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Abstract

Our recent PAL resulls on a series of polyimides (P} are summarized. [t is shown that Pls are
properly grouped according to whether there is long-lived o-Ps or not, and that those that do
not produce o—Ps have strong electron affinities. Secondly the pore size was changed by ex-
posing Pls to 50 atm C0, gas. I, was increased substantially for the Pls that have moderate I,
values. For the Pls that have large o-Ps yield the increase in I, was small, and for those
having no o-Ps the o-Ps component did not appear. In a third experiment where the pore
structure was changed by introducing vapor molecules, both ¢, and I, were reduced. This
contrasts to low density polyethylene for which =, and I; were increased. These resulls are
viewed as an aspect of the spur model in which both electron affinity and pore size are af-
fecting Ps formation.

Introduction

The intensity of the longest-lived e* component in polymers, the o-Ps component, is af-
fected in various ways, but the mechanisms underlying it have not yet been understood pro-
perly. This is related to our lack of knowledge of the mechanism of Ps formation itself, and
of how Ps is trapped in open spaces in polymers.

In this report we summarize our recent works on Ps formatien in polymers, and show that
Ps formation probability is affected both by chemical and physico-chemical factors, and try
to explain these different effects. The viewpoint is closely related to the spur model of Ps
formation.

Positronium Formation in Polyimides

Kapton film has been known as an excellent material for making positron source because it is
highly radiation resistant and there is no long-lived component, i.e. there is no o-Ps forma-
tion, in it. Bul the reason for the absence of o—Ps has not been understood. Kapton is a
kind of polyimides (PIs) whose principal structure is shown in Fig.1. Various Pls are made by
combinations of acid anhydride moieties (R,} and diamine moieties (R,), and Kapton is the
combination of R;=1 and R, =D (1D). The result of the PAL measurements for a series of Pls
are summarized in Table 1.0 Ii is evident that the PIs based on PMDA- and BTDA-moieties
have no or liftle 0-Ps component, while those based on BPDA- and 6FDA-moieties show sub-
stantial o-Ps formation. Table 1 further suggests that the diamine moieties also affect o-Ps
formation. For example, those having D (=pp’'-0DA) diamine moiety show the smallest I, value
of the group having the same anhydride moieties, 1 is imporiani to note that the absence of
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o~Ps in PMDA- and BTDA-based Pls is not due to lack of free volume holes. This is easily
recognized from the data of gas diffusion constants (Table 1) which are not necessarily small
for those lacking Ps formation.

Electron affinities of the polyimides are known® :

EA(PMDA) > EA(BTDA > EA(BPDA) ~ EA(6FDA) (1)
Thus it is deduced thal Ps yield is intercepted in the Pls whose moieties have large electron
affinity.  To test the effects of the acid anhydride moieties on Ps formation, monomeric
model compounds were synthesized and Ps formation experiments were performed for their

Table 1  0-Ps parameters, gas diffusion constants, and the effect of
exposing to high pressure gas for various polyimides

T3 Ig (0p Diffusion [After exposing to
Polyimide constant 50atm (09 gas
(ns) 9] 1078cn2s1 | 74 rA 1,
PMDA-based
1A 1.0 0.5 4.1
1D - - 0.8
IF - - 0.23
10 - - 5.3 - 00— 0
BPDA-based
24 2.09 3 1.4
2B 2.67 11.7 4.6
2D 2.52 0.5 0.18
2G 1.78 2.3 0.33 1,44—1.53 }4.6—7.0
2J 3.16 10 16
20 2,34 6.3 2.4
BTDA-based
3A - - 1.2 - 0= 0
3B 1.75 0.8 1.7
3D - - 0.18
3J 1.98 1.0 4,2 1,14—1.85 |1.8 —2.7
30 1.53 0.5 1.8
6FDA-based
4B 2.98 17.1 8.1
4D 2.4 .4 3.1
4F 2.4 7.7 1.3
4G 2.47 12.7 2.2
41 3.94 17.6 30.5 3.8 — 4.9 121 — 22
4J 3.63 15.9 54 3.5—4.1 18 — 19
40 2.68 16.5 5.7
4S 3.15 14.3 6.5
4T 2.72 10.9 2.6
40U 2.57 7.9 0.91 2.4—2.86 |8 — 13.4
4V 2.8 11.3 6.2

(-} means that there was no long-lived component in the PAL spectrum.
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Fig.1
9 9 The structure of polyimides.
R N — Various Pls are synthesized by
&?’\( combinations of the acid anhy-
o ° dride moieties (R)  and the
General Structure diamine moieties (Rz), and arg
0 S numb%red as 1D for EMDQ/pg -
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- oMo ot ool o CHs carboxylic dianhydride
pp'-ODA  mp'- ODA APAP BAHF CHy 6FDA: 2,2-bis(3,4-dicarboxyphenyi)
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benzene solutions. Prior to the measurements the C [l _a-h_.
. . (L]
solutions were bubbled with benzene-saturated o BPDA-BA
nitrogen gas to eliminate oxygen. The results are s I 6FDA-BA
shown in Fig.2. Because the solubility of the ¥ _
1 i J S S | ) 1

monomeric imides is low, the concentration range
is below ca 80 mM. Fvidently PMDA-BA is the
strongest, and BTDA-BA is the second strongest,
inhibitor and quencher of Ps. On the other hand,
BPDA-BA and GFDA-BA has no effect both on 0-Ps
intensity and lifelime. This resull also correlates
well with the order of the electron affinity shown
in Eq.1. An important conclusion is that PMDA-
and BIDA- can both inhibit Ps formation and
quench o-Ps lifetimes. Coming back to Table 1
with this in mind, we notice that the Pls having
small I, values also show short o-Ps lifetimes.
Undoubtedly Ps formation and reactions in the Pls
are controlled by the same mechanism as in the
model solutions. It is important to recognize that
o-Ps lifelime can be affected not only by the vol-
ume factors bul also by chemical reaclions. It
will be sometimes dangerous to try to correlate
the o-Ps lifetimes with the size of free volume
holes without knowing whether the factors of
chemical reactions are not prevailing on the o-Ps
lifetimes or not.
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Fig.2 0o o0
Positronium formation experiments for
benzene solutions of model imide com-
pounds (aromatic imides). (No source
correction.) It is shown that, while
BPDA-BA and G6FDA-BA have no effect,
PMDA-BA  (kg=13.2 M's™) and BTDA-BA
(kg=5.2 M's?) beth inhibit Ps forma-
tion and quench o~Ps lifetimes. Kg in
the parentheses are the guenching rate
constants.
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Effects of exposing polyimide (PI-4U)
to 50 atm CO, gas. The arrows show
the increase” of o-Ps lifetime and
intensity due to the expasure. After
that both the lifetime and the inten-
sity gradually relax back, but not
completely to their initial values.

Effect of Exposing to High Pres-
sure Gas
Some of the Pls were exposed to 50 alm of CO,

gas to expand the free volume holes, and PAL
were measured under vacuum before and after
the treatments. The results are also shown in
Table 1. For the PIs for which there is no
long-lived 0—Ps component (10,3A), there was
no change in the PAL spectrum. For those
having large o-Ps intensity (4[4J) [, increased
only slightly, For those having small I, value
(2G, 4U) the increase in I, was substantial. By
this {reatment the lifetime of o~Ps, if it
exists, also increased by 20-30%. An example
of the change of PAL data is shown in Fig.3.
After exposed to CO, gas and then evacuated,
the o-Ps parameters gradually changed to an
equilibrium state which is apparently different
from that before the gas exposure. This in-
teresting fact will be discussed elsewhere.®
Low density polyethylene (LDPE) was also
exposed to high pressure CO, gas, bul there
was no observable change before and after the
gas treatment. Since LDPE is in a rubbery
state, ie. at thermal equilibrium at room
temperature, the change of the structure
caused by the penetrating gas may quickly
resume to initial structure after evacuating

the gas.

Effects of gas sorption in poly-
mers

Another way to change the state of free vol-
ume holes is to get vapor molecules sorbed in
it. This was done for a kind of polyimide
(PI-4J) and low density polyethylene (LDPE)®
and  polypropylene and  polytetrafluoro-
ethylene®.  An important result (shown in

Fig4) is that both I, and © , are decreased

“when PI-4J sorbs vapors, while they are in-

creased when LDPE sorbs them, irrespective of the kind of the vapor used (n—hexane, cyclo-
hexane, benzene, acrylic acid, etc.). In the case of PI-4J, which is glassy al room temperature,
I, and ©, may decrease, because the vapor molecules are sorbed by depositing in free volume
holes (Langmuir type sorption) and makes the number and the size of space available for Ps

smaller.

In the case of LDPE, which s

rubbery at room temperature, the sorbed

molecules "dissolve” into the polymer chains (Henry type sorption), and results in so-called
plasticization. The polymer chains acquire more mobilities and, as envisaged from the in
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Fig.4 The changes of o-Ps parameters in LDPE (upper row) and G6FDA-TMPD (or

4J-P1 according to the symbol of Fig.1, lower row) as a function of the contact
time with the vaper of nonpolar molecules, n-hexane, cyclohexane and benzene,
Note that the changes are opposite for LDPE and 4J-Pl

of the vapor molecules.

irrespective of the kiad

creased specific volume, the equilibrium free volume structure shifts to larger sizes and
broader distribution. In this case there are as many or more space for Ps as before the gas

sorption. This is the reason for the increased I, and 7, in LDPE.

Interplay between electron affinity and hole size
Our data show that both eleciron affinily and hole characteristics (the number and the size)

are affecting o-Ps intensity. The role of the electron affinily should be closely related to the
aspect of the "spur model”. We will introduce an idea in which the holes are involved in the
recombination process of e*, and e .

+
m

e, e,

Pshole
Its energelics may be described as;

(2)

- Blet,) - Py (ef,) - E(e,) - P, (e, )+ E(Ps,, ) <68eV (3)
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where E(e' ) and E{e", ) are the energies of Ps precursors in the matrix and E(Ps,,, ) is the
energy of Ps in the hole, all measured from the vacuum level. P_;is the solvation energy of
e+ and e- and, according to the Born expression is given by, —e?/2a (1-1/ &), where a is the
average radius of the charged state and & is the static dielectric constant of the medium.
Thus Ps will not be formed when e, and/or e, are deeply trapped, or when the hole size is
too small and hence E(Ps,,, ) is large. Since electron affinity is small or none in LDPE, Ps
formation is favorable in it. Indeed I, in LDPE is larger than that in Pls (see Fig4 and Table
1). All the Pls studied have electron affinities, but those having small affinities may be satis-
fying Eq.3 and can form Ps. From this viewpoint it would be principally possible to find an
energetic criterion between PMDA- and BTDA-based Pls (for which Eq.3 does not hold) and
BPDA- and 6FDA-based Pls (for which Eq.3 holds), or in other words between EA for BPDA
(1.38 eV) and FA for BTDA (1.55 eV).  Although possible differences of the positron affinities
must further be taken into account, we make a crude assumption that they are approximately
the same for all the polyimides. We further estimate the pore sizes from the larger 7, values
in Table 1 (2.5~3.5 ns = R=.34~.39 nm), because, as has been pointed out, small 7, values
probably come from chemical reactions. The zero point energy of Ps in the pores is then
calculated (E,=0.188eV/R? for a potential well with infinite height), and possible range for the
positron energy in Pls is derived as

B’y 4Py (%) + Py (e7,)=—36~-42 eV,

Since the solvation energies would be —1~-2 eV for both e and e, the positron energy in
the medium can be close to zero, Ze positrons are not trapped strongly.

It is presupposed in Eq.2 that Ps formation takes place at the hole sites. Both e, and
e", would be diffusing by random walk or by hopping from a trapping site to another. I is
not always that they make Ps on encountering each other because, if there is no hole nearby
or if the holes are small, the energy condition (Eq.3) is not favorable. This is especially so for
PIs for which the energy condition is already unfavorable due to large electron affinity. When
there are [avorable free volume holes, Ps formation probability will be determined as a result
of competition of positron annihilation rate and e*/e~ encounter rate.  The mobilities of e*
and e and the number of available free volume sites should play an important role in the
latter, and in this way the number of free volume sites may be correlated to [,

An important consequence of the interplay between electron and positron affinities and hole
size is that there is a cut—off level in the size of the free volume holes. Free volume holes
whose sizes are above the cut-off level should not be available as Ps formation sites. The
cut-off level is determined from the energy condition 3 and hence it depends on the values of
the affinities.

If the hole sizes are made larger as was done in the high pressure gas exposure experi-
ments, the energy condition shifts to a more favorable side, /e the fraction above the cut-
off level increases. This is what is observed for the Pls having moderate [, values (2G, 4U in
Table 1). For the Pls having large I, values (41, 4J), Eq.3 should be already satisfied for most
ensemble of €'+ e pairs and an enlargement of the pore sizes is not much useful to fur-
ther increase the I, value. For the Pls that have no o-Ps, the energy is out of condition even
if the hole sizes are made larger.
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Conclusion and a short comment on the aspects of the models of Ps
formation
Ps formation in Pls is shown to be influenced both by the chemical factors (the electron af-
finily) and the volume factors, and a view thal incorporates both effects are presented. Even
this view will reflect only a part of complicated spur processes involved. An important con-
clusion from this view is that [; by no means a direct measure of the "number" of free vol-
umes. Only in polymers having like chemical compositions with small affinities the correlation
between I; and the number of free volume sites would be substantiated. It further follows
from the previous view thal an increase (decrease) in Iy does not necessarily imply an in-
creased (decreased) number of free volume sites

4s has frequently been pointed out by us and others, at least a part of Ps formation is bet-
ter understood from the viewpoint of the spur model. This paper also deals with such aspect.
But other fraction of Ps, which are unscavengeable and independent of small perturbations,
appears to have the aspect of the Ore model, It is not difficult to think about a mechanism
which can combine both aspects of Ps formation, and an idea for such direction will be pub-
lished by us in due course. For the present purpose, we emphasize that we have used the ex-
pression " ze aspect " of the spur model or “ /e aspect " of the Ore model. Any arguments
that is made to fight against one side of the models from the other, and vice versa, would be
fruitless because they are mostly discussing from the different "aspects”.
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