR  - 1)4EAB 
is a constant, the absolute values of (bR - l)M,,/RTdecrease 
as temperatures increase. The decrease of (bR - 1)4EAB/RT 
contributes to the decrease of In D - c $ ~  In DA -C$B In DB as 
temperatures increase. This agrees qualitatively with the trend 
of our experimental observation. 

Tables 1 and 2 show that the magnitude of MA, for methane 
or nitrogen diffusion in the blends at temperatures above Tg 

was about 1/2 of the respective value below Tg. Again, the 
smaller UAB above T, should go with the small deviation from 
the linear logarithmic mixing rule. This agrees qualitatively 
with our experimental results as well. 

It was also desired to check whether the predictions of Eq. 
3 agreed quantitatively with our experimental results. A plot 
of log Do vs. ED for all of the data gathered in this study is 
given in Figure 11. A linear regression analysis of the In Do, 
E D  data below Tg gives the following expression: 

The same regression for the data above T, gives: 

In Do=0.506ED/T- 11.44 (6)  

In Figures 1 to 4,  the solid curves represent diffusivities cal- 
culated from Eq. 3 using ED values from this study and ex- 
perimentally determined b values of 0.414 and 0.506 for 
temperatures below and above T,, respectively. The agreement 
between the predictions of Eq. 3 and the experimental diffu- 
sivities of N2 and CH4 in PSAN/PMMA blends is good. It is 
interesting to note that at temperatures above Tg, the magni- 
tude of (bR - 1) in these gas/polymer systems is close to zero. 
Therefore, the relation of gas diffusivities between the two 
components and their blends in Eq. 3 was reduced to the linear 
logarithmic mixing rule at temperatures above T,. 

Table 2. Activation Energies and Preexponential Factors of Diffusion and Permeation Coefficients of Nitrogen in 
PSAN/PMMA Blends 

100% 75/25 50/50 25/75 100% 
N* PSAN PSAN/PMMA PSAN/PMMA PSAN/PMMA PMMA 

Below Tg 
Do x 1 d (cm2/s) 3.55 1.26 2.59 9.55 25.3 
Ed (KcaVmol) 9.35 8.87 9.60 10.84 11.80 

Pox lo’ (cm3xcm)/(cm2~s~cm Hg) 2.70 1.97 3.32 5.57 21.9 
E. IKcal/mol) 6.44 6.40 6.87 7.46 8.69 

AEAs (Kcal/mol) 0.00 - 1.05 - 0.91 - 0.30 0.00 

Above Tg 
Do (cm2/s) 2.04 - 9.90 - 171.43 
Ed (KcaVrnol) 12.21 - 13.75 - 16.32 

Pox  10’ (cm3xcm)/(cm2-s.cm Hg) 1.72 - 18.5 - 135.0 
ED (Kcal/rnol) 12.64 - 14.63 - 16.54 

A E A B  (Kcal/mol) 0.00 - - 0.41 - 0.00 
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The qualitative explanation to the deviation of permeabilities 
of methane and nitrogen from Eq. 1 will be the same as that 
of the diffusion coefficients. In Figures 5 to 8, the solid curves 
represent permeabilities calculated from Eq. 10. It can be seen 
that the permeabilities of N2 and CH4 in PSAN/PMMA blends 
can be described by Eq. 10. Due to the small time lag of helium 
at high temperatures, accurate measurements of the diffusion 
coefficients of helium for the determination of AE,, were 
difficult. However, within the limit of accuracy of our exper- 
iments, we have seen only small or no permeability deviations 
from the linear logarithmic mixing rule in the entire temper- 
ature range. Hence, we arrive at the conclusion that the mAB 
values of helium are small both above and below the glass 
transition temperature. 

Free volume theory 
Kumins and Kwei (1968) discussed the application of the 

free volume theory of Cohen and Turnbull (1959) to the gas/ 
polymer systems. The diffusion coefficient of gases through a 
polymer membrane can be expressed as: 

D = A  exp(-v*/vf) (11) ( K c a l h o l e )  

Figure 11. Plots of Do against activation energy of dif- 
fusion. 

for methane and + for nitrogen at temperatures below T,; 
A for methane and 0 for nitrogen at temperatures above Te. 

where A is a characteristic constant of gas, u* is the critical 
free Volume required for a diffusional jump, and UJ is the free 
volume of the polymer. Although the Cohen-Turnbull theory 
was derived for liquids, the use of Eq. 11 for glassy state may 
be justified on the ground of Matsuoka’s reformulation (Mat- 
suoka, 1992) of Adam-Gibbs treatment (Adam and Gibbs, 
1965) to allow for both equilibrium and nonequilibrium states. 
According to Matsuoka, the characteristic relaxation time A, 

The solubility coefficient, S ,  for a polymer blend is related 
to that of its components by: 

is related to the fractional free volume f by Eq. 12: 

(7) 

where B is the binary interaction density (Flory, 1953) for the 

B v s  

RT 
In S = +, In SA + +B In SB + - +A+B 

A== 1, exp ($--;) (12) 

two-component polymers, and V ,  is the molar volume of the 
small molecule penetrant (component i) . 

All the evidence to date including experimental measurement 
of densities, heat capacities, infrared spectra, dielectric relax- 
ation, and calorimetry suggest that the net interaction force 
between PMMA and PSAN is weak (Pfennig et al., 1985; Naito 
et al., 1978; McBrierty et al., 1978) even as the AN content is 
varied from the edge of the miscibility window to the optimum 
value (Fowler et al., 1987). Since the net interaction force 
between PSAN and PMMA is weak, the value of B is small. 
Therefore, the solubility in the blend in Eq. 7 can be approx- 
imated as: 

where the subscript r refers to a reference state of the observer’s 
choosing. Clearly, the format of Eq. 11 is consistent with 
Matsuoka’s treatment. 

We now express the free volume of the blend as follows: 

where ufA, vfB, and ufm are the free volumes of component A ,  
component B ,  and the blend, respectively. And Aqis the excess 
free volume. Combining Eqs. 11 and 13 yields the following 
mixing rule for the diffusion coefficient of a gas in a polymer 
blend: 

V f  
In S=+, In S , + &  In SB (8) 

In D-+A In DA-+B hl LIB=--- (+A+B(  v/A - v / B ) 2  
If Henry’s law is obeyed, the permeability coefficient is related vfrn vfA vfB 

+ AU,(+AVJA + + B ~ J B ) )  (14) to the solubility and diffusion coefficients by: 

P=DS (9) 
Since + , ~ B ( v / A  - v ~ ~ ) ~  and u * / ~ / m v f A v f B  are always positive (In 
D - d A  In DA - + B  In DB)  is positive if A v f r O .  Even when 
Avf<O, the deviation still can be positive if 4 A + B (  uf, - vfB)2 
> ~ A u / ( ~ , u / ~  + +Bv/B) I. Equality between In D and +A In 

Combination of Eqs. 3, 8 and 9 yields an equation Similar to 
Eq. 3: 

InP=+,  I n P , + + B I n P B + ( b R - l ) ~ , B / R T  (10) DA+&hDBOCCUrSwhen 
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Table 3. Volumetric Parameters for PSAN/PMMA Blend at 
23°C" 

__ 
75/25 50150 25/75 

100% PSAN/ PSAN/ PSAN/ 100% 
I'SAN PMMA PMMA PMMA PMMA 

of magnitude, while gas solubility varies within two orders of 
magnitude. Thus, as a first approximation, it is not unrea- 
sonable to expect P to vary primarily with the free volume. 
Lee (1980) has shown impressive correlations for gas permea- 
tion through a wide range of polymers using the equation: 

M ( g h o l )  80.7 84.8 89.3 94.4 100.0 
V,,, (23°C) 0.9275 0.9124 0.8857 0.8613 0.8389 

1.3 v, 63.1 65.1 67.5 70.0 72.9 

SFV (crn'/g) 0.145 0.144 0.130 0.120 0.109 

(crn'/g) 

(crn'/mol) 

Au, (cm'/g) -- 0.0074 0.0021 0.0014 - 

* V+, is the specific volume, I .3 V ,  is the occupied volume, M is the molecular 
weight of the mononier, and SFV is the specific free volume. 

At.: = 0 and +A+B( ufA - vrB)2 = 0 (15) 

The condition for In D<+A In DA +& In DB to occur is when 
Aq<O and @ ~ ~ H ( ~ / A - - u / B ) ~  < ~ A ~ J ( ~ A ~ / A + + B ~ , B ) ~ .  

The magnitude of u, can be estimated as the difference be- 
tween the specific volume of the polymer at temperature Tand 
the occupied volume at 0 K .  The latter is often approximated 
as 1.3 times the van der Waals volume, according to Bondi 
(1964). The specific volumes of PSAN, PMMA and their blends 
at 23°C were measured by Gsell(l990). The calculated specific 
free volumes of PSAN, PMMA and their blends at 23°C are 
in Table 3. The specific free volumes of the blends fall between 
those of the components, and AuJ is positive for all the blend 
compositions, as shown in Table 3. From the free volume 
theory discussed above, positive AuJ results in positive devia- 
tion from the linear logarithmic mixing rule. In Figures 1 and 
3, the diffusion coefficients of nitrogen and methane vs. the 
volume fraction of PSAN at temperatures below Tg agree qual- 
itatively with the prediction. Since the U* value was not known, 
we were unable to engage in a quantitative comparison between 
experimental diffusion coefficients and calculated values. 

As the temperature increases and approaches Tg, u,,, ufA, 
and ufB increase but A v ~  decreases. The volume thermal ex- 
pansion coefficient of PSAN (= 1.86 x cm3/g- "C), which 
is calculated from those of polystyrene (PS) and polyacrylo- 
nitrile (PAN), is smaller than that of PMMA (= 2.36 x 
cm'/g- "C) (Brandrup and Immergut, 1989) below Tg; there- 
fore, ( urA - t'rB)2 decreases with increasing temperature. The 
above-mentioned specific free volume changes with tempera- 
ture contribute to the decrease of (In D- +A In D A  + +B In &). 
The smaller deviations of the diffusion coefficients of the pol- 
ymer blends from the linear logarithmic mixing rule, as the 
temperatures increase, agree with the predicted trend of the 
free volume theory. If this trend is to be followed, the devia- 
tions may become too small to be detected as the temperature 
approaches the glass transition region of PSAN/PMMA. 

Since the gas permeability P is related to the diffusivity D 
by Eq. 9, P can be assumed to depend on free volume in the 
same way as D. This holds true as long as S is relatively 
insensitive to molecular structure changes when compared to 
D.  The gas diffusivity in most polymers covers about six orders 
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P = A  exp( -B'/u,)  (17) 

where A is a characteristic constant of gas, and B' is the 
constant for a particular gas which concerns only with the 
smallest volume of a hole for a jump to occur. By combining 
Eq. 13 with Eq. 17, an equation similar to Eq. 14 is derived: 

In P-c#J~ In PA--& In PB 

If follows that the underlying reason for the deviation of 
permeability of nitrogen and methane from Eq. 1 in PSAN/ 
PMMA blends is the same as that for the deviation of the 
diffusion coefficients. 

Methane and nitrogen molecules are much larger in size than 
helium; accordingly, they need larger holes for jumps to occur. 
As a result of this, the B' values of nitrogen and methane are 
much larger than that of helium. Equation 18 shows that a 
smaller value of B' results in a smaller deviation from the 
linear logarithmic mixing rule. Experimentally, there were very 
small or no deviations from the linear logarithmic mixing rule 
for helium permeation. It is concluded that the small deviation 
from the linear logarithmic mixing rule for the helium molecule 
is due to its small size. 

Paul (1984) applied Eq. 17 to multicomponent polymer sys- 
tems by assuming that the free volume of the mixture is given 
by additive contributions from each component: 

Inserting Eqs. 13 and 19 into Eq. 17 and rearranging yield the 
following mixing rule for permeability (Paul, 1984): 

In(P/A) = ( +A + ) - '  (20) 
In (PA/A ) In (PB/A ) 

In Figures 7 to 10, the dotted curves represent permeabilities 
calculated from Eq. 20 using A values of 2 . 2 ~  lo-" and 
3 . 8 6 ~  lo-" for CHI and He, respectively (Maeda, 1986). The 
A value for nitrogen is unavailable. The permeability predic- 
tions from Eq. 20 quantitatively describe the permeabilities of 
methane at high temperatures (>9O"C). However, agreement 
between the experimental permeabilities of methane and the 
predictions at low temperatures ( ~ 9 0 ° C )  is not as good as 
shown in Figure 7. The permeation coefficients of helium in 
the two-component polymers are very close [P(PSAN) = 1.33 
P(PMMA) at 35°C and P(PSAN)= 1.11 P(PMMA) at 9O"CI. 
Therefore, Eq. 20 is not a critical test of the helium permeability 
data; nonetheless, the predictions agree well with experimental 
results over the entire temperature range. 
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Figure 12. Diffusion coefficients of nitrogen and meth- 
ane in PSAN vs. temperature. 
o methane; nitrogen. 

Discontinuities of transport properties in the glass 
transition region 

The calculated values of Do, AED, Po, and AEp from Ar- 
rhenius plots in Figures 12-14 are in Tables 1, 2 and 4. Due 
to the different values of ED and Ep at temperatures above 
and below Tgr the plots of log D vs. 1/T and log P vs. 1/T 
show discontinuities in the glass transition region for nitrogen, 
helium, and methane. 

The dependence of D on temperature for various gas/pol- 
ymer systems has been studied in the Tg region of the polymers 
by a number of investigators (Meares, 1954, 1957; Toi et al., 
1983; Kumins and Roteman, 1961; Stannett and Williams, 
1965; Koros and Paul, 1978; Stern et al., 1989). Some inves- 
tigators have reported discontinuities in plots of log D vs. 
1/T for some gases in a number of polymers in the glass 
transition regions. However, such discontinuities were not ob- 
served for other gases in the same polymer or for the same 
gases in different polymers. Explanations of the dichotomy 
have been put forth by Stannett and Williams (1965), Kumins 
and Roteman (1961), and Frisch (1965). These authors pointed 
out the importance of penetrant size and the change in the 
thermal expansion coefficient of the polymer to the observed 
discontinuities and concluded that the discontinuities were 
linked to high A d a g  values where ag is the thermal expansion 
coefficient at the glassy state and Aa is the change of thermal 
expansion coefficient at Tg. It was the goal of this research to 
determine to what extent A d a g  is related to the slope changes 
in the temperature dependence of D at Tg. 

Table 5 shows the thermal expansion coefficients of the 
polymers and the gas diffusion results in the glass transition 
regions for some of the amorphous polymers as well as PSAN 
and PMMA. It is clear that considerably greater values of Aa/  

10 + 

10 -I 

10 -a 

10 ?I 

10 -la 
2.3 2.5 2.1 2.9 3.1 3.3 

I/? x 10' (K-) 

Figure 13. Diffusion coefficients of nitrogen and meth- 
ane in PMMA vs. temperature. 
o methane; nitrogen. 

ag (> 1.8) are shown by poly(viny1 acetate) (PVAc) (Meares, 
1954, 1957) and poly(ethy1ene terephthalate) (PET) (Michaels 
et al., 1963; Koros and Paul, 1978) for which discontinuities 
in the glass transition regions are observed. In contrast, 

10 -a 

10 

10 -M 

10 -li 

._ -12 

I- Tg Region 

2.3 2.5 2.1 2.9 3.1 3.3 

IIT x 10' 

PSANlPMMA blend vs. temperature. 
Figure 14. Permeation coefficients of gases in 50/50 

o methane; nitrogen; A helium. 
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Table 4. Activation Energy and Preexponential Factor of Per- 
meation Coefficients of Helium in PSAN/PMMA Blend 

75/25 50/50 25/75 
100% PSAN/ PSAN/ PSAN/ 100% 

He PSAN PMMA PMMA PMMA PMMA 

Rdn w TP 

P,, x 10' 7.78 9.29 11.0 10.5 17.5 
(cm' x cm)/ 
(cm'.s.cm Hg) 

Up (KcaVmol) 3.90 4.13 4.26 4.25 4.64 
Above Tg 

Pox 106 9.55 - 21.9 - 77.2 
(cm.' x cm)/ 
(cm'. s .  cm Hg) 

AE, (Kcal/mol) 5.74 - 6.37 - 7.40 

poly(ethy1 methacrylate) (Stannett and Williams, 1965) and 
poly(n-butyl methacrylate) (Aharoni, 1973; Stern et al., 1989), 
which have much lower values of A d a ,  (near 0.6), show no 
discontinuities. There was insufficient information to pass 
judgment on whether a discontinuity would manifest itself in 
a polymer with a A d a ,  value between 1.8 and 0.6. Our PSAN 
and PMMA samples were amorphous and had A d a ,  values 
between 1 and 1.8. We therefore speculate that the lower bound 
of the A d a y I  values for discontinuities to be observed is close 
to unity for amorphous polymers. 

A different explanation was proposed by Stern (1989) to 
explain the discontinuity effect in the glass transition region. 
The discontinuity was thought to be the result of the transition 
from Henry's law to dual-mode sorption when T, was trans- 
versed. It was suggested that for gas-polymer systems in which 
dual-mode sorption behaviors were observed, the plots of log 
D vs. l/Texhibited discontinuity and vice versa. To check this 
possibility, we carried out methane sorption experiments for 
the 50150 PSAN/PMMA blend at 66.8"C at pressures up to 
22 atm. The experimental results are shown in Figure 15. The 
small curvature of the isotherm is consistent with dual-mode 

Table 5. Effect of Glass Transition on Temperature Depend- 
ence of Diffusion Coefficients for Selected Gas/Polymer Sys- 
tems and the Variation in the Thermal Expansion Coefficient 

at Tg for the Polymer 

T, at Phenomena in 
Polymer ('C) cm3/g. "C x lo4 A d a ,  Transition Region 

PoIy(viny1 32 2.40 4.50 1.88 Double breaks for 
acetate) He, Ar, H2, and 

Poly(ethy1ene 67 1.87 8.00 4.28 Single break for 
0 2  

terephthalate) He, 02, C02,  

Poly(ethy1 65 2.11 1.34 0.64 No break for He, 
methacry late) 

Poly(n-butyl 27 3.85 2.41 0.63 No break for 
methacrylate) ethane 
PSAN 95 1.86 3.02 1.62 Breaks for He, N2 

CH4, etc. 

Ar, Kr, SF6, Xe, 
etc. 

and CH, 
PMMA 97 2.36 2.68 1.14 Breaks for He, N2 

and CH, 

AIChE Journal September 1993 

0 5 10 15 20 25 
Pressure (atmosphere) 

Figure 15. Methane sorption in 50150 PSANlPMMA blend 
at 66.8O C. 

sorption, though it is much less pronounced than literature 
reports for CHI-PMMA (Raymond and Paul, 1990) at 35"C, 
probably because the experimental temperature is closer to T, 
than in Paul's studies. 

Conclusions 
Permeabilities and diffusivities of nitrogen, methane and 

helium in the PSAN, PMMA, and PSAN/PMMA blends were 
studied from 35 to 140°C. It was observed that the permeation 
coefficients of helium followed the linear logarithmic mixing 
rule. Positive deviations from the linear logarithmic mixing 
were observed, however, for permeation and diffusion coef- 
ficients of methane and nitrogen at temperatures below T,. 
The deviations decreased with increasing temperature and dis- 
appeared at temperatures above T,. The observed phenomena 
were discussed in terms of the activated state and free volume 
theories. Both theories describe qualitatively the trend of the 
observed phenomena. The activated state theory predicts quan- 
titatively the experimental data in the entire temperature range. 
Paul's mixing rule for P predicts accurately the experimental 
data at temperatures above T,, but less perfectly at tempera- 
tures below TK. 

The Arrhenius plots of log D and log P vs. l / T  exhibited 
discontinuities in the glass transition region for all three gases 
and all blend compositions. There appears to be a correlation 
between high A d a K  values and the discontinuities, as other 
researchers have proposed. On the other hand, Stern related 
the discontinuities in the gas-polymer systems to the dual-mode 
sorption at temperatures below Tg, We confirmed in this study 
that dual-mode sorption was operative in the diffusion of meth- 
ane in a PSAN/PMMA (S0/50) blend at temperatures below 
Tr 
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Notation 
A =  
b =  
B =  

D =  
DA = 

D, = 

Do = 

B‘ = 

E D  = 
= 

ED, = 

f =  
f, = 

P =  
PA = 

P, = 

R =  
S =  

SA = 
s, = 
T =  
v, = 

v‘ = 
v, = 

v,m = 

UAB 

vfA = 
vJ8 = 

AVI = 

characteristic constant of gas 
universal correlation constant 
binary interaction density for the two-component polymers 
constant for a particular gas 
diffusion coefficient 
diffusion coefficient of component A (in polymer blend of 
A and B )  
diffusion coefficient of component B (in polymer blend of 
A and B )  
preexponential factor 
activation energy for diffusion 
activation energy for diffusion in component A 
activation energy for diffusion in component B 
deviation of activation energy from the sum of additive con- 
tributions for components A and B 
fraction free volume 
fraction free volume (refers to a reference state of the ob- 
server’s choosing) 
permeation coefficient 
permeation coefficient of component A (in polymer blend 
of A and B )  
permeation coefficient of component B (in polymer blend 
of A and B )  
ideal gas constant 
solubility coefficient 
solubility coefficient of component A 
solubility coefficient of component B 
absolute temperature 
molar volume of the small molecule penetrant (component 
S) 
critical free volume required for a diffusional jump 
free volume of the polymer 
free volume of component A 
free volume of component B 
free volume of the blend 
excess free volume from the sum of additive contributions 
for components A and B 

Greek letters 
X, = characteristic relaxation time 
A, = characteristic relaxation time (refers to a reference state of 

the observer’s choosing) 
+A = volume fraction of component A (in polymer blend of A 

and B )  
4B = volume fraction of component B (in polymer blend of A and 

B )  
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