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ABSTRACT: Positronium lifetimes in bisphenol A-polycarbonate (PC) and atactic polystyrene (PS) were
measured as a function of temperature and hydrostatic pressure, and the results were compared with
the macroscopic volume change of the polymer samples. A simple relation via the thermal expansion
coefficient and the compressibility of the bulk material is applied and leads to direct information on the
fractional free volume of the polymer in the investigated state and furthermore to the mean volume size
of intermolecular holes. By plotting macroscopic volume changes vs changes of the hole volume as probed
by the positronium, a linear relationship is obtained independent of whether the measurements were
made above or below the glass transition temperature. The slope of the corresponding straight lines is
steeper for samples exposed to hydrostatic pressure which is interpreted as a shrinkage of holes induced
by pressure.

Introduction
The microstructure of polymers in the molten or

glassy state is of fundamental importance for the
macroscopic behavior of polymer materials. The me-
chanical and viscoelastic behavior of a polymer is
considered to be strongly dependent on the free volume.
In addition, sorption of small molecules and their
mobility depend on the size of intermolecular holes as
described by free volume theories in the glassy states.1
Many authors use orthopositronium (o-Ps) lifetimes as
a measure of the size of the sites occupied by o-Ps; i.e.,
the holes are assumed to comprise part of the free
volume between the macromolecules of the polymer.

In the framework of a simple quantum-mechanical
model of o-Ps in a spherical hole, the lifetime was
calculated to be2,3

where R is the radius of the hole. Λ is an average decay
rate of Ps which was estimated to be 2 (ns)-1. ∆R was
determined to be 1.66 Å by fitting data of molecular
solids and zeolites with known hole sizes to eq 1. Radii
calculated from measured lifetimes turn out to be much
larger than those obtained from volume change caused
by the sorption of small molecules like CO2 and others.1
The holes as calculated from eq 1 are actually much
larger than the volume of the dissolved molecules which
should not lead to volume expansion during sorption in
contradiction with experiment. Despite this disagree-
ment, hole volumes obtained via eq 1 scale with mac-
roscopic volume changes as observed during thermal
expansion. Several measurements of o-Ps lifetimes in
polymers as a function of temperature have been
performed,4-6 and all show that at the glass transition
temperature the thermal expansion coefficient R of the
hole volume v0 as obtained from eq 1 changes similar
to the behavior of the macroscopic volume V. A similar
evaluation of pressure measurements is not known to

the best of our knowledge, and it will be a major goal of
the present study to provide data of o-Ps lifetimes
measured during pressurizing bisphenol A-polycarbon-
ate (PC) and atactic polystyrene (PS). In addition,
measurements were made as a function of temperature
below and above the glass transition temperature.
Results will be interpreted in terms of a simple free
volume concept.

Experimental Procedure

Bisphenol A-polycarbonate (PC) received from Bayer AG
and atactic polystyrene (PS) received from BASF AG were
investigated as a function of temperature and hydrostatic
pressure. For temperature measurements films of about 100
µm thickness were prepared by drying a solution of the
polymer in dichlormethane. A positron source of 22NaCl in
aqueous solution was used. An amount coresponding to an
activity of about 1.5-3 MBq was deposited onto the film over
an area of 15 × 15 mm2, dried, and glued on top of another
film by applying acetone. Therefore, an inner source within
the material was realized. Samples were prepared by stacking
several of these film pairs until a total thickness of 4 mm was
reached. The package was placed in between two copper
supports, and measurements were performed in a vacuum
vessel with an internal furnace. Gas pressures between 100
mPa and 1.5 MPa can be realized within the chamber, and
temperature was varied between 295 K (room temperature)
and 570 K. To start with a well-defined sample state, mea-
surements were performed by beginning at the highest tem-
peratures well above the glass transition temperature Tg. Glass
transition temperatures were determined to be 420 K for PC
and 377 K for PS by differential scanning calorimetry (DSC)
with a heating rate of 20 K/min.

A commercial injection valve for cars as produced by the
BOSCH AG was used for measurements of polymers under
compression. This enables a very close fit between piston and
cylinder walls of the sample chamber. Cylindrical polymer
samples were prepared by melting the granulated polymer
within the valve. In between two of these cylindrical samples
the positron source was placed the same way as described for
the polymer films before. A compressive stress was applied
on the two connected cylinders inside the valve with the aid
of a commercial tensile testing machine which enabled us to
measure the specific volume at the same time. The tempera-

τo-Ps )
1

Λ[1 - R/(R + ∆R) + 1/2π sin(2πR/(R + ∆R))]
(1)
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ture during the experiment was held constant by a surround-
ing furnace.

For positron lifetime measurements two fast lifetime spec-
trometers were employed. Details of the setup and the
measuring procedure are described elsewhere.7 In all cases 3
× 106 counts were collected for the lifetime spectra, yielding a
time resolution of 180 and 200 ps fwhm. The program PATFIT
was used to deconvolute the spectra. Best results were
obtained by fitting the spectra with three free components.
The longest one is of the order of a few nanoseconds, and
therefore, it is attributed to the long-living o-Ps component.
The two other components at around 200 and 500 ps are
interpreted as the short-living parapositronium (p-Ps) com-
ponent and a free positron component.

Experimental Results

The measured spectra were evaluated with the pro-
gram PATFIT, yielding independent of temperature and
pressure almost the same values for the two short
lifetimes whereas the o-Ps lifetime changed consider-
ably. This is shown for two examples in Figures 1 and
2. In addition, the individual contribution of the three
lifetimes to the total intensity did not vary much (cf.
Figures 1 and 2). These two short lifetimes are of no
interest in the framework of the present study because
only the third one stemming from o-Ps provides reliable
information about the hole volume. These values were
inserted in eq 1 and from the evaluated radius R a hole
volume v0 was calculated and plotted in Figures 3-7
for PC and PS as a function of temperature and
pressure. In addition, the figures contain changes of the
macroscopic specific volume V as obtained from ref 8 or
as measured in this study.

In all cases linear changes of the macroscopic specific
volume V of the two polymers are accompanied by
corresponding increases or decreases of the microscopic
volume v0, respectively. Of course, the similar slopes for
V and v0 in Figures 3-7 have no physical meaning as

they are a matter of scaling the corresponding axes. If
a liquid/glass transition occurs, the slopes of straight
lines corresponding to the linear relationship with either
temperature (cf. Figures 3 and 4) or pressure (cf. Figure

Figure 1. Lifetimes τ1, τ2, and τ3 as functions of temperature
for PC. The relative intensities of the three components are
shown in the lowest diagram.

Figure 2. Lifetimes τ1, τ2, and τ3 as functions of hydrostatic
pressure for PS. The relative intensities of the three compo-
nents are shown in the lowest diagram.

Figure 3. Hole volume v0 (full circles) in PC at ambient
pressure (0.1 MPa) as obtained from o-Ps lifetimes and specific
volume V (open circles) from ref 8 vs temperature. The
measured calorimetric glass transition temperature Tg is
shown for comparison.

Figure 4. Hole volume v0 (full circles) in PC at 300 K as
obtained from o-Ps lifetimes and specific volume V (open
circles) as measured in this study vs compressive pressure.
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7) change for both quantities V and v0. The initial
pressure values of V for both PC and PS are considered
to be less reliable, because the piston and polymer
sample within the pressure cell may have had bad
contact in some areas at the beginning of the experi-
ment.

The average compressibilities at 300 K obtained from
Figures 4 and 6 are 5.8 GPa for PC and 5.4 GPa for PS
in agreement with data from literature.10 Glass transi-
tion temperatures as evaluated from the intersections
of high- and low-temperature straight lines in Figures
3 and 5 are slightly smaller than the caloric ones
determined for a heating rate of 20 K/min. This is in
accordance with the glass transition temperature de-
creasing with decreasing heating rate because the
measurements of a lifetime spectrum (a few hours per
set temperature) or a dilatometric measurement cor-
respond to slower heating rates.

Discussion

To get some guidance in interpreting the hole volume
data, we will discuss the specific volumes of polymers
in the crystalline Vc and glassy state Vg in comparison
with the van der Waals volume VW. Although the two
glassy polymers of this study do not crystallize, we will
use the hypothetical crystalline state as a reference. In
a compilation by Krevelen,10 it is shown that the
following relationships hold for a variety of polymers

Thus, the total intermolecular or empty volume is
increased from 45% in a crystal to 60% in a glass and
the relative difference between the two called excess
volume Ve amounts to about 10%. The latter may be
also determined from the density of the crystal as
calculated from its structure and the macroscopic
density of the glass. This has been done for the two
polymers of this study, and the data are included in
Table 1. The empty volume is usually separated into
larger holes accessible for o-Ps and smaller entities
according to the following relation:

where v0 is the average volume of the holes, N is their
number per gram, and Vsm is the remaining specific free
volume composed of small entities. It has been shown
by computer simulations11 very recently that within the
distribution of hole sizes smaller and larger holes can
be distinguished for polystyrene. The approach being
the basis of eq 3 is analogous to the concept used in ref
12, if the fraction Vsm corresponds to non accessible holes
either being too small or being blocked by fast vibrating
segments.

It will be helpful to compare these considerations with
crystalline materials composed of spherical building
units, i.e., atoms. The relationship between the volume
of the crystal and the van der Waals volume of its atoms
is for the close packed fcc and hcp structure Vc ) 1.35VW,
for the less dense packed bcc structure Vc ) 1.47VW,
and for simple cubic lattices it is Vc ) 1.92VW. Thus, by
comparing with eq 2, we may state that we have a
rather dense packing of the segments of a macromol-
ecule within the crystalline state.

It is usually assumed that the excess volume of the
glassy state and the fraction belonging to the larger
holes are the same. Thus, the first two terms on the
right-hand side of eq 3 are equivalent with Vc. Then the
temperature and pressure dependence of the specific

Figure 5. Hole volume v0 (full circles) in PS at ambient
pressure (0.1 MPa) as obtained from o-Ps lifetimes and specific
volume V (open circles) from ref 8 vs temperature. The
measured calorimetric glass transition temperature Tg is
shown for comparison.

Figure 6. Hole volume v0 (full circles) in PS at 300 K as
obtained from o-Ps lifetimes and specific volume V (open
circles) as measured in this study vs compressive pressure.

Figure 7. Hole volume v0 (full circles) in PS at 390 K as
obtained from o-Ps lifetimes and specific volume V (open
circles) as measured in this study vs compressive pressure.
The pressure pg where PS transforms into the glassy state is
taken from ref 9 and shown for comparison.

Vc ) 1.45VW and Vg ) 1.60VW (2)

V ) VW + Vsm + Nv0 (3)
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volume described by eq 3 are given by

The last equations can be rewritten in terms of a
thermal expansion coefficient R or an isothermal com-
pressibility κ.

and

where f ) Nv0/Vg is the fraction of the accessible volume
and Rh and κh are the expansion coefficient and com-
pressibility of holes as defined by the last two equations
for constant values of N. Solving for f yields

As there are no single crystals of the two polymers used
in this study, the determination of Rc and κc is not
possible. One may assume as in ref 4 that the lowest
value of R determined in the glassy state is equivalent
with Rc. In the case of PC this minimum value was
measured in ref 4 to be 1.11 × 10-4 K-1 for temperatures
below the γ-relaxation. Thus, by definition, the free
volume fraction f is zero at these low temperatures,
which may be difficult to comprehend. On the other
hand, expansion coefficients and compressibilities for
the glassy polymers are rather large when compared
with those for crystalline solids. This may be due to the
overwhelming contribution from processes of segmental
motion in the glass compared to the expansion caused
by the anharmonicity of the atomic interaction poten-
tials in a crystal. Therefore, we assume that both Rc and
κc are negligible in eq 7, and we obtain

This simple relationship is used in ref 12 as well as a

first-order approach called case I, although the separa-
tion of the total volume into various parts is somewhat
different when compared with the present study.

Changes of both specific volume V and hole volume
v0 are found experimentally to be linear functions of
pressure and temperature within both glassy and
molten state. Corresponding slopes of the linear parts
in Figures 3-7 are given in Table 1. Values of f obtained
from eq 8 and data compiled in Table 1 are presented
in Figures 8 and 9. Within the glassy state measure-
ments of thermal expansion yield f values between 7
and 10% for PS and PC. These values are included in
Table 1 and agree very well with those calculated from
densities or molar volumes of the crystalline and glassy
state according to eq 2 (cf. Table 1). Measurements of
o-Ps lifetimes as a function of temperature below and
above the glass transition temperature were made

Table 1. Density [g/cm3], Free Volume Fraction f As Defined by the Relative Difference of Molar Volumes between
Glassy Vg and Crystalline State Vc,10 and Slopes of the Linear Parts in Figures 3-7

density
[g/cm3]

f ) (Vg - Vc)/Vg around
300 K

dV/dT (T < Tg)
[cm3/(g K)]

dV/dT (T > Tg)
[cm3/(g K)]

dv0/dT (T < Tg)
[Å3/K]

PC 1.2 0.08 1.5 × 10-4 5.3 × 10-4 0.2
PS 1.05 0.1 (0.07) 2.07 × 10-4 5.7 × 10-4 0.27

dv0/dT (T > Tg)
[Å3/K]

dV/dp (T < Tg)
[cm3/(g K)]

dv0/dp (T < Tg)
[Å3/MPa]

dv0/dp 390 K (p < pg)
[Å3/MPa]

dV/dp 390 K (p < pg)
[cm3/MPa]

PC 0.69 1.7 × 10-4 0.094
PS 0.81 1.9 × 10-4 0.11 0.55 7.5 × 10-4

dv0/dp 390 K (p > pg)
[Å3/MPa]

dV/dp 390 K (p > pg)
[cm3/MPa]

N [g-1]
(from T)

N ) Neff [g-1]
(from p)

N ) Neff [g-1]
(from p) 390 K

PC 0.9 × 1021 2.3 × 1021

PS 0.13 1.7 × 10-4 0.8 × 1021 2.0 × 1021 1.3 × 1021

∂Vg

∂T
)

∂Vc

∂T
+

∂Nv0

∂T
or

∂Vg

∂p
)

∂Vc

∂p
+

∂Nv0

∂p
(4)

Rg ) 1
Vg

∂Vg

∂T
) (1 - f) 1

Vc

∂Vc

∂T
+ f 1

Nv0

∂Nv0

∂T
)

(1 - f)Rc + fRh (5)

κg ) 1
Vg

∂Vg

∂p
)

(1 - f) 1
Vc

∂Vc

∂p
+ f 1

Nv0

∂Nv0

∂p
(1 - f)κc + fκh (6)

f )
Rg - Rc

Rh - Rc
or f )

κg - κc

κh - κc
(7)

f )
Rg

Rh
or f )

κg

κh
(8)

Figure 8. Free volume fraction as calculated by eq 5 and data
from Figure 3 for PC (closed triangles) and Figure 5 for PS
(open triangles) vs temperature.

Figure 9. Free volume fraction as calculated by eq 6 and data
from Figure 4 for PC (closed triangles) and Figure 6 for PS
(open triangles) vs pressure.
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before, and the values obtained in these studies4,12,13 are
in good agreement with the ones presented in Table 1.

According to the assumption made, f values represent
the excess volume of the glassy state when compared
with the crystalline one, and therefore, they do not
include the intermolecular volume present in the crys-
talline state. The latter volume fraction is considered
to consist of very small holes which most probably will
not be visited by o-Ps. Free volume fractions f as
obtained from measurements with varying pressure at
300 K (cf. Figure 9) are considerably larger than the
ones obtained from temperature-dependent measure-
ments. This may be due to a transformation of larger
holes into smaller ones as discussed below.

By plotting the macroscopic volume V vs the micro-
scopic one v0 as in Figures 10-12, the number of holes
N is obtained from the slope of the straight parts
according to eq 3. These N values are compiled in Table
1. In the following we will discuss three different aspects
of the N values: (i) their magnitude, (ii) their continuity
at the glass transition temperature or pressure, and (iii)
their different values for pressure- and temperature-
dependent experiments.

Magnitude of N and v0 Values. From the agree-
ment between excess volume as calculated from densi-
ties and PLS data, one can conclude that the product
Nv0 is correct. However, there are dilatometric data1

using small molecules as probes of the hole size, stating
that v0 is smaller by a factor of about 4. Occupying the
larger holes by small molecules like CO2 and Ar and
determining the average volume of the remaining
smaller holes by PLS7 yields values of N which are
larger by a factor of 4. Thus, the product Nv0 becomes
the same. Assuming that the average hole volume of
about 100 Å3 as obtained from PLS is correct leads to a
disagreement with volume expansions observed for the
dissolution of small molecules within the holes; i.e., CO2
having a volume of about 77 Å3 causes a volume increase
of about 20 Å3. We will not extend this discussion
because both approaches PLS and molecules as probe
use several simplifying assumptions which may cause
systematic errors. To state it positively, both very
different approaches yield values of the same order of
magnitude.

Continuity of N Values at the Glass Transition.
Although the thermal expansion coefficient and the
compressibility show a discontinuity at the glass transi-
tion temperature, the hole density value N, as the slope
of the curves in Figures 10-12, does not. Therefore, the
increased thermal expansion of the total volume and of

the holes above Tg is not due to the creation of new holes
but has to be attributed to an increase of the dynamics
of the reorientation of molecular groups within the
polymer.

Transformation of Large to Small Holes by
Hydrostatic Pressure. In the following we propose an
explanation for the changing slope in Figures 10 and
11 by going from thermal expansion data to pressure
data. The latter exhibit a larger slope which corresponds
to a larger hole density (cf. Table 1). The pressures
applied are well above the flow stresses in compression
tests, and one may assume that flow occurs within the
confined samples as well on a microscopic level. This is
described by a simple reaction

where large holes of volume vlh transform to small holes
of volume vsh, and vice versa. The small holes shall
further on belong to the excess volume, and therefore,
different than the even smaller holes in the crystalline
states, they shall be occupied by o-Ps. To relate this
approach to a more realistic distribution of hole volumes
with average value v0 and width σv, we use a Gaussian
distribution which is degenerated into two discrete
volumes. The small ones may be all those with vh < v0
and vice versa for the larger ones. Calculating the
average values of hole volumes for these two parts of
the Gaussian yields vsh ) v0 - σV/xπ and vlh ) v0 +
σV/xπ and a difference of δv ) vlh - vsh ) 2σV/xπ.

The corresponding rate equations for eq 9 are

Figure 10. Macroscopic specific volume V as a function of
microscopic hole volume v0 for PC and the data from Figures
3 (triangles) and 4 (circles). Figure 11. Macroscopic specific volume V as a function of

microscopic hole volume v0 for PS and the data from Figures
5 (triangles) and 6 (circles).

Figure 12. Macroscopic specific volume V as a function of
microscopic hole volume v0 for PS and the data from Figure 7.

vlh {\}
k-

k+
vsh (9)
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where Ni are the number densities of small or large
holes and the rate constants k+ and k- depend on
pressure according to the volume change δv ) vlh - vsh

For zero pressure we have in agreement with the
definition of small and large holes

For steady-state conditions dNl/dt ) 0 and nonzero
pressure eq 11 gives

where it has been assumed that 2pδv , RT to linearize
the exponential. Of course, this will be true for small
pressures only.

Using the following definition for ∆N

eq 13 can be expressed as

With the additional assumption of small changes, i.e.,
∆N , N the last equation becomes

The macroscopic volume change of a sample ∆V then
contains a contribution from the continuous change of
the hole volume, N∆vh, and a discontinuous one accord-
ing to eq 9, ∆Nδv ) ∆N2σV/xπ.

where C is the proportionality constant for the experi-
mentally observed relation p ∝ ∆vh. Thus, the slope ∆V/
∆vh in Figures 10-12 corresponds to an effective hole
number density defined as

which is larger than N in agreement with experimental
findings. Using values for the width of the Gaussian
distribution as obtained from PLS data, σV ) 1.2 × 10-5

m3/mol for PC14 and σV ) 1.2 × 10-5 m3/mol for PS,15

and data from this study, C ) 1.8 × 1013 (mol N)/m5 for
PC and C ) 1.5 × 1013 (mol N)/m5 for PS (cf. Table 1),
the following relations are calculated

which are in very good agreement with the values
presented in Table 1.

In agreement with experimental data at 390 K for PS,
eq 18 predicts that the effective number density Neff is
smaller at higher temperatures. However, the quantita-
tive dependence on temperature is much stronger for
the experimental results. This may be due to errors in
σV values and errors caused by the expansion of the
exponential in eq 13 and due to deviations from the
steady-state condition dN/dt ) 0. Choosing a distribu-
tion of hole volumes which is different from the Gauss-
ian one should not affect the results very much; i.e., a
box-type distribution gives rise to δv ) vlh - vsh ) 2σV/2
instead of δv ) vlh - vsh ) 2σV/xπ.
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