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This paper contains a discussion of original and recently published re-
sults on positronium annihilation lifetime studies of elementary free vol-
umes in the group of polymer glasses. The results are used for indication
of non-homogeneity of these materials and give some basis for considering
a connection of the long-lived component intensities I3 (14) with concentra-
tions Na(N4) of elementary free volumes and, in this way, with fractional
free volume.

PACS numbers: 78.70.Bj

1. Introduction

Today, positronium annihilation lifetime (PAL) spectroscopy can be consid-
ered as the most direct probe method to estimate free volumes in polymers. The
longest lifetime component(s) 73 (74), being characteristic of annihilation in the
bound state ete~ (a hydrogen-like ortho-positronium atom o-Ps) is indicative of
free volume in material [1-4]. Large number of papers are devoted to this problem.
We are not going to discuss here the whole spectrum of the studies in this field
and refer the interested reader to the book [5] and to some of the recent publi-
cations of more or less general character [6-8]. In the scope of the mechanism of
non-instantaneous trapping of Ps by elementary free volumes (EFV) [6, 9], which
seems to be supported now by the recent angular-momentum-correlation (AMOC)
experiments [10], we shall demonstrate the approach to quantitative analysis of
PAL experimental results for a large number of polymer glasses (Table 1, [11])
with different free volumes. Our results [11] on o0-Ps quenching by O without in-
hibition of Ps formation in some polymer glasses give the first direct evidence of
non-homogeneity of these materials. Recent discussion on this topic by Fujii and
Rigby is mentioned in [11]. Indication on existence of complex size-distribution of
free volume elements was obtained using both finite-term and continuous proce-
dures of the data treatment. A smooth transition was observed from unimodal to
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obviously bimodal distributions in connection with permeability and selectivity of
polymers for the light gases. Using these results we shall calculate here the den-
sities of elementary free volumes N3 and N4 in the two approaches: homogeneous
and heterogeneous distributions of the EFV in polymers. Here and later on, the
EFYV concentration N; is labeled with a subscript showing the number of the cor-
responding lifetime component. The results enable calculations of the specific free
volumes (Vi = Navgz; Via = Navga; Vi = Vis + Vi) and fractional free volumes.
They will correlate with permeation and selectivity of corresponding polymers and
with calculations by the Bondi method. Our kinetic consideration of Ps trapping
by EFV infers that the trapping time is comparable with the time of annihilation
of non-localized Ps (in the recent AMOC experiments for PMMA [10] this trap-
ping time was actually found as 0.54 +0.04 ns). This assumption means that some
of 0-Ps atoms annihilate before trapping and was initially based on our published
results on Ps annihilation in cross-linked polymers [9] and in porous PPO [6]. In
this work, we are trying to find further support of this idea in describing, on the
basis of our model, the effect of irradiation on the o-Ps yield in PMMA and PE
at low temperatures. However, we did not succeed in this attempt and have to
conclude that further investigations are needed to estimate correctly the ratio of
the rates of free Ps annihilation and trapping.

2. Kinetics of Ps trapping

This problem was considered in previous publications [6, 11] for homoge-
neous distribution of Ps trapping centers (EFV). It was shown also [11] that Ps
quenching (without inhibition) by atmospheric oxygen (which is contained not in
every trapping center) together with distinct resolution of bimodal distribution of
0-Ps lifetimes means that Ps atoms moves between the traps, and these EFV are
distributed irregularly in polymer matrix. There are microregions with larger and
those with smaller EFV. For this case [12]

de/dtI —(/\FS—I—UE)Pf, Pf(O)I3Q€Z/4, 1= 3,4,

dPoc/dt = 0! Pt — v Poc, Ploc(0) =0, (1)
&3 = I3/(I3 + 14), §=14/(I3 + ).
Correspondingly
vi = (4L/3)(A\ — 70)/(Q& — 41;/3),  i=3,4. (2)

Pr and Pl are the probabilities of finding free or trapped (localized) Ps, @ is the
initial fraction of the formed free Ps, and AF* is corresponding annihilation rate;
v; = 1/7;. We assume that @ and AFS are the same for the both microphases. On
the other hand

vf = 47 DS N R; (3)

and concentrations of EFV, N; can be found using previously estimated [6] diffusion
coefficient of non-localized Ps DFs = 0.5 x 10~* ecm?/s.
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3. Fractional free volume (FFV)

Concentration of EFV is very important characteristic of polymers since 1t
determines FFV and permeability of membrane materials. The problem is how can
we calculate this characteristic from PAL data. In principle;, FFV can be defined
as the sum

FFV = Vi = Y v Ni = vis N3 + vpa V. (4)
On the other hand, some authors suggested equation

FFV =V} = C(Uf3[3 + Uf4[4) (5)
with C' = 0.0018 for glassy polymers [13]. Alternative but more complicated ap-
proach could be found in comparison of PAL data and bulk volume—temperature
data [8, 14]. Some aspects of this approach were discussed at the recent positron
annihilation conference ICPA12 [15, 16]. The FFV values found by us from PAL
measurements are given in Table. For many polymers they are in the range 2-15%

TABLE

Fractional free volume estimated from PAL measurements and permeation P (in
barrer) of glassy polymers.

Polymer FFV Ves + Viy Ves + Viu C(Isvez + Iyvea) | P(O2)
(Bondi) | homogeneous | heterogeneous [barrer]

PTMSP 0.34 0.080 0.110 0.80 7700
AF2400 0.32 0.040 0.051 0.22 1140
AF1600 0.28 0.020 0.025 0.13 170
PPrSiDPA 0.12 0.065 0.120 0.62 227
PPhSiDPA 0.15 0.016 0.034 0.11 12
PTMSS 0.029 0.047 0.14 56
PFPDMSS 0.021 0.038 0.11 38
PVTMS 0.195 0.034 0.071 0.21 44
PVPDMS 0.134 0.017 0.033 0.085 2.5
Nafion-117 0.002 0.028 1.1

and smaller than those calculated in [17] by the Bondi method [18]. This result
does not seem to be unexpected: the Bondi method takes into account the whole
existing free volume because it 1s defined as a difference between specific vol-
ume and corresponding van der Waals (or occupied) volume, whereas the PAL
method should be sensitive to only a part of the size distribution of free volume.
However, for high free volume polymers (PTMSP, PPrSiDPA), Eq. (4) gives un-
realistic values, as high as 80%, for example in the case of PTMSP. It means that
an assumption of a constant and universal value of C' for all the glassy polymers
may not be correct, and we prefer Eqs. (3), (4) derived from more physical kinetic
description (1). They do not give such overestimation.
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4. Free volume and perm-selectivity

It is interesting to check an ability of free volume found via PAL data to
determine transport properties of polymers. Table permits to compare the perme-
ability coefficient P, barrer (1 barrer = 107 cm3(STP) - em/(ecm?- s- ¢cm Hg))
for oxygen with the FFV calculated as vz + vga for a number of polymer glasses.
The results show that there exists a strong correlation between PAL distribution,
free volume, and permeability. However, another property is of even more impor-
tance for membrane materials, their perm-selectivity (permeation selectivity) or
ideal separation factor

a1y = P/ Py, (6)
where P, and P» are low pressure limits of permeability coefficients of gases M;
and Ms. As the permeability coefficient is the product of diffusion and solubil-

ity coefficients, solubility and diffusion contributions can be distinguished in the
separation factor aqo, that is

X192 = a?za%. (7)
It is known that perm-selectivity for light gases in conventional glassy poly-
mers is determined mainly by their diffusion selectivity. In our previous study [17]

we had found a dependence of diffusion coefficients for different gases [19] in poly-
mers, included in Table, versus square of kinetic diameter d” of diffusing molecules.
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Fig. 1. Diffusion selectivity (—a) as a function of the volume microcavity vy = vga (AS):
1—PSf,2—PC,3—PS,4— PVPDMS, 5— PPhSiDPA, 6 — PVTMS, 7— AF1600,
8 — AF2400, 9 — PPrSiDPA, 10 — PTMSP.
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Tt could be seen [17] that the larger diffusion coefficient D in a polymer for a certain
gas, the smaller is the slope a of the dependencies of D versus d?

lgD = ad® + b, (8)

The slope a of these lines determines diffusion selectivity of a polymer. Thus,
diffusion selectivity of large free volume polymers like PTMSP and AF2400, is
markedly lower than those of conventional glassy polymers such as poly(carbonate)
PC. Figure 1 illustrates a dependence of a on vy = vgs determined from the PAL
experiments for the polymers of the Table as well as for conventional glassy poly-
mers (poly(sterene) PS, poly(carbonate) PC, poly(sulfone) PSf) [4]. In the last
cases, in absence of vy, we used ves. It is seen that when the size (in A?’) of the
free volume, determined from the PAL experiments, increases, diffusion selectivity
monotonously decreases. This dependence is characteristic only of glassy polymers
since rubbers have different mechanism of gas permeation.

5. Free volume elements or fractional free volume?

We succeeded in obtaining the dependencies similar to that in Fig. 1 also
for v¢ = wvgq + ves, but not for vy = vez. It means that namely free volumes of
larger radius R4 are responsible for gas permeation and selectivity of glassy poly-
mers relative to light gases. Thus, 0-Ps is sensitive to the free volumes, which
are responsible for the membrane properties of glassy polymers. However, what
is the character of this dependence? Is it sensitive to the number of EFV or only
to their size? In other words, can we actually say that I; is dependent on EFV
concentration N; and this concentration can be found from annihilation charac-
teristics [1, 6, 13], or I; reflects only the ratio between the numbers of EFV of
different size and is dependent mostly on the fraction @ of positrons which form
Ps [20, 21]7 In the first case, o-Ps trapping rate z} (3) is comparable with anni-
hilation rate As of free o-Ps, while in the second case z! >> A;. Unfortunately,
the described experiments still cannot answer this question. Actually, scattering
of the data did not permit to make choice between the two cases: v¢ = vgq and
Vi = vgaN4. This is seen in Fig. 2 and in Fig. 3, where correlations between vy, V¢
and permeability coefficient P (Table) are shown. The reason is in the character
of the dependence of vf and V¢ on R: vgy ~ R3 while Ny ~ v4/Ra (see Eq. (3)),
and permeation is determined mostly, at least in the studied samples, by the free
volume size, but not by the number of these volumes. On the other hand, there
are some previously published experiments in the cross-linked polygoether acry-
lates [9], and poly(diethylene glycol bis(allyl carbonate)) [22], where, for molecules
of similar chemical composition (this composition excluded chemical inhibition of
Ps formation), intensity of the long-lived component I3 was strongly dependent on
density of links ¢: I3 went down at higher ¢, so that Is = 0 was detected for some
of compositions [9], and I3 went up (73 decreased) for higher ¢ in [22]. Both types
of variations of I3 can be explained, in principle, by the influence of cross-linking
on the number and size of EFV: smaller number of EFV (N3) for the higher ¢ (for
the first type of the dependence) and larger number N3 of the holes of smaller
size in the second case. Obviously, such cases may be typical of the comparable
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Fig. 2. Correlations between the elementary free volumes vs = v¢3, vss and permeability
coeflicient P for oxygen for the substances shown in Table (excluding nafion).
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Fig. 3. Correlations between the fractional free volume Vi, taken as vis N3 or via N,
and permeability coefficient P for oxygen for the substances shown in Table (excluding
nafion).

rates 3 and Ar and may support the idea that I3 is dependent not only on @
but also on EFV concentration N3. However, the authors [22] got some arguments
showing that N3 was not changing in their case. In this uncertain situation we
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were trying [23] to use kinetic consideration of the effect of y-irradiation on o-Ps
formation Als in PMMA and PE at low temperatures to put some light on the
mechanism of o0-Ps trapping. The value of Als was derived as a function of Ps

trapping rate z* and Ps formation rate Zrorm, the last being dependent on density
of the trapped electrons Ne

Al; = (3/4)(1 — Q)AB, (9)
A = Ytorm/(Ar + Vtorm — 73) and gives the probability of Ps formation, B =
v /(A + v* — 73) is the probability of Ps localization in the Ps trapping sites
(EFV). We suppose that /\;' = AP® = Xr and remember that y3 = 1/73 and
Viorm = kiormNe = 47 DT RN,. Fitting of Eq. (9) to experimental points for PE
gave kiorm(PE) = 1077 em3/s, and B = 1, which actually means that z® > ¢
and the probability of Ps trapping in PE 1s equal to 1. Description of the PMMA
results (experimental points in Fig. 4), using Eq. (9), is possible by suggesting the
two alternatives:
L. ktorm (PMMA) = (1/50)kform (PE) = 0.2 x 107% cm3/s, B = 1. This proba-
bly means that DT (PMMA) = (1/50) D+ (PE), where DT (PE) is known
to be 0.1 em?/s. However, DT (PMMA) is unknown.

2. ktorm (PMMA) = kform (PE) = 1077 em3/s and B = 0.2. Probability of Ps
trapping is smaller than 1.

Looking now on Fig. 4, we have to recognize that alternative (1) gives much
better description of experimental points for PMMA than the alternative (2). This
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Fig. 4. Additional long-lived component intensity Als in PMMA as a function of the
trapped electron density Ne. Solid curves correspond to different sets of parameters in
Eq. (9): Etorm(PMMA) = krorm(PE) = 1.2 x 1077 cm®/s, B = 0.21 or kform(PMMA) =
(1/50)ksorm (PE) = 0.24 x 107% cm?®/s, B = 1.
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is the first clear argument in favor of the point of view that in such polymers as PE
and PMMA o-Ps always comes to trapping before annihilation (B = 1, z* 3> A).
Further experiments of this type and, may be, also AMOC measurements for other
substances could be useful.

6. Conclusion

Thus, in spite of the great number of PAL experiments in polymers, there
are no final conclusions on the character of the dependence of o-Ps long-lived
component intensity on the number of elementary free volumes, localizing o-Ps,
and on the fraction of positrons, forming Ps. In fact, the problem is reduced to
estimation of the ratio of the rates of non-localized o-Ps annihilation and trapping.
This is directly related to the question on the possibility to estimate fractional free
volume, responsible for permeability and selectivity of polymers, directly from PAL
experiments. We expect to continue our work in this field.
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