
www.elsevier.com/locate/jnoncrysol

Journal of Non-Crystalline Solids 352 (2006) 2726–2730
Review

Positron annihilation study of the free volume changes in
thermally treated polymers based on acrylate oligomers

M. Hyla *, J. Filipecki, J. Świątek
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Received 11 October 2005; received in revised form 9 March 2006
Available online 12 June 2006
Abstract

Positron annihilation lifetime spectroscopy has been applied to the study of free volume properties in polymers based on the acrylate
oligomers. The measurements have been made on samples heated to a temperature of 483 K. A differential scanning calorimeter was used
for the study of the thermal properties. The longest lifetime, obtained via three-component analyses of the spectra, was associated with
the pick-off annihilation of ortho-positronium trapped in the free volume. After the thermal treatment, changes in the ortho-positronium
lifetimes and the relative intensity of the longest component were observed. These results are discussed on the basis of a free volume
model.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years one of the most active fields in solid state
research is the study of amorphous polymers. The study of
the changes occurring in the structure of materials after
thermal treatment is important material science. The aim
of this paper is to understand the changes induced by ther-
mal treatment in the microscopic structure of acrylate olig-
omers-based polymers, using positron annihilation lifetime
spectroscopy (PALS). There has been interest in acrylate
oligomers-based polymers due to the potential for applica-
tion in a variety of fields, including optoelectronics, holog-
raphy and polygraphical material engineering [1–3].

Positron annihilation is a useful technique to investigate
material characteristics. Positrons injected in substances
lose their energy through elastic collisions and finally anni-
hilate with electrons through several processes. In the case
of non-conductive molecular material, in addition to the
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annihilation of the positron, formation and annihilation
of positronium (Ps) take place. Ps is the bound state of
the positron and electron having an atomic radius compa-
rable to that of the hydrogen atom. It exists in two spin
states. One is called para-positronium (p-Ps) in which the
positron and electron spins are antiparallel. The other
state, ortho-positronium (o-Ps), corresponds to parallel
particle spins. Positronium appears in the para or ortho

spin state with a relative formation rate of 1:3. Annihila-
tion of p-Ps occurs with a lifetime in the order of 125 ps,
whereas o-Ps decays after approximately 140 s. However,
in condensed matter, the positron in o-Ps predominantly
annihilates, during a collision with atoms or molecules,
with an electron other than its bound partner and possess-
ing an opposite spin. This process, called pick-off annihila-
tion, reduces the o-Ps lifetime in polymers to a few
nanoseconds. Ps cannot form in materials with high elec-
tron densities. The positronium formation probability
and lifetime are extremely sensitive to the electron density
surrounding Ps. The o-Ps localises in the space between
and along polymer chains and at chain ends (free volume
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Table 1
Contents of the photocompositional mixtures in the investigated samples

Sample % OKM-2 % MDF-2 % DMOEM % TGM-3 % i-BEB

D-1 88.8 – – 10.0 1.2
D-2 50.0 38.8 – 10.0 1.2
D-5-2 – 61.7 27.1 10.0 1.2

Fig. 1. Chemical formula of mixture content.

Fig. 2. Photodissociation reaction of photoinitiator.
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holes), and the lifetime gives indication on the mean radii
of these holes [4,5]. The original free volume theory for
the positron annihilation in molecular substances was pro-
posed by Brandt, Berko and Walker [6]. The free volume
was defined as the cell volume minus the excluded volume,
which was based on the Wigner–Seitz approximations. The
free volume model expresses that Ps can only form in those
free spaces of the lattice, having a size superior to some
critical values. The electron pick-up depends on the overlap
of the positron component of the Ps wave function with the
lattice wave function. As the size of the free volume cavity
increases, the local electron density, surrounding the o-Ps,
decreases. Thus the o-Ps has a slower annihilation rate
and longer lifetime. Tao and Eldrup et al. [7,8] derived
the equation to correlate experimentally observed o-Ps life-
times and free volume hole dimensions in polymers. They
proposed a simple model in which the o-Ps particle resides
in a spherical potential well, having an infinite potential
barrier of radius R0. It is assumed that an electron layer
forming a thickness DR is present on the wall of the hole,
which effective radius is consequently R = R0 � DR and
that the lifetime of the o-Ps in the electron layer is the spin
averaged Ps lifetime of 0.5 s. Furthermore, a very success-
ful semi-empirical equation has been established relating
on the o-Ps lifetime to the size of the free volume hole in
which it annihilates, thus s3 corresponds to a spherical
space with a radius R, according to the following equation:

s3ðnsÞ ¼ 0:5 1� R
Rþ DR

þ 1

2p
sin

2pR
Rþ DR

� �� ��1

; ð1Þ

where DR = 0.166 nm is the fitted empirical electron layer
thickness. By fitting the above equation with the measured
s3 values, R and free volume size as Vf = (4p/3)R3 can be
evaluated. The relative intensity of the longest component,
I3, is generally correlated to the density of the holes, which
can be considered as a kind of trapping centres for Ps. A
semi-empirical relation may be used to determine the frac-
tion of free volume (fV) in polymers as [4,5]

fV ¼ CV f I3; ð2Þ
where Vf is the free volume calculated from s3, using Eq.
(1) with a spherical approximation, I3 (in %) is the intensity
of long-lived component; C is an empirical parameter,
which can be determined by calibrating with other physical
parameters.

2. Experimental

Positron lifetime studies were performed in the UV-
cured composition based on the acrylate oligomers. The
photocompositional mixtures identified as D-1, D-2 and
D-5-2 were chosen for the further investigations. Mixture
compositions are presented in Table 1. Their molecular
structures are given in Fig. 1; isobutylbenzoin ether (signed
as i-BEB) was used as a photoinitator. The photodissocia-
tion of photoinitiator reaction is presented in Fig. 2. R 0 and
R00 denote free chemical radicals which are created after a
breaking of the photoinitiator; R1, R2, R3 and R4 (Fig. 1)
denote the oligomer fragments which remain unchanged
during photopolymerization. The number n of the identical
oligomer fragments may usually vary from 1 to 4. The pho-
tochemical polymerization process takes place in the sys-
tem due to the presence of the double C@C bonds at the
ends of the chain. Under the influence of UV-irradiation
the chemical bonds on the sides of oligomer constituents
are broken. This leads to a ‘sewing’ of single carbon bonds
and occurrence of solid photopolymerized phase. All these
components form a complex of a three-dimensional
network.

The photopolymerization was performed by an
UV-hydrogen lamp (kmax � 350 nm). The UV fluence used
to cure the polymers was 2.7 kJ/m2 for 1 min. UV-curing
process was carried out for 20 min. The details concerning
sample preparation have already been reported [2,3].
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The measurements for the thermal characterisation of
the as-prepared samples (i.e. after photopolymerization in
the initial state samples) were made by differential scanning
calorimetry (DSC). The DSC measurements were
performed with a DSC 404 (Netzsch) in air, in the temper-
ature range from 293 to 523 K, with the heating rate of
10.0 K/min. As-prepared polymer samples were heated to
a temperature of 483 K before the measurements in an
air oven. Heating to a higher temperature destroys the sam-
ples. The heated samples were cooling down (10.0 K/min)
to the room temperature before the positron annihilation
measurements.

The measurements of positron lifetimes were curried out
after cooling down the samples, with an ORTEC spectro-
meter of about 270 ps FWHM (Full Width at Half Maxi-
mum) resolution. A Na22 isotope with 7.4 · 105 Bq
activity was used as the positron source. It was placed
between two identical samples, forming a ‘sandwich’ sys-
tem. The PAL spectra were measured at room temperature
and analysed through the common ‘Microcomputer pro-
gram for analysis of positron annihilation lifetime spectra
LT’ designed by Kansy [9]. All the samples proved amor-
phous using X-ray analysis.

3. Results

Fig. 3 presents DSC curves for the three studied sam-
ples. The DSC analysis shows absence of any heat effects
at the temperature of about 423 K, it indicates the high
thermal stability of investigated polymers. A deviation
from DSC signal at temperature above of 423 K is proba-
bly connected with a thermal slack. The heating to temper-
atures higher than 483 K caused destruction of the
samples. It is interesting to compare free volume hole sizes
before and after heating the samples up to about 483 K to
investigate the effect of their previous thermal history on
the free volume hole sizes.
Fig. 3. DSC plots of the
The positron lifetime spectra have been analysed using
the LT computing program [9] with a three-component
model. The four-component analysis generally does not
give better fitting for the variance value. Therefore, only
three-component results are presented here. In polymers,
the shortest lived component is usually attributed to p-Ps
annihilation. In our case, because of the relatively poor
time resolution and no constraints on lifetimes during com-
puter analyses, it might contain not only p-Ps annihilation
contribution but also contributions from the positron com-
pounds. Therefore, during the fitting for the shortest life-
time, s1, it was fixed at 125 ps (the p-Ps lifetime). The
intermediate lifetime (s2 � 0.36 ns) is due to the free posi-
trons annihilation with electrons in the bulk material. It
shows some quite small variations after the heating. The
results of the calculation of the mean values of positron
lifetimes for the investigated samples showed the existence
of a long-lived component in the positron annihilation life-
time spectra. According to the common interpretation we
attribute the longest component s3, to the pick-off annihila-
tion of o-Ps trapped by free volumes. In any given, sample
all the free volume holes are not the same size. The LT
results are the averaged values, but the real long-lived anni-
hilation events have some time-distribution around the
averaged value. So, the concept of the average free volume
size is used in practice.

As the o-Ps component is relevant to the free-volume
properties, and it is markedly sensitive to the microstruc-
ture changes, in this paper, our main attention is paid to
the s3 and I3. The lifetime parameters for the samples in
the initial state, before thermal treatment, have already
been reported [10–12]. The variations of o-Ps pick-off life-
time and its intensity for the investigated samples before
and after thermal treatment are presented in Table 2. The
errors are the results of the mathematical analysis. The
average size of the free-volume holes Vf was calculated
according to Eq. (1). The values of the Vf and
investigated samples.



Table 2
Mean values of the lifetime, s3, and relative intensity, I3, of the o-Ps

Sample s3 (ns) I3 (%)

D-1 Initial state 1.721 ± 0.004 22.27 ± 0.08
Thermally treated 1.698 ± 0.007 20.54 ± 0.11

D-2 Initial state 1.675 ± 0.004 21.40 ± 0.07
Thermally treated 1.653 ± 0.006 20.45 ± 0.18

D-5-2 Initial state 1.543 ± 0.004 5.38 ± 0.09
Thermally treated 1.557 ± 0.009 8.64 ± 0.10
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Vf Æ I3 = fV/C for the investigated polymers before and
after the thermal treatment are shown in Fig. 4 and in
Fig. 5, respectively. The errors bars are smaller than sym-
bol plots.

4. Discussion

As it can be seen in Table 2, all the samples exhibit a
change in o-Ps lifetimes, s3, as well as the relative intensity
Fig. 4. Average free volume size, Vf for the investigated samples before
and after thermally treatment. Lines are drawn as a guides for the eye.

Fig. 5. The VfI3 = fV/C values for the investigated samples before and
after thermally treatment. Lines are drawn as a guides for the eye.
of o-Ps, I3, which indicates that the thermal treatment
changes the microstructure of the investigated polymers.

In the case of the samples D-1 and D-2, a decrease of s3

can be observed after the heating to the temperature of
483 K. It does not change significantly, a decrease of about
1%, taking into account the initial samples and the heated
ones, can be detected. It follows that the free volume size
values in the samples D-1 and D-2 change nearly more
than 2 · 10�30 m3. As it can be seen in Table 2, the thermal
treatment in these samples lead to decrease of the relative
intensity of o-Ps, I3 by about 2%. It suggests that in D-1
or D-2 samples the o-Ps formation probability slightly
decreases after heating.

However, in the case of D-5-2 sample the difference of
free volume size values before and after heating is in the
range of the errors of the mathematical analysis. It seems
that in the sample D-5-2, the thermal treatment does not
change the microstructure. But simultaneously, the relative
intensity of o-Ps, I3 increases significantly, from 5.38% for
the initial state sample, to 8.64% for the heated one (see
Table 2). Because the concentration of the free volume sites
is proportional to the intensity of o-Ps, we assumed that the
concentration of free volumes in the sample D-5-2 is much
larger after the thermal treatment.

The fractional free volume is proportional to Vf Æ I3,
because C in Eq. (2) is constant. Hence, these results sug-
gest that after the thermal treatment, the original free vol-
ume size Vf and the fractional free volume, slightly decrease
in the samples D-1 and D-2, but significantly increase in the
sample D-5-2, as it is presented in Figs. 4 and 5.

As it is known [2,3] the photochemical polymerization
process takes place in the system due to the presence of
the double C@C bonds at the chain ends; besides, a part
of double bonds in D-1 and D-2 remains unreacted. The
highly cross-linked polymer network reduces the cross-
linkability because of the limited mobility of macromole-
cules. Thus the more likely explanation is that the thermal
treatment results in an increased mobility and the forma-
tion of additional crosslinks is favorised.

In spite of this formation the free volume in D-5-2 after
the thermal treatment increases and it is difficult to explain
properly the changes. Because we have used a finite term
analysis of the parameters of the long component, lifetime
and intensity represent an average of free volume distribu-
tion, present in the sample.

It may be suggested that an increase in I3 in D-5-2 sam-
ple is due to the increase in the number free volume holes.
After the heating the mean free volume holes size remains
unchanged and I3 increases. The o-Ps cannot be formed
into very small holes. The thermal treatment induces struc-
tural changes in sample, some of the larger free volumes
appeared where o-Ps can be formed. If this happens and
the size of the larger created free volume holes is close to
the mean of free volume holes size, then we have to observe
unchanged s3 and an increase in I3 in the sample D-5-2.

Larger values of the free volume in D-1 and D-2
with respect to D-5-2 were explained by different sample
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compositions [10,11]. It seems to be connected with the
presence of DMOEM content in composition of the sam-
ple, their chains are shorter. It results in the formation of
smaller size holes, where Ps cannot still form and annihi-
late. Thus, we observed the shorter o-Ps lifetime and the
smaller I3 values in D-5-2 sample.
5. Conclusions

We have studied positron annihilation lifetimes in the
UV-cured polymers based on the acrylate oligomers.
The samples were heated to the temperature of 483 K.
In the samples marked as D-1 and D-2, the long-lived
component s3 and its intensity I3, can show quite small
variations after the thermal treatment. The D-5-2 sample
exhibits a significant increase in the relative intensity of o-
Ps, which is a measure of the free volume hole density.
This indicates that the creation of additional free volume
holes takes place. The effect of heating is such that the
fractional free volume increases in the sample D-5-2 and
slightly decreases in the samples D-1 and D-2 after the
thermal treatment.
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