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Temperature and volume effects on the change of dynamics in propylene carbonate
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Dielectric relaxation and PVT measurements were carried out on propylene carbonate. From these, we show
that thermal energy exerts a stronger influence than volume on the temperature dependence of the dynamic
properties. Data obtained at all temperatures and pressures superimpose, when expressed as a function of
T−1V−3.7. The scaling exponent is consistent with more thermally governed dynamics, and can be interpreted as
a reflection of the soft nature of the potential. The change of dynamics observed in the conductivity and
relaxation data transpires at a fixed value of either quantity, independent of temperature and pressure.
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PACS number(s): 64.70.Pf, 77.22.Gm

INTRODUCTION

Glass has been a common material throughout history, yet
scientific investigation of its properties, as well as the glass
formation process itself, continue unabated. Much effort focuses on understanding the mechanisms underlying the
marked loss of mobility, reflected in increasing relaxation
times and viscosities, as the glass transition is approached
from the equilibrium liquid state [1]. Temperature effects (reducing the energy available for local motion) and density
effects (packing molecules into smaller volumes) both drive
the system toward vitrification, and the relative significance
of these two factors is vigorously debated [2–4]. Both effects
lower the configurational entropy of the liquid, and quantifying the connection between this entropy loss and the supercooled dynamics is the objective of many studies [5–9].
An intriguing aspect of this problem is understanding
what provokes the change in dynamics occurring above the
liquid’s glass temperature Tg. About 40 years ago, Boyer and
co-workers proposed the existence of a liquid-liquid transition in polymers, at temperatures approximately 20% larger
than Tg. Subsequently, Goldstein proposed that a change of
dynamics (“dynamic crossover”) should occur in supercooled liquids when the structural relaxation time  assumed
a value of about 10−9 s [10]. In the 1980s, mode-coupling
theory, which relates relaxation behavior to a qualitative
change in the motion of molecules within a cage formed by
their neighbors, offered specific predictions for the dynamics
of supercooled liquids at temperatures about some critical
temperature Tc ⬎ Tg. In the vicinity of Tc, several phenomena
are observed. (i) There is a breakdown of both the StokesEinstein relation between the translational diffusion and viscosity [11,12], and the Debye-Stokes-Einstein (DSE) relation
between the viscosity and orientational relaxation time
[13,14]. (ii) There is a marked change in the degree of nonexponentiality of the relaxation function below Tc [15,16],
usually a diminution with cooling in the magnitude of the
stretch exponent of the Kohlrausch-William-Watts relaxation
function [17]. (iii) On decreasing temperature below Tc, the
dependence of the structural relaxation time  on the configurational entropy departs from the form of the AdamGibbs theory [18,19]. (iv) There is a change in the nature of
the temperature dependence of , from one Vogel-Fulcher1539-3755/2004/70(6)/061501(4)/$22.50

Tammann-Hesse (VFTH) dependence ( = 0exp 关CT / 共T
− T0兲兴, where 0, CT, and T0 are constants) to a second VFTH
dependence. This particular change of dynamics is revealed
using a derivative analysis of data [20], T
= 兵d关log10 共x兲兴 / d共1000/ T兲其−1/2, where x represents some dynamic variable, such as  or the viscosity . The temperature
associated with this change in T dependence is designated
TB共⬃Tc兲. (v) A plateau occurs in the apparent pore size (unoccupied volume) versus temperature behavior at TB, as measured by positron annihilation lifetime spectroscopy [21].
From analysis of literature values for Tc (very often determined experimentally as TB), Novikov and Sokolov [22]
noted that 共Tc兲 is almost a universal constant, equal to
10−6.5±0.5 s. However, there are at least a few materials, including phenylphthalein-dimethylether [23] and polychlorinated biphenyls, for which the relaxation time corresponding
to the change of dynamics is much longer, ca. 10−4 s. Moreover, measurements at elevated pressure on these materials
reveal that 共TB兲 is independent of temperature and pressure;
that is, the change in dynamics is governed by the time scale,
not by temperature, pressure, or volume [23,24]. A similar
result is found in viscosity measurements on salol and orthoterphenyl—the change in dynamics occurs at a fixed value
共TB兲 for measurements at various pressures. These results
are provocative, and must be reconciled by any theoretical
description of the role of thermodynamic and dynamic variables in the behavior of vitrifying liquids.
It is important to determine whether an invariance of
共TB兲 to thermodynamic variables such as T, P, and V is a
universal characteristic of glass-forming liquids. Herein, we
present analysis of the change of dynamics in propylene carbonate (PC), for which the characteristic relaxation time is
quite short, 共TB兲 = 2 ⫻ 10−8 s [25]. To acquire data for conditions of small , we make use of the ionic conductivity .
The relationship between  and  is drawn from the StokesEinstein [26] and the Debye-Stokes (DS) [27] equations. The
former describes the ionic motions according to D
= kT / 6r, in which D is the diffusion coefficient and r the
ionic radius. In order to relate  to the diffusion, the
Einstein-Nernst equation  / D = ne2 / kT is used. Combining
these with the DS relation  = CV / kT, where C is a constant
and V the molecular volume, we get the Debye-Stokes-
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FIG. 1. Arrhenius plot of the ␣-relaxation times measured
herein 共䉭兲 and reported by Stickel 共䊊兲, along with the dcconductivity 共䉮兲. The left and right ordinate scales were chosen to
demonstrate the superpositioning at higher temperature.

Einstein equation  = const [27–29]. For PC at high temperatures, conformance to the DSE relation is observed, so
that one VFTH expression accounts for both variables. For
lower temperatures 共⬍TB兲, there is decoupling of the two
quantities, which allows the constancy of 共TB兲 with respect
to T and P to be assessed. We also combine the dielectric
spectroscopy data with pressure-volume-temperature 共PVT兲
measurements, in order to quantify the contribution of density to the temperature dependence of the properties. This
analysis enables the  and  data to be expressed as a single
function of the temperature and density.
EXPERIMENT

Dielectric spectra were acquired over ten decades of frequency, with variation of both pressure and temperature; a
detailed description of the instrumentation can be found elsewhere [30]. The sample was in the liquid state (i.e., above
the pressure-dependent Tg) during all measurements. The relaxation time , defined from the frequency of the dielectric
loss maximum, corresponds approximately to the most probable relaxation time. The PVT measurements employed a
Gnomix apparatus.

FIG. 2. ␣-relaxation times 共䉭兲 and dc-conductivities 共䉮兲 as a
function of the hydrostatic pressure at T = 273.2 K. The dash-dotted
line is the fit to the data below 1 GPa 关log10  = −6.4+ 4.3P / 共2.4
− P兲兴, while the dashed line represents the fit of the data above
1 GPa 关log10  = −11.54+ 17.8P / 共5.1− P兲兴. The inset illustrates that
the breaks in the volume dependences for the isotherm and the
isobar data occur at different values of the specific volume,
0.703± 0.001 and 0.772± 0.001 ml/ g, respectively.

of a change in dynamics in the isothermal results, at a pressure of about 1 GPa. To determine this accurately, we use the
pressure derivative function [23]  p = 兵d关log10 共x兲兴 / d共P兲其1/2,
with x defined as  or .
The derivative analyses are shown in Fig. 3, the temperature data in the lower panel and the pressure data in the
upper. At atmospheric pressure, TB = 191 K, for which
log10 关共s兲兴 = −7.28± 0.2. The change of dynamics occurs at
283 K for P = 1 GPa, at which log10 关共S / cm兲兴 = 9.1± 1.0.
This corresponds to log10 关共s兲兴 = −7.6± 0.8; thus 共TB兲 is
equivalent for the two conditions. The change in dynamics is
governed by the liquid’s time scale, independent of the particular combination of T and P. This is similar to previous
results, in which the relaxation time and the viscosity were
found to assume fixed values at the dynamic crossover
[20,21].
From the PVT measurements, we obtain an equation of
state for the equilibrium liquid. The specific volume of PC
can be described by
V共T, P兲 = 共0.824 + 6.8 ⫻ 10−4T + 7.5 ⫻ 10−7T2兲

RESULTS AND DISCUSSION

Figure 1 shows the variation of  and  with temperature
at P = 0.1 MPa. We also include the data of Stickel et al.
[20,31], which are consistent with our own. Beyond ca.
200 K, which is the value of TB reported in Refs. [20] and
[31],  has the same temperature dependence as . In Fig. 2,
the relaxation times and conductivities measured herein at
283 K are displayed as a function of pressure. The ordinate
scales are chosen to superimpose the data in the overlap region; the respective pressure dependences are the same. At
low pressures,  is too short to measure herein, so we utilize
the conductivity data. The pressure counterpart of the VFTH
relation [32],  = 0 exp 关C p / 共P0 − P兲兴, reveals the existence

⫻兵1 – 0.0894 ln 关1 + P/210 exp 共− 0.0060T兲兴其,
共1兲
where the units are ml/ g, with temperature in degrees Celsius and pressure in mega pascals. Using this data, we can
express the relaxation times as a function of the specific volume. However, it is well known that volume does not
uniquely define the supercooled dynamics, and indeed, the
isobaric (Fig. 1) and isothermal (Fig. 2) data do not coincide
when plotted versus specific volume. In the inset to Fig. 2,
we show the derivative function, defined as V
= 兵d关log10 共x兲兴 / d共V兲其−1/2. Note that the relaxation data show
the characteristic break when plotted in this fashion. For the
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FIG. 4. The relaxation times and dc conductivities measured
herein for PC, as a function of T−1V−n/3. The best-fit value of n
= 11.1 yields accurate superpositioning of the data sets from Figs. 1
and 2.

FIG. 3. (a) Derivative analyses of isobar 共P = 0.1 MPa兲 data
from Fig. 1. (b) Derivative analysis of the isotherm 共T = 283 K兲 data
from Fig. 2. Solid lines represent the derivatives of the respective
VFTH fits.

two conditions (0.1 MPa isobar and 10° C isotherm), this
change in dynamics occurs at different values of V; however,
log10 关共s兲兴 = −7.3± 0.3 in both cases.
From the combined dielectric relaxation and PVT data,
we can calculate the thermal expansion coefficient for constant pressure, ␣ P, and for a constant value of the relaxation
time, ␣. From these expansivities, the ratio of the isochoric
enthalpy of activation to the isobaric activation energy is
obtained using the relation [33]
HV/E P = 共1 − ␣ P/␣兲−1 .
.

共2兲

For P = 0.1 MPa and 163⬍ T ⬍ 188 K, which corresponds
to 10−6 ⬍  ⬍ 10−3 s, HV / E P = 0.64± 0.02, decreasing with increasing temperature by ca. 0.0015 K−1.
The magnitude of HV / E P indicates that temperature exerts
roughly twice the effect that volume does, so that while the
latter cannot be neglected, thermal energy is the more dominant variable. This suggests that the change with temperature

in the relaxation times can be described in terms of the polycarbonate molecule’s ability to surmount potential energy
barriers [9]. However, given the inestimable complexity of a
liquid’s potential energy landscape, implementation of an energy landscape approach is usually limited to computer simulations [34,35]. For real molecules, analysis along these lines
is necessarily qualitative. On a rudimentary level, the intermolecular interactions can be expressed as a repulsive potential having an inverse power dependence on the distance between molecules, 共r兲 ⬃ r−n, where r is the molecular
separation and n ⬎ 0, together with an attractive term whose
effects are manifested only at higher intermolecular distances
(e.g., a mean field term) [36]. The advantage of this idealized
form of the potential is that thermodynamic properties of the
system, as well as dynamic quantities such as  and , depend only on the variable T−1V−n/3 [36,37]. This scaling relationship has been demonstrated by Casalini and Roland to
accurately superimpose dielectric relaxation times for a number of other glass formers [9,38,39]. The special case of n
= 12, the Lennard-Jones potential, was applied to the supercooled dynamics of o-terphenyl measured by both quasielastic neutron diffraction [40] and dynamic light scattering [41].
In Fig. 4 we display the  and  data obtained herein on
PC as a function of T−1V−n/3. We find that n = 11.1± 0.04
yields accurate superpositioning of the data from Figs. 1 and
2. Note the absence of any discontinuity, such as appears in
using the temperature (Fig. 3), pressure (Fig. 3), or volume
(Fig. 2) dependences. The exponent is fairly close to the
Lennard-Jones value, reflecting the “soft” nature of the PC
molecule. We have previously shown that the magnitude of
the scaling exponent correlates with the value of the enthalpy
ratio, HV / E P = 共1 + 0.063n兲−1. For n = 11.1, this relation yields
0.59, which is close to, but somewhat smaller than, the experimentally determined value of HV / E P = 0.64± 0.02.
In summary, measurements of the dielectric ␣ relaxation
in propylene carbonate at ambient and elevated pressure, in
combination with PVT data, reveal the factors governing the
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dependence of the dynamics than does volume. These findings represent facts crucial to the formulation of a comprehensive theory of the dynamics of supercooled liquids.

vitrification process. The change in the dynamics occurring
above the glass transition arises when the liquid acquires a
given degree of mobility (reflected in a given value of the
relaxation time or ionic conductivity), independent of the
particular combination of T, P, and V. However, relaxation
time and conductivity data obtained over various temperatures and pressures superimpose when plotted versus
T−1V−3.7. Such master plots subtend the region over which
the change in dynamics is observed. The value of the scaling
exponent, 3.7, is consistent with the fact that over this range,
thermal energy exerts a stronger influence on the temperature

This work was supported by the Office of Naval Research
and the Polish Committee for Scientific Research (Grant No.
2PO3B 033 23). S.P. acknowledges financial support from
the Foundation for Polish Science (FNP 2004).

[1] C. A. Angell, Science 267, 1924 (1995).
[2] M. L. Ferrer, Ch. Lawrence, B. G. Demirjian, D. Kivelson, Ch.
Alba-Simonesco, and G. Tarjus, J. Chem. Phys. 109, 8010
(1998).
[3] G. Williams, in Dielectric Spectroscopy of Polymeric Materials, edited by J. P. Runt and J. J. Fitzgerald (American Chemical Society, Washington, D.C., 1997).
[4] M. Paluch, R. Casalini, and C. M. Roland, Phys. Rev. B 66,
092202 (2002).
[5] D. Prevosto, M. Lucchesi, S. Capaccioli, R. Casalini, and P. A.
Rolla, Phys. Rev. B 67, 174202 (2003).
[6] C. A. Angell, J. Res. Natl. Inst. Stand. Technol. 102, 171
(1997).
[7] I. Avramov, J. Non-Cryst. Solids 262, 258 (2000).
[8] F. H. Stillinger, J. Phys. Chem. B 102, 2807 (1998).
[9] C. M. Roland, S. Capaccioli, M. Lucchesi, and R. Casalini, J.
Chem. Phys. 120, 10640 (2004).
[10] M. Goldstein, J. Chem. Phys. 51, 3728 (1969).
[11] M. D. Ediger, C. A. Angell, and S. R. Nagel, J. Phys. Chem.
100, 13200 (1996).
[12] K. L. Ngai, J. H. Magill, and D. J. Plazek, J. Chem. Phys. 112,
1887 (2000).
[13] I. Chang and H. Sillescu, J. Phys. Chem. B 101, 8794 (1997).
[14] S. Pawlus, M. Paluch, M. Sekula, K. L. Ngai, S. J. Rzoska, and
J. Ziolo, Phys. Rev. E 68, 021503 (2003).
[15] K. L. Ngai and C. M. Roland, Polymer 43, 567 (2002).
[16] R. Casalini, K. L. Ngai, and C. M. Roland, Phys. Rev. B 68,
014201 (2003).
[17] G. Williams and D. C. Watts, Trans. Faraday Soc. 66, 80
(1970).
[18] R. Richert and C. A. Angell, J. Chem. Phys. 108, 9016 (1998).
[19] R. Casalini, M. Paluch, J. J. Fontanella, and C. M. Roland, J.
Chem. Phys. 117, 4901 (2002).
[20] F. Stickel, E. W. H. Fischer, and R. Richert, J. Chem. Phys.
102, 6251 (1995); 104, 2043 (1996).
[21] K. L. Ngai, L.-R. Bao, A. F. Yee, and C. L. Soles, Phys. Rev.
Lett. 87, 215901 (2001).

[22] V. N. Novikov and A. P. Sokolov, Phys. Rev. E 67, 031507
(2003).
[23] R. Casalini, M. Paluch, and C. M. Roland, J. Chem. Phys. 118,
5701 (2003).
[24] R. Casalini and C. M. Roland, Phys. Rev. Lett. 92, 245702
(2004).
[25] K. L. Ngai, C. Leon, U. Schneider, R. Brand, and A. Loidl, J.
Chem. Phys. 115, 1405 (2001).
[26] A. Einstein, Investigations on the Theory of Brownian Motions
(Dover, New York, 1956).
[27] P. Debye, Polar Molecules (Dover, New York, 1929).
[28] J. C. Dyre, J. Non-Cryst. Solids 135, 219 (1991).
[29] R. N. Doremus, Glass Science (Wiley, New York, 1994),
Chaps. 15 and 16.
[30] M. Paluch, M. Sekula, S. Pawlus, S. J. Rzoska, J. Ziolo, and C.
M. Roland, Phys. Rev. Lett. 90, 175702 (2003).
[31] F. Stickel, thesis, Johannes Gutenberg-Universität Mainz,
1995.
[32] G. P. Johari and E. Whalley, Faraday Symp. Chem. Soc. 6, 23
(1972).
[33] R. Casalini and C. M. Roland, J. Chem. Phys. 119, 4052
(2003).
[34] S. Sastry, Nature (London) 409, 164 (2001).
[35] S. Sastry, P. G. Debenedetti, and F. H. Stillinger, Nature
(London) 393, 554 (1998).
[36] W. G. Hoover and M. Ross, Contemp. Phys. 12, 339 (1971).
[37] N. H. March and M. P. Tosi, Introduction to Liquid State Physics (World Scientific, Singapore, 2003).
[38] R. Casalini and C. M. Roland, Phys. Rev. E 69, 062501
(2004).
[39] C. M. Roland and R. Casalini, J. Chem. Phys. (to be published).
[40] A. Tolle, Rep. Prog. Phys. 64, 1473 (2001).
[41] C. Dreyfus, A. Aouadi, J. Gapinski, M. Matos-Lopes, W. Steffen, A. Patkowski, and R. M. Pick, Phys. Rev. E 68, 011204
(2003).

ACKNOWLEDGMENTS

061501-4

