
On the Mechanism of Gas Transport 
in Rigid Polymer Membranes 

E. R. HENSEMA," M. H. V. MULDER,' and C. A. SMOLDERS 

University of Twente, Department of Chemical Technology, P. 0. Box 21 7, 7500 AE Enschede, The Netherlands 

SYNOPSIS 

Conventional polymers are compared as gas separation membrane materials with "tailor- 
made" polymers. The increased permeability of the latter are due to their higher free volume 
available for gas transport. The increased free volume is associated with the rigidity polymer 
backbone. Free volume is obtained by subtracting the occupied volume, calculated using 
group contributions from the polymer specific volume. Wide Angle X-ray techniques are 
used to obtain average d -spacings that are interpreted in terms of average intermolecular 
space, and that are related to permeability data. These highly permeable rigid polymer 
membranes have high glass transition temperatures. The physical parameters, that is, Tg 
and the jump in heat capacity ( AC,) , are obtained with Differential Scanning Calorimetry, 
and are used to obtain an estimation of free volume. A good correlation for a series of 
random copoly [p, rn-phenylene ( 4-phenyl) -1,2,4-triazoles] is obtained. A relationship be- 
tween permeability and a free volume term, which can be estimated from thermodynamic 
properties, is equally valid for a wide variety of conventional polymers. 0 1993 John Wiley 
& Sons. Inc. 

I N T R 0 D U CT I 0 N 

In a previous article, we have reported on the gas 
transport and separation properties of poly-1,3,4- 
oxadiazoles and poly-1,2,4-triazole membranes.' An 
increase in permeability appeared to be a function 

B is a constant, depending on the penetrant, and Vj 
is the polymer specific free volume. Since S can 
practically be considered a constant, eq. ( 1) can be 
written as: 

(2)  P = A exp( - B / V f )  

of the diffusivity, only because the latter increased 
linearly with permeability, whereas solubility re- 
mained almost constant. 

Permeability and diffusivity could be expressed 
as a function of the polymer-free volume, using a 
Doolittle-type equation, previously used by Fujita' 
and later successfully employed by Lee,3 who used 
this equation to correlate the carbon dioxide and 
oxygen permeability in various commercial polymers 
to the polymer specific free volume: 

in which the parameters A and B depend only on 
the type of gas. Free volume here is defined as 

vj = v - vo (3)  

where, V is the polymer specific volume and Vo is 
the volume occupied by the polymer chains at 0 K. 
This volume is assumed to be impermeable for dif- 
fusing gas molecules. Lee calculated Vo using the 
relation proposed by Bondi4: 

P = SD exp(-B/(Vf))  (1) Vo = 1.3 V,  (4)  

The Van der Waals volume (V,) is calculated using 
a group contribution method. We have used the tab- 
ulation of Askadskii5 to calculate V,,,. This simple 
free volume treatment allows a direct insight on the 

gas transport properties. The factor 1.3 is, however, 
arbitrary and may sometimes result in a faulty in- 
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in which P is the permeability, S is the solubility, 

' To whom correspondence should be addressed. 
* Present address: CIBA-GEIGY AG, Central Research Lab- influence of the macromolecular structure on the 

oratories, CH-4002 Basel, Switzerland. 
Journal of Applied Polymer Science, Vol. 49, 2081-2090 (1993) 
@ 1993 John Wiley & Sons, Inc. ccc 0 0 2 ~ . ~ ~ ~ ~ / g 3 / ~ ~ 2 0 ~ ~ . 1 0  



2082 HENSEMA, MULDER, AND SMOLDERS 

terpretation, that is, giving rise to a negative value 

The free volume treatment is gaining interest, 
since various authors were able to correlate the per- 
meability and diffusivity of various polymer classes 
to their free volume. For example, Maeda and Paul‘ 
used this equation to interpret the reduction in 
transport in polysulfone and polyphenylene oxide, 
containing low molecular weight antiplasticisers. 
The reduction in transport, due to these additives, 
could be explained in terms of a decrease in free 
volume. Barbari et al.7 related the free volume of 
polymers based on bisphenol-A to the diffusivity. 
Muruganandam et a1.* and Schmidhauser and 
Longleyg did this for polycarbonates, whereas Min 
et a1.l’ studied the influence of the tacticity of poly- 
methyl methacrylate using this equation. 

Equation ( 2 )  implies that for one penetrant, all 
polymers lie on one straight line. This equation does 
not, however, account for special polymer/penetrant 
interactions, differences in macromolecular cohesive 
forces, and chain flexibilities. Since solubility re- 
mains almost constant for one class of related poly- 
mers, for example, the poly-1,3,4-oxadiazoles and 
poly-1,2,4-triazoles studied, it is justifiable to neglect 
polymer/penetrant interactions in these cases. 
Vrentas et al.11-13 have introduced a modified version 
of eq. ( I ) ,  accounting for specific polymer/penetrant 
interactions. Their approach may better describe the 
process of permeation in polymers, but their equa- 
tion contains parameters not directly accessible for 
the poly-1,3,4-oxadiazoles and poly-1,2,4-triazoles 
studied. 

Free volume is a quantity that depends on the 
definition used, such as hole-, excess-, configura- 
tional-, expansion-, or fluctuation-volume.14 The 
concept of unrelaxed free volume of glassy polymers 
is, except for gas transport theories, also supplied 
successfully for understanding and describing many 
other properties, including impact strength, physical 
aging, and creep. The aim of this article is to compare 
the previously reported gas separation properties 
of poly-1,3,4-oxadiazole and poly-1,2,4-triazole 
membranes with other conventional membrane 
materials and to evaluate other means of free volume 
determinations. 

of v;. 

EXPERIMENTAL 

Materials 

The syntheses, membrane preparation, and gas sep- 
aration properties of poly-1,3,4-oxadiazoles and 
poly-1,2,4-triazoles are reported e l~ewhere . l*~~~~‘  

Characterization 

Differential Scanning Calorimetry (DSC) 

DSC measurements were performed on a Perkin- 
Elmer DSC 4, in combination with a System 4 Mi- 
croprocessor Controller and a Thermal Analysis 
Data Station (TADS) , model 3700. The polymer 
samples were placed in aluminium sample pans and 
the temperature was increased at  a heating rate of 
20”C/min, from 100 to 4OO0C, under a nitrogen 
purge gas stream. As glass transition temperature 
( T,) , the midpoint of the transition was taken, cal- 
culated by means of the TADS software. The jump 
in heat capacity (AC,) at  this point was also cal- 
culated using the TADS software. 

Wide Angle X-ray Scattering (WAXS) 

Wide angle X-ray diffractograms were recorded on 
a Philips Rontgen diffractometer, PW1710, using 
copper radiation ( CuKa = 1.5418 A )  .15 

RESULTS AND DISCUSSION 

In Figure 1, the permeabilities of conventional poly- 
mers, as reported by Lee,3 are compared with hex- 
afluoro-substituted aromatic polyimides 17~18 and the 
previously reported poly- 1,3,4-oxadiazoles and poly- 
1,2,4-triazoles.’ 

According to eq. ( 1 ) , the carbon dioxide perme- 
ability of all polymers should be on one line, but 
instead, a considerable scattering is found, in which 
two lines can be drawn: one connecting the com- 
mercial polymers studied by Lee, while the other 
line connects the “tailor-made” polyimides, poly- 
1,3,4-oxadiazoles, and poly-l,2,4-triazoles. 

Lee’s polymers all have a relatively flexible back- 
bone and a low glass transition temperatures. The 
polyimides and the poly-1,3,4-oxadiazoles and poly- 
1,2,4-triazoles all have rigid aromatic backbones and 
higher glass transition temperatures, except for the 
polyhydrazide ( P H )  and the poly ( 1,4-cyclohexane- 
1,3,4-oxadiazole) (CH-POD) . Figure 1 suggests that 
rigid polymers exhibit higher permeabilities at the 
same specific free volumes. In other words, rigid 
polymers seem to have a higher effective free volume 
available for the passage of gas molecules. This ex- 
perimental fact is in contrast with our intuitive feel- 
ing that flexible polymers would allow higher per- 
meabilities. 

We can again visualize the difference between 
rigid and flexible polymers using the “spaghetti”- 
model of Dimarzio and Gibbs,” which was previ- 
ously used to explain the increasing permeability 
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Conventional polymers studied by Lee (ref. 3) including polybutadiene (I) ,  
polyethylene (11), polycarbonate (111), polystyrene (IV), polyethylene 
terephthalate (V), polymethyl methacrylate (VI), polyvinyl chloride (VII), 
polymethacrylonitrile (VIII) and polyacrylonitrile (X) .  

Hexajluoro-substituted poly imides. 
(a) 6FDA-ODA (ref 17) 
(b) 6FDA-MDA (ref. 17) 
(c) 6FDA-IPDA (ref. 17) 
(d) 6FDA-6FpDA (ref. 18) 
(e) 6FDA-6FmDA (ref. 18) 

Polyhydrazide, poly-l,3,4-oxadiazoles and poly-I ,2,4-triazoles. 
Numbers and abbreviations are similar to those in ref. I 

1-14 Poly-l,2,4-triazoles including 17 TI-POD 
random copolymers 18 CH-POD 

15 PT-plm-Me 19 PIDA-POD 
16 Polyhydrazide 20 HF-POD 

22 HFIDPE-POD 
Figure 1 Carbon dioxide permeability in commercial polymers, hexafluoro-substituted 
polyimides, poly-1,3,4-oxadiazoles, and poly-1,2,4-triazoles as a function of their reciprocal 
free volume. 

with increasing p-phenylene ratio in random can be compared to a heap of strands of uncooked 
poly [p-, rn-phenylene- (4-phenyl) -1,2,4-triazoles] .l spaghetti, requiring substantially more free volume 
An amorphous matrix of rigid polymer molecules than flexible polymers, comparable to cooked 
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spaghetti, which can pack into a much tighter form. 
This difference in packing density will result in a 
different free volume and in its distribution. From 
energy and entropy considerations, it follows that a 
polymer matrix will strive after a narrow free volume 
distribution during membrane formation. It is easily 
seen that flexible polymers will be able to achieve a 
narrow distribution, while rigid polymers will lack 
this possibility, since these polymers are limited in 
achieving the same variety of conformations, re- 
sulting in a broader free volume distribution, 
through which the number of larger holes is sub- 
stantially increased. This is of importance, since it 
is believed that the larger holes contribute more 
substantially to the permeation process than smaller 
ones. This is obvious, since the passage of a per- 
meant with a certain volume requires a minimum 
hole volume V,,,. 

The existence of free volume distributions has 
been shown experimentally by means of probe tech- 
niques by Victor and Torkelson,20 by means of com- 
puter Monte Carlo simulations,21 and by means of 
measurements of the jump in specific heat at the 
glass transition temperature.22 FrischZ3 has dis- 
cussed the influence of free volume and its distri- 
bution on the permeation process. 

The hexafluoro substituted polyimides and the 
poly-1,3,4-oxadiazoles and poly- 1,2,4-triazoles are of 
interest as new membrane materials, since they al- 
low higher permeabilities in combination with higher 
selectivities. Their increased permeability is a result 
of their rigidity, resulting in an increased free volume 
available for gas transport. 

Figure 1 shows that the free volume determina- 
tion, by means of density measurements, and cal- 
culation of Van der Waals volumina, by means of 
group contribution methods, yield an approximate 
average free volume value. A more accurate and cor- 
rect determination of the free volume, available for 
permeation of gas molecules, is highly desirable, so 
that permeability or diffusivity values of various 
polymers can be described and compared. 

Below, a series of methods and techniques to ob- 
tain relevant data will be discussed in detail. 

Wide Angle X-ray Scattering (WAXS) 

WAXS experiments are often used to obtain average 
d -spacings of a polymer matrix. The d -spacing is 
assumed to be a measure for the openness of the 
polymer matrix. A higher average d-spacing corre- 
sponds to higher average intermolecular distances, 
allowing easy passage of gas molecules. Differences 
in the average d-spacing can be small, although 

considerable differences in permeabilities may be 
found.24 

The WAXS curves of TI-POD and of the random 
copolymers poly [p-, rn-phenylene (4-phenyl) -1,2,4- 
triazoles] , are reported e1sewhere,I5 but the average 
d -spacings of these polymers are represented in Ta- 
ble I. 

Comparing the average d-spacing of TI-POD with 
those of the PTs shows that the addition of a pen- 
dant phenyl group onto the molecular backbone ob- 
viously does result in an increased intermolecular 
distance, which, in turn, allows a higher permeabil- 
ity, due to the increased free volume. 

Interpretation of the poly-1,2,4-triazole WAXS 
spectra is less straightforward. All poly-1,2,4-tri- 
azoles exhibit the same average d-spacing, although 
permeability varies over a factor of four. However, 
a second “hump” can be found in the spectra at a 
20 value of 9.5-10, or a d-spacing of 8.9-9.3 8. The 
intensity of this “hump,” relative to the main 
“hump,” increases with increasing p-phenylene 
content. This suggests that, besides the average d -  
spacing, its distribution at higher d-values may be 
of importance for the interpretation with respect to 
permeability data. 

Glass Transition and Quenching 

Malhotra and PethrickZ5 have performed positron 
annihilation studies on polysulfone and polycar- 
bonate and found a free volume consisting of holes 
with radii of 1.85 and 2.2 A, respectively. The carbon 
dioxide permeability for both polymers increases 
with hole sizes being 4.4 and 6.8 Barrer, respectively. 
Gol’danskii et a1.26 also have performed positron an- 
nihilation studies in combination with permeability 

Table I Carbon Dioxide Permeabilities 
and Average d-Spacings of Random 
Poly(p-, rn-pheny1ene)- 1,3,4-0xadiazole and 
Poly[p-, rn-phenylene(4-pheny1)- 1,2,4-tria~oles]’~ 

T E  Pco* d-Spacing 
Polymer (“C) (Barrer)’ 2eb (A) 
TI-PODc - 0.3 26 3.5 
PT-0/100 242 2.7 21.5 4.2 
PT-25/75 257 3.3 21.5 4.2 
PT-50/50 279 6.7 21.5 4.2 
PT-75/25 319 10.1 21.5 4.2 

a Barrer = lo-’’ cm3 (STP) cm/cm’ s cmHg. 
WAXS curves are presented in Ref. 15. 
Gas separation properties were only determined for a poly(p-, 

m-phenylene-l,3,4~0xadiazole) containing 50/50 wt % p-phen- 
ylene and rn-phenylene groups. No glass transition temperature 
was detected using DSC-techniques. 
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experiments and have found a linear relation be- 
tween free volume and diffusion coefficients of 
methane and hydrogen in rubbers. Positron anni- 
hilation is an appreciated technique, since it is sen- 
sitive to the same structural and molecular dynamic 
features as the permeating gas molecules.26 

Gebben et a1.28 have extensively investigated al- 
ternating poly [ p - ,  rn-phenylene (4-phenyl) -1,2,4- 
triazole] , regarding its gas separation properties, and 
have found an increase in carbon dioxide perme- 
ability after heat treatment a t  295°C for 1 h. The 
polymer properties, before and after the heat treat- 
ment, are reproduced in Table 11. These data can be 
interpreted in terms of increased free volume for a 
rapidly cooled or quenched polymer sample, as pro- 
posed by K o ~ a c s . ~ ~  The poly-1,2,4-triazole mem- 
brane in Table I1 was cast from a formic acid solu- 
tion. During evaporation, the polymer solidifies and 
a homogeneous film is obtained. This process is 
comparable with slow cooling of a polymer from the 
rubbery state into the glassy state. Gebben et a1.28 
heated this polymer membrane during 1 h at  295"C, 
after which it is quenched, followed by permeability 
and selectivity measurements. An increased per- 
meability and glass transition temperature and a 
decreased density are found after this heat treat- 
ment. 

During heat treatment, poly [ p - ,  rn-phenylene (4- 
phenyl) -1,2,4-triazole] also underwent cold crys- 
tallization, complicating a quantitative interpreta- 
tion of this phenomenon. One would expect a lower 
permeability for a polymer with increased ordering, 
but the opposite was found (see Table 11). Quench- 
ing obviously dominates over the possible effect of 
cold crystallization on permeability. In Table I, the 
glass transition temperature of random poly [ p  -, 
rn-phenylene (4-phenyl) -1,2,4-triazoles] are repre- 
sented, where it can be seen that permeability in- 
creases with increasing glass transition temperature. 

Table I1 Carbon Dioxide Permeability, 
Selectivity (a~co21cH,,) and Physical Properties of a 
Homogeneous Poly[p-, rn-phenylene(4-phenyl) - 
1,2,4-triazole] Membrane2' 

Property 
Before Heat After Heat 
Treatment Treatment 

Pco, (Barrer) a 8.9 9.2 
(Y(COdCH~)  62.5 60.5 
T g  ("C) 270.4 275.6 
Density (g/cm3) 1.243 1.234 

Van Krevelen2' reports an increase in free volume 
with increasing glass transition temperature for a 
wide variety of polymers. A reasonable correlation 
is observed, although considerable scattering is 
found, Since the Van der Waals volumina of the 
isomeric random poly [ p - ,  rn-phenylene (4-phenyl) - 
1,2,4-triazoles] remains constant (see Table I ) ,  the 
increase of free volume with increasing glass tran- 
sition temperature is plausible. 

The opposite of quenching, sub-T, annealing, re- 
sults in a decreased free volume and permeability. 
Chan and Paul3' performed Differential Thermal 
Analysis (DTA) studies, in combination with carbon 
dioxide sorption experiments, on sub-T, annealed 
polycarbonates and also used the approach of Ko- 
vacs to interpret their results. 

The discussion above suggests that parameters 
describing processes occurring at the glass transition 
and the glass transition temperature itself, obtained 
by means of the appropriate techniques, such as 
DSC, may provide an appropriate means to estimate 
the free volume. 

Glass Transition and Jump in Specific Heat (AC,,) 
Various authors have used the change in the specific 
volume or specific heat at the glass transition as a 
measure for the free volume. For example, Vrentas 
et al.31 have used thermal expansion coefficients to 
calculate changes in the free volume of glassy poly- 
mers containing low molecular weight diluents. The 
fractional free volume can be estimated by means 
of expansion coefficients and glass transition tem- 
peratures, using empirical rules as proposed by 
Boyer and Spencer32 and Simha and B ~ y e r , ~ ~  re- 
spectively: 

CYL X T, = KI = 0.164 

( c Y ~ - c Y ~ ) T , = A c Y X  Tg=K2=0.113 (6)  

where CYI and CY, are the expansion coefficients in the 
liquid or rubbery state and glassy state, respectively, 
and ACY is the change in thermal expansivity a t  Tg. 
The expansion coefficients follow from volumetric 
determinations. 

Differential Scanning Calorimetry (DSC) can be 
used to obtain the specific heat of a polymer in its 
rubbery and glassy state. At T,, a jump in specific 
heat is observed AC,. B ~ y e r ~ ~  has proposed a re- 
lationship between Tg and AC, that is similar to that 
of the thermal expansion coefficient: 

"Barrer = lo-'' cm3 (STP) cm/cm2 s cm Hg. AC, X T, = K3 = 25 cal/g. (7 )  
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The expansion coefficient a and heat capacity C, 
are the derivatives of the thermodynamic entities 
specific volume V and enthalpy H .  Since AC, is 
quickly and easily obtained by standard DSC tech- 
niques, this parameter may have the potential of 
being a valuable polymer characteristic for newly 
synthesized polymers. 

B ~ y e r ~ ~  has plotted AC, X Tg vs. Tg for various 
commercially available polymers and a considerable 
scattering can be observed. In our case also, a con- 
siderable scattering is observed if AC, X Tg is plotted 
vs. Tg for all poly-1,3,4-oxadiazoles and poly-1,2,4- 
triazoles studied. If we limit ourselves, however, to 
the homologous series of the random poly[p-, m- 
phenylene (4-phenyl) -1,2,4-triazoles], a fairly good 
correlation in accordance with eq. ( 7 ) is observed. 

In Figure 2, the glass transition temperatures, to- 

T g  
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I 
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r 0.6 
- AcP 
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Figure 2 Glass transition temperature and AC, (a)  and 
AC, X T8 as a function of the p-phenylene content in 
random and alternating poly [p-, rn-phenylene( 4-phenyl) - 
1,2,4-triazoles] . The glass transition becomes undetectable 
with DSC techniques at a p-phenylene content of 75%. 
The glass transition was determined with a torsion pen- 
dulum in this case and a value of AC, = 0 was used.I5 

gether with the AC, values ( a )  and AC, X Tg ( b ) ,  
are plotted as a function of the increasing p-phen- 
ylene content in random poly [p-, m-phenylene (4- 
phenyl) -1,2,4-triazoles]. 

It is shown that the glass transition temperature 
increases with increasing p -phenylene content, 
whereas AC, decreases with increasingp -phenylene 
content, in accordance with eq. ( 7) .  The alternating 
poly [p- ,  m-phenylene (4-phenyl) -1,2,4-triazole] 
show a deviating value for AC, X Tg, being only con- 
stant for the random poly-1,2,4-triazoles with a p- 
phenylene content less than 75%. The jump in spe- 
cific heat becomes undetectable at a p -phenylene 
content of 75%, resulting in a AC, X Tg value of 
zero. The same phenomenon has also been observed 
for polystyrenes. The AC, value was found to de- 
crease in that case, with an increasing degree of 
c r~ss l ink ing .~~ 

A polymer’s heat capacity is the result of molec- 
ular rotations and vibrations. At the glass transition, 
the number of rotations and vibrations increases 
step-wise when the polymer enters the rubbery state 
since then large chain segments are able to move. 
In the case of a crosslinked or a stiff macromolecule, 
as for the poly [p-, m-phenylene(4-phenyl) -1,2,4- 
triazole] , with 75% p-phenylene groups, motions in 
the rubbery state are substantially hindered and the 
increased rotational and vibrational possibilities are 
obviously small or negligible since no jump in specific 
heat is observed. 

In a previous article,’ it was shown that the per- 
meability increased with an increase in glass tran- 
sition temperature of the homologous series of 
poly [p -, m-phenylene (4-phenyl) -1,2,4-triazoles]. 
Since the jump in specific heat decreases with in- 
creasing glass transition temperature, permeability 
or diffusivity can also be expressed as a function 
of AC,. 

In Figure 3, the carbon dioxide permeabilities 
of poly[p-, m-phenylene( 4-phenyl) -1,2,4-triazoles] 
are plotted vs. the jump in heat capacity of the poly- 
mers. As a comparison, the carbon dioxide perme- 
ability is also plotted vs. p -phenylene content in the 
poly [p-, m-phenylene (4-phenyl) -1,2,4-triazoles] .’ 
A reasonable relation between permeability and AC, 
is observed, although considerable scattering is ob- 
served. 

The relationship between AC, and diffusivity was 
originally observed by Smit 37 for a series of hexaflu- 
oro-substituted polyimides. The relationship be- 
tween both quantities was explained in terms of the 
molecular model of Meares, 38 originally derived for 
rubbers. Meares suggested that a diffusional “jump” 
of a permeant would require a certain amount of 
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Figure 3 Carbon dioxide permeability as a function of 
the p-phenylene content in poly [p-, m-phenylene (4- 
phenyl) -1,2,4-triazoles] and as a function of the jump in 
specific heat at the glass transition. 

energy, ED, and that diffusivity could be described 
by an Arrhenius-type equation: 

D = Doexp(-ED/RT) (8) 

The magnitude of E D  is assumed to depend on the 
Cohesive Energy Density (CED) of the polymer: 

Smit calculated the CED of a series of hexafluoro 
substituted polyimides using the emperical relation 
between AC, and CED, proposed by Lee3': 

AC, = 1.25CED + 2.17 (cal/mol K )  (10) 

Meares assumes that, in order to allow the passage 
of a permeant molecule, contiguous chains or chain 
segments have "to open up." This treatment sug- 
gests that diffusivity is a function of polymer mo- 
bility alone and that increasing polymer flexibility 
will enhance permeability. This is, however, not of- 
ten the case for glassy polymers. Higher permeabil- 
ities are often found for glassy polymers with higher 
glass transition  temperature^,^,'^^^^ as in the case 
for the poly [ p - ,  m-phenylene( 4-phenyl) -1,2,4- 
triazoles] . 

A polymer backbone is considered to be in a fro- 
zen state below Tg and segmental chain motions are 
drastically reduced as compared to the rubbery state; 
gas transport is therefore likely to be not primarily 
dependent on polymer chain motion. 

In addition, a higher glass transition temperature 
or an increased stiffness was discussed in terms of 
a larger free volume or a broader free volume dis- 
tribution. Gas transport in the glassy state is, there- 

poz ] PPO 
0 

0.00 0.01 0.02 0.03 0.04 0.05 
&&I 

Novo 

PPO Poly(pheny1ene oxide) 
PS Polystyrene 
PMS Poly(a-methylstyrene) 
PBS Poly(p-bromostyrene) 
PCS Poly(p-chlorostyrene) 
PMMA Polymethylmethacrylate 
PEMA Poly(ethylmethacrylate) 
PVA Polyvinylacetate 
PVC Polyvinylchloride 
PET Polyethyleenterephthalatc 
PSO Polysulphone 
PC Polycarhnate 

Figure 4 Oxygen permeability as a function of the ratio 
nonoccupied/occupied volume Nhuh/Nouo .38 Oxygen per- 
meability data are taken from Ref. 46, for PMS, PCS, and 
PBS from Ref. 47, and for PPO from Ref. 48. 



2088 HENSEMA, MULDER, AND SMOLDERS 

fore, assumed to take place via fixed holes. A gas 
molecule must “find its way” from hole to hole along 
pathways involving only minor segmental rear- 
rangements. This means that the magnitude of dif- 
fusivity or permeability depends largely on the con- 
centration of holes with an appropriate size, able to 
accommodate a diffusing gas molecule. 

Mobility of chain segments in a polymer matrix 
is, however, strongly related to the polymer free vol- 
ume. Struik4’ has visualized this dependence. Free 
volume has a substantial effect on the mobility in 
the glassy state and is obviously needed to allow 
chain segments to move or to rotate “into.” For ex- 
ample, the rate of a sub-T, annealing process de- 
creases with decreasing free volume. 

This discussion suggests that the amount of free 
volume is the rate limiting factor for both the trans- 
port process and chain mobility. Chen and Edin41 
came to the same conclusion in their study on gas 
transport in polycarbonate. A flexible polymer will 
have an efficiently packed polymer matrix, limiting 
segmental mobility. A rigid polymer will have a large 
free volume, allowing increased segmental mobility 
in the glassy state. Free volume is rate determining 
both for gas transport and for segmental mobility. 

But how can the observed relationship between 
permeability or diffusivity and the jump in specific 
heat a t  the glass transition be explained? 

A high AC, means that there is a large difference 
in heat uptake between the nonequilibrium situation 
in the glassy state and the equilibrium situation 
above Tg in the rubbery state. This means that ACp 
may give valuable information concerning the glassy 
state of the polymer in comparison with the rubbery 
state. W ~ n d e r l i c h ~ ~ * ~ ~ , ~ ~  has interpreted the physical 
process behind the jump in heat capacity in terms 
of the hole theory of Hirai and E ~ r i n g . ~ ~ . ~ ~  When a 
glassy polymer is heated, it takes up a certain 
amount of energy per degree rise in temperature. 
This amount depends on the heat capacity of the 
material Cpo: 

The uptake of energy is used for increased lattice 
vibrations. In the rubbery, state an extra term, c p h  

( h  stands for hole) , is added to the heat capacity: 

In the rubbery state, molecular rearrangement of 
neighboring molecules or molecule segments is pos- 
sible, allowing the creation or disappearance of a 
hole. The presence of holes is assumed to be nec- 
essary for molecular motion. 

The second term of the specific heat capacity, 
C p h ,  is due to the creation of new holes in the rubbery 
phase. Each hole is characterized by its molar vol- 
ume, u h ,  and the molar excess energy over the “no 
hole” situation, &h. 

The part of interest, C p h ,  is due to the change in 
number of holes with temperature and can be written 
as: 

where Nh is the number of holes present. Using the 
equilibrium value of Hirai and Eyring: 

where No is the number chain segments in moles 
and uo is the volume of one mol of chain segments 
( Novo = occupied volume and N h u h  = free volume). 
Equation ( 13 ) becomes: 

On cooling a polymer from the rubbery into the 
glassy state, the mechanism responsible for de- 
creasing the number of holes is blocked at the glass 
transition temperature so that at lower temperatures 
the number of holes is constant and corresponds to 
the equilibrium at the transition interval.3s At and 
above T,, the additional term A c p h  or Ac,, due to 
the increase in hole concentration, has to be added. 
This term should account solely for the rise in heat 
capacity at T,: 

In eq. ( 16), AC, is expressed as a complicated func- 
tion of the molar free volume, the energy for hole 
formation, and the glass transition temperature. The 
hole energy, &h, is a function of the polymer Cohesive 
Energy Density ( CED ) . Wrasidlo has calculated the 
hole energies of a wide variety of polymers and found 
that the hole energy increased linearly with the glass 
transition t e m p e r a t ~ r e . ~ ~  This is in agreement with 
our intuitive feeling that, upon increasing rigidity 
of a polymer system, the possibility of hole formation 
on passing the glass transition will be restricted. For 
example, in the case of crosslinked systems or ex- 
tremely rigid polymers, the difference between the 
glassy and rubbery state decreases and a sudden in- 
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crease in the number of holes a t  Tg is unlikely, due 
to the large hole energy &h. Since polymers with high 
glass transition temperatures often exhibit high 
permeabilities, this implies that hole formation, in 
terms of the Hirai and Eyring theory, is not likely 
or necessary to restrict gas transport through glassy 
membranes, although it was assumed to be a nec- 
essary precondition in the derivation of eq. (9) .  Ac- 
cording to eq. ( 16), the hole-free volume increases 
with decreasing AC,. This means that permeability 
or diffusivity will increase with decreasing AC,. In 
the glassy state, the number of holes is fixed and no 
hole redistributions are likely and it is therefore as- 
sumed that gas transport mainly takes place via 
preexisting holes. 

If we neglect the influence of the glass transition 
temperature on the magnitude of AC,, which seems 
to be allowed since the quotient Ch/ Tg is constant, 45 

instead of AC,, uhl  can then be written on the 
horizontal axis in Figure 3 ( b ) ,  in the case of the 
poly [ p - ,  rn-phenylene (4-phenyl) -1,2,4-triazoles] 
studied. This would also mean that eq. ( 2 )  can be 
modified into: 

ume, Nhuh/NOuO [see eq. ( 14) ] is plotted vs. the ox- 
ygen permeability of conventional glassy polymers. 
Although care should be taken when using data from 
different sources, a fairly good correlation is ob- 
served between the quantities plotted for these 
glassy polymers, although they belong to a wide va- 
riety of different polymer classes. The ratio, N h u h /  

Nouo, is calculated at the glass transition tempera- 
ture from the thermodynamic quantities Tg, Aa,  
AC,, and CED.45 The free volume in the glassy state 
can be calculated since the free volume at and below 
Tg is constant.45 Note that the free volume calculated 
in this manner is considerably lower, only a few per- 
cent, than in the case of the specific free volume and 
group contributions, as used in Figure 1. The vari- 
ation in free volume contradicts the assumption of 
Williams et al.49 of a universal value of 0.025 at the 
glass transition. 

Further combined study of gas transport and 
thermodynamic parameters for a wider range of 
polymers should reveal the general validity of the 
relation between permeability or diffusivity and the 
ratio N h U h / N O U O .  

P = A exp( -sac,) (17) 
CONCLUSIONS 

Comparing eqs. (17) and (8) reveals that both the 
treatment of AC,, using the model of Meares and 
that of Wunderlich, results in a similar type of re- 
lation. 

Kanig14 has also studied the AC, approach ex- 
tensively and has shown, on the basis of eq. (16),  
that rigid polymers or polymers with bulky side 
groups have a higher free volume, being in agreement 
with the discussion above. 

The next question of interest, of course, is that 
of the general validity of this theory with respect to 
other classes of polymers. Wrasidlo 45 has tabulated 
the related thermodynamic properties, including 
AC,, uO/uh,  and NO/Nh values, of commercially 
available polymers. Combined gas transport param- 
eters and thermodynamic properties are only avail- 
able for a limited number of polymers. Since values 
for both transport parameters and thermodynamic 
properties may differ considerably from source to 
source, we have limited ourselves to three sources. 
Instead of diffusivity, the oxygen permeability was 
plotted. Permeability is largely independent of 
sorption and its increase mainly depends on the in- 
crease in diff~sivity.’,~~ 

Bixler and S ~ e e t i n g ~ ~  have published a vast 
amount of oxygen and carbon dioxide permeabilities 
of commercially available polymers. Permeabilities 
were measured at 25 or 30°C. 

In Figure 4, the ratio free volume to occupied vol- 

In this article, conventional polymers were compared 
with “tailor-made” polymers as gas separation 
membrane materials. The increased permeability of 
the latter was shown to be due to their higher free 
volume that was available for gas transport. The 
increased free volume is associated with their rigid 
polymer backbone, not allowing efficient packing, 
and thereby favoring increased permeability. 

Wide Angle X-ray studies show a marked increase 
in average d -spacing between the related aromatic 
poly-1,3,4-oxadiazole and poly-1,2,4-triazoles, ob- 
viously due to the extra phenyl group attached to 
the polymer backbone of the former. Explaining the 
increase in permeability with increasing p -phenyl- 
ene content in the poly-1,2,4-triazoles is less 
straightforward, since all copolymers have the same 
average d -spacing. The “hump” at  smaller angles is 
found to increase with increasing p -phenylene con- 
tent and suggests a difference in free volume distri- 
bution at larger intermolecular distances. 

The physical processes, occurring at the glass 
transition and its parameters obtained via DSC 
techniques, offer a convenient and interesting 
method to calculate the polymer free volume, using 
the hole theory of Hirai and Eyring and the derived 
relationship between the jump in heat capacity and 
free volume parameters by Wunderlich. A fair re- 
lationship was observed for the aromatic copoly- 
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1,2,4-triazoles, with increasing p -phenylene content 
between carbon dioxide permeability and jump in 
heat capacity at the glass transition temperature. 
Also, for a wide range of well studied conventional 
polymers, a correlation between free volume and 
oxygen permeability was found. 

Akzo International Research is acknowledged for their 
financial support. 
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