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Relative contributions of thermal energy and free volume to the temperature dependence
of structural relaxation in fragile glass-forming liquids
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Structural relaxation of fragile glass-forming liquids in the vicinity of the glass transition were measured by
dielectric spectroscopy, as a function of temperature and pressure. From the volume dependence of the relax-
ation times, we show that the effects of thermal and free volume fluctuations are comparable. The implication
is that theoretical approaches in which intermolecular barrier heights are related to the local density are
essential to formulating a theory of the structural dynamics of supercooled liquids.
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The understanding of the dynamics of transport proper
and relaxation in glass-forming liquids remains a central
sue of condensed matter physics.1–8 A variety of experimen-
tal techniques, such dielectric and mechanical spectrosco
NMR, light scattering, etc., enable the relaxation proper
of supercooled liquids to be probed over broad ranges
quency or time. The results from all such measurements
ambiguously show that the increase of the structu
~a-! relaxation time in the vicinity of the glass transition
super-Arrhenius.9

As temperature is reduced, the molecular motions o
supercooled liquid become more restricted, due to both
decrease of thermal energy and the increased molec
crowding.10,11 Thus the properties nearTg reflect both ther-
mal and density effects. As emphasized by Ferreret al.,9 the
relevant question is whether the super-Arrhenius beha
near the glass transition at ambient pressure is governed
marily by the decreasing volume, the decreasing temp
ture, or both.

Obviously, a resolution of this issue is essential to form
lating a satisfactorily complete theory of the glass transiti
Recently, from high-pressure viscosity data for triphen
phosphite~TPP! and glycerol, Ferreret al.9 concluded that
the super-Arrhenius behavior at atmospheric pressure is
marily due to temperature rather than density. In additi
these authors suggested that, except possibly at very
pressures, the glass transition is not a result of conges
due to a lack of free volume. More recently, Ngaiet al.12

measured theo-positronium lifetimes of various glass form
ers ~glycerol, propylene glycol, and propylene carbonate! as
a function of temperature. The data indicate that the ‘‘un
cupied’’ volume correlates with the dielectrica-relaxation
time over a wide temperature range, implying that volu
cannot be neglected in analyses of structural relaxation p
erties.

In this paper we present structural relaxation times n
Tg over a wide range of thermodynamic variables@i.e., tem-
perature ~T!, pressure ~P!, and volume (V)], for
phenylphthalein-dimethylether~PDE! and poly@~phenyl gly-
cidyl ether!-co formaldehyde# ~PPGE!. Our results demon-
strate unequivocally the importance of fluctuations in b
thermal energy and free volume for structural relaxation
supercooled liquids.
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The a-relaxation times were determined from dielectr
measurements as a function of temperature and pressure
ditionally, PVT measurements were carried out in order
deduce the volume dependence ofta .13,14 A detailed de-
scription of the experimental techniques can be fou
elsewhere.15,16

In Figs. 1 and 2 is shown the respective variation of str
tural relaxation times with specific volume for PDE an
PPGE. In both cases, the isobaric and isothermal curves
verge from each other. Although one can argue that spe
volume is not necessarily proportional to the free volum
the fact that the former does not uniquely definet is contrary
to free volume models. Neither does thermal energy so
govern the relaxation times, although for a given volum
change,ta is more influenced by temperature than by pre
sure. For example, in the case of PDE, pressure-indu
changes in volume equivalent to a 50° temperature cha
causeta to vary by almost three decades.

FIG. 1. Comparison of isothermal and isobaric dependence
the relaxation time on specific volume for PDE. The solid squa
are the dielectric relaxation times measured at ambient pressur
Stickel ~Ref. 20!. The inset shows respective temperature variatio
of the specific volume at constant pressure and at constant re
ation time.
©2002 The American Physical Society02-1



im
m

o

is
.
m

th
lt

ar
tia
u
in
.6
P

e
t a

of
tio
an
re
ee
ite
te
th

of
re
ity.

both
ults
on
to
ro-
vol-
ites
un-

s
h

um

DE

for

BRIEF REPORTS PHYSICAL REVIEW B66, 092202 ~2002!
Since thermal energy and molecular packing are both
portant, assessment of the relative contributions of ther
energy and volume to the temperature dependence ofta is
useful. One approach, proposed in Ref. 9, is from the ratio
the isochronic expansivity@at52r21(]r/]T)t# to the iso-
baric expansivity@aP52r21(]r/]T)P#. A large ratio of
uatu/aP implies that slowing down of the dynamics
mainly due to temperature, rather than density or volume
ratio near unity, however, is expected if the contribution fro
both factors is significant.

This ratio was determined for PDE and PPGE using
data shown in the insets to Figs. 1 and 2. The resu
uatu/aP51.25 and 1.67 for PDE and PPGE, respectively,
close to unity, indicating that volume exerts a substan
influence on the supercooled dynamics at ambient press
In addition, as seen in the inset to the figures, this ratio
creases for PDE from 1.25 to 1.43 and for PPGE from 1
to 2.4, as the pressure is increased from 0.1 MPa to 0.2 G
Thus, contrary to intuition as well as the suggestion in R
9, thermal effects may actually become more importan
elevated pressure.

An alternative way to define the direct contribution
volume to the temperature dependence of the relaxa
times is from the ratio of the activation energy at const
volume,EV , to the activation enthalpy at constant pressu
HP .17 Note that at ambient pressure, the difference betw
EV and HP is the energy required to produce the requis
activation volume within the liquid. In order to calcula
EV /HP , we analyze the temperature dependence of
structural relaxation times at constant volume,

EV5F ] ln t

]~T21!G
V

, ~1!

and at constant pressure,

FIG. 2. Comparison of isothermal and isobaric dependence
the relaxation time as a function of specific volume for PPGE. T
inset shows respective temperature variations of the specific vol
at constant pressure and at constant relaxation time.
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HP5F ] ln t

]~T21!G
P

. ~2!

The results, depicted in Figs. 3 and 4, yieldEV /HP50.525
and 0.625 for PDE and PPGE, respectively. The value
EV /HP would be close to unity if the molecular motion we
thermally activated and close to zero if dominated by dens
Neither is the case, as this analysis shows again that
volume and thermal effects are important. These res
agree qualitatively with the model of structural relaxati
due to Pakula.11 The general assumption made therein is
regard relaxation as a reflection of thermally activated p
cesses, with activation energies which depend on local
ume. As a consequence, molecules can jump into new s
provided they have sufficient energy and these sites are
occupied.

of
e
e

FIG. 3. Temperature dependence of the relaxation time for P
at constant pressure and at constant volume.

FIG. 4. Temperature dependence of the relaxation time
PPGE at constant pressure and constant volume.
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In Table I we compare our results for PDE and PPGE w
data for other common glass formers. It can be seen tha
general, volume exerts a significance influence on molec
mobility. The notable exception is glycerol, for which th

TABLE I. Values of the ratiosuatu/aP andEV /HP for various
glass-forming liquids.

Glass formers uatu/aP EV /HP Reference

PDE 1.25 0.525 herein
PPGE 1.67 0.625 herein

cresolphthalein-dimethylether 0.98 18
glycerol 17 9

diglycidylether of bisphenol A 1.8 0.6 19
o-terphenyl~OTP! 0.55 17

triphenylchloromethane/OTP
mixture

0.45 17

triphenylomethane triglycidyl
ether

0.63 17
.
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dominant role of temperature may reflect the presence
hydrogen bonding. Strong thermal fluctuations are requi
to overcome these bonds and allow relaxation to procee

Pace recent literature,9 we conclude that temperature
not the dominant control variable for structural relaxatio
The experimental results presented herein show definitiv
that fluctuations in both thermal energy and free volume c
tribute to the dynamics of supercooled liquids. Although e
ceptions to this general behavior may occur, they likely e
tail unusual chemical interactions, such as strong hydro
bonding. Thus theoretical efforts cannot focus exclusively
activated dynamics or on free volume. Consideration mus
given to both mechanisms, such as in models in which
barrier heights are quantitatively related to the local dens
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8A. Döß, M. Paluch, H. Sillescu, and G. Hinze, Phys. Rev. Le

88, 095701~2002!.
9M. L. Ferrer, Ch. Lavrence, B. G. Demirjian, D. Kivelson, C

Alba-Simonesco, and G. Tarjus, J. Chem. Phys.109, 8010
~1998!.

10P. B. Macedo and T. A. Litovitz, J. Chem. Phys.42, 245 ~1965!.
.

11T. Pakula, J. Mol. Liq.86, 109 ~2000!.
12K. L. Ngai, L. Bao, A. F. Yee, and Ch. L. Soles, Phys. Rev. Le

87, 215901~2001!.
13M. Paluch, R. Cassalini, A. Best, and A. Patkowski, J. Che

Phys.~to be published!.
14R. Casalini, S. Capaccioli, M. Lucchesi, P. A. Rolla, M. Paluch,

Corezzi, and D. Fioretto, Phys. Rev. E64, 041504~2001!.
15M. Paluch, J. Chem. Phys.115, 10 029~2001!.
16M. Paluch, S. Hensel-Bielowka, and T. Psurek, J. Chem. Ph

113, 4374~2000!.
17M. Naoki, H. Endou, and K. Matsumoto, J. Phys. Chem.91, 4169

~1987!.
18M. Paluch, C. M. Roland, and A. Best, J. Chem. Phys.117, 1188

~2002!.
19M. Paluch, C. M. Roland, J. Gapinski, and A. Patkowsk~unpub-

lished!.
20F. J. Stickel, Ph.D thesis, University of Mainz, 1995.
2-3


