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Gas transport of carbon dioxide, oxygen, nitrogen and methane gases in a series of poly(phenylene thioether 
imide)s based on 2,2-bis(3,4-decarboxyphenyl) hexafluoropropane dianhydride and diamine-terminated 
oligo(phenylene thioether)s has been investigated• The effects of the oligo(phenylene thioether) length on the 
gas permeabilities and diffusivities were determined and correlated with chain packing of the polymers• The 
incorporation of a long oligo(phenylene thioether) segment in the polymer backbone decreases gas 
permeability and permselectivity simultaneously. The decreases in permeability coefficients can be related to 
decreases in both the diffusion coefficients and the solubility coefficients of all the gases• Finally, the physical 
and gas transport properties are simply compared between poly(phenylene thioether imide)s and 
poly(phenylene thioether). © 1997 Elsevier Science Ltd. All rights reserved. 
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I N T R O D U C T I O N  

The control of gas permeability and permselectivity of 
polymer membranes has become a subject of  intense 
research with worldwide participation in both industrial 
and academic laboratories because of  its importance for 
the development of new membrane separation processes 
and for the improvement of economics I 5. To achieve 
such control, it is necessary for us to have a good 
understanding of  the relationships between the proper- 
ties of the polymers and their gas permeability. Thus, 
hundreds of publications and patents on the synthesis, 
structure and gas transport properties of polymer 
materials have appeared over the past decade. Special 
attention 6-3° has been focused on the development of  
high glass transition temperature amorphous polymers, 
such as polyaramides 6'7, ~olysulfones 8-1°, polycarbon- 

10 13 14 9 ates - and polyimides - - ,  which have led to a new 
generation of gas-separation membrane materials. Among 
these high-performance polymers, it was reported recently 
that polyimides with 2,2-bis(3,4-decarboxyphenyl) hexa- 
fluoropropane dianhydride (6FDA) exhibit both a high 
gas-permeability and a high gas-permselectivity zl-29. 

The most desirable gas separation membrane materials 
should have high permeability and high permselectivity, 
and also high mechanical and thermal stability. However, 
structural modifications which lead to increases in polymer 
permeability usually result in losses in permselectivity and 
vice versa. This so-called 'trade-off'relationship is well 

* P e r m a n e n t  address :  D e p a r t m e n t  o f  P o l y m e r  Science & Eng inee r ing ,  
Z h e j i a n g  Univers i ty ,  310027 H a n g z h o u ,  P .R .  C h i n a  
t T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

described in the literature 3'5. Expanding the performance 
envelope generally defined by this ' trade-off'  relationship 
is one goal of current research efforts. 

A fundamental  objective of  our research has been to 
combine the typical properties of  6FDA-based poly- 
imides with the properties of  other glassy polymers, 
such as polysulfone 29 and polytetrafluoroethylene 

30 (PTFE) . In the present work, permeability coeffi- 
cients and diffusion coefficients of  CO2, 02, N2, and 
CH 4 through amorphous films of four 6FDA-based 
poly(phenylene thioether imide)s differing in their 
phenylene thioether length were measured to investigate 
the effect of molecular structure on permeability and 
permselectivity. 

E X P E R I M E N T A L  

Material 

The dianhydride monomer used in this study was 2,2- 
bis(3,4-decarboxyphenyl) hexafluoropropane dianhy- 
dride (6FDA). This monomer was supplied by Hoechst 
AG and used without further purification. The diamine 
monomers were the diamine-terminated oligo(pheny- 
lene thioether)s which were readily synthesized by 
means of aromatic nucleophilic displacement reactions 
of  dibromo-terminated oligo(phenylene thioether)s and 
4-aminothiophenol. The poly(phenylene thioether 
imide)s (PPTI) with one, two, three and four units of  
phenylene thioether were synthesized by condensation 
polymerization from the above monomers followed by a 
cyclodehydration reaction, as reported in a previous 

• • 31 commumcaUon- . The chemical structure and designation 
of the polymers studied here are shown in Figure 1. 
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Figure I Molecular structure and designation of the 6FDA- 
poly(phenylene thioether imide)s studied 

Carbon dioxide, oxygen, nitrogen and methane were 
purchased from Messer Griesheim GmbH.  These gases 
were stated by the supplier to be at least 99.5% pure and 
were used without further purification. 

Film preparation 
The 6FDA-poly(phenylene thioether imide)s (6FDA- 

PPTI) were used in the form of nonporous planar 
membranes which were cast from 20wt% D M F  solu- 
tions at room temperature on glass plates and dried for 
24h at 100°C under vacuum. The films thus obtained 
were removed from the glass plates and dried for another 
24h at 100~-'C under vacuum• No trace of  solvent could 
be detected from differential scanning calorimetry (d.s.c.) 
scans. The thickness of  the dry films used for the 
permeability and diffusity measurements varied from 20 
to 40 #m with individual uniformities better than ±6%.  
Poly(1,4-phenylene thioether) (PPT) (or poly(1,4-pheny- 
lene sulfide)) films with 100#m ( ± 4 % )  thickness were 
obtained from Bayer AG. No indications of  crystallinity 
were observed in d.s.c, scans or wide-angle X-ray 
diffraction spectra for the 6DFA/PPTI  films, while the 
PPT fihns exhibit a degree of  crystallinity of  about 5% 

3 "~ 34 according to density measurements ~ - . 

t i i J i i i 
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20 

Figure 2 WAXD scan of 6FDA-PPTI-4 and poly(1,4-phenylene 
thioether) (PPT) 

Thermal and physical characterization 
Glass transition temperatures were determined using 

Rheometrix solid analyzer (RSA II) at a heating rate of  
10"C rain -j  and an oscillation frequency of I Hz 29. Wide- 
angle X-ray diffraction (WAXD) measurements were 
taken for each polymer at a CuKc~ wavelength A of 
1.54A on a Philips X-ray diffractometer. The corre- 
sponding d-spacing values which provide a measure of 
intersegmental distance between polymer backbones 
were calculated from the diffraction peak maxima 

35 36 through the Bragg equation, d = ),/2 sin 0 k " , where A 
is the wavelength of the radiation and 20 is the angle of  
maximum intensity in the amorphous  halo exhibited by 
these polymers. Polymer density was determined by 
flotation of small film samples in a density gradient 
column, which was maintained at 23 -4- 0.1 °C. Aqueous 
calcium nitrate solution was used to provide the density 
gradient• 

The packing density (PD), which is a related measure 
of  chain packing, was calculated using37: 

PD = r / ( V -  V,,.) (1) 

where V is the polymer specific volume, and Vw is the 
specific van der Waals volume calculated by the group 
contribution method of van Krevelen 3s. The cohesive 
energy (Ecoh), which could be considered as a measure of  
interaction of polymer chains and mainly determined by 
the ability of  the polymer chains to perform segmental 
motions, were also calculated from the group contribu- 
tion method of van Krevelen. The tabulation of  Fedors 3s 
was used to calculate Ecoh. 

Pure gas permeabiliO, determination 
Pure gas permeability coefficients for CO,,  0 2, N~ and 

C H  4 gases were measured at 3 5 C  between 1-10 arm and 
at 10arm for different temperatures between 35 75"C 
using the standard techniques employed in our labora- 

• "~9 30 39 tory. based on the Ume-lag method . . . .  . Effective gas 
diffusion coefficients were estimated from time-lag data 
at upstream pressures of  10atm and a temperature of  
35'~C by the relat ion D = /2 /60,  where / is the f i lm 
thickness and 0 is the time-lag 39. The apparent 
solubi l i ty coefficients of  the four gases in each polymer 
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Table  1 Physical and chemical properties of the polymers studied 

Tg Density d-spacing Ecoh I 

Polymer (°C) (gcm 3) (C) PD FFV (kJ tool 1) 

6FDA/PPTI- 1 292 1.4373 5.51 2.820 0.1614 253.88 

6FDA/PPTI-2 257 1.4179 5.50 2.834 0.1587 299.97 

6FDA/PPTI-3 233 1.3980 5.46 2.824 0.1603 346.06 

6FDA/PPTI-4 216 1.3956 4.94 2.865 0.1583 392.15 
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film were calculated from the relationship S = P/D, 
where S is the solubility coefficient and P the perme- 
ability coefficient determined from the steady state of  the 
time-lag experiment 34'39. Ideal permselectivities (C~A/B) 
were calculated from: 

~A/. = PA/PB (2) 

where PA and P,  are the permeabilities of  pure gas A and 
B, respectively. Assuming the absence of  both penetrant/ 
penetrant and penetrant/polymer interactions, this ideal 
permselectivity should provide a useful estimation of the 
separation performance for the actual gas mixture. 

RESULTS AND DISCUSSION 

Characterization of poly(phenylene thioether imide)s 
The physical properties of the 6FDA-based poly(pheny- 

lene thioether imide) films are shown in Table 1. It can be 
seen that an increase in the length of  the oligo(phenylene 
thioether) segment in the diamine moieties led to a 
reduction of the glass transition temperature (Tg) and the 
density of the polymers. There is no long-range order for 
these amorphous materials, therefore, broad and struc- 
tureless peak characteristics of the WAXD spectra were 
observed for each polymer. The diffraction pattern of 
6FDA/PPTI-4 is given in Figure 2 as a typical set. For the 
reason of comparison conducted below, the diffraction 

pattern of  PPT is included in this figure, also revealing no 
sharp single reflexes, indicating an almost amorphous 
material with very low and poorly ordered overall 
crystallinity. The other poly(phenylene thioether imide)s 
exhibited diffraction patterns very similar in shape to 
that for 6FDA/PPTI-4 in Figure 2. The most prominent 
WAXD peak in the spectra of amorphous glassy 
polymers is often used to estimate the average interchain 
spacing distances (d-spacing). These values were also 
calculated using the Bragg equation and are listed in 
Table 1. 

With the number  of  units in the oligo(phenylene 
thioether)  structure increased from one to four, the 
d-spacing decreases from 5.51A to 4.94A. The calculated 
packing density (PD) and molar cohesive energy (Ecoh) 
• 1 increase from 2.820 to 2.865 and from 253 kJmol -  to 
392kJmol  - j ,  respectively, while the glass transition 
temperature (Tg) is lowered from 292°C to 216°C. All 
these results indicate that an increase in the length of the 
oligo(phenylene thioether) structure in the polymer 
backbone results in an increase in both segmental 
mobility and chain packing. 

Pure gas transport properties 
The effect of upstream driving pressure on the 

permeability coefficients for these materials are given in 
Figures 3-6. As for most polyimides reported in the 
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Table 2 Permeabilities" and permselectivities of 6FDA/PPTI membranes at 35'C and 10 atm 

Polymer P02 PN 2 Po 2/'PN2 PC02 PCH4 Pco2/PcH 4 

6FDA/PPTI- l 4.66 0.87 5.36 23. l I 0.66 34.79 

6FDA/PPTI-2 1.77 0.34 5.21 8.92 0.28 31.43 

6FDA/PPTI-3 1.72 0.37 4.65 8.37 0.22 34.64 

6FDA/PPTI-4 1.46 0.29 5.07 6.62 0.26 25.42 

"Barrers(10 l0 xcm3(STP)cm 2s lcm iHg l) 

Table 3 Diffusivities" and diffusion selectivities of 6FDA/PPTIs at 35~C and 10 atm 

Polymer Do 2 DN 2 Do 2/'DN 2 Dc02 DCH 4 Dco2/DCH 4 

6FDA/PPTI- 1 6.80 1.36 4.99 3.54 0.39 9.07 

6FDA/PPTI-2 3.71 1.04 3.57 1.71 0.22 7.62 

6FDA/PPTI-3 3.71 - 1.53 0.19 8.11 

6FDA/PPT1-4 4.13 0.82 5.06 1.69 0.28 6.09 

" 10 8 cm 2 s ] 

Table 4 Solubilities" and solubility selectivities of 6FDA/PPTIs at 3 5 C  and 10 atm 

Polymer So~ S~ So2/SN2 Sc02 SCH4 SCO 2 / SC H 4 

6FDA/PPTI- l 0.52 0.49 1.07 4.96 1.29 3.84 

6FDA/PPTI-2 0.36 0.26 1.36 3.96 0.96 4.12 

6FDA/PPTI-3 0.35 4.15 0.89 4.64 

6FDA/PPTI-4 0.27 0.27 1.00 2.98 0.71 4.18 

"cm3(STP)cm -3 (polymer) atm I 

l i tera ture  jo'2s, the pe rmeabi l i ty  coefficients are  essential ly 
independen t  o f  ups t ream pressure  or  tend to decrease  
sl ightly with increas ing pressure.  The permeabi l i ty  
coefficients and  ideal  separa t ion  factors  for the four  
gases at  35°C and  10a tm ups t r eam pressure  are  shown 
in Table 2, while diffusivi ty  coefficients,  diffusivi ty  

selectivities, solubi l i ty  coefficients and  solubi l i ty  select•v- 
• ties are presented  in Table 3 and Table 4, respectively. It 
is well known  that  glassy po lymers  are not  in a state o f  
equi l ib r ium and  the pr io r  h is tory  ( thermal ,  mechanical ,  
processing,  and  even gas exposure)  influences current  

1'3 . . , 
and future  pe r fo rmance  '". Manl fes taUons  o f  this also 
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include time-dependent and hysteretic behaviour. For 
this reason, there is little difference between the perme- 
ability data obtained in this study and those of our 
previous study 29. 

Figures 3 -6  and Table 2 show that the permeability 
coefficients for this series of polyimides decrease in the 
order of gases: P(CO2) > P(O2) > P(N2) > P(CH4). 
This is also the order of increasing 'kinetic' diameters 
calculated from the minimum cross-sectional diameters 
of the penetrant molecules 4°. However, for all four 
poly(phenylene thioether imide)s studied in this work, 
the diffusion coefficients rank in the following order: 
D(O2) > D(CO2) > D(Na) > D(CH4). The relative 
magnitudes of D for CO 2 and O2 are anomalous from 
their 'kinetic' diameter, ~r K, because D(O2) > D(CO2) 
whereas aK(O2)> aK(CO2) 4°. Similar behaviour has 
been observed for other types of glassy polymers including 
poly(imide)s |8'21'23'24'2s, poly(carbonate)s 1°-13, poly- 
(sulfone)s s-l° and poly(arylate)s 41. Under normal con- 
ditions, the very high solubility of CO2 in these polymer 
materials causes the CO2 permeability to be higher than 
that of O2 because the permeability coefficient of a gas is 
the product of diffusivity coefficient (D) and solubility 
coefficient (S). 

Table 2 also shows that the 6FDA/PPTI-1 polyimide 
has both the highest permeabilities and the highest 
permselectivities for the oxygen/nitrogen and carbon 
dioxide/methane gas pairs respectively among this 
homologous series of polyimides. These results are 
expected since the 6FDA/PPTI-1 is both more open 
and more rigid than its homologues, as indicated by the 
lower packing density (PD) and the higher Tg values. 
With the exception of 6FDA/PPTI-3, an increase in the 
segment length of the flexible oligo(phenylene thioether) 
led to simultaneous decreases in gas permeabilities and 
permselectivities. For example, the permeability coeffi- 
cients of CO2 and O2 in 6FDA/PPTI-1 are about 2,6 
times larger than those in 6FDA/PPTI-2, while the 
permselectivities of oxygen/nitrogen and carbon dioxide/ 
methane systems in the former are 2.9% and 9.8% higher 
than those of the latter. As explained in more detail later, 
the decreases in permeabilities is consistent with the 
calculated fractional free volume (FFV) values reported 
in Table 1, the free volume of 6FDA/PPTI-1 is greater 
than that of 6FDA/PPTI-2, and gas permeability 
coefficients are universally understood to be quite 
sensitive to the free volume of glassy amorphous 
polymers. The decreases in permselectivities, however, 
are not consistent with the commonly observed 'trade- 
off' between permeability and permselectivity, that is, 
polymers that are more permeable tend to exhibit lower 
permselectivities and vice versa 5. A general hypothesis 
which was proposed in recent years 41 is that an optimal 
distribution of polymer free volume is needed to achieve 
both a high permeability and a high permselectivity. The 
alternation of packing disruptive and easily packable 
segments in the polymer backbone has been suggested as 
one possible route to obtain such favourable distribu- 
tion. However, it was found that packing effects or rigid 
polymer chains mainly influence the permeability while 
the rotation around flexible linkages in the polymer 
backbone affects the permselectivity 41, i.e. perm- 
selectivity increases with reduction of rotational mobility. 
For the 6FDA-based poly(phenylene thioether imide)s 
studied here, the rigid 6FDA group is the packing 
disruptive part whereas the flexible oligo(phenylene 

thioether) segment is the more packable part in the 
polymer backbone. Introducing phenylene thioether 
units into the polyimide's structural unit results, due to 
higher flexibility of the polymer backbone, in an altered 
chain packing and thus a different free volume distribu- 
tion. However, the rotational mobility is changed at the 
same time. 

If  this is the situation, it seems that one unit (n = 1) of 
the oligo(phenylene thioether) in the polymer backbone 
is appropriate to obtain a favourable free volume 
distribution in this kind of poly(imide)s. 

As can be seen from the values listed in Table 3 and 
Table 4, the decreases in gas permeabilities with the 
increases in the segment length of oligo(phenylene 
thioether) is a result of a decrease in both diffusion 
coefficients and solubility coefficients. For example, there 
are 52% and 45% decreases in the diffusion coefficients 
of CO2 and O2 from 6FDA/PPTI-1 to 6FDA/PPTI-2 
with corresponding 20% and 31% decreases in solubility 
coefficients, respectively. For the carbon dioxide/ 
methane gas pair, however, the changes in permselec- 
tivity are dominated mainly by variations in the 
diffusivity selectivity. The variations in the solubility 
selectivities are relatively small in this series of polymers 
because the S atoms and the phenyl ring groups do not 
give rise to strong physical interactions with any of the 
gases studied. 

Free volume analysis 

In order to understand the gas permeation mechanism, 
free volume theory is often applied to glassy amorphous 
polymers 9-13As'21'23'41. According to this theory which 
was developed by Fujita 42, gas diffusivity D is assumed to 
depend on free volume: 

D = A e x p ( - B / F F V )  (3) 

where A and B are characteristic constants which are 
independent of the penetrant concentration and 
temperature, FFV is the fractional free volume of the 
polymer. This relation typically provides a good 
description of gas diffusivity in a family of 
polymers 1s'21'43'44. Lee 43 suggested that solubility 
would not be a strong function of free volume and, 
therefore, the gas permeability P and FFV should be 
related by: 

P = A' e x p ( - B ' / F F V )  (4) 

where A I and B I are constants. Using this correlation, a 
number of investigators 9-13'41 have pointed out in recent 
years that the gas permeability of glassy polymers is 
reasonably well correlated with their FFV, at least within 
specific classes of materials. Thus, we also calculated the 
FFV and investigated the relationship between FFV and 
gas permeability. 

The measured density for each polymer was used to 
estimate the FFV from: 

FFV = (V - 1,3Vw)/V (5) 

where V is the polymer specific volume, and Vw is the 
specific van der Waals volume calculated using the group 
contribution method of van Krevelen 3s. The calculated 
polymer fractional free volumes are listed in Table 1. 
With the exception of 6FDA/PPTI-3, the FFV is 
decreased by the increase of the oligo(phenylene 
thioether) length. The permeability coefficients of CO2, 
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Table 5 Activation energies of  permeation and pre-exponential factors for four penetrants in 6FDA/PPTIs 

Polymer CO2 02 N2 CH4 

Ep (kcal reel l) 

6FDA/PPTI- 1 1.90 3.67 4.74 5.65 

6FDA/PPTI-2 2.69 4.52 5.63 6.52 

6FDA/PPTI-4 3.49 4.95 7.09 

P0 (Barters) 
6FDA/PPTI-I 5.15 x 102 1.87 × t03 2.01 x 103 6.74 × 103 

6FDA/PPTI-2 7.23 x 102 2.85 × 103 3.36 x 103 1.18 x 104 

6FDA/PPTI-4 1.98 x 103 4.75 × 103 6.08 x 103 

02, N2 and CH 4 are in good agreement with the 
fractional free volume, as shown in Figure 7. The 
reason for the anomalous results of 6FDA/PPTI-3 is 
unclear at present. To elucidate this, molecular structure 
characterizations, especially spectroscopy analyses, are 
needed. In this context also it has to be taken into 
account that a real structure may be represented by the 
calculated parameters FFV and PD to a different extent 
due to distortions of the polymer backbone and local 
packing effects. 

In recent years, permeability coefficients for 02 at 35°C 
have been reported for many 6FDA-based polyimides in 
the amorphous state 21-29. A plot of the logarithm of these 
oxygen permeability coefficients versus the reciprocal of 
the fractional free volume (FFV) according to equation 
(4) is given in Figure 8. All values for FFV were 
calculated according equation (5) using the group 
contribution tabulation of van Krevelen 38. Although the 
correlation of  log Po2 with 1/FFV holds roughly for this 
kind of polymers with widely differing values of FFV, 
there is a significant difference in permeability with 
similar values of 1/FFV. For the 6FDA-based 
poly(phenylene thioether imide)s studied in the present 
work, it seems that the Po~ value for 6FDA/PPTI-1 was 

as large as expected from the calculated value of FFV, 
whereas those for the other 6FDA-based poly(phenylene 
thioether imide)s were lower than expected. This may 
show that a linear relationship as proposed by equation 
(4) is valid only for a particularly limited group of 
structurally related polymers. Therefore, a free volume 
approach to modelling gas transport in polymer materi- 
als has merit, but also has room for improvement and so 
investigation continues. 

Effi~ct o[" temperature on gas permeabilities 
Gas permeability coefficients generally follow an 

Arrhenius relationship45: 

P = Po e x p ( - E p / R T )  (6) 

where P0 is a pre-exponential factor, Ep is the activation 
energy for permeation, R is the ideal gas constant, and T 
is the temperature. Figure 9 shows the permeability 
coefficients for various gases in 6FDA-PPTI-1, 
6FDA-PPTI-2 and 6FDA-PPTI-4 plotted in Arrhenius 
coordinates over the temperature range 35 75°C. Acti- 
vation energies and pre-exponential factors calculated 
from these plots are shown in Table 5. In every case, the 
activation energies for permeation increase with the 
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Table 6 Comparison of 6FDA/PPTI-4 and PPT 

Tg p d-spacing Ep(CO2) 
Polymer (°C) (gcm 3) (C) PD FFV Pco2 PCH4 P c o 2 / P c H 4  (kcalmol -l ) 

6FDA/PPT[-4 216 1.3956 4.94 2.86 0.1583 6.62 0.26 25.42 3.49 
PPT 90 1.3160 4.30 2.93 0.1442 0.14 0.0075 18.67 6.43 

increase of the oligo(phenylene thioether) length. 
This result is expected because it is known that a glassy 
polymer with a higher Tg tends to have a lower Ep 
within a family of polymers. Moreover, the Ep and P0 
values provide a convenient method to calculate 

permeabilities for each polymer-penetrant pair at a 
given temperature. However, these parameters are 
applicable only within the respective temperature range 
in which no significant thermal transition takes place for 
each polymer. 
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Comparison of 6FDA/PPTI-4 polyimide and 
poly( l,4-phen),lene thioether) 

The potential possibilities using poly(l ,4-phenyl 
thioether) (PPT) as gas separation membrane materials 
were explored by several investigators 34'36. It is useful to 
compare the properties of  the 6FDA/PPTI polyimides 
with those of PPT. 6FDA/PPTI-4 was selected as a 
representative to do such comparison owing to the 
longest oligo(phenylene thioether) segment in its poly- 
mer backbone. As can be seen from Figure 2, the W A X D  
scan fOroamorphous PPT shows a peak with a maximum 
at 4.30A d-spacing, while the scan for 6FDA/PPTI-4 
shows a very broad peak with a maximum at 4.94A 
d-spacing. In addition to the different d-spacing values, 
the broader X-ray peak for 6FDA/PPTI-4 also suggests 
that the polymer chain packing and thus the distribution 
of free volume may be somewhat different for 6FDA/  
PPTI-4 than for PPT. The PPT film was found to have a 
density of  1316 g cm -3, which is within the same range as 
reported in the literature 32'34'46 for the almost amorphous 
material and is 6% less than that of 6FDA/PPTI-4, as 
presented in Table 6. The greater rotational mobility 
about the thioether linkage of PPT allow the polymer 
chains to pack more densely and result in a higher PD 
and lower FFV than 6FDA/PPTI-4. Conversely, the 
introduction of  bulky, sterically hindered groups such as 
6FDA within the polymer backbone tends to increase the 
inhibitions to segmental mobility which are reflected 
in an increased Tg. Therefore, the Tg and FI:V values for 
6FDA/PPTI-4 are about 130°C and 10% higher, 
respectively, than those for PPT. 

As expected from the molecular structure and physical 
properties, 6FDA/PPTI-4 polyimide shows both higher 
permeabilities and permselectivity toward carbon diox- 
ide/methane system than PPT. Moreover, the activation 
energy permeation of  C02 for the former is 84% lower 
than that of the latter. 
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