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The Effects of Vapor Sorption in Polymers Observed by Positron Annihilation
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Positron lifetime measurements were performed for two different kinds of polymers (low density polyethylene
and a polyimide 6FDA-TMPD) during sorption of various vapors (hexane, cyclohexane, benzene, acrylic acid,
methyl acrylate, water, and oxygen). The vapor sorption affected the long-lived component (ortho-positronium
component) in a systematic way regardless of the kind of the vapor molecules, i.e. for the polyethylene both
the lifetime and the intensity of the long-lived component were enhanced, while for the polyimide they were
decreased significantly. These different effects are interpreted in terms of different states of sorbed molecules in
rubbery (the polyethylene) and in glassy (the polyimide) polymers.

It is well-recognized that positron annihilation life-
time (PAL) spectra in polymers have a long-lived com-
ponent that can be ascribed to ortho-positronium (o-
Ps).Y The lifetime, 73, is considered to be a measure of
the size of the microvacancies in which o-Ps is trapped
and is annihilated through pick-off annihilation with the
rate which depends on the size of the vacancy. But it is
not clear whether the size estimated from 73 exactly re-
flects that of the preexisting microvacancies, or whether
0-Ps is equally sampling all of the different sizes of the
microvacancies. Another important problem concerns
the correlation between free volume fraction and the
o-Ps intensity, I3, which has often been noted to ex-
ist experimentally, i.e. I3 is usually larger in polymers
having larger free volume fraction. But the mechanism
underlying such correlation has not yet been understood
properly.

The present study was motivated by our program to
use the PAL technique for the study of microvacancies
in polymers modified by graft polymerization. Before
dealing with graftpolymers, however, we tried to see
how PAL parameters change when vapor molecules are
introduced into microvacancies, and have found inter-
esting results which are important for understanding
interactions between Ps and polymers.

Experimental

Two different kinds of polymers, low density polyethylene
(LDPE) and a polyimide (6FDA-TMPD PI), were used. An
important difference is that LDPE (Tg=—27°C) is in a rub-
bery state and the polyimide (Tz=377°C) is in a glassy state
at room temperature. LDPE pellets were supplied from
Sumitomo Chemicals, Co. and were from the same batch
that was used for our previous experiments.?) The pellets
were melted at 110 °C, and discs of 10 mm¢ x1 mm in
size were cut. Two identical discs were put together with
a positron source (15 pCi of 2Na) in the sandwich geome-
try and were placed in one arm of the glass tube as shown
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in Fig. 1, evacuated at 110°C for 30 min, and then slowly
cooled down to room temperature. After cooling, the sample
was kept at room temperature for 2—3 d to allow the poly-
mer chains to become stable by aging. The conditions for
this aging may not be repeatable, since the values of 73 and
I3 varied for different samples. (Thus we have to evaluate the
data for LDPE only qualitatively.) Liquids of hexane, cyclo-
hexane, benzene, acrylic acid, methyl acrylate, or water was
put in another arm of the glass tube and was evacuated. The
PAL was measured several times before starting the vapor
sorption, and then the stop cock connecting the two arms
was opened to let the vapor into the sample. The PAL mea-
surements were performed continuously and the data were
recorded every 1 or 2 h. The data analysis was performed

Tiquid

positron source

Fig. 1. The sample tube for the vapor sorption ex-
periment. The sample polymer together with the
positron source was placed in the left arm, and the
sample liquid was put into the right arm. After evac-
uating the whole system, the stop cock connecting
the two arms was opened to start contact of the va-
por with the polymer.
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using the program PATFIT® for each set of data, but for
the case where the changes were small several succeeding
sets of data were summed together and were analyzed.

Polyimides have numerous chemical structures depending
on the combination of the acid anhydrides and the diamine
moieties. For the present experiment 6FDA-TMPD PI (the
chemical structure is shown in Fig. 2) has been selected be-
cause it is one of the polyimides that show substantial o-
Ps intensity.”) The polyimide sample was prepared as thin
films of about 20 pum thickness,”) and was dried in a vac-
uum at 200°C for 20 h prior to the experiments. Several
tens of sheets thus prepared were stacked together with a
positron source in the middle of the stack. All of the other
procedures were the same as for LDPE. Contrary to LDPE,
the values of 73 and I3 did not vary significantly after the
heat treatment at 110°C. This is probably because the heat
treatment was carried out far below Tj.

Results

The o-Ps parameters, 73 and I3, are shown in Figs. 3
and 4 for LDPE and in Figs. 5, 6, and 7 for 6FDA-
TMPD PI as a function of the contact time with the
vapors. Apparently there is a systematic difference be-
tween the results for LDPE and 6FDA-TMPD PI. For
LDPE both 73 and I3 increased after starting contact
with the vapors. For 6FDA-TMPD PI both 73 and
I3 decreased significantly. It is important to note that
these qualitative changes did not depend on the type of
vapor molecules. The influence of the vapors on 6FDA-
TMPD PI was so large that I3 decreased down to about
5% in most cases. The effect of cyclohexane sorption
in 6FDA-TMPD PI (Fig. 5, middle) was exceptionally
slow compared to the other vapors. It is also noted for
6FDA-TMPD PI that I3 and A3 respond differently in
time, i.e. the increase in A3 was delayed in time com-
pared to the decrease in I3. This is typical for cyclo-
hexane (Fig. 5) and H,O (Fig. 7), but is also seen for
hexane and benzene (Fig. 5).

In addition to the basic changes mentioned above,
there were additional delayed ones. One is the gradual
decrease in A3 and the gradual increase in I3 for the
polyimide that occurred after the basic rapid changes.
This is particularly evident for methyl acrylate, hexane,
and benzene. Another additional change can be seen in
the I3 value for acrylic acid and methyl acrylate vapors
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Fig. 2. The chemical structure of the polyimide
6FDA-TMPD used in the present experiment. sym-
bol: 6FDA-TMPD PI 6FDA :4,4'-[bis(trifluorometh-
yl)methylene]bis[phthalic anhydride] TMPD:2,4,6-
trimethyl-1,3-phenylenediamine.
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in LDPE, where I3 increased at first but decreased fairly
significantly at later times.

Discussion

Polymers contain microvacancies in which o-Ps can be
trapped. If these vacancies could be considered as“rigid
holes”, the penetrating vapor molecules would simply
fill them, and the number and the size of the holes would
be reduced. The consequence on PAL would be a de-
crease in 73 and I5. The initial changes in 73 and I3
for the polyimide appear to agree with this picture, but
those for LDPE are contradictory. Undoubtedly the
penetrating molecules are not looking at the microva-
cancies simply as “rigid holes”. There should be strong
interactions between the penetrating molecules and the
polymer chains, which can affect the aggregation states
of the latter.

An important difference between the polyimide and
LDPE is that they are in glassy and rubbery states, re-
spectively, at room temperature. In the rubbery state
the polymer chains are allowed extensive segmental mo-
tions. In the glassy state most of the segmental motions
are frozen.

We will first consider the case of the rubbery state.
The relaxation time of the segmental motions in the
amorphous regions measured by dielectcric constant or
NMR ranges from 1076 to 1072 s. This is too long
compared to the lifetime, ca. 2 ns, of ¢-Ps in polymers,
and such slow relaxations may look almost as frozen
on the time scale of o0-Ps lifetime. Ortho-Ps may sim-
ply sit in the vacancies that exist at thermal equilib-
rium. Vapor sorption in rubbery polymers takes place
mainly by the Henry-type dissolution.®) In this sorption
mechanism the vapor molecules dissolved in the poly-
mer can expand the inter-chain separations and also get
into synchronous motions with the chains. As a result
T, is lowered and the polymer becomes more suscepti-
ble to plastic deformation, the so-called “plasticization”
effect. It is commonly recognized that the free volume
fraction is expanded by the plasticization. The equi-
librium distribution of the free volume elements is thus
shifted toward a larger number and size, and it becomes
possible for o-Ps to find larger microvacancies and hence
to live longer.

One may imagine that o-Ps is able to expand the
size of the vacancy just as it makes “Ps bubbles” in
liquids.” In liquids the Ps bubble is formed because Ps
pushes aside the surrounding molecules to make a free
space around itself. The bubble size is determined by
the conditions that gives the minimum of the bubble
energy. Because of the very high viscosity of polymers,
Ps may not form “bubble” with the same ease as it does
in liquids, but it will nevertheless be able to push aside
nearby segments. The energy required to expand the
space may be supplied from the binding energy of Ps
(6.8 €V in vacuum) which is released during the Ps for-
mation process. It is interesting to consider in this rela-
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Fig. 4. The changes of the o-Ps parameters, A3z and

I3, in LDPE as a function of the contact time with
the vapor of polar molecules: acrylic acid and methyl
acrylate. The upper data is for I3 and the lower is
for As.

tion that the phase change (a-relaxation) of the LDPE
observed at 312 K? corresponds to the onset of the bub-
ble formation. Since LDPE containing dissolved vapor
molecules will become soft by the plasticization effect,
the bubble formation will be promoted and enhance-
ment of o-Ps lifetime is quite probable.

We have presented two views concerning the o-Ps
states in LDPE, i.e. 0-Ps entering microvacancy at ther-
mal equilibrium and o-Ps expanding the microvacancy.
They are not exclusive to each other, and may take
place depending on the rigidity of the polymer chains.

The increase in I3 in LDPE due to vapor sorption
needs some consideration. It should be correlated with
the plasticization effect by which the free volume frac-
tion is enhanced, but the detailed mechanism connect-
ing the free volume fraction and I5 should differ depend-
ing on the origin of the long-lived o-Ps state. It is often
considered® that o-Ps must diffuse some distance before
it encounters and be trapped in a microvacancy. In this
case I3 corresponds to o-Ps trapped in the microvacan-
cies, and is the measure of the density of free volume
elements. There can be another view that considers
density fluctuation in the polymer. It is quite proba-
ble that some structure among the density fluctuation
can act as a trapping site of the precursors of Ps, e~
and/or et, and inhibits Ps formation. The plasticiza-
tion due to vapor sorption promotes segmental motions,
and this might release some of the trapping sites, result-
ing in an enhanced Ps formation. In this case the free
volume fraction and Ps intensity is indirectly correlated
through the number of trapping sites. At present we do
not have enough knowledge about such trapping sites
in polymers, but the viewpoint based on the trapping
sites may not be disregarded.

In glassy polymers vapor sorption can take place both
by the Henry-type and by the Langmuir-type sorp-
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I3, in 6FDA-TMPD PI as a function of the contact
time with the vapor of methyl acrylate. The upper
data is for I3 and the lower is for As.

tions. As in LDPE the former type of sorption induces
plasticization which leads to expansion of the volume
fraction. However in glassy polymers the plasticization
proceeds slowly because the relaxation times are long.
Thus only the effects of filling the microvacancies by
the vapor molecules (the Langmuir-type sorption) are
observed at the beginning of the sorption, which are the
rapid increase in A3 and the rapid decrease in I3. The
later gradual decrease in A3 and the gradual increase in
I3 for 6FDA-TMPD PI should be correlated with the
plasticization as in the case of LDPE.

Thus the primary differences in the effects of vapor
sorption on PAL in LDPE and 6FDA-TMPD PI are
understood as due to their different aggregation states.

In the followings we discuss secondary effects observed
in the experimental results.

The delayed response of A3 compared to that of I3
in 6FDA-TMPD PI is typically observed for cyclohex-
ane (Fig. 5) an H>O (Fig. 7), and to a lesser extent but
evidently for hexane and benzene (Fig. 5). When the
amount of vapor sorption is small, some of the vacancies
would remain unfilled. Thus o-Ps lifetimes can remain
unaffected until all of the vacancies become smaller with
filled molecules.

The slow effect of cyclohexane on the polyimide
(Fig. 5) may simply be due to its slow penetration into
the polymer, because the diffusion cross section of cy-
clohexane molecule (0.313 nm?) is the largest of the
molecules used in the experiments (cf. 0.248 nm? for
benzene, 0.239 nm? for hexane).

At the beginning of sorption of acrylic acid and meth-
yl acrylate I3 increased, but at later times it decreased
after passing a maximum (Fig. 4). The interpretation
is not straightforward. It is known that Ps yield is
small in polar liquids® due to solvation of Ps precur-
sors in clusters of polar molecules. The decrease in I3
in Fig. 4 may be understood in a similar way since the
dissolved molecules at high content, i.e. at the condi-
tions of swelling, would have been gathering together
to form clusters. It must be noted, however, that these
molecules are monomers. Thus it is probable that their
polymerization inside free volume holes cause reduction
in the size and number of the holes. Detailed investi-
gation into the role of the polar molecules is under way
and will be reported elsewhere.

Water vapor is surprisingly efficient for 6FDA-TMPD
PI, where I3 rapidly goes down as low as to 3%, and
there is no gradual delayed change (Fig. 7). Similar
strong water effect on I3 has also been observed by oth-
ers for polyimide!® and for polyamide.'¥ The amount
of water (4.6 wt%!?)) sorbed in 6FDA-TMPD PI is far
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had no effect on LDPE.

smaller than the amount of benzene sorption (43 wt%).
In order to explain this particularly efficient effect of
water, it is important to remind the special aspect in
water sorption by 6FDA-TMPD PI. 6FDA-TMPD PI
has both hydrophilic (imide groups) and hydrophobic
(—=CF3 groups) functional groups. As a consequence
water molecules absorbed to 6FDA-TMPD PI may stick
to the imide groups and, through clustering, condense
in the voids. This explains why water is very efficient
to influence Ps yield and lifetime in spite of the small
amount of sorption. The water effect was absent for
LDPE, and this is due to far smaller water solubility
(< 0.007 wt%) caused by the strong hydrophobic na-
ture of polyethylene.

The amount of water, 4.6 wt%, sorbed to 6FDA-
TMPD PI corresponds to 0.063 cm? of liquid water in
1 cm?® of the polymer (density=1.35). For a crude esti-
mation we assume that the vacancies are the same for
Ps and for water clusters. We will also take the drop of
I from 18 to 3% as being due to filling roughly 83% of
the microvacancies with water. The average size of the
microvacancies can be estimated from 73 using the em-
pirical equation given by Tao'® and Eldrup,’®¥ and is
p=0.18 nm? for 6FDA-TMPD PI. Thus the number of
the microvacancies occupied by water is calculated to be
3.5x10%% cm™3. This value agrees in the order of mag-
nitude with the values, 1.5—3x10%2° cm~3, for various
rubbery polymers estimated by dividing the fractional
WLF free volume by v,.*

The strong water effect may further be explained
as the consequence of associative effects of the imide
groups and the water clusters. The imide groups are
electron-withdrawing groups. In our systematic PAL
measurements of various polyimides, we have found that

Ps formation is mainly controlled by the electron affin-
ity of the imide groups.” Thus the polyimides having
large electron affinities do not show Ps formation while
those having small affinities have an o-Ps component,
with 6FDA-TMPD PI belonging to the latter group.
Our explanation for the o-Ps formation in 6FDA-TMPD
PI is similar to the explanation for the“anti-inhibition”
effect,'® i.e. because of the small electron affinity e~ is
loosely captured at the imide groups, and et can pick it
off to form Ps. When there are water clusters sticking
to the imide groups, however, the captured e~ should
then be solvated into the water cluster. Solvation is in
effect a deep trap of e~ and Ps formation is inhibited.
It is not clear whether the strong water effect is due
simply to the effect of filling the pores or whether the
solvation effect is important, but water has many rea-
sons for becoming an efficient inhibitor of Ps formation
in 6FDA-TMPD PI.

Oxygen in 6FDA-TMPD PI has effects similar to
other vapors but to a lesser extent (Fig. 7). The amount
of oxygen absorption, 0.14 wt% for 1 atm oxygen, is far
smaller compared to other vapors. This corresponds to
about 3.5x10!° O molecules/cm? -polymer, or in other
words only about 10% of the microvacancies would con-
tain Og. Therefore it is difficult to attribute the oxygen
effect simply to the filling effect, and we have to con-
sider that chemical effects are operating here. Oxygen
is known to be particularly efficient in inhibiting Ps
formation and in quenching o-Ps lifetimes in the stud-
ies of porous materials like zeolites,'® and the previous
oxygen effect may be considered in a similar way. As-
suming that the increment in A3 (Fig. 7 right) is due
to the chemical reaction with the sorbed O, the rate
constant of reaction between o-Ps and O, is calculated
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to be 1.46x107!2 cm®s~!. This value can be compared
to 3x107!2 cm3s~! for the same reaction in MS-3A.'5
Although the data is not shown, no effect was observed
when LDPE was subjected to oxygen. The absence of
the oxygen effect in LDPE is plausible, since the amount
of Oq sorption in LDPE is far smaller (0.007 wt%).

Conclusion

The different effects of vapor sorption on o-Ps pa-
rameters in low density polyethylene and 6FDA-TMPD
polyimide can be explained by considering different ag-
gregation states, i.e. rubbery for the former and glassy
for the latter. The plasticization effect of the Henry-
type sorption which occurs for both rubbery and glassy
polymers assists o-Ps formation and enhances its life-
time. For the glassy polymer the Langmuir-type sorp-
tion also occurs and this causes filling in the preexisting
microvacancies leading to a decrease in o-Ps intensity
and lifetime. The strong effect of water in the polyimide
is particularly important, since it suggests efficient con-
densation of water molecules in the microvacancies of
the polymer.

Although simple this kind of experiment appears im-
portant not only for the fundamental understanding of
positronium states in polymers but also for understand-
ing the vacancies and sorption of molecules in poly-
mers. In the previous experiments the o-Ps parameters
have been presented in terms of the contact time, but it
would be more fruitful if we measure them as a function
of the absolute amount of the sorbed vapor.
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