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Abstract  The free volume micro-structural properties of
propylene glycol obtained by means of molecular dynamics
simulations have been investigated and compared with the
experimental data from positron annihilation lifetime spec-
troscopy (PALS). The results are also compared to those
recently obtained on glycerol. The bulk microstructures of
the samples have been analyzed in the temperature range
100-350K with a probe-based procedure for exploring the
free volume cavities of the microstructures. The basic free
volume property, i.e., mean cavity volume, is compared with
the hole volume data from PALS. A comparison between
calculated and experimental data suggests the existence of a
threshold volume for the smallest cavity detectable by PALS,
which may be ascribed to fast local motions of the matrix
constituents. At high temperatures the cavity analysis reveals
the formation of an infinite cavity, i.e., percolation phenom-
enon. The onset temperatures of the percolation process in
propylene glycol and glycerol are found to be close to the
characteristic PALS temperature TbLz, where a pronounced
change in the PALS response occurs, as well as to the charac-
teristic dynamic Schonhals temperature TBSCH, and Stickel’s
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temperature 7y |, marking a dramatic change in the primary
a-relaxation properties.

1 Introduction

Supercooled liquid dynamics, and the closely related lig-
uid to glass transition phenomenon, is a long-term topic of
condensed matter physics. In the past decade, an important
role of the so-called crossover effects in the supercooled
liquids has been recognized [1]. These crossover effects
are manifested by several empirical findings based mostly
on relaxation results obtained by dielectric spectroscopy [1,
2] (DS). The first model-dependent analysis of the primary
a-relaxation time, 7, over a wide temperature range pro-
posed by Stickel revealed the presence of several dynamic
regimes and the associated crossover DS temperatures TBST
and TET [3,4]. Recently, model independent analyses of the
relaxation strength of the process, Ag, versus log 7, led to
the finding of a dramatic change at the crossover Schonh-
als DS temperature, TBSCH close to TBST [5]. A few expla-
nations of these crossover phenomena have been proposed
based on (1) the transition from a diffusion to an activated
regime in the potential energy landscape [6], (2) cooperativ-
ity concept [5], (3) 73T = T,CC relationship, where 7,*¢
is the dynamic crossover temperature of the extended free
volume model [7], (4) a change in the strength of inter-
particle interactions expressed within the coupling model [8]
and (5) a cage effect at the so-called critical temperature T
of the mode coupling theory [2]. Recently, a further empir-
ical signature of crossover effects has also been observed
by one of us in the positron annihilation lifetime spectros-
copy (PALS) response of a series of glass-forming liquids
[9-12]. These characteristic PALS temperatures (TbL1 and
TbLz) correlate often with the abovementioned characteristic

@ Springer


http://dx.doi.org/10.1007/s00214-007-0283-9

444

Theor Chem Acc (2007) 118:443-448

DS temperatures via relationships: 7g ~ 1.27; ~ TbL1 [11],
or sometimes Tg ~ 1.2T, ~ Tblé for small molecular van der
Waals systems [10], or T ~ 1.5T; ~ TbL2 in the case of small
molecular hydrogen-bonded systems and polymers [9, 12].

Recently we carried out a detailed atomistic modeling on
glycerol [13] (GL) using molecular dynamics (MD) sim-
ulations followed by cavity analysis (CAVA) and found a
dramatic change in the morphology of free space accessi-
ble to ortho-positronium (0-Ps) probe at the onset tempera-
ture commensurate with the characteristic PALS temperature
TbLz. The aim of this paper is to present an analogous MD
and CAVA study of a further glass-forming liquid, propylene
glycol (PG), to verify the validity of the finding of the cavity
percolation in the vicinity of the crossover temperature TbLz.
A further confirmation to the hypothesis of the existence of
a lowest limiting value for the cavity volume detectable by
the o-Ps probe in PALS measurements is also provided.

2 Methods: molecular dynamics simulations and cavity
analysis

The liquid and glassy microstructures of PG were generated
by means of MD simulations using the ORAC program [14].
The same Lennard-Jones parameters used for GL [13] have
been also adopted for PG, whereas the atomic charges were
calculated as prescribed by the AMBER protocol [15] (see
Table 1). A detailed description of the intramolecular and
Lennard-Jones potentials is given in [16]. The samples con-
sist of 300 molecules placed in a cubic box with standard
periodic boundary conditions. The microstructures in the
temperature range 100-350K and 0.1 MPa were obtained
by cooling down a sample equilibrated at 400 K. The cool-
ing was performed by decreasing the temperature of the
sample in steps of 10K every 400ps in the NPT ensemble
(constant number of particles, constant pressure and con-
stant temperature) employing the Andersen barostat [17] and
the Nosé-Hoover thermostat [18]. The microstructures at
each temperature were then equilibrated in the microcanon-
ical (NVE) ensemble for 100 ps employing the average box
dimensions obtained from the final 100ps of the previous
NPT runs. Then the atomic coordinates were stored during
an NVE production run of 200 ps. In order to prevent the cor-
relation between subsequent configurations, the structures
for the CAVA were stored every 400fs. The CAVA is car-
ried out in two steps. At first, the free space regions of the

sample are determined by inserting a spherical probe on the
nodes of a three-dimensional grid covering the whole sim-
ulation box. The probe radius is set to 0.53 A on the basis
of a previous work [13], where the probe size effect has
been tested and discussed. Only the probes that do not over-
lap with the molecules (whose volumes are determined on
the basis of the van der Waals atomic radii) are considered to
belong to a free space cavity. Next, the free space cavities are
constructed, considering a cavity as an isolated set of over-
lapping probes. This procedure provides both the number of
cavities in the sample and their corresponding volume. These
two basic quantities allow the calculation of any other rele-
vant free volume property, i.e., total free volume, mean cavity
radius, mean cavity volume and free volume fraction, and the
cavity volume distributions as well. More information on the
algorithm used for the CAVA can be found in [13].

3 Results and discussion

The box volumes obtained via the NPT simulations are
compared with experimental values as a function of tem-
perature in Fig. 1. The experimental volumes were derived
from dilatometric data of GL [19] and PG [20]. In the case
of the experimental data, the temperature dependence can
be approximated by two linear regions (at the low tempera-
tures) determining the corresponding liquid—glass transition
temperatures 7. For the calculated data the change in slope
of the curves is less evident and an accurate T, cannot be
distinguished visually. Therefore, for a better estimate of T,
we use the number density of cavities as a function of tem-
perature, i.e., the ratio between the total number of cavities
and the volume of the simulation box (see supplementary
material). The curve shows two well-defined linear regions
whose intersection point determines 7. In this way we esti-
mate a TgMD of about 250K for GL (see also Fig. 2 of [13])
and 230K for PG (these values are also reported in Fig. 1).
Overall the temperature dependence of the simulation box
volume agrees well with the experimental data obtained from
dilatometry [19,20]. The volume increases linearly with tem-
perature in two distinct slopes. Its deviation from the experi-
mental values for PG and GL is around 0.3% in the simulated
liquid region and around 2.0% for PG and 1.3% for GL in
the simulated glass. The larger difference between the experi-
mental and the calculated values for the glassy samples arises
from the fast cooling rate employed in the MD simulations.

Table 1 Electric charges (in

electrons) for propylene glycol CHs CHOH CH,OH
(CH; — CHOH — CH,OH) C —0.393360 C 0.359201 C 0.111388
H 0.098500 Non-hydroxy H —0.006198 Non-hydroxy H 0.034792
0 —0.642605 o —0.613930
Hydroxy H 0.408209 Hydroxy H 0.412211
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Fig. 1 Volume occupied by 300 molecules as a function of tempera-
ture. The calculated data for GL ( filled square) and PG ( filled triangle)
are compared with dilatometric data (solid lines). The arrows show the
calculated and experimental liquid—glass transition temperatures. The
data on GL are taken from [13]

As aresult, the simulated liquid—glass transition temperature
is shifted to higher values reported above (Té‘/[D =250 K
for GL and TgMD = 230 K for PG). These values are com-
parable with the 7,"° estimates of 244K for GL and 220K
for PG made on the basis of the cooling rate attained in our
simulation study [13] using the Donth’s formula [1], which
is based on the experimental dilatometric liquid—glass tran-
sition temperature T;IL [19,20] and on the fragility of the
system [21]. In this respect we notice that, for a more cor-
rect quantitative comparison, TéVID should be determined by
averaging over a large ensemble of cooling simulation pro-
cesses, each starting from a different point of the phase space.
This is essentially due to the small dimensions of the simula-
tion samples with respect to the experimental ones that could
make the reached glassy configuration, and hence TgMD, cru-
cially dependent on the initial configuration of the system.
Anyway, we may qualitatively conclude that, due to the fast
cooling rate, the microstructures are frozen at higher amounts
of free volume causing a significantly worse reproduction of
the experimental volumes below the simulated liquid—glass
transition temperature.

In the following the calculated mean cavity volumes and
mean cavity radii are compared with the experimental mean
hole volumes and radii, respectively. Figure 2 shows the cal-
culated mean cavity volume (thick solid lines) as a func-
tion of temperature. The mean cavity volume is calculated
by including all cavities according to the obvious definition,
i.e., the total cavity volume divided by the total number of
cavities [22]. From an experimental point of view, a properly
defined mean cavity volume cannot actually be determined.
Instead, from PALS measurements the mean free volume
hole radius is available via a quantum-mechanical model of
o-Ps lifetime in a spherical hole [23-25]. Following this
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Fig. 2 Calculated mean cavity volumes as a function of temperature
for PG and GL. The calculation performed without any assumption on
the threshold volume for the smallest cavity (Vi = 0) is reported with
thick solid lines. The mean cavity volume calculated using different
threshold volumes (Vji, = 5, 10, 15, 20, 25 and 30 A3) for the small-
est cavity are reported with thin solid lines. The experimental mean hole
volumes for PG [26] and GL [9] are shown with symbols. The arrows
mark the characteristic PALS temperatures. The data on GL are taken
from [13]

model, the o-Ps lifetime 73 can be expressed in terms of
geometrical parameters:

1 Ry, 1. 27 Ry, -1
3=—1——" 4+ — gin (1)
2 Ry + AR ' 27 Ry + AR

where R}, is the mean hole radius and AR = 1.656 A is
the thickness of the electron layer around the hole. AR has
been determined by fitting 73 for systems of known hole size
(zeolites and molecular crystals) using Eq. 1. From Ry, eval-
uated using Eq. 1, we can obtain the so-called mean hole
volume! through the simple relation Vi, = 4 /3Rﬁ. Note
that, as the real free volume holes are generally non-spherical,

! The use of a different name for the mean hole volume with respect
to the mean cavity volume (used for the calculated analogous quan-
tity) stresses the different procedures employed for determining such
quantities.

@ Springer



446

Theor Chem Acc (2007) 118:443-448

the quantities Ry, and V4, are intended as an equivalent mean
radius and a corresponding mean volume. The experimental
mean hole volume of PG [26] and GL [9] is also shown in
Fig. 2. As we can see from the figure, the mean cavity volume
is significantly smaller than the mean hole volume for PG
and GL systems. This result is actually important because it
strongly supports the findings obtained recently on GL [13].
On the basis of the very large difference between experiment
and calculation in terms of mean hole/cavity volume, well
beyond the difference observed in the total volume (Fig. 1),
we may conclude that some physical effect must occur in
the reality that is not accounted for in the MD/CAVA mod-
eling. The systematic large deviation of these calculated and
experimental quantities requires an introduction of a limit-
ing accessible cavity volume [13,27]. This concept postu-
lates the existence of a smallest limiting cavity volume, Vjjp,,
inaccessible to the o-Ps probe localization due to small-scale
high-frequency motions [13,27]. Taking Vji, into account,
the mean cavity volume can be calculated as follows:

_ Jyo V N(V)dV

Veav = —o6=——"—— 2
cav f‘?:m N(V) dV ( )

where N (V) is the number of cavities having volume V.
The mean cavity volume calculated with various Vjjy, val-
ues is shown in Fig. 2. The largest portions of small cavities
occur at low temperature and disappear with increasing tem-
perature when the free space is localized in large cavities.
The exclusion of these small cavities enhances the bending
of the mean cavity volume versus temperature dependence
resulting in the typical curvature observed for the experi-
mental mean hole volumes. From the comparison between
calculated mean cavity volumes and experimental mean hole
volumes in the temperature range above TgMD and below TbL2
(the range is 230-265K for PG and 250-285K for GL), we
estimate the limiting volume of the smallest detectable cavity
tobe 25 and 30 A3 for PG and GL, respectively. As yet the TbIQ
temperature represents an intrinsic limit of the PALS applica-
bility above which the experimental temperature dependence
of the mean hole volume declines to a plateau. For PG, the
mean volume of the cavities, whose volume is lower than the
threshold value Vjin, of 25 A3, is 3.6 A3. This volume corre-
sponds to an equivalent spherical radius of 0.95A. For GL,
the mean volume of the cavities below the threshold value
Viim of 30 A% and the equivalent spherical radius are 3.8 A3
and 0.97 A, respectively.

The comparison between mean cavity volume and mean
hole volume reported in Fig. 2 provides clear qualitative
insights into the possible mechanisms (smallest detectable
cavity) underlying PALS measurements. However, as stated
above, a quantitative comparison would be at least improper,
because the MD derived quantity is obtained from an aver-
age over all cavity volumes, whereas the mean hole volume
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results from an a posteriori manipulation of the mean cav-
ity radius determined from Eq. 1. In order to quantitatively
assess the difference between calculated and experimental
data, we have thus calculated the mean cavity radius from
MD simulations, whose determination from the knowledge
of the sample configurations is straightforward: for each cav-
ity volume evaluated as described in Sect. 2, we have esti-
mated the equivalent spherical radius and then averaged over
all cavities of the microstructures. Figure 3 shows the com-
parison between the calculated and the experimental mean
cavity radii as a function of the temperature, for both GL and
PG. The best match between experimental and calculated
curves is obtained for Vji, = 40 A3 , which is larger than
that recovered by comparing the cavity volumes (see above
and Fig. 2). The larger eliminated volume is the result of the
decreased weight of the large cavities in the system by the
third root of their volumes. The mean radius of the eliminated
cavities for PG and GL is nearly the same, i.e., 1.0A. The
information retrieved from the comparison of the calculated
and experimental mean cavity radii is thus consistent, even
from the quantitative point of view, with the results for the
mean cavity volume and mean hole volume discussed above.
The integral distributions of the free volume fraction in
the simulated microstructures as a function of the free cavity
volume, V¢,y, are calculated using the following equation:

Jye vV Ny dv

I(Vcav) = W

3

where N (V) has been defined above (see Eq. 2). Figure 4
shows the integral distributions calculated for several
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Fig. 3 Calculated and experimental mean cavity radius as a function
of temperature for PG and GL. The calculated mean cavity radius
(solid lines) has been obtained using Vji, = 40 A3. The bottom and
upper borders of the gray areas correspond to Vi, = 30 A3 and
Viim = 50 A3, respectively. The experimental data for GL [9] and PG
[26] are shown with squares and triangles, respectively. The arrows
show the characteristic PALS temperatures. The data on GL are taken
from [13]
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temperatures from glassy to supercooled liquid and liquid
phases for both systems, PG and GL. The curves below
the simulated liquid—glass transition are almost temperature
independent, consistent with frozen free volume microstruc-
tures. Upon increasing the temperature, the free volume local-
izes into larger and larger cavities, accompanied by an almost
discontinuous path on the integral distribution curves. The
formation of a fully percolated cavity (periodic boundary
crossover) can be indicated within the cavity construction
procedure [13] and it is shown graphically in Fig. 5 for PG at
three temperatures. For GL, such representation was reported
in [28]. The formation of a very large cavity at high temper-
ature, extending over the whole simulation sample, appears
evident. From Fig. 4 we see that the free volume cavities
give rise to rather large distribution widths in the case of
low temperatures (smooth increase of the integral distribu-
tion means broad free volume cavity distribution, while a
rapid increase corresponds to a narrow distribution). On the
other hand, such widths become very narrow at higher tem-
peratures (T > 300K for PG and T > 330K for GL), sug-
gesting the existence of simulation artifacts. Naturally this
effect is to be ascribed to the finite size of the simulation box
that imposes an upper limit to the cavity dimension. Thus
the presence of the percolation cavity due to the periodic
boundary leads to an underestimate of true cavity size in
absolute numbers. The estimate of the true cavity-size distri-
bution would require employment of a larger simulation box.
Although such an investigation is possible, it does not add
any new significant insights to our qualitative conclusions.
The onset of the cavity percolation in the microstructures
is observed at around 300K for GL and 250K for PG. An
extensive percolation of the whole free volume is indicated by
a shoulder on the integral distributions approximately 30K
above the first percolated cavities appear. The temperatures
to which cavity percolation appears (see above) are compa-
rable to the characteristic PALS temperature TbL2 (which is
around 280-290K for GL [9] and 265K for PG [26]; see
also Fig. 2) as well as to the characteristic DS temperatures
(T§T = 287K for GL [4] and T5" = 268K for PG [5]).
Moreover, an equivalence between the o-Ps lifetime 73 and
the a-relaxation time 7, is observed at T = Tbli = TB?T =
TBSCH, whereas for T < TbL2 and T > TbL2 the relationships
73 < 74 and 13 > T4 hold, respectively [9,11]. All these
facts lead to the formulation of a concept of dynamic free
volume facility. In other words, the presence of percolated
free volume cavities makes easier or facilitates a qualitative
change in the primary «-relaxation. As mentioned in Sect. 1,
the crossover effect in the dynamic properties is explained in
terms of decrease in “the extent of cooperativity” according to
Schonhals’ idea [5] or by a decrease in “the strength of inter-
particle interactions” according to Casalini et al. [8]. Our
study on PG indicates that the crossover phenomenon in the
PALS response can stem from the mutual interplay between
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Fig. 4 Integral distributions of the free volume into cavities, calculated
by means of Eq. (3), for PG and GL at various temperatures (numbers
on the graphs). The data on GL are taken from [13]

the increasing empty free space associated with the occur-
rence of percolating cavity volume (which clearly brings an
increase in the o-Ps lifetime) and the increasing dynamic rear-
rangement of particle constituents of the matrix (which could
give rise to a decrease of the o-Ps lifetime). Thus, this anal-
ysis is consistent with the changes in the dynamic relaxation
properties as well as with the so far proposed interpretations.

4 Conclusions

We have investigated the free volume microstructures of
propylene glycol by means of MD simulations and com-
pared the data to those recently reported on glassy and liquid
glycerol. The free volume analysis has been performed in
the temperature range 100-350K on a total of 2.5 x 10
microstructures. The comparison of the computed data with
the experimental mean hole volumes obtained from the posi-
tron annihilation lifetime spectroscopy allowed us to address
several phenomena with dynamical origin. The existence of
a smallest detectable cavity is qualitatively consistent with
small-scale high-frequency motions restricting the cavities
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Fig. 5 Three-dimensional view of free volume microstructures for
three representative temperatures for PG. The size of the cavities (Vcay)
is indicated by intensity of shading according to the scale. The cavities
with volume of exactly one probe are distinguished by circles. With

for o-Ps localization. Our finding on the percolation of
the cavity volume, observed at high temperature near the
characteristic dielectric T]§T and TBSCH temperatures, is con-
sistent with the current interpretations of dynamic processes
involving the decrease in the extent of cooperativity and in the
strength of interparticle interactions above these crossover
temperatures.
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