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Temperature and pressure dependence of thea relaxation and configurational entropy
of a prototype glass former
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The a relaxation process of the fragile glass former salol is investigated in theT-P domain by means of
photon correlation spectroscopy. We find that a time-pressure superposition principle is obeyed for the relax-
ation function in addition to the time-temperature superposition. The behavior of the relaxation time is studied
by using an extended version of the Adam-Gibbs model including the pressure dependence. The excellent
conformity of the equation describing the bidimensional surfacet(T,P) to the experimental data provides a
positive check for this model, here verified on photon correlation measurements. The same model gives a
rationale of the phenomenological expressions recently introduced to describe the changes in the slow dynam-
ics induced by varying both temperature and pressure. These findings suggest that the reduction of configura-
tional entropy actually guides the liquid toward the glass transition.
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The study of the dynamics of glass forming systems is
great importance for both basic and technological reas
Indeed, the glass formation is crucial in the processing
food, in the technology of many daily used materials, fro
window glasses to polymers and composite materials, for
stabilization of biochemicals, for understanding structure a
dynamics of proteins, etc.@1#. Although the molecular pro-
cesses underlying the glass formation are not fully und
stood, the supercooling of liquids and the glass formation
known since the ancient age, showing two most signific
common features:~i! the stretched-exponential shape of t
a relaxation function and~ii ! the steep increase of thea
relaxation timet approaching the glass transition.

The glass transition can be induced both by decrea
temperatureand by increasingpressure, the first path being
usually preferred due to the high pressure~of the order of
MPa! required for inducing dynamical changes similar
those obtained within few tens of degrees changes of t
perature. For this reason, the glass formation is widely s
ied by measuring the temperature behavior of thea relax-
ation function of supercooled liquids. On the other ha
relatively few studies of pressure dependence of thea relax-
ation have shown to give a deeper insight into the nature
the transition. The high-frequency dynamics under comp
sion has been investigated by means of both light scatte
@2# and incoherent neutron scattering@3# in order to test the
mode coupling theory@4# and study the equation of state
liquids @5#. The low-frequency dynamics under pressure h
been investigated by dielectric spectroscopy to study
time-pressure scaling law@6–8#, and the fragility of different
glass formers@9,10#. In the same low-frequency regime, ph
ton correlation technique has been also used to test both
scaling of thea relaxation and the pressure dependence
fragility @11#, showing the traces of some universal behav
This phenomenological picture is still waiting for a compr
hensive theoretical explanation.

A suggestive approach to the problem is nowadays gi
by the energy landscape framework that relates microsco
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thermodynamic, and dynamic properties of supercooled
uids ~see, for example, Refs.@1,12–15#!. In this frame, con-
figurational entropy is suggested to guide the dynamics c
to the glass transition@16–18#. Consistent with this ap-
proach, a pressure extended Adam-Gibbs~PEAG! model has
been recently proposed to account for bothT and P varia-
tions of thea-relaxation time@19#.

Here, we focus on theT and P behavior of the
a-relaxation function of the prototypical glass former sal
The results of our investigation~i! show that a time-
temperature-pressure superposition principle~TTPS! is
obeyed for thea-relaxation function, extending to the pre
sure parameter the time-temperature superposition rece
reinvestigated by Olsenet al. @20#; ~ii ! strongly support the
validity of the PEAG model that is able to correctly represe
the t(T,P) behavior in the whole range investigated he
These findings, together with the ability of the PEAG mod
to give a rationale of theT andP phenomenology of highly
viscous liquids, confirm the configurational entropy to be
key to the slow dynamics of glass forming systems.

We performed photon correlation spectroscopy~PCS!
measurements under high hydrostatic pressure, up to
MPa, at different temperatures~namely, 267.1, 268.6, 271.0
274.6, 278.3, and 280.4 K!. Depolarized light scattering
spectra~VH - 90° scattering geometry! were collected using
an apparatus consisting of an Ar-ion laser, operating at 51
nm, a high pressure cell~a detailed description of the cell i
reported in Ref.@21,22#!, and an ALV5000E digital cor-
relator. High pressure was generated by a Nova Swiss m
brane compressor and measured by a Heise gauge hav
resolution of 0.3 MPa. Nitrogen was used as pressure tr
mitting medium and temperature measured by a therm
couple with a typical error of 0.1 K. Salol@2-hydroxy ben-
zoic acid phenyl ester, 2-~HO! C6H4CO2C6H5] purchased
from Aldrich company, purity 99%, was filtered (0.22-mm
Millipore filter! into a dust-free cylindrical cell of 10 mm
o.d. at about 80 °C.

In Fig. 1, normalized homodyne correlation functio
@g(2)(t)21#/B2, taken at 267.1 K in the 88–189.5 MP
©2002 The American Physical Society01-1
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pressure range are shown. Spectra were fitted using
Kohlrausch-Williams-Watt~KWW! @23# formula through the
equation@24#

g(2)~ t !215@B exp~2~ t/tK!bK!#2. ~1!

The values of the relaxation timetK and of the stretching
parameterbK were used to calculate the average relaxat
time ^t& by using the formulâ t&5tK /bKG(1/bK), where
G is the gamma function. The values of^t& as a function of
pressure at different temperatures are reported as symbo

FIG. 1. Normalized photon correlation functions collected a
constant temperature of 267.1 K plotted as a function of log10(t)
[s]. Pressures from left to right are 88, 95, 102.5, 110.5, 119, 1
132.5, 141, 148.5, 156.5, 163.5, 171, 181, and 189.5 MPa. The
lines represent the fits to the data using the KWW function. T
value of the stretching parameterbK in the wholeT-P range is
plotted in the inset as a function of log10̂ t&.

FIG. 2. Isothermal data for average relaxation times~symbols!,
log10̂ t& @s#, compared with best-fit calculated curves using the pr
sure extended Adam-Gibbs~PEAG! model ~solid lines!. Tempera-
tures from top to bottom are 267.1, 268.6, 271.0, 274.6, 278.3,
280.4 K. In the inset, the master plot oft(T,P) as a function of the
reduced temperature is shown.
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Fig. 2. The values ofbK (0.6860.02) are almostT and P
independent. This is evident in the inset of Fig. 1 where
stretching parameter, evaluated at several pressures and
peratures, is plotted in the whole time regime investigat
Recalling the relationship between the parametersbK of a
KWW function andbCD of a Cole-Davidson~CD! function
@25#, we obtain bCD5(0.5560.02), consistent with the
v21/2 high-frequencya behavior generally found for thos
systems where the time-temperature superposition app
@20#. We note that the present result of aT andP independent
v21/2 power law generalizes the time-temperature super
sition principle, and suggests the validity of a TTPS, at le
in the temperature and pressure ranges investigated her

The experimental values oft(T,P) reported in Fig. 2 pro-
vide a stringent test for the validity of the PEAG model, i.
the Adam-Gibbs formula incorporating the effects of t
pressure. The original AG model@26# gives an expression fo
the relaxation time as a function of the configurational e
tropy Sc :

t5t0 expS CAGDm

TSc
D , ~2!

whereCAG is a constant,Dm is the free energy barrier~per
molecule per cooperative rearranging region! to rearrange-
ments,t0 is the relaxation time at very high temperature
and Sc is defined as the excess entropy of the melt w
respect to the crystal.

The excess entropy depends on both temperature
pressure and can be written as@19#

Sc~T,P!5Sc
isob1Sc

isoth5E
TK

T DCP~T8!

T8
dT8

2E
0

P

DS ]V

]TD
P8

dP8. ~3!

The isobaric contribution to the configurational entro
Sc

isob has been represented by the simple relationS`(1
2TK /T), where the Kauzmann temperatureTK is the tem-
perature at whichSc vanishes@27,28#.

The isothermal contribution,Sc
isoth , accounts for the re-

duction of configurational entropy occurring when compre
ing the system andD(]V/]T)P8 is the difference between
the molar thermal expansivity in the melt and in the cryst
respectively. This contribution to the excess entropy has b
independently obtained from pressure-volume-tempera
measurements performed on salol in the 0–200 MPa p
sure range, at several temperatures. Experimental detail
reported in Ref.@29#.

Finally, the substitution of Eq.~3! into Eq. ~2! gives the
pressure extended Vogel-Fulcher-Tamman~VFT! expression
for the relaxation time,

t~T,P!5t0 expS DT0*

T2T0*
D , ~4!
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whereD5CAGDm/S`TK is the fragility parameter at ambi
ent pressure and the Vogel temperature is generalized
counting for the pressure effect,

T0* 5
T0

11Sc
isoth/S`

, ~5!

where the Vogel temperature at 0 (' ambient! pressure takes
the place of the Kauzmann temperatureT0;TK .

We have usedD, T0 , t0, andS` , as free parameters i
fitting Eq. ~4! to experimental data in the bidimensional su
facet(T,P). The result of the fit is reported in Fig. 2 as sol
lines showing an excellent agreement with the data in
whole T-P range. As a further support to the validity of th
PEAG model, we note that it is possible to superpose
experimental values oft(T,P) onto a single master curve a
a function of the reduced temperature (T/T0* 21)21, as
shown in the inset of Fig. 2.

The values obtained forD524.165.9, T05154.2
68.2 K, and log10(t0@s#)5222.161.8 are consistent with
those independently calculated from photon correlation m
surements performed at ambient pressure (D523.664.4,
T05152.266.2 K, and log10(t0@s#)5221.161.4) @30#. The
value obtained forS`5137.460.8 J K21 mol21 is well-
consistent with the one evaluated from calorimetric meas
ments,S`5138.460.8 J K21 mol21 @28#. Moreover, a com-
parison of the value of the Vogel temperatureT0, obtained in
this work, with those estimated for the Kauzmann tempe
ture TK by different techniques, (157612 K) @31,32#,
(167 K) @27,33#, and (175.264.2 K) @28#, provides a satis-
factory agreement within the error. On the other hand, so
mismatch between the Kauzmann temperatureTK derived
from calorimetric data and the Vogel temperatureT0 ob-
tained from the relaxation@t(T)# data can be expecte
mainly due to the approximated functions used to perfo
the two extrapolations,Sc(T) toward 0 andt toward `
@27,28#. Moreover, a further uncertainty in the determinati
of TK derives from the method used to infer the configu
tional entropy starting from heat capacity data@28,34#.

It is important to point out that the PEAG model he
tested, besides to suitably describe the trend oft(T,P) on
salol, gives a rationale of theT and P phenomenology of
supercooled systems. In particular, the following are
served:

~i! Experimental observations on different syste
@6,8,19,35# showed a parabolic pressure behavior of the
vergence temperature. It is easy to demonstrate that, in
limit of narrow T-P ranges and small variations ofT0, the
generalized Vogel temperatureT0* , obtained from Eq.~5!,
can be approximated by

T0* 5T01bP2cP2, ~6!

whereb andc are related to the thermodynamic paramet
entering into the expression ofSc

isoth @29#.
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~ii ! In a recent work@11#, a phenomenological VFT-like
equation of state has been proposed to describe both
perature and pressure dependence of thea- relaxation time.
It is now possible to derive this behavior by using the PEA
equation. Indeed, neglecting the quadratic term in Eq.~6!
and taking a linear dependence ofT0* versusP, as obtained
in the 0–150 MPa pressure range investigated in Ref.@11#,
the Eq.~4! gives

t~Tm ,P!5t08 expS DPP0

P02PD , ~7!

with t085t0 exp(2D), P05(Tm2T0)/b, and Dp

5DTm /(Tm2T0)5DTm /bP0. Here,t0 , D, andT0 are the
values of the VFT at ambient pressure,Tm is the measure-
ment temperature,P0 is the pressure of the ideal glass tra
sition at a constant temperature, andb is the same reported in
~i!.

~iii ! Paluch and co-workers@11# have also investigated th
pressure dependence of fragility in an epoxy resin. Th
found that no pressure effect is visible in the behavior of
strength parameterDP . This can be explained in the fram
of the PEAG model recalling thatDp5DTm /bP0, which is
constant in the case of a linear dependence ofP0 versusTm
observed in Ref.@11#, b andD also being constant.

In conclusion, we performed photon correlation spectr
copy measurements on salol by varying both tempera
and pressure. The most significant findings of this work a
~i! A TTPS is obeyed for thea-relaxation function, general
izing the time-temperature superposition with thev21/2

high-frequencya behavior recently outlined in Ref.@20#; ~ii !
the PEAG model, here tested on photon correlation d
suitably draws thet(T,P) behavior in the wholeT-P range.
Our investigation represents a persuasive check for
PEAG model since~a! the parameters that control the tem
perature behavior oft coincide, within the error, with those
previously obtained in the same system by light scatter
and calorimetric studies at ambient pressure;~b! the param-
eters responsible for the pressure dependence oft have been
independently obtained via thermodynamic measureme
These results suggest that configurational entropy play
key role in the slow dynamics of glass forming systems. T
is, in the same direction, indicated by the energy landsc
approach to the glass transition highlighted by recent sim
lation studies~see, for example, Refs.@12–18#!. The validity
of the time-temperature-pressure superposition princ
calls for a description of deeply supercooled~supercom-
pressed! systems in terms of topological properties of t
energy landscape. This is an important challenge for fut
numerical and theoretical investigations.
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