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Abstract. The relationship between free-volume properties measured from positron annihilation lifetime
spectroscopy (PALS) and calculated from molecular dynamics simulations has been investigated for glassy
and liquid glycerol in the temperature range 150–400 K. A virtual probing procedure has been developed to
retrieve information on the basic free-volume properties of the simulated microstructures, i.e. mean cavity
volume and free-volume cavity fractions. Our data leads us to infer on the occurrence of experimentally
non-detectable small cavities with mean equivalent radius of 1.8–1.9 Å between 250 and 275 K. The size
of these limiting cavities is found to be temperature dependent, being smaller at low temperatures. At
high temperatures, above a characteristic PALS temperature T L

b2, the formation of very large cavities is
predicted. This finding suggests that, when the dimension of the holes in the system exceeds a given value,
the PALS measurements become unable to catch the complete structural information and phenomena of
dynamical origin enter into play in the PALS signal decay. The calculated number of cavities is found to be
almost independent on the temperature from the glassy up to the liquid phase, thus furnishing a certain
support to theoretical models proposed to evaluate the free-volume cavity fractions.

PACS. 61.20.Ja Computer simulation of liquid structure – 78.70.Bj Positron annihilation

1 Introduction

Positron annihilation lifetime spectroscopy (PALS), based
on the annihilation process of positrons [1–3], has
rapidly become an established method for structural
and dynamical investigation of condensed matter. In
most non-conducting materials, such as organic com-
pounds, positron annihilation occurs through the forma-
tion of transiently bound electron-positron pairs, the so-
called positronium (Ps). According to the mutual spin
orientation of the pair partners, the occurrence of ortho-
positronium (o-Ps) or para-positronium (p-Ps) can be de-
tected in the annihilation signal, with appropriate rela-
tive intensities. In contrast to p-Ps, the o-Ps lifetimes
are strongly temperature dependent. o-Ps bound states
have long lifetimes, typically from 1 to 5 ns in condensed
phases. They supply a very sensitive probe for the occur-
rence of local regions of reduced electron density in disor-
dered materials. Lifetime measurements are actually used
to compute the dimensions of the mean free-volume holes
in condensed systems by application of a semi-empirical
equation [4]. This relation, based on the quantum mechan-
ical model of Tao [5], modified by Eldrup et al. [6] and
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by Nakanishi et al. [7] for the temperature dependence of
discrete lifetimes, predicts that o-Ps lives for longer time
in larger free-volume holes. This model, referred as the
“standard model”, assumes spherical-shaped holes and an
infinitely deep potential well. Other models, differing in
the form of the potential equation for o-Ps in matrix, have
also been proposed to relate the o-Ps lifetime with the hole
radius [8].

PALS is presently the only experimental method for
the direct detection of the local free-volume at the atomic
level. From PALS data one obtains both the mean free-
volume hole size and the free-volume fraction. Available
semi-empirical models for the calculation of the free-
volume hole fraction from PALS data are based on Kovacs’
approximations [9]. In general, the free-volume hole frac-
tion is assumed to be proportional to the mean free-
volume hole size and to the relative intensity of the o-Ps
signal, where the latter is somehow related to the number
density of holes [10–14]. In some systems, however, where
the relative intensity does not change significantly, or for
materials containing specific electron capturing groups,
such as halogens, carbonyl etc. [15], the role of the rel-
ative intensity is neglected, implying a constant number
of holes in the volume element [16,17]. In these models
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the so-called occupied volume is either kept constant [13]
or allowed to vary with temperature [11,14,16,17]. The
physical meaning of the occupied volume determined from
PALS experiments is not yet clear, but it is assumed that
it includes, in addition to the van der Waals contribution
of the constituent particles, a free-volume term, inacces-
sible to the o-Ps probe, due to geometrical as well as to
dynamical (vibrational or rotational motions) factors [3].

In the last decades there has been a large amount
of work aimed to correlate the PALS data to different
structural, dynamical and transport properties [13,14] in
terms of the free-volume concept [18–22]. Despite the great
progress in PALS methodology, the prediction of the total
free-volume quantity remains indirect since it involves ad-
justable parameters. Instead Monte Carlo, molecular me-
chanics and molecular dynamics simulations allow us to
obtain the free-volume quantities as non-adjustable pa-
rameters and here we shall show how these methods can
be a useful complementary tool in free-volume studies.

The general “grid scanning” method is often used
to compute the free-volume size and its distribution.
The method includes the probing of simulated struc-
tures within constant [23,24] or variable [25,26] (e.g. ran-
dom positions) grid spacing. In the case of constant grid
spacing the free-volume is generally given as an integral
of basic volume elements of constant value and geom-
etry [24,27]. When the grid spacing decreases, the to-
tal free-volume approximates the solvent-excluded volume
obtained from exact analytical methods proposed at first
for the computation of solvent accessible areas for pro-
teins [28–30]. In different methods the free-volume cav-
ities are detected on the basis of the Delaunay triangu-
lation [31] or Voronoi tessellation of space [24,32–35]. An
improved algorithm for such a cavity construction and vol-
ume computation has been proposed [36].

In the literature only a few attempts to correlate
the simulated free-volume with the free-volume hole from
PALS experiments can be found. The free-volume frac-
tions of low-molecular liquid above the glass transi-
tion temperature were calculated and compared with the
PALS free-volume hole fractions [37]. Distributions of the
free-volume cavity sizes in polymeric material were simu-
lated employing an original computational method [26].

The aim of this research is to relate the probe ac-
cessible free-volume computed from molecular dynamics
(MD) simulations [38,39] with the measured PALS free-
volume in a wide temperature range and to discuss the
origin of several PALS features. Glycerol has been chosen
as a model system due to the fact that a complete set
of MD simulations [40,41], PALS [42,43] data, and other
relevant experimental data [44,45] is available.

The free-volume is obtained by virtual probing of the
simulated microstructures. This approach allows us to
handle the free-volume as a sum of discrete volume ele-
ments. In addition we predict the existence of a limit cav-
ity volume below which the free-volume cavities are not
detectable by PALS measurements. We also find that such
a limit volume is temperature-dependent, being larger at
higher temperatures. The formation of very large cavities

above 300 K suggests that dynamical processes can be
also involved in the PALS signal decay when the temper-
ature of the system exceeds a characteristic PALS temper-
ature T L

b2. We also furnish a support to the hypothesis of
temperature-independence of the number of cavities, on
which several semi-empirical models [13,14,16,17] for the
calculation of the free-volume cavity fraction are based.

The layout of the paper is as follows. The computa-
tional methods are described in Section 2. The free-volume
properties are discussed and compared with experimental
data in Section 3. The conclusions are given in Section 4.

2 Computational methods

2.1 Molecular dynamics simulations

Free-volume calculations were performed on configura-
tions of liquid and glassy glycerol obtained by MD simula-
tions. The potential model used, reported in reference [40],
was adopted in previous MD simulation studies [40,41]
to investigate micro-structural and dynamical proper-
ties related to the H-bond forming behavior of glycerol.
The model was validated [40] by comparing several com-
puted physical chemical properties with their experimen-
tal counterparts. Coulombic interactions were treated by
the smooth particle mesh Ewald method [46], using a con-
vergence parameter of 0.43 Å−1 and a grid spacing for the
B-spline interpolation of charges of about 1 Å. Multiple
(five) time step integration technique r-RESPA [47,48]
was employed to integrate the equations of motion. Stan-
dard periodic boundary conditions were applied. Liquid
and glassy samples of 300 molecules were obtained by
cooling a sample equilibrated at 400 K and room pres-
sure. The starting structure was obtained by distribut-
ing the molecular centers of mass at the nodes of a grid
devised to regularly partition the cubic simulation box
and by giving random orientations to the molecules. The
structure was equilibrated under isobaric-isothermal ther-
modynamic conditions (NPT ensemble using the isotropic
stress tensor constraint) at 400 K until the conformational
distribution, the box side length and the potential energy
fluctuated around constant values. The cooling run, from
the initial temperature (400 K) down to 150 K, was made
in steps of 10 K at a rate of 1.5×1012 K min−1 in the NPT
thermodynamic ensemble. The chosen cooling rate is lower
than that of previous MD simulations [40] (the effect of
cooling rate and sample size on the glass transition has
been discussed in Ref. [40]). The average box side length
was then calculated from the last 100 ps of each NPT run
and used for further constant volume constant energy
(NVE ensemble) simulations. The NVE simulations were
performed in two steps: a first run of 100 ps was used to
equilibrate the system, then a production run of 200 ps
followed. In order to prevent correlation between differ-
ent configurations of the system, we recorded the atomic
coordinates of subsequent system configurations at large
distance in time (every 400 fs). All simulations were per-
formed using the ORAC program [48].
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2.2 Total free-volume and number of free-volume
cavities

The main quantities obtained from PALS experiments are
the mean hole volume and the free-volume hole fraction. In
a simulation context, the former quantity corresponds to
the ratio between the total free-volume of the cavities and
their number [49], while the latter is the ratio between
the total free-volume and the total volume of the simu-
lation box. To evaluate these quantities, only two prop-
erties must be calculated: the total free-volume and the
number of free-volume cavities, since the box volume is
trivially obtained as output of the NPT simulations. The
total free-volume in the simulated sample was obtained
by numerical integration using a virtual probing with a
o-Ps probe of radius [1–3] 0.53 Å. The atoms were mod-
elled as hard spheres of appropriate van der Waals radii
(RH = 1.2 Å, RC = 1.7 Å, RO = 1.52 Å). In this approach
the inserted probe tests the occurrence of a free space of a
given geometry and selects an elementary volume element
to measure the molecular and the free-volume space. In
addition it furnishes the input for the free-volume calcula-
tion. In total, the free volume analysis has been performed
on 13 000 structures (500 structures at each temperature).
Free-volume data converged already after 100 ps (250 sys-
tem configurations per simulation run), providing stable
average values.

The probing procedure is as follows. The simulation
box is partitioned into cubic grid elements, each of side
length 0.5 Å. Then probe insertion trials are performed at
all nodes of the grid. If at a given node the probe overlaps
with an atom (periodic boundary conditions are consid-
ered in evaluating the overlap), the probe is not inserted.
If in a cubic volume element there are n nodes occupied by
inserted probes, the number n is assigned to that volume
element. The free-volume is then evaluated according to
the number associated to each volume element of the grid.
Grid volume elements labelled with zero represent the
probe inaccessible space in the simulated microstructures.
Volume elements labelled with 1 contribute to the total
free-volume by one eighth of the spherical probe volume
(0.0779 Å3). For the case of two probes sharing a volume
element, the free-volume increment used is ∼0.1020 Å3, for
three is ∼0.1143 Å3, for four is ∼0.1173 Å3. If more than
four probes occur in the same volume element, the element
is considered in the inner (not a surface element) of a free-
volume cavity. In this case the free-volume increment cor-
responding to the whole grid volume element (0.125 Å3)
is considered. These free-volume increments are obtained
from additional geometric exploration and numerical in-
tegration. In this way the exact volume occupied by the
inserted overlapping spherical probes represents the total
free-volume in the simulated sample. Considerable time
saving is achieved in this analytical approach for the calcu-
lation of the free-volume (3–6 seconds on a standard per-
sonal computer). The only drawback of the virtual probing
method is that, due to the static grid and finite dimen-
sion of the probe, dense probe packing is not obtained.
This problem is partially treated in the following, where
the cavity building procedure is described.

Fig. 1. Simulated (open circles) and experimental (filled
squares) volume of 300 molecules of glycerol. Arrows mark
experimental (from Ref. [50]) and simulated (from data of
Fig. 3) glass transition temperature. Experimental data are
taken from references [9,50].

The next quantity employed for the mean cavity vol-
ume calculation is the number of cavities in the simulation
box. The cavities are determined on the basis of the geo-
metrical analysis of overlaps between the inserted probes.
A tolerance of one bit of the grid is applied for the over-
lap of probes. If the distance between two inserted probes
is lower than two times the probe radius plus 0.5 Å, the
two probes are considered to belong to the same cavity.
For larger distances they are instead assumed to belong
to different cavities. If two probes are found to belong to
the same cavity using the tolerance criterion, then other
probes are inserted at the nodes occurring in the space
between them neglecting overlap with atoms. On the ba-
sis of the pairs of probes that are in contact, the map of
the free-volume cavities is calculated. The number associ-
ated to each volume element is then updated on the basis
of the new inserted probes and the definitive free-volume
is calculated as explained before. The tolerance has been
chosen on the basis of the comparison between the num-
bers of cavities obtained from the construction procedure
working with grid spacing of 0.5 Å and with a grid spacing
10 times smaller (0.05 Å). Tolerance criteria were found
to be active 100–150 times through the computation, de-
pending on the temperature (less times at higher temper-
atures).

3 Results and discussion

3.1 Macroscopic volumes

The volume of the simulation box as a function of temper-
ature is plotted in Figure 1 along with the volume occu-
pied by 300 molecules (i.e. the number of molecules in the
simulation box) calculated from experimental dilatometric
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Fig. 2. (a) Total free-volume in the simulation box. Vextr is the total free-volume extrapolated to the experimental glass
transition temperature (Tg). (b) Number of cavities in the simulation box. Nextr is the number of cavities extrapolated to the
experimental glass transition temperature.

data. This last quantity has been evaluated from the tem-
perature dependence of the experimental density [9,50].
In the figure, the glass transition temperature determined
from dilatometric measurements [50] (Tg = 190 K) and
from the simulation is marked by arrows. The former
temperature is in close agreement with the calorimet-
ric [51] Tg. Since the simulated Tg cannot be easily es-
timated from the box volume versus temperature curve,
the Tg value reported in Figure 1 has been extracted from
the trend of the mean cavity volume versus temperature
reported and discussed in Section 3.3. This curve shows
a well-evident bend at about 250 K, above an almost flat
region typical of the glass state.

Both curves of Figure 1 show a change of curvature,
characteristic of the glass transition [9]. The experimental
and simulated volumes are in good agreement, the sim-
ulation slightly overestimating the volume by no more
than 0.3% and 1.4% at higher and at lower temperatures,
respectively. The larger disagreement in glass phase has
been discussed in reference [40] as due to the faster cooling
rate (of the order of a few nanoseconds at most) achieved
in the simulation with respect to the typical experiment
(of the order of minutes [9,50]). As a consequence the sys-
tem is not at complete equilibrium and therefore a relaxed
packing of the molecules is not achieved. Above 300 K a
further slight change of slope occurs for both curves. The
similarity of the curve slopes both in the glass and in the
liquid indicates that the expansivity is well reproduced by
the calculation.

3.2 Total free-volume and number of free-volume
cavities

The total free-volume is plotted as a function of temper-
ature in the range 150–400 K in Figure 2a. The temper-
ature standard deviation ranges from 1.5 to 4.0 K from

low to high temperatures, proving a good stability of the
results as well as a reasonable thermal equilibration of
the samples. The temperature dependence of the total
free-volume is similar to that observed for the simulation
box volume shown in Figure 1. Two linear regions with
different slopes are well distinguished, with a discontinu-
ity point at about 250 K. This shows that the technique
of virtual o-Ps probing detects the glass transition in the
simulated sample better than the density (see Fig. 1). In
the glass the calculated free-volume is larger than in the
real structure. This is again attributed to the fast cool-
ing rate achieved in the simulations that does not allow
the sample to be completely relaxed below the MD glass
transition temperature.

The number of free-volume cavities in the simulated
sample is shown as a function of temperature in Figure 2b.
The decrease of the number of cavities with increasing
temperature is due to the larger portions of local free-
volume surrounding the molecules at higher temperature
which increases the cavity aggregation. In the glass, the
number of cavities is almost constant with temperature
and thus only a slight slope of the curve is observed. This
slope has the same origin as in the liquid, its moderate
entity being due to the fact that only small structural
rearrangements of the molecules can occur in the glass.

Since at higher temperatures the liquid system is closer
to ergodicity than below the glass transition, a more realis-
tic estimate of the free-volume at the glass transition tem-
perature can be obtained assuming that the linear trend
of the free-volume temperature dependence observed in
the liquid would persist down to the experimental glass
transition temperature under ergodic conditions. Hence,
by extrapolation of the curve, as shown in Figure 2a, we
obtain a total free-volume of ∼900 Å3 for the glass, which
is almost one half of that computed at the simulated glass
transition point. In the same way we can better estimate



D. Račko et al.: Insights into positron annihilation lifetime spectroscopy by molecular dynamics simulations 293

Fig. 3. Mean hole volumes from PALS measurements [42,43]
(filled squares) and mean cavity volumes from MD simulations
(bold line) as a function of temperature. Thin lines refer to
mean cavity volumes calculated excluding cavities with a vol-
ume smaller than a given threshold Vlim (from bottom to top
Vlim = 5, 10, 15, 20, 25 and 30 Å3).

the number of cavities at the experimental glass transition
temperature (see Fig. 2b) obtaining a value of 430 cavities
versus 320 cavities computed at the simulated transition
temperature. However the change of slope of the number
of cavities at about the simulated glass transition temper-
ature observed in Figure 2b can be also interpreted with-
out calling into play the transition from glass to liquid,
or vice versa. This will be discussed in Section 3.4 where
we show that, by exclusion of very small cavities from the
calculation, the number of cavities remains constant until
about 300 K.

3.3 Mean cavity volume

The mean cavity volumes calculated for the static config-
urations from MD simulations are plotted as a function
of temperature in Figure 3 together with the experimen-
tal PALS mean hole volumes [42,43]. In the glass both
the PALS and the calculated mean cavity volumes are al-
most constant, the latter being roughly one fourth of the
former. The calculated mean cavity volumes differ even
more from the experimental ones in the liquid, being about
10 times smaller at room temperature. While the experi-
mental PALS mean hole volumes are strongly temperature
dependent, the calculated mean cavity volumes show only
a slight dependence with temperature. On the basis of the
good agreement found between calculated and experimen-
tal volumes (see Fig. 1), it is difficult to explain the large
discrepancies occurring between calculations and experi-
ments for the mean cavity volumes. In order to prove that
the disagreement between calculation and experiment is
not due to the radius of the probe adopted in the virtual
probing procedure, additional calculations were performed
using different probe radius. In the PALS literature [1–3]

Table 1. Number of cavities NC, total free-volume Vf (in Å3)
and mean cavity volume V C (in Å3) calculated for glass
(150 K) and for liquid (300 K) glycerol using different probe
radii, Rp (in Å).

Glass Liquid

Rp NC Vf V C NC Vf V C

0.53 321.9 1672.3 5.2 237.7 2804.1 11.8

0.6 262.2 1475.2 5.6 254.7 2461.3 9.7

1.2 0.0 0.0 0.0 10.0 72.3 7.2

different values of the o-Ps radius have been used, ranging
from a minimum of 0.53 Å, obtained from the quantum-
mechanical description of o-Ps [1,2], to a maximum of
1.2 Å, corresponding to the van der Waals radius of the
hydrogen atom. In Table 1, we summarize the results ob-
tained with three different probe radii (0.53, 0.6 and 1.2 Å)
in the glass at 150 K and in the liquid at 300 K. In the
glass the probe of radius 0.6 Å lowers the total free-volume
by about 200 Å3 and the number of cavities by 60, with
respect to the original probe of 0.53 Å. This means that
small cavities, still detectable with the 0.53 Å probe ra-
dius, are not detected anymore by increasing the probe
radius, and therefore the mean cavity volume slightly in-
creases. In the liquid the increase of the probe radius from
0.53 Å to 0.60 Å has the opposite effect, since it enhances
the number of cavities and decreases the mean cavity vol-
ume. In the liquid there is in fact only a limited fraction of
small cavities and therefore an increase of the probe radius
has the main effect to break larger cavities, thus increasing
their number and reducing the mean cavity volume. For a
radius of 1.2 Å, no probe can be inserted into the glassy
sample. In the liquid the total free-volume drops of almost
two orders of magnitude, since in this case the effect of
cavity breaking is so large that the free-volume of 72.3 Å3

originates only from 10 cavities each of volume 7.2 Å3 (the
probe volume). The small variations in the mean cavity
volume observed as a function of the probe radius, far
from being able to fit the experimental data of Figure 3,
show that the difference between calculation and experi-
ment cannot be due to the probe size used in the probing
procedure. We have therefore considered the possibility
that it could originate from an intrinsic feature of the
PALS experiments. Past theoretical studies, adopting a
finite spherical potential well model [54] have actually sug-
gested the existence of a lower limit for the volume of the
cavities detectable by o-Ps in a PALS experiment. In order
to verify the validity of this hypothesis and to estimate the
volume of these limiting cavities, we have calculated the
mean cavity volume excluding cavities of volume smaller
than a threshold value, Vlim. The mean cavity volumes ob-
tained for different values of Vlim are plotted in Figure 3
as a function of temperature. The curves calculated for
the chosen Vlim values all share the same temperature de-
pendence, remarkably similar to that of the experimental
mean hole volume. We consider this as a strong argument
in favor of the existence of smallest detectable cavities.
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In the low temperature limit a good agreement with the
experimental data is obtained using for Vlim a value of
5 Å3. At higher temperatures, i.e. at temperatures for
which the MD simulations give more reliable results, good
agreement is found for larger values of Vlim. For exam-
ple, in the temperature range 250–275 K the best agree-
ment is obtained using Vlim equal to 25–30 Å3. The radius
of the equivalent spherical cavity is 1.8–1.9 Å, in good
agreement with the value [54] of 1.85 Å, obtained with a
theoretical model used to interpret PALS experiments for
copolymers of organic acids [52] and polystyrenes [26]. The
value of Vlim characterizes a portion of the total number of
free-volume sites that are eliminated for o-Ps localization
due to some mobility on a short time scale (below a few
nanoseconds) as suggested in a recent PALS study [43].

In order to explain the temperature dependence of Vlim

we recall that the method adopted in this work to compute
the free-volume is static in nature, implying the evalua-
tion of the free-volume on “uncorrelated configurations”.
As pointed out before, this procedure, albeit fast, has the
drawback of ignoring the thermal motion of the atoms.
It has been suggested that in PALS experiments only
cavity volumes with sufficiently long lifetime can be de-
tected. The limiting cavity volume detected by PALS
experiments must be therefore necessarily temperature de-
pendent, since very small cavities, at the limit of detec-
tion at low temperatures, will be reduced in size at higher
temperatures due to the larger thermal motions of the
atoms and became further non-detectable. This conclu-
sion is fully consistent with the data of Figure 3. While
the mean cavity volume is of the order of 60–100 Å3 in
the liquid above 250 K, corresponding to a value of Vlim

of the order of 25–30 Å3, at the temperatures of the glass
the mean cavity volume is reduced to 20 Å3, correspond-
ing to a Vlim of about 5 Å3.

An additional feature of the experimental mean hole
volume of Figure 3 is the presence of a curvature break
in the high temperature region giving rise to a second
characteristic temperature T L

b2 occurring at 290 K. Recent
correlations between the PALS data and the relevant dy-
namic properties of glycerol and polybutadiene [42], sug-
gest that the most suitable candidate for the break at T L

b2
is the primary α-relaxation. Our analysis of the data is
not able to catch this phenomenon, due to the static na-
ture of the proposed method of analysis. Since the mean
cavity volume is the ratio between the total free-volume
and the number of cavities, the break at T L

b2 can arise ei-
ther from a decrease of the total free-volume or from an
increase of the number of cavities. As shown in Figure 2b,
the number of cavities decreases with increasing temper-
ature, and thus the latter case can be excluded. In the
former case, the total free-volume may decrease because
some cavities could become too large at higher tempera-
ture for detection by PALS. The upper limit of validity of
the quantum-mechanical model of o-Ps used to determine
the equivalent spherical hole size has been found [2,7] to
be Rh ∼ 10 Å. Such large cavities are not present in the
investigated simulated samples until about 380 K. How-
ever, starting at about 290 K, our simulations give rise

Fig. 4. Integral distribution of the ratio between the free-
volume as a function of the cavity volume and the total free-
volume. The numbers corresponds to the temperature (in units
of K) of the simulation samples.

to the formation of cavities of dimension extending along
the full length of the simulation box. This gives rise to the
artifact that cavities extending on the full length of the
box and crossing the box at the boundaries are classified
as percolating cavities of infinite dimension. To avoid the
consideration of infinite volume cavities we have limited
the maximum volume of a cavity to that included in the
simulation box. The presence of large cavities has a strong
impact on the integral distribution of the free-volume as
a function of the cavity volume as shown in Figure 4. The
number of large cavities increases at the expenses of the
smaller ones as the temperature increases and their di-
mension is expected to increase by increasing the box size.
Large cavities represent a large portion of the free-volume.
At 300 K, the formation of large cavities is regular (they
are detected in all 500 explored structures) and their typ-
ical size is in the range 300–500 Å3 (Rh = 4.1–4.9 Å). Ac-
tually the integral distribution of Figure 4 shows that at
higher temperatures, around 330 K, the total free-volume
is localized to a great extent in large cavities. Due to the
thermal motion, these cavities will eventually break, their
lifetime being too short to allow experimental detection.
Clearly, exclusion of their volume from the calculation de-
creases the mean cavity volume. We conclude therefore
that the saturation of the mean cavity volume obtained
from PALS measurements (see Fig. 3) is mainly due to
dynamic processes rather than to a structural change of
the system.

3.4 Free-volume cavity fraction

Another relevant quantity is the free-volume cavity frac-
tion defined as the ratio between the total free-volume
and the total volume of the simulation box. In the
literature, four semi-empirical models have been pro-
posed [10–14,16,17] for the evaluation of free-volume
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Fig. 5. Free-volume fractions calculated from MD simulations
(solid line) and from the simplified semi-empirical models (cir-
cles: OSM; squares: TSM). The data from simulations have
been obtained considering cavities larger than 30 Å3.

hole fraction from PALS data. All of them are based
on the thermal expansion of the macroscopic volume
and on the microscopic volume hole size obtained
from PALS data. Two of these models, called gen-
eralized one-state (GOSM [13]) and generalized two-
state (GTSM [11,12,14]) models, differ from the oth-
ers two, the simplified one- (OSM [13,14]) and two-state
(TSM [16,17]) models, by the inclusion of the relative
PALS intensity in the expression of the free-volume cavity
fraction. The two-state models (GTSM and TSM) con-
sider also a temperature dependence of the volume occu-
pied by the molecules. The free-volume hole fractions cal-
culated from the OSM and TSM are plotted in Figure 5
together with the free-volume cavity fractions calculated
from the MD simulations for Vlim = 30 Å3. The compari-
son is given only for two simplified models since at present
a precise meaning of the relative intensity in PALS mea-
surements is not available. As found for the mean cavity
volumes, the calculated free-volume fractions differ by a
factor of about two from the experimental ones in the
glass. In the liquid the data from MD simulations agree
better with the TSM rather than with the OSM.

Another interesting comparison concerns the number
of free-volume cavities. The number of free-volume cav-
ities for various values of Vlim is plotted as a function
of temperature in Figure 6, together with the results ob-
tained from the OSM and TSM. Figure 6 is equivalent to
Figure 2b, with the difference that in the latter all cavi-
ties are considered in the calculation, whereas in Figure 6,
as pointed out before, cavities of dimension lower than
a limiting value are excluded. The figure shows that the
number of cavities is now significantly lower than that ob-
tained considering all cavities, indicating the presence of
large portions of small cavities in the system. The approxi-
mate agreement between the number of cavities calculated
from the MD simulations and the number of free-volume

Fig. 6. Number of cavities calculated from MD simulations
for different Vlim as a function of temperature (solid line; from
top to bottom Vlim = 5, 10, 15, 20, 25 and 30 Å3). The number
of holes obtained from the simplified models are also reported
(circles: OSM; squares: TSM).

holes estimated by the simplified models gives further
support to the assumption of the aforementioned mod-
els [13,14,16,17] of the temperature-independence of the
number of free-volume cavities. The change of slope that
in Figure 2b occurs at about 250 K, is now shifted to about
300 K. From this result we can infer that the bending ob-
served in the mean cavity volume at the glass transition
(see Fig. 3) can be mainly ascribed to the variation in the
total free-volume. This was indeed observed by the calcu-
lation of the total free-volume for different Vlim (data not
shown).

4 Conclusions

We have performed molecular dynamics simulations
of glycerol in the liquid and glassy phases to inter-
pret the free-volume data (total free-volume, number of
free-volume cavities, mean cavity volume and free-volume
cavity fraction) obtained by positron annihilation lifetime
spectroscopy (PALS). Glycerol configurations, taken from
a series of simulated trajectories at various temperatures,
were explored by a virtual probing procedure. Although
only a specific system was studied, our analysis furnishes
very general and significant information on the interpre-
tation of the experimental free-volume data.

We found that, for glycerol, the calculated mean cav-
ity volumes are much lower than those obtained by PALS
experiments. After having tested that the probe radius
used in the probing procedure does not affect significantly
the calculated free-volume properties, we have demon-
strated that agreement between experimental and calcu-
lated data can be achieved only assuming the existence of
a lower limit for the volume of the cavities detectable by
PALS measurements. We find this limiting volume to be
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about 25–30 Å3 in the temperature range 250–275 K. Our
results show also that the limiting volume for detectable
cavities is temperature-dependent and that it increases
by increasing the temperature. The comparison between
experimental and calculated mean cavity volume is not
feasible above 280 K due to the occurrence of the charac-
teristic PALS temperature called T L

b2. At this temperature
a significant bend of the mean cavity volume versus tem-
perature curve has been observed experimentally that is
absent in our analysis of the static free-volume. Recent
studies ascribed such a behavior to the mean α-relaxation
time of glycerol that, at high temperature, is lower than
the positronium lifetime. We offer additional support to
this empirical finding, showing the possible formation of
very large cavities (cavity percolation through the simu-
lation samples) whose lifetime is too short to allow their
detection by PALS.

Finally, we compare the free-volume cavity fraction
calculated by MD simulations to that estimated from
two semi-empirical models, the so-called simplified one-
and the two-state models. On the basis of our approx-
imative simulation model we furnish a support to the
main assumption of both models that the number of
free-volume cavities is temperature-independent, showing
that this number is almost constant from the glass up
to the room temperature, where cavity percolation starts
to appear. This finding is interesting, not only for the
aforementioned theoretical implications, but also since it
supports the view that in condensed phases a change in
the mean cavity volume is due to a variation of the di-
mension of the single free-volume cavities rather than to
cavity break/aggregation phenomena (in the mean statis-
tic sense).
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