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Positron annihilation lifetime spectroscopy is accepted now as a method
for the studies of elementary free volumes (free volume holes) in solids, in
polymers in particular. The aim of this paper is to discuss some problems,
the difficulties on the way of this application and to illustrate them by several
examples obtained by the authors.
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1. Introduction

The first problem in the application of positron annihilation lifetime (PAL)
spectroscopy for the study of elementary free volumes (EFV) in solids comes from
inhibition of positronium formation, i.e. essential influence of small admixtures on
the long-lived component intensity of the PAL spectrum. The nature of this effect
and correlation of the phenomena with thermo-stimulated luminescence (TSL) are
considered here along with calculation of the number density of free volume holes
using characteristics of the PAL spectra in polyimides and systems with a highly
developed specific surface, such as cross-linked polystyrenes (polymer sorbents)
and silica based glasses. Finally, a special attention is paid to comparison of this
value calculated on the bases of positron annihilation data with that found from
sorption isotherms and Brunauer-Emmett—Teller (BET) theory.
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2. Inhibition of positronium formation in polymers

Recent results [1-3] on inhibition can be resumed in the following conclusions:

(1) Conjugated oxygen, or oxygen atom contained in the molecule with con-
jugated chain of the type >C=C-C=0 seems to be a stronger inhibitor of Ps for-
mation than oxygen atom in isolated >C=0 group. Conjugated oxygen inhibits
Ps formation even at room temperature (examples are Kapton and BMA/OKM-2
copolymer [2], i.e. a copolymer of butylmethacrylate with a cross-agent having two
reaction centers). This structure suppresses TSL at low temperature. The last re-
sult means that the conjugated structure is a scavenger of weakly bound electrons.
Coincidence Doppler broadening (CDB) measurements revealed also essential scav-
enging positrons in the above-mentioned polymers even at room temperature.

(2) Inconjugated oxygen in isolated >C=O0 groups remarkably inhibits Ps
formation on weakly bound electrons, only at low temperature (ethylene (E)/MMA
copolymer). This effect is essentially limited and saturates at a certain level or
changing slightly at high concentrations of inhibitor. Inconjugated oxygen is not
able to suppress considerably the intensity of TSL, and, therefore, the main reason
of some inhibition of Ps formation consists in trapping of positrons. Probability
of e™ annihilation in the bound state is affected in this case by temperature (tem-
perature dependent scavenging of positrons in E/MMA3% copolymer, Fig. 1a, b).
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Fig. 1. (a) The ratios of coincidence Doppler broadening (CDB) curves: polymethyl-
metacrylate to polyethylene (PMMA/PE) and copolymer of ethylene containing 3%
methylmetacrylate to PE (E4+MMA3%/PE) at RT. (b) CDB ratios (to PE at RT) for
the same samples in light (L) at 30 K [3].

(3) The reason of limited inhibition in E/MMA copolymer at low tempera-
ture and absence of inhibition in this system at RT may be found in some energy
distribution of e inside and outside the spur. Inside the spur, before Ps formation,
positrons have a higher, epithermal energy and therefore they cannot be trapped.
They relax while going outside the spur, and some of them become finally trapped.
This is detected by CDB but does not influence Ps formation.

(4) The effects discussed above are important in positron annihilation exper-
iments in polymers, since carbonyl groups are produced readily in the interaction
of radiation products with dissolved oxygen and influence Ps formation.
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3. Concentration and size distribution of elementary free volumes

The above-mentioned interactions and examples, when long-lived o-Ps com-
ponent intensity I3 is determined by the density of electrons in the spur rather
than by the amount of the free volume holes, make this intensity an unacceptable
parameter for the free volume studies. Alternative approaches to the problem are
illustrated on example of polyimides (temperature dependence experiments [4-9])
and on example of low-density cross-linked polymeric sorbents [10-17] (Table),

TABLE

PATFIT and MELT results for the lifetime spectra (first and second lines for RT and
LT, correspondingly) of polymeric sorbents described in [11-13]. Letters p and S with
subscripts are used to denote density (in g/ cm3) and specific surface of the samples
(in m?/g) measured in two different ways [11].

Sorbent Temp. T3, NS T4, DS Ts, NS X2 /v

Is, % Iy, % Is, % Is+ 14+ 15, %
2.00+£0.14 | 8.914+0.2 32.00 £ 0.59 1.117
RT 4.86 +0.19 | 6.15+0.24 14.39 £ 0.34 25.40
CPS(0.3)150E 1.99 7.83 30.20 1.193
4.4+04 5.4+0.5 15.04+0.7 24.8
p=0."71 1.934+£0.11 | 8.64 +0.41 66.02+ 1.4 1.071
Ss = 1300 LT 4.774+0.15 | 5.16 £0.14 12.38 £ 0.09 22.3
SpeT = 972 [2] 2.11 6.91 49.30 1.314
3.6 £0.5 4.44+0.6 9.3+3.3 17.3
2.24+0.16 | 10.86 £0.81 | 60.35 4+ 0.85 1.094
RT 4.08£0.15 | 4.93+0.18 27.89 +0.21 36.9
LPS150X 1.98 7.67 64.5 1.190
3.4+0.5 42421 274+ 2.2 35.0
p =0.62 2.324+0.13 | 10.59+0.71 | 70.13 £ 1.22 1.103
Ss = 1360 LT 5.09 £0.16 | 5.00 & 0.16 23.36 + 0.15 33.45
SeeT = 965 [2] 2.69 10.55 82.22 1.391
49+04 4.44+0.5 204+1.6 29.70
1.46 +0.30 | 7.43 £+ 0.81 73.36 + 0.94 1.076
RT 2.33+0.38 | 2.80+0.18 31.70 £ 0.11 36.83
LPS200X 1.89 7.83 74.72 1.165
1.94+0.6 2.8+0.3 27.7+0.2 32.40
p=0.51 2.03+£0.17 | 10.64 £0.83 | 94.86 4 1.92 1.083
Ss = 1390 LT 2.91+0.13 | 3.61 +0.13 27.88 +0.10 34.4
SgeT = 973 2.77 11.99 100.13 1.331
2.8+0.3 3.5+0.6 21.5+0.6 27.8
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where information on the specific surface (S) and density (p) becomes very useful.
The number N5 = 0.15 x 10%° cm ™2 was obtained for LPS200X. The names of the
sorbents are explained elsewhere [10]. The largest free volume holes in the poly-
mer sorbents were big enough (in LPS200X at RT, 75 = 73—75 ns, and, according
to Tao-Eldrup equation, R5 = 20 A) for comparison with the data of nitrogen
sorption experiments. The experiments were accomplished by the Nitto Denko
Corporation (Japan) and treated using BET theory [14]. Results for LPS200X are
given in Fig. 2 and they do not contradict to the PAL estimations given above,
though Rs = 20 A is a little bit too large. This comparison along with a discus-
sion of temperature dependence (TD) of annihilation characteristics (Fig. 3) were
useful for checking possibility to apply contemporary theoretical models, connect-
ing EFV size and positronium lifetimes, to our experimental results. We mean
here extended Tao—Eldrup (ETE) model suggested by Goworek et al. [16, 17] and
so-called “classical regime”, considering Ps atom as a classical particle in a large
hole [18, 19]. Analysis of our TD-data shows that the classical free path concept
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Fig. 2. Distribution of the free volume holes sizes in polymeric sorbent LPS200X
found from the sorption experiments.
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Fig. 3. Temperature dependence of the longest-lived o-Ps component 75, I5 for
LPS200X (PATFIT data). Solid lines illustrate different attempts to describe tempera-

ture dependence of 75 in terms of the classical particle model [18, 19].



Some Aspects of Free Volume Studies in Molecular Substances ... 633

for Ps lifetime in a rectangular pore, as well as its modification for spherical or
cylindrical pore in CPS150X [13], LPS200X (this work), and also in silica-based
glasses (see Fig. 2 in Ref. [15]), though predicting a decrease in the longest lived
0-Ps lifetime on heating, does not give a good enough fitting to the experimental
points over the entire temperature range between 50 and 350 K. The slope of ex-
perimental dependence is too flat compared to the theory. For example (LPS200X,
Fig. 3), if the model curve is normalized on high-temperature data, an increase in
experimentallifetime at low temperature is not as strong as it is expected from the
theory. For silica-based glasses and polystyrenes, an explanation of this discrep-
ancy was found [10, 11, 15] in combination of the “large hall” effect with chemical
interaction of positronium with radicals induced by irradiation and stored in a
sample during the experiment with positron source at low temperature or with
atmospheric oxygen strongly trapped between aromatic rings. However, another
discrepancy comes out when the estimations of the pore size found on the bases
of the ETE model and sorption experiments are compared. The ETE model [17]
considers Tao-Eldrup equation as a limiting case of zero temperature. If this idea
is followed and we apply this equation to our LT data (75 = 100 ns in LPS200X at
50 K) the pore radius larger than 25 A is obtained. This size is poorly represented
in the distribution in Fig. 2 and demonstrate the discrepancy between PAL and
sorption data or, more exactly, between the sorption data and results of theoretical
estimations made on the bases of the PAL data.

The results obtained show that the effects of Ps annihilation in the large free
volume holes are too complicated and combined PAL and sorption experiments
can be very promising for elucidation of this problem.
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