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Free Volume Holes of Rubbery Polymers Probed by Positron Annihilation
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The lifetime and the intensity of ortho-positronium (o-Ps), 73 and I3, respectively, were measured for
various polymers below and above glass transition temperatures Tg. The average size of micro-vacancies probed
by o-Ps, vh,ps, was evaluated from 73 using an empirical equation. Both temperature dependence of 73 and
comparison of magnitude of v, ps between the polymers and molecular liquids having similar cohesive energy
dernsity reveal that the micro-vacancies probed by o-Ps at temperatures not much above Ty are pre-existing and
momentarily frozen free volume holes rather than Ps bubbles. A method to evaluate the volume fraction and
the concentration of free volume holes probed by o-Ps, Vr ps, and Ch ps respectively, is proposed by assuming
that the size-distribution is approximated by an exponential function with a mean size <w,>, and that the
volume fraction of total free volume holes is equal to fractional free volume calculated by the Bondi method.
This model predicts clear correlations between <wv,> and the concentration of total free volume holes and also
between Vr ps and vh,ps. There is no clear correlation between Ch ps and I3, suggesting that Is is not a good

measure of the concentration of free volume holes.

Positron annihilation (PA) in polymers has recently
attracted much interest because PA is expected to bring
forth information about their microstructure.? PA life-
time spectra of polymers have a long-lived component
which is ascribed to ortho-positronium (o-Ps) formed
and annihilated in amorphous region. The lifetime of
0-Ps, 73, is considered to be a good measure of the size of
the micro-vacancies where o-Ps is trapped.'™ Spheri-
cal holes larger than 0.033 nm3 (ca. 0.4 nm in diameter)
can accommodate o-Ps. However, it is not clear whether
the micro-vacancies seen by o-Ps in rubbery polymers
are the pre-existing free volume holes large enough to
accommodate o-Ps or the bubbles formed around Ps as
in liquids. Kobayashi et al. have recently suggested that
Ps bubbles are formed not only in rubbery polymers
but also in glassy ones.?) The intensity of the long-lived
component, I3, is sometimes considered to be a measure
of the number of such micro-vacancies.!'>% However, it
is not mature to correlate I3 with the number of such
vacancies. '

In this study, PA properties of various polymers were
examined over a wide temperature range above and be-
low the glass transition temperatures, Ty, to clarify the
nature of micro-vacancies probed by o-Ps.

Experimental

The samples used in this study are as follows; polydi-
methyl-siloxane (PDMS), polyethylene (PE), polypropylene
(PP), 1,2-polybutadiene (1,2-PB), Poly(4-methylpentene-
1- co- a-olefine) (P4MP-C), poly(ethylene terephthalate)
(PET), poly(vinyl acetate) (PVAC), poly(styrene) (PS),
poly(methyl acrylate) (PMA), and poly(buthyl methacry-
late) (PBMA). The additive-free films of PDMS, PE, PP,
P4MP-C, and PET were supplied from Shin-etsu Chem-
ical Industries Ltd., Ube Industries Ltd. (PE and PP),
Mitsui Petrochemical Industries Ltd., and Mitsubishi Plas-
tics Ltd., respectively. PAMP-C is a copolymer of 4-methyl-
pentene-1 with a small content of a-olefine (C1s component).

Amorphous PET films (Diafoil) were heat-treated at 408 K
for 10 h in vacuo. 1,2-PB supplied from Japan Synthetic
Rubber Ltd. was purified by repeated reprecipitations (tol-
uene/methanol). PVAC, PS, PMA, and PBMA were pre-
pared by solution polymerization using azobisisobutyroni-
trile as an initiator, and isolated by fractional precipitation.
Their high-molecular-weight fractions were purified by re-
peated reprecipitations. Films of these polymers were cast
from their benzene solutions onto glass plates. They were
dried at 323 K (300 K for PMA) for 20 h in vacuo.

Differential scanning calorimetry (DSC) was measured
with a thermal analyzer (Seikodenshi DSC220C) at a heat-
ing rate of 10 Kmin~'. The density p was measured by
the floating method using pottasium iodide-water (for p>1
gcm™?) or pottasium iodide-methanol (for p<1 gcm™2) so-
lutions. The thermal expansion coefficient was measured
with a thermal analyzer (Rigaku Thermal analyzer TAS 100)
at a heating rate of 5 Kmin™' with a load of 1 g.

The PA lifetime measurements were carried out at the
Inter-University Laboratory for the Common Use of JAERI
facilities.” The sample films (1x1 cm? wide and 30 to 200
pum thick) were stacked to make 1 mm thickness. The
positron source, 25 uCi of 22NaCl sandwiched between thin
nickel foils (2.8 mgcm™? thick and 0.5x0.5 cm? wide), was
sundwiched by two equivalent stacks of sample films. The
sample thus prepared was put in the sample holder of a cryo-
stat. The cryostat was evacuated and the PA lifetime was
measured at temperatures below and above Ty;. The PA
lifetime spectrometer was the fast-fast coincidence equip-
ment with the time resolution of 0.30 ns (FWHM).” Each
PA lifetime spectrum, having more than one million total
count, was analyzed into three lifetime components using
the computer program PATFIT.®

Results and Discussion

Characterization. Characterization results for
the polymers are listed in Table 1. Judging from the X-
ray diffraction patterns, PVAC, PS, PMA, and PBMA
are amorphous. Other polymers are semicrystalline.
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Table 1. Characterization Results of Polymer Films

No. Polymers Ty Tm p $a o @ CED V¥ _V°)
K K gem™3 — 107*K~!  Jem™3® — —
1 PDMS 152 224 0974 1.0 3.84 861 230 — —
2 1,2PB 249 364 0.900 0.85* 193 6.5 378  0.200 0.175
3 PE 251 384 0910 063 28 75 307 0192 0.180
4 PP 269 437 0.888 0.57% 159 579 269  0.195 0.181
5  PMA 280 — 1209 1.0 27 5.6 467  0.159 0.151
6  P4MP-C 295 496 0835 065> 3.71 738 267 0209 0.207
7  PBMA 307 — 1051 1.0 402 645 374  0.164 0.167
8  PVAC 304 — 1190 1.0 171 506 467 0176 0.177
9  PET 361 527 1376  0.67% 247 620 645  0.149 0.162
10 PS 377 — 1045 1.0 211 557 466  0.180 0.194

a) Determined from the density, using the values of p, and pc in Ref. 9. b) Determined

from the X-ray diffraction pattern.

c) The values for PAMP-C and PET were determined in

this study. The values for PDMS, 1,2-PB, and the others were cited from Refs. 10, 11, and 9,

respectively. d) at 298 K. e) at Tg.
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samples cut from the same film using two different equipment sets. @ and A: 1st cooling run; A: 1st heating run.

The amorphous fraction ¢, was calculated from Eq. 1
using the literature values® 'V for the density of crys-
talline and amorphous phases, p. and p,, respectively.

da=1— (0~ pa)/(pc ~ pa) (1)

The cohesive energy density (CED) was calculated by
the group contribution method of van Krevelen.'? The
fraction of “free space” Vr refers to the ratio of the so-
called “expansion volume”!® to the observed volume
and was calculated by

Ve = (Vr = Vo) /Vr ()

where V7 is the molar volume at temperature 7 and
Vo is the volume occupied by the molecules at 0 K per

mole of repeat unit of the polymer. Vp was calculated
using the values of the molar volume observed at 298 K
and the thermal expansion coefficients below and above
T,, ag, and oy, respectively. Vp was estimated to be
1.3 times'® the van der Waals volume calculated by
the group contribution method of Bondi.!¥
Temperature Dependence of 73 and I3. Fig-
ure 1 shows the temperature dependence of 73 and I3
for PDMS. Both 73 and I3 increased with temperature,
and displayed dramatic changes at T. At the melt-
ing point ( Ty, =224 K), 73 increased continuously, while
I3 showed a small stepwise increase. A higher-tempera-
ture transition was observed at ca. 240 K, where both 73
and I3 started to levell off. Similar higher-temperature
transition has been reported for glass-forming liquids'®



January, 1993] Free Volume of Rubbery Polymers Probed by Positron Annihilation 63

() (b)
40— - '
A, a8
PS & . a?
R
A, a
T T 1 T T a A
30 $ £ PS, qo2 30 £BMA
— Pamp.c® e —_ Co © o
O 9 , 4] ~ O
g2 5 ogﬁ ,«,A‘A /] E R L 130
—25F % ,O/ A 4 — o (o]
o B g o/g%@g g = | pamec & T
,.0'.-0, /', R :. - b :-‘
I AP O T N S 0gal 0
PBMA o PET o 00 . o0
o i o
™1 X PET
1.5¢ | | i | L L <40.05 10 L 1 1 1
173 273 373 473 173 273 373 473
Temperature [ K ] Temperature  [K]

Fig. 2. Temperature dependence of 73 and I3 for PAMP-C, PBMA, PS, and PET. O, &, A, and O: 1st heating run;
A and 8: 1st cooling run; @ 2nd heating run.
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and amine-cured epoxy polymers,'® and has been inter-
preted as the temperature where the mortional correla-
tion times of the polymers become on the order of 10~
s, the same time scale as the o-Ps lifetime. Above this
transition the polymer has sufficient mobility to allow

Fig. 3. Temperature dependence of 73 and I3 for PE, PP, 1,2-PB, PMA, and PVAC.

the o-Ps to “dig” itself a cavity, namely a Ps bubble,
whereas below it the mortions are so slow that this pos-
sibility becomes prohibited.!®

Figures 2 and 3 show the temperature dependence of
73 and I3 for the other polymers. 73 displayed fairly
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clear changes at Ty, whereas I3 displayed rather small
or negligible changes at T;. A higher-temperature tran-
sition was observed at 443 K and near 350 K for PET
and 1,2-PB, respectively, where 73 started to levell off
and I3 still increased.

The average volume of the microvacancies probed by
0-Ps, v, ps [=(4/3)nR3], was calculated from the fol-
lowing equation between 73 and the average radius R of
microvacancies.?®

73 = (1/2) [1 - (R/Ro) + (1/2)sin (2AR/Ro)] ™" (ns)
Ro=R+AR, AR=0.166 nm 3)

The thermal expansion coefficients of vh ps, a(vh,ps),
defined as

o (vh,ps) = (Oln vh,pa/(.")T)p (4)

were calculated in appropriate temperature ranges
above and below Ty, and are listed in Table 2. The
values of awn ps) in the glassy and the rubbery states
are one order of magnitude larger than the values of
og and aj, respectively. The dotted lines in Figs. 1, 2,
and 3 were calculated from the a(w ps) values by the
integral form of Eq. 4 using the v, ps values at T as
the initial values. The good agreement of the dotted
lines with the experimental data indicates that the val-
ues of a(w,ps) for the glassy and the rubbery states are
essentially constant in wide temperature ranges.
Figure 4 shows plots of wu, ps versus CED for the
polymers at 298 K together with the data for typical
molecular liquids.!™ In this figure, the values of w ps
for the polymers at T, are also plotted against val-
ues of CED at 298 K, neglecting the temperature de-
pendence of CED. The Ps bubbles are believed to be
formed in these liquids, and their size should be corre-
lated with intermolecular force such as surface tension
and CED.?'") This figure clearly shows that the data
points for PDMS, 1,2-PB, and PET at the higher-tem-
perature transition are on the correlation line (or zone)
for Ps bubbles in the liquids, and that the data points
for the polymers below, at, and not much above Ty are

Table 2. Thermal Expansion Coefficient of vn,ps for
Polymers in Rubbery and Glassy States

Polymer a (vn,ps)/1073 K1
Glassy Rubbery

PDMS 4.3 17

1,2-PB — 5.3
PE — 4.2
PP — 15

PMA — 11

P4MP-C 43 53
PBMA 3.2 4.3
PVAC 5.4 8.5
PET 3.7 6.1
PS 2.9 4.1
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Fig. 4. Plots of vy ps versus CED for polymers and

molecular liquids. For Polymers; O: at Tg; <¢: at 298
K; ¥: at the higher-temperature transition of 73. The
figures are as in Table 1. For liquids; A: at 298 K.
a: pentane, b: heptane, c: decane, d: cyclohexane,
e: 2-propanol, f: 1-butanol, g: 2-methyl-2-propanol,
h: cyclohexanol, i: acetone, j: methyl-ethylketone, k:
benzene, 1: ethylbenzene, and m: aniline.

much below the correlation line.

From the results and discussion mentioned above, it
is reasonable to consider that the PA data measured
at temperatures not much above Ty reflect the proper-
ties of pre-existing and momentarily frozen free volume
holes rather than those of Ps bubbles.

Fraction of Free Volume Holes in Rubbery
Polymers Probed by o-Ps. Fractional free vol-
ume fis generally expressed by

f=Ffe+ (01— ag) (T-Tg), (%)

where f; is the fractional free volume at T;. Williams~
Landel-Ferry (WLF) fractional free volume, fyrr, de-
rived from viscosity theories, is often used, where f; is
taken as 0.025.1%19)

For rubbery polymers, the volume fraction of free vol-
ume holes probed by o-Ps, Vr ps, is given by the prod-
uct of u, ps and the concentration of free volume holes
probed by o-Ps, Gy ps.

WF,Ps = Uh,PsCh,Ps (6)

I; contains information about Cy ps. Goldanskii et al.
analysed the experimental data of PA from the view
point of the kinetic model of positron trapping.22V)
However, the Ps formation and the decay process were
not clarified, and their treatment was based on many
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Fig. 9. Relation between Ch ps/Ch, and <wvn> for two
assumed values of b in g(vn).

assumptions.

Assuming that Vg ps could be taken equal to fwrr,
Jean et al. equated as follows, Cy ps=1[0.025+ (a1 —
ag)(T— Tg)]/vh,ps.>® They reported that a linear cor-
relation exists between Ch, ps thus evaluated and I3 with
a proportionality constant A(=Cy ps/L3) of 0.018 nm~3
for amine-cured epoxy polymers.> The same treatment
was first reexamined for different kinds of rubbery poly-
mers in this study. The Gy ps thus evaluated is plotted
against I3 in Fig. 5. The long-lived component is as-
signed to o-Ps annihilating in the amorphous region.
It has been found for semicrystalline polymers that I3
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linearly depends on ¢, but 73 does not.?? In Fig. 5, I3
values for the semicrystalline polymers are, therefore,
corrected to give those in 100% amorphous samples,
I3,a> as

IS,a = I3/¢a (7)

As can be seen from Fig. 5, the value of A is not unique
for these polymers; it varies from 0.005 nm~3 for PE
t0 0.014 nm~3 for PMA and is different from the value
(A=0.018 nm~—3) reported for the amine-cured epoxy
polymers.> Therefore, the correlation between I3 and
Ch,ps evaluated by the above-mentioned method should
be limited to a series of like polymers. The problem
may lie in the assumption of Vg ps=fwrr. It would
be important to take the size distribution of the free
volume holes into account. Viscosity requires free-vol-
ume holes equal to or larger than the size of a polymer
chain segment, whereas o-Ps trapping requires those
with the effective diameter larger than ca. 0.4 nm. Con-
sequently, fivLr involves a portion of free-volume distri-
bution much larger in size than Vg ps (see Fig. 6).

Now, we present another method to evaluate Cj ps
and Vg ps. The distribution function of the size of free
volume holes, f(w,), for rubbery polymers is described
by

f(vn) = (1/ <vn>)exp (—vn/ <vn>) (8)

where <v,> is a given mean size of free volume holes.?®
Figure 6 shows typical examples of the distribution
function of fractional free volume, v, f(vn). The volume
fraction of total free volume holes, which corresponds to
the total area under the distribution curve in Fig. 6, is
reasonably assumed to be equal to Vg calculated from
Eq. 2.

Ch (vn) = f (vn) Chs 9)
Ve = Aw Ch (vn) vhdvn =<vn> Chy (10)

where Ch(w,) is the concentration of free volume holes
with the size of v, to vn+dv, and Gy, is the concen-
tration of total free volume holes. The critical volume
which can accommodate o-Ps, a, has been shown by
Bartenev et al.? to be 0.033 nm3 (R=0.194 nm). It is
not clear whether o-Ps is trapped in all the free vol-
ume holes larger than the critical volume, a=0.033
nm?3, with equal probability. It is probable that o-Ps
is trapped in a larger free volume hole with a larger
probability. Therefore, taking the function g(vy) which
describes the ease of trapping of o-Ps into consideration,
volume fraction, average size, and concentration of free
volume holes probed by o-Ps, Vg ps, vnps, and Cy ps,
respectively, are described by Egs. 11, 12, and 13.

Ve,ps = Ch,t/ f (vn) g (vn) vudon = Vh,PsChps  (11)
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onpe= [ onf ) g ) dvn /[ f (o) g (o) dun (12

Ch,ps = Chys /Oo f (vn) g (vn) dvn (13)

In this study, as g(w,), we tentatively use the following
function,

g(vn) =1 —exp [~b(vn — a)] (14)

Figure 7 illustrates g(w,) for two assumed values of b,
00, and 20. For these cases, vh,ps and Ch ps/Ch¢ Were
calculated as a function of <w,> from Egs. 8, 12, and
13, and are shown in Figs. 8 and 9, respectively. For
the polymers in the rubbery state, Cht, Cu,ps, VF,Ps
were calculated from Egs. 8, 9, 10, 11, 12, 13, and
14, using the values of 73 and Vy at T. The results
for the two assumed values of b are not much differ-
ent each other. The results for b=20 are shown in
Figs. 10a, 10b, 10c, 10d, and 10e. The following three
points are noteworthy. First, with increasing tempera-
ture, <wv,> increases and Cy . decreases. This reveals
that an increase in V¢ with increasing temperature is
ascribed to an increase in <w,> and Ci ¢ rather de-
creases. There is a clear tendency that the polymer
with larger <v,> has smaller Cj+; the data points for
all the polymers investigated are on a single correla-
tion line, as shown in Fig. 10b. Second, there is a clear
tendency that the polymer with larger w, ps has larger
Vr ps; the data points for all the polymers are on a
single correlation line, as shown in Fig. 10d, although
the data for PE, PP, and PBMA display small devia-
tions from the correlation line. This explains the clear
correlation between diffusion coefficents of gases in the
rubbery polymers and v, ps.2%) Third, there is no clear
relationship between Cy, ps and I3, as shown in Fig. 10e.
This fact implies that I3 should not be taken a direct
measure of the concentration of free volume holes. This
may be supported by the fact that the shape of tem-
perature dependence of I3 is different from polymer to
polymer, whereas that of 73 is similar among the poly-
mers, as can be seen in Figs. 1, 2, and 3.
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