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The effects of CO2-conditioning, i.e. exposing a polymer film to high pressure CO2 and degassing it
.in vacuo, on positron annihilation and gas permeation properties of polyimides and polyethylene were in-
vestigated. Both lifetime and intensity of ortho-positronium (o-Ps) (73 and I3, respectively) increased for
polyimides by the COz-conditioning. The size distribution of free space holes, which was evaluated from
annihilation rate distribution of 0-Ps, became broader and shifted to larger size. Permeability, diffusion, and
solubility coefficients of gases for polyimides increased by the COs-conditioning. The increases in diffusion
coefficient are attributed to increases in volume fraction of free space holes, Vg. The increases in 73 and in I3
were much larger than those expected from the increases in V. This may be explained by a model based on
an interplay between electron affinity and size of free space holes for Ps formation. In the CO2-conditioned
films, permeability and diffusion coefficients, V¥, and I3 gradually decreased with lapse of time but after five
months they were still larger than those in the as-cast films, whereas 73 remained almost constant. No effect
of the CO2-conditioning was observed for polyethylene.
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Positron annihilation lifetime (PAL) has attracted
attention as a technique to probe microstructure of
polymers.?) PAL spectra of polymers have a long-lived
component which is attributed to pick-off annihilation
of ortho-positronium (o-Ps) formed in amorphous re-
gions. The lifetime and intensity of the long-lived
component, 73 and I3, in polymer films are consid-
ered to be measures of the size and concentration, re-
spectively, of interstitial spaces among polymer chains,
which are referred to as “free space holes” in this paper.
PAL spectra have been applied to investigate variations
of free space holes in polymers with temperature®®
and pressure,® isothermal relaxation, and mechanical
deformation.®” ' :

The permeability coefficient for gas in a polymer film
is expressed by the product of the solubility coefficient
and the diffusion coefficient. The diffusion coefficient
is closely related to the volume fraction and the size
distribution of free space holes. The volume fraction of
free space holes, Vr, is estimated by the method of van
Krevelen and Bondi.®®

W = (V1 ~Vo)/Vr, (1)

where V7 is the molar volume at temperature T K cal-
culated from the density data, Vg the volume occupied
by the molecules at 0 K per mole of repeat unit of
polymer estimated by a group contribution method.”

The Vg refers to the ratio of the so-called “expan-
sion volume”'® to the observed volume. For many
glassy polymers,'V a rough correlation has been ob-
served between the logarithm of diffusion coefficient
of gas and the reciprocal of Vg. On the other hand,
polyimides having tri- or tetramethylphenylenediamine
moieties have about 10 times larger diffusion coeflicients
than the other polyimides having similar values of Vg%
(see Fig. 5). This may be attributed to the difference
in the size distribution of free space holes. The poly-
imides having tri- or tetramethylphenylenediamine moi-
eties have larger 73 than the other polyimides having
the similar V, suggesting that the former polyimides
have a higher fraction of large free space holes than
the latter.!® A higher fraction of free space holes large
enough for a penetrant molecule to pass through leads
to a larger diffusion coefficient. Furthermore, there has
been observed the tendency that the polyimides with
larger 73 have larger diffusion coefficients for CO2 and
CH,4.'? 1t is considered that 73 reflects the average size
of free space holes large enough for the gas molecules
to pass through because the minimum size of free space
holes to accommodate o-Ps (0.033 nm?®) is similar to the
molecular size of CO3 and CHy.

It is well-known that gas permeability of glassy poly-
mers increases by CO2-conditioning, done by exposing
a polymer film to high pressure CO3 and then degassing
it in vacuo.®~'® This is due to increases in solubility



3012 Bull. Chem. Soc. Jpn., 68, No. 11 (1995)

and diffusion coefficients. A small increase in specific
volume has also been observed and related to the CO,
exposure pressure.'®!®) This indicates that the volume
fraction of free space holes increases by the COz-condi-
tioning. When a polymer film is exposed to high pres-
sure COg, the polymer chains are plasticized by the
CO2 molecules sorbed at a high concentration, lead-
ing to volume dilation of the polymer. A little part
of the volume dilation is supposed to remain as “pene-
trant-scale defects” in polymer matrix after evacuating
COg2 because the segmental motion is frozen in glassy
state.'3~1%18) Even for polyimides having rigid polymer
backbone the CO2-conditioning effect on gas permeabil-
ity has been observed.!®!” CQ, permeability for fluo-
rinated polyimides was found to increase largely with
increasing upstream pressure in the region of relatively
low pressure, suggesting that they are susceptible to
plasticization.!® PAL is the best method to investigate
the changes in average size and size distribution of free
space holes caused by the COs-conditioning. To the
author’s knowledge, however, such investigations have
not been reported. In this study, PAL and gas perme-
ation properties of polyimides and polyethylene were
measured to investigate the effects of CO2-conditioning
on their free space holes.

Experimental

Polyimides were prepared from 4,4'-(hexafluoroisopropyli-
dene)diphthalic anhydride (6FDA.) with 2,3,5,6-tetramethyl-
1,4-phenylenediamine (TeMPD), 4,4’-(hexafluoroisopropyli-
dene)dianiline (6FAN), and 1,3-phenylenediamine (mPD).
The chemical structures of the polyimides are shown in
Fig. 1. The methods of polymerization and film preparation
of the polyimides have been described elsewhere.'?) Poly-
ethylene films were supplied from Ube Industries Ltd.

The CO2-conditioning was carried out by exposing as-cast
or as-received films to COg gas uniformly in a chamber at 50
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Fig. 1. Chemical structures of polyimides.

COg-Conditioning and Positron Annihilation

atm and room temperature for 24 h and then by degassing
them in vacuo. v

The PAL measurement was carried out at the Inter-
University Laboratory for the Common Use of JAERI
facilities.?® Positron source used was about 25 uCi of
22NaCl sandwiched between thin nickel foils. Sample films
were stacked to make 1 mm thickness, and two equiva-
lent stacks were placed in a glass tube together with the
positron source in the sandwich geometry. The sample tube
was evacuated and the PAL was measured at room tem-
perature (298 K). The PAL spectrometer was the fast—fast
coincidence equipment with the time resolution of 0.30 ns
(FWHM). The 73 and I3 were obtained with the computer
program PATFIT?Y from a spectrum with total counts of
about 1x10°. Annihilation rate distribution was also de-
termined with the program CONTIN (PALS-2)?? from a
spectrum with total counts of about 1.3x 107 and was sam-
pled at 75 grid points over the range 0.1<A<20 ns™*, where
X is the annihilation rate. Aluminum sample with dn anni-
hilation rate of 6.02 ns™* was used as the reference.

Permeability and solubility coefficients, P and S, were
measured by means of the vacuum time-lag method, and
a dual-volume type sorption cell,?® respectively. They were
measured at 308 K and at 2 or 10 atm for Hz, CO2, N2, and
CH;. The average diffusion coefficient, D, was calculated
from the equation

D=P/S. (2)

Results

Characteristics of the polyimides and polyethylene
are listed in Table 1. PAL and CO2 gas permeation
data for as-cast films of the polyimides are listed in
Table 2. P, D, S, 713, and I3 are in the order 6FDA-
TeMPD>6FDA-6FAN>6FDA-mPD, whereas Vg is in
the order 6FDA-TeMPD=6FDA-6FAN >6FDA-mPD.
6FDA-mPD polyimide has more efficient polymer-chain
packing among 6FDA-based polyimides because of the
meta-oriented and no-substituted diamine moiety, and
as a result it has lower Vy and smaller D and P. 6FDA-
TeMPD and 6FDA-6FAN polyimides have less efficient
packing and as a result larger Vg, because of the rigid-
ity and non-planar structure of the polymer chain due
to methyl substituents and —C(CF3)2— linkages, respec-
tively. 6FDA-TeMPD polyimide has higher fraction
of large free space holes than 6FDA-6FAN polyimide,
judging from the larger 75 for the former. This is the
reason that P and D are larger for 6FDA-TeMPD than

Table 1. Characteristics of Polymers

Polymers Te Density %3
K gem™3 —
6FDA-TeMPD 693 1.326 0.184
6FDA-6FAN 578 1.476 0.184
6FDA-mPD 571 1.474 0.160
Polyethylene® 251 0.910 0.192

a) Density and Vg are at 298 K. b) Semicrystalline
sample, amorphous fraction=0.65.
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Table 2. COs Gas Permeation, Fraction of Free Space
Holes, and PAL Data before and after CO2-Con-
ditioning ¥

Polymer P D S Vw 7 Is tnps
— s % nm®
6FDA-TeMPD
As-cast 740 31 24 0.184 3.8 21 0.29
Conditioned 1340 47 28 0.189 4.9 22 0.43
6FDA-6FAN
As-cast 51 8.1 6.3 0.184 3.1 15 0.22
Conditioned 84 12 7.1 0.194 3.9 18 0.31
6FDA-mPD
As-cast 88 1.8 48 0.160 24 7.8 0.14

Conditioned 18 2.7 6.5 0.164 29 12 0.18

a) Pisin 10719 ¢cm3 (STP) em~'s~1 cmHg™!, D is
in 1078 cm®s~1, and S is in 1072 ¢cm3® (STP) cm~3
cmHg~!. The data are at 308 K and 2 atm for 6FDA-
TeMPD and 10 atm for 6FDA-6FAN and 6FDA-mPD
polyimides. (1 cmHg=1333.22 Pa).

for 6FDA-6FAN in spite of the same Vp.

Figure 2 shows variations in 73 and I3 with time
elapsed after the CO2-conditioning for polyimides and
polyethylene. The 13 and I3 for the polyimides in-
creased by the COsz-conditioning. For 6FDA-TeMPD
and 6FDA-mPD polyimides the 75 slightly increased
with the elapse of time until 100 h after the condition-
ing and then leveled off, whereas no such increase in
T3 was observed for 6FDA-6FAN polyimide. For every
polyimide the I3 gradually decreased with the elapse
of time after the conditioning. However, the I3 values
after four months were still larger than the values be-
fore the conditioning. No such variations in 73 and I3
with time were observed for the as-cast films. Contrary
to the polyimides, 73 and I3 for polyethylene did not
change by the COs-conditioning.

PAL data of the polyimides at about 200 h after the
CO32-conditioning are listed in Table 2. The increase in
I3 by the conditioning is larger for the polyimide hav-
ing smaller 73 and is in the order 6FDA-mPD>6FDA-
6FAN>6FDA-TeMPD. The order of increase in 73 is
reversed, that is, it is larger for the polyimide having
larger 73.

Figures 3 and 4 show variations in P and § with time
elapsed after the COz-conditioning for 6FDA-mPD and
6FDA-TeMPD polyimides. The increases in P by the
conditioning were larger for the gas with larger molecu-
lar size (CH4>Ny>CO2>H,), whereas the increases in
S were independent of gases. As can be seen from Ta-
ble 2, the increases in P, D, and S for CO; at about 200
h after the conditioning were 70—100, 50, and 10—
35%, respectively. The increases in P are attributed
mainly to the increases in D. After the conditioning,
P gradually decreased with the elapse of time due to
the decrease in D, whereas S remained almost constant.
However, the P and D values after five months were still
larger than the values before the conditioning. Such
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Fig. 2. Variations in (a) lifetime and (b) intensity of
ortho-positronium with time elapsed after the COg-
conditioning for 6FDA-TeMPD (A), 6FDA-6FAN
(0), and 6FDA-mPD (O) polyimides and polyeth-
ylene (<).

variations in P and D with time were not observed for
the unconditioned films in the same time scale.

Figure 5 shows plots of log Dco, versus Vg ! for as-
cast and COs-conditioned films of the polyimides in-
vestigated here together with other glassy polymers.!V
As shown by the solid line, there is a rough correlation
between log Dco, and Vg 1 for most glassy polymers,
except for the polyimides having tri- or tetramethyl-
phenylenediamine moieties. Another correlation shown
by the broken line holds for the latter polyimides. The
plots for the COa-conditioned films of 6FDA-mPD and
6FDA-6FAN polyimides are on the former correlation
line as in the as-cast films, whereas those of 6FDA-
TeMPD polyimide are on the latter correlation line.
This suggests that the variations in Do, by the CO»-
conditioning and with the elapse of time after it are
attributed to the corresponding variations in V.

Figure 6 shows plots of permselectivity of COq
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Fig. 3. Variations in (a) permeability and (b) solu-

bility coefficients of gases with time elapsed after
the COgz-conditioning for 6FDA-TeMPD polyimide
at 308 K and 2 atm. [I: CHy, A: N3, O: CO,, A:
Ho.

over CHy (ratio of each permeability coefficient,
Pco,/Pcu,) versus Pco, for the polyimides used here
together with other polyimides.'”) The permselectivity
is expressed by the product of the diffusivity and solu-
bility selectivities.

Poo,/Pory = (Dco, /Deny)(Sco, /Scny ) (3)

As the fraction of free space holes large enough for gas
molecule to pass through increases, diffusion coefficient
of the gas increases. The rate of the increase is larger
for gas with larger molecular size, resulting in a de-
crease in diffusivity selectivity.'?) Consequently, there
is a tendency in Fig. 6 that permselectivity generally
decreases with increasing permeability. However, the
permselectivity for 6FDA-mPD polyimide did not de-
crease with an increase in permeability by the COs-
conditioning. The permselectivity for 6FDA-6FAN and
6FDA-TeMPD polyimides slightly decreased with an
increase in permeability by the conditioning. With the
elapse of time after the conditioning, the permselectiv-
ity then gradually increased and the permeability de-
creased. Figure 6 shows the upper-bound line denoting
the limit of separating ability of polymers at the present
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Fig. 4. Variations in (a) permeability and (b) solubil-
ity coefficients of gases with time elapsed after the
COz-conditioning for 6FDA-mPD polyimide at 308
K and 10 atm for H> and CHy, and at 2 atm for COs.
The symbols are as in Fig. 3.

time for CO5/CHy system, which was deduced by ana-
lyzing the literature data and reported by Robeson.?%
The data points for the conditioned samples were nearer
to the line or on the right of the line. The perfor-
mance of the polyimide films for CO,/CH, separation
was slightly improved by the conditioning.

Discussion

The average size of free space holes probed by o-Ps,
w,ps [=(4/3)7tR3], was calculated by the following ex-
pression for 73 in a spherical microvacancy of radius, R
[nm].25,26)

3= (1/2)[L — R/Ro+ (1/2m)sin (2rR/Ro)] ™",  (4)

where Rg=R+AR. AR=0.1656 nm. By the COs-
conditioning the v, ps increased by 30—50% as listed in
Table 2.

The size distribution of free space holes, g¢(V),
was estimated by transformation of the annihilation

‘rate distribution of o-Ps, a()), using the following



K. Tanaka et al.

106 <
[ N
5 1 N
2 QE\ TeMPD
AN
[ ] N
AR
AA \L_.I\
v.—-—' 10—7 - 1 \\\
' f 6FAN 0 N
Nm o g \‘
£ i ApgQ A
(3] 1 mPD AN
— 2 N,
N A ogng©
[&] A
a 10-8L
[}
]
a m
Op
10"9 I | i {
4 5 6 7 8 9
1
Ve
Fig. 5. Plots of logarithm of D of CO2 at 308 K and

10 atm versus Vi ' for as-cast and COz-conditioned
films of the polyimides used here (@) together with
other polyimides () and glassy non-polyimide poly-
mers (A). 0: as-cast films; 1 and 2: at 200 h (120 h
for 6FDA-6FAN polyimide) and five months, respec-
tively, after the COz-conditioning.

expression.??
F(R) = 2AR[cos (2rR/(R+AR)) — 1]a(N)/(R+ AR)?, (5)

g(V) = f(R)/4nR®. (6)

Figure 7 (a) and (b) show the results for 6FDA-6FAN
and 6FDA-mPD polyimides, respectively. The distri-
bution of free space holes in the polyimides became
broader and shifted to a larger size by the COz-con-
ditioning, indicating that preexisting free space holes
were enlarged and/or new larger free space holes were
formed by the COs-conditioning.

The v, ps and I increased by 30—50% and 5—50%,
respectively by the COs-conditioning as listed in Ta-
ble 2. The rates of increase in w, ps and I3 are much
larger than those in Vp (3—5%), suggesting that v, ps
and I3 don’t directly reflect the real changes in the num-
ber and the size of all free space holes. For the interpre-
tation of this inconsistency it is necessary to consider
positronium (Ps) formation mechanism.

Recently, a model for Ps formation in polymers has
been proposed.?” The model is based on an interplay
between electron affinity of polymer moiety and size
of free space holes. The energetics of Ps formation is
described as:

—E(e") ~ Pwi(e") — E(e™) — Peot(e”) + E(Pshole) < 6.8 €V,
(M
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Fig. 6. Plots of P ratios of CO2 over CH4 versus P of

CO2 at 308 K and 2 atm for 6FDA-TeMPD and at
10 atm for 6FDA-6FAN and 6FDA-mPD polyimides
(O) together with the data for other polyimides (A).
The solid line denotes the upper limit of separating
ability of polymers at the present (see text).

where E(e™) and E(e™) are the energies of Ps precursors
(et and e™) in the matrix, E(Pspole) is the energy of Ps
in the hole, and P, is the solvation energy of e™ and
e~. It is preferable for Ps formation that E(Pshole) is
small. E(Pspole) may be represented by the zero point
energy of Ps in the pores of radius R[F (Pspole)=0.188
eV/R%, R:inm]. The energetic consideration leads to a
concept that there is a cut-off level on the size of free
space holes which are available for Ps formation. The
cut-off level depends on interactions between et or e~
and moieties of polymer chains, which are not changed
by the COg-conditioning. The change in I3 reflects the
change in the amount of free space holes larger than the
cut-off level, rather than the total amount of free space
holes. When the free space holes are enlarged and/or
new larger free space holes are formed by the CO2-con-
ditioning, the fraction of free space holes above the cut-
off level increases, and I3 increases even if the total num-
ber of free space holes remains constant. It is consid-
ered that a change in I3 is larger than a change in the
total number of free space holes. The result that the in-
crease in I3 was larger for the polyimide with smaller 73
is consistent with the above consideration. The rate of
increase in the number of free space holes above the cut-
off level may be larger for the polyimides with smaller
73 where number of such free space holes is originally
smaller. When Ps probes free space holes larger than
the cut-off level, 73 reflects an average size of the larger
free space holes. Moreover, if Ps diffuses from one free
space hole to connected neighboring ones, it is prefer-
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Fig. 7. Size distributions of free space holes for (a)
6FDA-6FAN polyimide, (b) 6FDA-mPD polyimide,
and (c) polyethylene. O: as cast films, @: condi-
tioned films at 200 h after the conditioning.
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ably trapped at a larger free space hole and 73 more
sensitively variés with a change in the size of larger free
space holes. The increase in v, ps by the conditioning is
therefore considered to be larger than the real increase
in average size of all free space holes.

For PC samples exposured to CO3 at 308 K and 60
atm for 24 h, the CO4 sorption ambunt and the volume
dilation have been reported to be 62 [cm3(SPT)cm ™3]
and 7.6%, respectively.'®?®) After the removal of CO,
the PC samples have been reported to display a resid-
ual excess volume of 0.8% of the original volume.'® The
sorption amounts of COs for 6FDA-mPD, 6FDA-6FAN,
and 6FDA-TeMPD polyimides were 87, 125, and 180
[em®(STP)cm ™3], respectively, at 308 K and 50 atm.?®
The volume dilations of the polyimides caused by the
COgy sorption are estimated to be about 13, 18, and
24%, respectively, based on the idea that the volume
dilation is due only to the Henry’s law sorption accord-
ing to the dual-mode sorption model.?®) The residual
excess volumes for these polyimides were 0.6, 1.2, and
0.5%, respectively, at 200 h after the COz-conditioning,.

The polyimides are still in glassy state under expo-
sure to COz at 50 atm, judging from much higher Ty
as compared with PC and the decrease in T, (about
90 K) of PC under exposure to CO; at 60 atm.>” Al-
though the segmental motion is frozen, local motion of
polymer chains is enhanced to some extent by the plas-
ticization effect of sorbed COs. As a result, the poly-
mer chains irreversibly relax to a new state with looser
chain packing. Upon the COs desorption, the volume
dilation due to the Henry’s law sorption of CO5 almost
disappear, whereas the volume dilation caused by the
CO»-induced relaxation process remains as a residual
excess volume. After the COs-conditioning, P and D
gradually decreased with the elapse of time as a result
of gradual decrease in Vp. This behavior is a kind of
isothermal relaxation and the similar result has been ob-
tained for CO2-conditioned films of other polyimide.'”
In the CO3-conditioned films the polymer chains relax
to a new stable of their packing being different from the
original one. This is supported by the variation in the
relation between the permselectivity and permeability
for CO/CH, system shown in Fig. 6 and by the fact
that I3 decreased with time but 73 hardly changed.

On the contrary, for polyethylene the size distribu-
tion of free space holes was not changed by the CQOa2-
conditioning as shown in Fig. 7(c), nor 73 and I3 were
changed, as shown in Fig. 2. This is because the poly-
mer chain segments in rubbery state are in thermody-
namic equilibrium state, that is, the size of free space
holes enlarged by the sorbed CO2 can go back to the
original size spontaneously upon the CO2 desorption.

Conclusion

It was demonstrated from the PAL technique, i.e.,
variations in 73, I3, and annihilation rate distribution
of 0-Ps that the size distribution of free space holes in
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the polyimides became broader and shifted to larger size
by the CO2-conditioning. The rates of increase in w, ps
and I3 by the conditioning were much larger than that
in Vr, suggesting that the variations in v, ps and I3
tend to overestimate the real variations in the average
size and the number of all free space holes, respectively.
This may be explained by an interplay model for Ps
formation, which is based on an interplay between elec-
tron affinity of polymer moiety and size of free space
holes. In the CO2-conditioned films I3, P, D, and Vg
decreased with the elapse of time, whereas 73 remained
constant and Pco,/Pch, increased, indicating the re-
laxation of polymer chain packing to a different state
from the original one.
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