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The relative contributions of temperature and volume to structural
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Pressure-volume-temperature measurements were carried out on two van der Waals
liquids, 1,7 -bis(p-methoxyphenytyclohexane  (BMPC) and 1,1-di(4-methoxy-5-
methylphenylcyclohexane(BMMPC). In combination with dielectric spectroscopy results, the
relative contribution of temperature and density to the structural relaxation times were quantified.
We find that the ratio of the isobaric expansion coefficientp ™t (dp/dT)p, Wherep is mass
density andr is temperature, evaluated Rt 0.1 MPa] to the coefficient of isochronal expansivity
[—p 1 (9pldT),, evaluated at=1 s] equals 0.58 and 0.72 for BMPC and BMMPC, respectively.
This indicates that density exerts more influence on the structural relaxation times than does thermal
energy. Corroborating this finding, the ratio of the isochoric activation energy to the activation
energy at constant pressure is determined to be ca. 0.4 at ambient pressure for both glass formers.
The prevalence of density over thermal energy is contrary to prevailing ideas concerning the
dynamics of supercooled liquids, and must be taken into account in developing models of the glass
transition. © 2003 American Institute of Physic§DOI: 10.1063/1.1545449

INTRODUCTION models. Presently there are two contrary points of view: En-

ergy landscape models® descendants from the early work

At sufficiently high hen i lecul . .
t sy .|C|enty '9 tempgratures, when Intermolecu a.rof Eyring® and Frenkel, focus on thermally activated trans-
cooperativity becomes negligible, the time scale characteriz-

ing structural relaxation of glass-formers follows the Arrhen-!DOrt over potential barriers. The role of density is limited to
ius law. However, for most polymers and molecular quuids,ItS effect on the topology of the energy landscape. The alter-

at lower temperatures, the temperature dependence of tf&tive approach, prevalent for polyméremphasizes  the

relaxation timesy, and viscosity increase in a non-Arrhenius congested nature of the supercooled staeowding cou- -
fashion(referred to as super-Arrhenius behayidtis slow-  Plings”), and the manner in which the cooperative dynamics
ing down of molecular rearrangements in supercooled liquid&® governed by free volume and its fluctuatidn€.in this
is brought about by both a decrease of thermal energy and afeW point, temperature alters the free volume, but the effect
increase in molecular crowdingacking density To evalu-  Of thermal energy is not directly addressed.
ate the relative contributions of these two effects requires Alba-Simionesco, Kivelson, and co-workers;* from
measurements of both the temperature and density depeﬂna|ySiS of experimental and simulation data, argued that the
dence ofr. In practice, this is accomplished by carrying out Super-Arrhenius behavior near the glass transition at ambient
two types of experiments, measurement of the combine@ressure is governed overwhelmingly by temperature. This
temperature and pressure dependences of the structural rel@kggestion supports models that focus on activated dynam-
ation time (or viscosity, in combination with a determina- ics, with free volume concepts being neglectable. Neverthe-
tion of the volume as a function af andP. less, free volume models for supercooled liquids have a
Such experiments are of great importance, since thstrong intuitive appeal, and the use of positron annihilation
roles of thermal energy and free volume fluctuations are edifetime spectroscopyPALS)*~*" to measure the unoccu-
sential to formulating a realistic theory of the slow dynamicspied volume contributes to the popularity of this approach.
of glass formers, and to provide critical tests for existingModifications to incorporate temperature-dependent param-
eters into a free volume model have been propd&éy.
dAuthor to whom correspondence should be addressed. Electronic mail: Recently, we determined that for a number of low mo-
roland@nrl.navy.mil lecular weight glass-forming liquids, the relative magnitudes
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FIG. 1. Temperature dependence of the specific volume of BMPC, meaFIG. 2. Temperature dependence of the specific volume of BMMPC, mea-
sured at the indicated pressures. The solid lines represeriLEgsing the  sured at the indicated pressures. The solid lines represerL)Egsing the
parameters listed in Table I. parameters listed in Table I.

of the effects of thermal and free volume fluctuations on the, 55 293 k- thus. the data for the supercooled liquids does
structural relaxation times are quite comparaBié®in light |5t reach the gla'ss temperatiegual to 240 and 261 K for

of these findings, the idea that temperature is the dominargyipc and BMMPC, respectivel).

control variable for structural relaxation at ambient pressure

cannot be generally true for glass-formers. Quite the con-

trary, it appears to hold only for a limited group of liquids,
characterized by strong specific interactidesy., hydrogen

. . 4
bonding, such as glycerét and sorbitof. Figures 1 and 2 show the PVT curves for BMPC and

In this article we use equation of state measurements thMPC, respectively. Abovd,, the volume data conform
further demonstrate that temperature does not govern deci-

sively the super-Arrhenius behavior of all glass-forming lig- well to the Tait equatiof?

uids. As detailed below, for two well-known van der Walls V(T,P)=V(T,0)[1—-0.0894Irf1+ P/B(T))] @
liquids, 1,1 -bis(p-methoxyphenytyclohexangBMPC) and . B 2 B

1,1’ -di(4-methoxy-5-methylphenydyclohexane(BMMPC), with Vb(T'O)'I'_hVO+ VllT+ V]f-l;h' and thte B(-Il-a)t_' bod b
volume exerts a stronger effect on the structural relaxation exp(=byT). € values of these parameters, obtained by
multaneously fitting the curves in Figs. 1 and 2, are given

times than does thermal energy. In these particular glas
gy P g S|n Table I.

formers, the volume contribution is the highest reported in . . .
the literature. Using Eg.(1), the structural relaxation times measured
dielectrically for BMPCG® and BMMPC? can be expressed
as a function of volume. These curves, shown in Figs. 3 and
4, demonstrate clearly that the relaxation times are not
uniquely defined by the volume. Such a result does not
The synthesis of the BMPC and BMMPC can be founda priori rule out free volume models for the glass transition,
elsewheré> Note that these compounds are also referred taince they posit fractional free volume as the governing
in the literature as bis-phenol-C-dimethyletiBCDE) and  parametef. However, the isobaric data exhibit a steeper
bis-kresol-C-dimethylethefBKDE), respectively. change, reflecting the direct role of thermal energy, beyond
The PVT experiments employed a Gnomix instrunfént. any contribution from volume changeer se
The sampldtypically 1.5 g was wrapped in nickel foil, then A measure of the relative magnitudes of the temperature
immersed in mercury. Measurements of volume changeand volume contributions to the relaxation times can be
were carried out isothermally as a function of presgupeto  gleaned from comparison of the temperature dependence of
200 MPg, at each temperature. The lower limit for the latter 7, for experiments at constant volunfisochorig versus at

RESULTS

EXPERIMENT

TABLE I. Equation of state parameters.

Vo V1 Vo bg b,
(ml/g) (ml/g © (mlig G (MPa) (c™
BMPC 0.716-0.006 7.221x10°* 0 2012 4.31+0.10x 1072

BMMPC 0.690+0.005 5.5-0.1x10 4 4.5+0.5x10°7 235+3 4.96-0.01x 1072
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FIG. 3. The structural relaxation times of BMPC measured dielectrically

(Ref. 29, as a function of the specific volume. The solid symbols are for

atmospheric pressure and varying temperature, while the hollow symbol L

are varying pressure at the indicated temperatures. The inset shows on 8hthe specific volumehollow symbol3.

expanded scale the region near the glass temperature for the isobar and one

isotherm. Note that a change in volume at constant temperature causes more

than half the change in relaxation time effected by the same volume change

at constant pressure. dinrt,

FIG. 5. Arrhenius plot of the structural relaxation times of BMPC measured
at ambient pressurgolid symbol$ and calculated for the indicated values

EV: R F y y
constant pressur@sobarig.®! The latter quantity is the acti-
vation enthalpy, more commonly referred to as the appa
activation energy

is extracted from Figs. 3 and 4 by determining(T) for
reMarious fixed values of. These isochoric relaxation times
are included in Figs. 5 and 6, with, for P=0.1 MPa cal-
dint, culated from the slope at the intersection with the isobaric
Ep=R—7=1| - data.
P The results are listed in Table Il, revealing thag/Ep
We obtainEp for atmospheric pressure from the slope of ~0.4 for both liquids neall; at ambient pressure. The fact
the Arrhenius plot ofr,, shown in Figs. 5 and 6 for BMPC that this ratio is less than one-half indicates that volume ex-
and BMMPC, respectively. The corresponding isochoric acerts a somewhat greater influence on the relaxation times

tivation energy, than does thermal energy, although both contributions are
significant.
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FIG. 4. The structural relaxation times of BMMPC measured dielectrically

(Ref. 30, as a function of the specific volume, at the indicated temperatures. 1000/T [K'1]

The inset shows on an expanded scale the region near the glass temperature

for the isobar and one isotherm. Note that a change in volume at constafiG. 6. Arrhenius plot of the structural relaxation times of BMMPC mea-
temperature causes roughly half the change in relaxation time effected bgured at ambient pressugsolid symbol$ and calculated for the indicated
the same volume change at constant pressure. values of the specific volumgollow symbol3.
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TABLE II. Isobaric and isochoric relaxation properties,&1 s andP=0.1 MPa).

Ep Ey ap a.
(MJ/mol) (MJ/mol) (K™Y (K™
BMPC 0.309-0.010 0.119-0.010 7.2-0.3x10°* —4.2+0.2x10°*
BMMPC 0.290+0.008 0.118&0.010 5.4-0.3x10 4 -3.9+0.1x10 4
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