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A brief review of the concept of the free volume and its fraction in polymer composites is presented.
The experimental results obtained using positron lifetime spectroscopy for the detection of these vol-
umes in two composites of poly(glycolide-co-L-lactide) with bioactive glasses and mixes of ethylene
propylene diene monomer and surface-modified precipitated silica are discussed in more detail. It is
demonstrated that the free volume fraction exhibits a linear relationship with the bioactive glass con-
tent in the first composite. However, in general, deviations from linearity can be induced by the presence
of the interfacial regions between the filler and the polymer matrix. Additionally, the Psc_ 12 computer
program, which calculates radii of free volume holes, pores, and capillaries from the values of the ortho-
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positronium pick-off annihilation lifetime, is described in detail.
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1. Introduction

The concept of free volume is widely used to ex-
plain various phenomena and properties related to
polymers. It was originally introduced for liquids [1]
and was then developed for amorphous polymers.
Free volume is defined as the difference between the
total volume and the occupied volume [2]. The free
volume defined in this way comprises two contribu-
tions, depending on the temperature. First is the
so-called vibrational free volume, i.e., the volume
surrounding the “hard core” occupied volume that
encompasses the vibrational movements of polymer
segments. Second is the so-called excess free volume,
i.e., the additional free volume required to reach the
overall total volume, which allows for the random
movement of polymer segments [3]. In polymers,
the excess free volume includes free spaces between
polymer chains. These spaces occur between im-
perfectly packed polymer chains and even between
perfectly aligned polymer chains. Free volume influ-
ences various utility properties, including molecular
mobility, diffusion of small molecules, mechanical
relaxation, thermal behavior, and longevity, as well
as interfacial degradation and moisture ingress.

One method for obtaining materials with new
properties that meet the needs of various applica-
tions is to create a dispersion of inorganic or metal-
lic particles in a polymer matrix. Such materials
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are referred to as polymer composites or nanocom-
posites [4]. It is often associated with changes in
the free volume properties of the material result-
ing from the creation of an interface between the
filler and the polymer matrix. Controlling the free
volume (i.e., its fraction, average size, and distri-
bution) is therefore important for practical reasons,
especially in demanding applications. Various ex-
perimental methods are used to characterize free
volume in polymers, either directly or indirectly [5].
Among these methods, positron annihilation life-
time spectroscopy (PALS) is most often used. It is
worth mentioning that PALS also creates oppor-
tunities to study more complex systems, such as
biological objects [6, 7]. This brief review provides
examples of applying PALS to characterize free vol-
ume in polymer composites. It also describes a new
software tool that calculates free volume hole sizes
from PALS data.

2. Positron annihilation lifetime
spectroscopy

When an energetic positron from a radioactive
source (usually ?2Na) enters the polymer, it slows
down by interacting with atoms and electrons, and
creates an ionization track (spur) [8, 9]. According
to the spur model, a blob is created at the end of the
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spur, i.e., an area containing ion-electron pairs. The
thermalized positron can form a localized positron-
ium (Ps) atom, i.e., a bound state positron-electron,
with a secondary electron created through ioniza-
tion. Ps can be formed in a single or triplet spin
state, which are called para-positronium (p-Ps) and
ortho-positronium (o-Ps), respectively. The lifetime
of p-Ps is 125 ps in vacuum, and o-Ps can sur-
vive a long time, i.e., 142 ns in vacuum. However,
in polymers, when o-Ps is localized in regions of
low electron density (free volume holes), the bound
positron can annihilate with another electron from
the environment, e.g., a wall of the free volume in
the so-called pick-off process. Hence, the o-Ps life-
time is significantly shortened to a few nanosec-
onds. In a typical PALS spectrum for polymers,
there are usually three components: the short-lived
p-Ps component with lifetime 7 close to 125 ps and
intensity I;, the intermediate one, coming from an-
nihilation of free positrons with lifetime 75 and in-
tensity I, and the o-Ps component with lifetime 73
and intensity Is.

Based on quantum mechanics, assuming that
o-Ps is in the ground state in the infinite square
well of spherical shape, Tao [10] and Eldrup [11] ob-
tained the well-known formula which links the mea-
sured long positron lifetime 73 with the free volume

radius R as follows
—1
(#52)] - o

The infinitely deep well is broadened by a layer
of thickness A, where the bounded positron can
penetrate and find an outer electron. Its thick-
ness was established experimentally and is equal
to 0.1656 nm. The Tao-Eldrup formula (1) is suc-
cessfully applied to free volume holes in polymers
or bubbles forced by Ps in liquids at low tempera-
tures, where the radius range is ~ 0.2-0.4 nm. This
formula was incorporated into the Psc_ 12 computer
program, which is available for download from the
website [12]. Other options of the Psc_12 program
useful for positron porosimetry are described in the
Appendix.

Interpreting the meaning of o-Ps intensity I3,
obtained from the deconvolution of the measured
PALS spectrum, is more complicated. Kobayashi et
al. [13] proposed that I5 corresponds to the number
density of free volume holes in the polymer amor-
phous phase. However, some processes can also in-
fluence the formation and annihilation of o-Ps. For
example, I3 may decrease due to the inhibition of
o-Ps formation in certain polymers caused by the
build-up of species in the ionization spur during ir-
radiation by the positron source. These species com-
pete with Ps formation [9].

However, assuming that I3 is proportional to the
number density of free volume holes, the fractional
free volume (FFV) is given by

FFV = C I3 (v,) ,
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Fig. 1. The dependence of the relative FFV on

the bioactive glass content for the PGLA /bioactive
glass composites with two different bioactive glasses
denoted as A2 and S2. Based on data from [15].

where C is a constant and (v,) = 47 R3/3, where
R is the mean free volume hole radius obtained
from (1). The constant was estimated to be 0.0018
for many polymers [14]. Due to chemical differences
between polymers, it may be more appropriate to
use the relative FFV with C' = 1, denoted as FFV,..
However, (2) should be used with caution because
the presence of certain chemical groups in the stud-
ied material may cause not only changes in I3 but
also in 73 value, e.g., due to chemical quenching [8].

3. Free volume in polymer composites

probed by PALS

In polymer composites, filler particles dispersed
in the polymer matrix influence the free volume.
This is especially the case for nanocomposites. The
interaction between the surface of the filler parti-
cles and the polymer matrix gives rise to the for-
mation of an interfacial layer of the polymer, which
has distinct properties that differ from those of the
bulk matrix. Figure 1 shows the dependence of the
relative FFV (FFV,.) on filler content for two com-
posites of poly(glycolide-co-L-lactide) (PGLA) with
bioactive glasses [15]. As in the case of the free
volume hole size and I3 dependencies, deviations
of FFV, from linear additivity are small. This is
understandable for a microcomposite in which the
filler particle surfaces were not functionalized.

In many cases, deviations from the linear additiv-
ity of these parameters were found for nanocompos-
ites [16]. This has been explained as a result of the
agglomeration of filler particles, which causes a re-
duction of interfacial regions. To describe the devi-
ation from linear additivity of FFV, the so-called
interaction parameter, originally proposed for poly-
mer blends, was adopted [17], defined by

[ =51+ [P+ Bf1fa 1P, (3)
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Fig. 2. The dependence of the relative FFV on

the dispersion index value for the EPDM/silica
mixes with the same silica content. Based on data
from [19].

where f, f1, and fy are FFVs of the composite, the
matrix, and the filler, respectively; @¢; and @, are
specific volume fractions of the matrix and the filler,
respectively. An analogous parameter was also de-
fined to describe the deviation from linear additivity
of the intensity of the intermediate positron lifetime
component I (see, e.g., [18]).

This influence of filler dispersion on the free vol-
ume was directly verified for a series of mixes of
ethylene propylene diene monomer (EPDM) and
surface-modified precipitated silica, with the same
filler content, prepared in such a way that they dif-
fered in filler dispersion [19]. As an example, Fig. 2
shows the dependence of the relative FFV of the
mixes and pure EPDM on the dispersion index. The
better the filler dispersion, the higher the dispersion
index. Due to chemical binding between the silica
surface and the polymer matrix, a dense interfacial
layer is created, for which the o-Ps formation prob-
ability is reduced. Agglomeration of filler particles
in the poorly dispersed mixtures, as confirmed by
atomic force microscopy (AFM), resulted in a re-
duction of the interfacial layer [19].

The interfacial layer helps the stress transfer be-
tween the nanoparticles and the matrix. It was
found that FFV,. is correlated with the mechanical
properties of carbon-fiber-reinforced polymers [20].
Better filler dispersion and stronger interfacial in-
teractions also improve other properties of the com-
posites, such as thermal resistance [18].

PALS studies have shown that tensile deforma-
tion changes the free volume structure in fiber-
reinforced polymers [21]. After the tensile test,
larger free volume holes were created at the frac-
ture points in the carbon-fiber-reinforced polymer.
They resulted from the agglomeration of the intrin-
sic free volume holes in the polymer matrix due to
breaks in polymer chains upon fracture [22].

In some cases, the nanofiller addition to a poly-
mer matrix can lead to an increase in free volume
with increasing nanofiller concentration, indicating
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the creation of larger free volume holes when the
interaction between the matrix and the filler is
weak [23]. For polymer clay nanocomposites, the
interstitial cavities in filler agglomerates can also
increase free volume [24].

Free volume in polymer composites influences
their transport properties. The results of the com-
posite membrane studies using a slow positron beam
correlate with the permeability and selectivity of
the membranes, which are connected to their ap-
plications in pervaporation, nanofiltration, micro-
filtration, ultrafiltration, and gas separation [25].

A thorough review of PALS studies in nanocom-
posites can be found in [16].

4. Conclusions

Positron annihilation lifetime spectroscopy has
been demonstrated to be a useful tool for deter-
mining the size and size distribution of free volume
holes, and to some degree, their density in polymer
composites, which are modified in relation to the
pure polymer by the presence of the filler. This has
significant practical implications, as the free volume
influences many properties of polymers and polymer
composites.

Appendix

In addition to calculating the size of free vol-
umes according to the Tao—Eldrup model [10, 11],
the PSC_ 12 program also offers the possibility of
carrying out calculations according to the extended
Tao—Eldrup (ETE) model.

When the radius of a pore is larger, o-Ps can oc-
cupy excited states in the well, so more levels can be
significantly populated, and (1) becomes more com-
plex. It is the case of pores or cavities with a radius
larger than 1 nm. Then, the probability of finding
0-Ps being in the exited state with quantum num-
bers nl in the spherical well surrounded by the layer

of thickness A can be defined as follows
1

Xt Xni
put = / dr 12 (r)’? / dr 12 (r)?|
X"'lRfA 0

(4)
where j,;(r) are the spherical Bessel functions, and
X, are the n-th node of these functions. The an-
nihilation rate, i.e., the reciprocal value of lifetime
for 0-Ps in the exited state, is then equal to

= (4B bl O
where Ag = 7.9895 ns~! and At = 7.04x 1073 ns~*!.
These values correspond to the annihilation rate
of Ps in the singlet and triplet states, respectively.
Note that for n =1 and [ =0, (5) reduces to (1).
However, when the temperature increases, higher
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excited levels can be occupied with a certain popu- given by the Boltzmann distribution has to be cal-
lation. Thus, to obtain the positron lifetime value, culated. After normalizing the obtained value and
the sum of all annihilation rates \,;; up to nyax and inverting it, the lifetime of o-Ps annihilating in the
lmax With the population of energy levels of o-Ps pick-off process can be expressed as follows [26, 27]

J

e fnay —h%X?2 e fnay —h2X?2
l; Z (21+1) exp (16 T (R A) QkBT> n; 3 (21+1) A exp (167T2me(R+A)2kBT> ;
(6)
[
where m, is the electron mass at rest, kg is the [2] R.N. Haward, J. Macromol. Sci. C' 4, 191
Boltzmann constant, h is the Planck constant, and (1970).
T is the absolute temperature. [3) R.P. White, J.E.G. Lipson, Macro-
The Psc_ 12 program has been written to accom- molecules 49, 3987 (2016).

modate these complex calculations. The values of [4] DK. Rajak, D.D. Pagar, R. Kumar
the longest lifetime component 73 and its uncer- C1L Pruncu, 7. Mater. Re,,s, Technol. 8,
tainty should be entered in the Input section. To 6354 (2019)" ’
obtain the free volume radius, the button labeled ) 3 _
“Calculate” in the section below should be selected. [5] YuP_ Yampolskii, Russ. Chem. Rev. 76, 59
When employing the ETE model for large pores, (2007).
it is possible to input the maximal values of the [6] P. Moskal, J. Baran, S. Bass et al., Sci.
energy level, i.e., nyax and lp.x. The default val- Adv. 10, eadp2840 (2024).
ues for these variables are set to 10. The value of [7] S. Moyo, P. Moskal, E. Stepien, Bio-
the absolute temperature must also be entered. The Algorithms Med-Syst. 18, 163 (2022).
calculations are performed for the spherical shape [8] O.E. Mogensen, Positron Annihilation in
of the pore; however, in many cases, the pores are Chemistry, Vol.758, Springer, Berlin 1995.

in the shape of capillaries. In such a case, the in-
finitely long cylinder must be used in the calcu-
lations. The above equation needs to be slightly
modified, see [28]. One can obtain the radius of the

[9] S.V. Stepanov, V.M. Byakov, G. Duplatre,
P.S. Stepanov, A.V.Bokov, Acta Phys. Pol.
A 132, 1461 (2017).

capillary within the ETE model using the lowest [10] S.J. Tao, J. Chem. Phys. 56, 5499 (1972).

section of the Psc_ 12 window. In many cases, the [11] M. Eldrup, D. Lightbody, J.N. Sherwood,

capillary wall can be covered by gas, e.g., air. Za- Chem. Phys. 63, 51 (1981).

leski and Sokot [29] proposed to modify the positron [12] J. Dryzek, Homepage, Positron porosime-

lifetime obtained from the extended model (4), in- trv (acces;ed 2025). ’

troducing the annihilation rate in ilge gas as follows [13] Y. Kobayashi, W. Zheng, E.F. Meyer,

7_3 -1 _ ETE + Agas(1 atm) + SV (7) J.D. McGervey, A.M. Jamieson, R. Simha,

gas(1 atm) Macromolecules 22, 2302 (1989).

where D is the diameter of the capillary, TgTE is [14] Y.C. Jean, P.E. Mallon, R. Zhang,

the 73 value obtained from (6), and Agas(1 atm) = H. Chem, Y.C. Wu, Y. Li, J. Zhang, in:

4.6 pus~! is the annihilation rate of o-Ps in the ad- Principles and Applications of Positron

sorbed gas. and Positronium Chemistry, World Scien-
In the presented models, there are several param- tific, Singapore 2003, p. 281.

eters: A, As, Ar, and Agas(1 atm)- Their values can [15] E. Dryzek, E. Cholewa-Kowalska, E. Pa-

be changed if necessary after opening an additional muta, Nukleonika 55, 79 (2010).

window by selecting the “Parameters” button.

The wusefulness of (1), (6), and (7) has
been confirmed experimentally in many studies, .
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