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Measuring the Configurational Heat Capacity of Liquids
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A high electric field impedance experiment on supercooled molecular liquids is employed to transfer
energy to the slow modes by absorption from the field and detect the increase of their ‘“‘configurational
temperature”, T, via the change of the relaxation times. This allows us to determine the configurational
heat capacity, which accounts for most of the excess heat capacity for stronger liquids, but for only half of
the heat capacity step in the case of more fragile systems. It is also observed that T, gradually approaches
the phonon temperature on the structural relaxation time scale.
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Numerous materials of fundamental as well as techno-
logical interest are in their amorphous solid state of matter,
and the glass transition is the most common route to
achieving these glassy systems [1]. The glass transition is
generally understood as being a purely kinetic effect,
where at T, i, the relaxation time of the system matches
the observation time window 7, set by the experiment. A
common approach to the value of T, is by differential
scanning calorimetry (DSC), where the onset of the heat
capacity increase AC), occurs at a temperature T, ., Which
is very close to the kinetic counterpart 7'y y;,. The rise of the
liquid heat capacity (Ch") over the level of the crystal
(Cffysml) or glass (C%lass) indicates the activity of slow
configurational degrees of freedom which govern struc-
tural relaxations and viscous flow.

Above T, the dynamics of glass-forming materials are
characterized by nonexponential structural relaxations
with a super-Arrhenius temperature dependence regarding
their average relaxation time constant 7 [2]. This tempera-
ture dependence is found to follow the Vogel-Fulcher-
Tammann (VFT) law, log,o(7/s) = A + B/(T — Ty), but
the origin of this behavior remains to be clarified. By
extrapolation, the Vogel temperature 7 coincides with
the Kauzmann temperature 7 at which the excess entropy

Sexc 18 zero, where dS.. = AC,dInT with AC, =
chavid _ covsal 131 A more quantitative link between
entropy and relaxation time has emerged from the picture

of cooperatively rearranging regions (CRR’s), and the
relation reported by Adam and Gibbs (AG) reads

c
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D
where S, (T) is the configurational entropy [4]. The com-
monly found temperature dependence for the excess en-
tropy, Sexe(T) = Seo(1 — Tx/T) [5], results in VFT
behavior if inserted into the AG relation as S.g,(T) =
Sexc(T), demonstrating that the exhaustion of Sy, explains
the dramatically increasing relaxation times near T, [6].
While the configurational contributions to C,, and S are

0031-9007/07/99(18)/185701(4)

185701-1

PACS numbers: 64.70.Pf, 65.20.+w, 77.22.—d

essential quantities for rationalizing the glass transition of
supercooled liquids, only the excess values can be mea-
sured directly, i.e., the values of the liquid over the crystal
(or extrapolated glass) levels. It has been suggested already
by Goldstein in 1976 that vibrational modes could be
substantial contributions to the excess entropy and heat
capacity [7]. Later, various approaches to this issue have
suggested that only a fraction of the excess entropy is of
configurational nature [8—11]. Possible pictures of the
configurational contribution to entropy S(T') and heat ca-
pacity C,(T) have been supplied earlier [8,12]. These
studies state that the configurational contribution is not
directly accessible by experiment, but provide estimates
on the quantities involved, partly relying on particular
models which have been criticized [13]. Also, no agree-
ment is obtained on how the fraction of vibrational con-
tributions might depend on fragility.

Temperature modulated DSC, dynamic heat capacity
studies, and theoretical insight have shown that heat uptake
occurs on a broad spectrum of time scales [14—16]. The
relaxation time dispersion of C,(w) is often reminiscent of
the distribution of structural relaxations observed by other
techniques [17]. Common to these methods is that heat is
initially provided to the phonon bath and subsequently
transferred to the slower degrees of freedom [18].
Because possible vibrational contributions to the excess
heat capacity are present only in the equilibrium state,
these modes acquire heat from the phonon bath on the
slow time scale of the structural relaxation and therefore
will remain inseparable in these experiments. The aim of
this Letter is to offer an experimental route to quantifying
the configurational heat capacity of liquids rather directly.
In these nonlinear dielectric experiments, the heat is ab-
sorbed directly by the slow modes from an external electric
field and only the configurational heat capacity is relevant
for the observed increase of the effective temperature [19—
21]. Because vibrational and configurational modes remain
decoupled on the time scale of this reversed calorimetric
measurement, the concept of the present technique allows
one to access the configurational heat capacity by
experiment.
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The liquids of this study, 1,2-pentanediol (12PD, 96%),
2,4-pentanediol (24PD, 98%), N-methylcaprolactam
(NMEC, 99%), propylene carbonate (PC, 99.7% anhy-
drous), and D-sorbitol (SORB, 98%), are purchased from
Aldrich and used as received. DSC traces are recorded with
a Perkin-Elmer DSC-7 and a TA Intruments 2920, with
typical errors below 5% regarding C,(T,). Results for
glycerol (GLY) [20] and propylene glycol (PG) [21] are
from reanalyzing previous data. Samples are prepared
between two brass electrodes (16 and 20 mm &), which
are separated by a 10 pwm thick Teflon ring and the cell is
held at the desired temperature by a Novocontrol Quatro
cryostat. The dielectric behavior, £(w), is determined by a
Solartron SI-1260 gain/phase analyzer as described previ-
ously [21], with the voltage amplified using a Trek PZD-
700 to achieve fields E, ranging from 14 kV/cm to
283 kV/cm for frequencies v between 0.5 Hz and
50 kHz. A field, E(t) = E; sin(w?), is applied for typically
10 cycles, followed by a long zero-field cooling period and
by the lower voltage measurement using £y = 14 kV/cm.
This protocol is designed to minimize transient effects
while avoiding phonon bath heating, and all field induced
changes are completely reversible. The results are shown
as the change of the frequency resolved dielectric loss,
Alng” = Ae"/e" = [¢"(E > 0) — &""(E — 0)]/&", rela-
tive to the low-field limit.

The field effects for a typical example, PC at T =
166 K, are provided as loss profiles in Fig. 1(a), which
show a substantial increase at elevated frequencies by
A Ing” reaching 20% at E, = 177 kV /cm, while the typi-
cal measurement error does not exceed 0.2%. The E, =
14 kV/cm case represents the low-field limit. The E?
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FIG. 1 (color online). Experimental results (symbols) for the
frequency resolved dielectric loss, €, and its relative field
induced change, A Ing”, of propylene carbonate at T = 166 K.
(a) The loss curves at high (E, = 177 kV/cm) and low (E, =
14 kV/cm) fields, together with an HN fit to the low-field data
(line). (b) The relative changes, A Ing”, for three different fields
as indicated, but rescaled by E% towards a common field strength
of EXf = 100 kV/cm. The dashed lines reflect the calculation
following Eq. (2), using Ac, = 0.47 JK 'em™3. The relative
signal increase reaches 20% at E, = 177 kV/cm.

normalization of the spectra in Fig. 1(b) demonstrates
that the magnitude of A Ing” scales with E?, independent
of frequency. The appearance of the Alng”(v) curves is
very similar for all materials of this study: there is practi-
cally no effect for frequencies below that of the loss peak,
and an almost constant relative increase across the high
frequency wing that scales with E?. Furthermore, the
A Ing’(v) curves shift with temperature as do the low-field
loss curves &(v). The main material specific aspect of the
field effects are the overall magnitudes of A Ing”, which
are compiled as solid symbols in Fig. 2(a) in terms of the
peak value of A Ing’(v) after quadratic field scaling to a
common value of E, = 100 kV/cm. At this electric field,
the peak relative increases in the dielectric loss assume
values between 0.8% and 6.3%, the highest number corre-
sponding to PC [see Fig. 1(b)].

In order to understand these field effects, we employ a
model which originates from the rationale of dielectric
hole-burning [22,23]. The approach rests on heterogeneous
dynamics [24,25], i.e., dynamically distinct domains
within which the dielectric, &(w), and the thermal,
¢p(w), relaxation proceeds exponentially with identical
and locally correlated values for 7 [19,20]. A sample of
volume V will absorb the amount of Q = meoE}e” (w)V of
energy from an external field, E(¢) = E, sin(wt?) [26]. For
each domain, the energy gain term averaged over one
period is given by the power p = Qw/2, while the
energy loss term is a matter of the thermal relaxation
time with which the “configurational” temperature T,
approaches the phonon temperature Ti,,,. For steady state
conditions, the time derivate of 7, is zero and the heat
balance equation, dT,/dt = +p/c, — Tery/ 77, becomes
Tey = Trp/c) [20]. With the activation temperature 74
defined via d1In7/d(1/T) = T,, the net change of a local
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FIG. 2 (color online). Plateau values of the relative field in-
duced change, A lng”, for different liquids sorted according to
their fragility m: PG, GLY, 12PD, 24PD, NMEC, PC, and SORB.
(a) Experimental results (solid symbols) and values calculated
(open symbol) assuming C, 5, = Cpexc- (b) Fraction of the
configurational heat capacity, C), ¢t /C pexe» as derived from the
Alne” results. The dashed line is a guide only, the dash-dotted
line represents (m — Myay)/ (Muin — Mmax)-
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time constant and the resulting susceptibility read
Ty egEjAe  o*7?
T? 2Ac, 1+ w’r?’
8(w) = &'(w) — ig"(w)

=gy + Asfoo g(T);dT, (2b)
0

1 +iwT*

In™™ = In7

(2a)

where & is the permittivity of vacuum and Ac), is the
configurational (volumetric) heat capacity. For a given
frequency w, the 7-dependent term in Eq. (2a) implies
that domains associated with slower modes, 7> 1/w,
experience a significant increase of their T, while faster
modes with 7 << 1/ remain unchanged. The predicted
plateau of A In7 for 7 > 1/w originates from the cancel-
lation of two effects: domains with a more distant 7 absorb
less energy, but their rate of energy transfer to the bath is
reduced accordingly. For frequencies w below the loss
peak of the sample, domains with 7> 1/w will not be
found and the field effect thus disappears.

A quantitative application of Eq. (2) requires Ty, T, E,
Ae, Ac, and g(7). Temperature T and field E, are given
by the experimental conditions, the activation parameter
T, is determined from low-field data of the dielectric loss
near T, Ae, and g(7) are derived from the low-field loss
data using Havriliak-Negami fits, &(w) = &, + Ag[l +
(iw7)*]77. A representative example of how well the
model captures the observed effects is included as the
dashed line in Fig. 1(b), where a heat capacity value of
Ac, =047 JK™! cm 3 was required in Eq. (2a) to ac-
count for the magnitude of the effect. An important obser-
vation is that this value of Ac, represents only 49% of the
measured heat capacity step at T, [27]. It is gratifying to
see that the reduction of Alne” for higher frequencies is
accounted for by the current model (see dashed line in
Fig. 1(b) for » > 1 kHz), which is a direct consequence of
the change in the slope dlge”/dlgv (see data in Fig. 1(a)
for v > 1 kHz).

The solid circles in Fig. 2(a) show the observed plateau
values of A Ine” (normalized to a common field of E, =
100 kV/cm, but most data are taken between E, = 70 and
280 kV/cm where typical effects reached A Ing” = 8%),
while the open circles are the values predicted by Eq. (2)
using the entire heat capacity step (glass-or-liquid step, as
approximation to ¢, ..) as seen in DSC experiments for
Ac, in Eq. (2a). The level for A Ine” predicted via C,, ., is
always below the observed one, and the relative discrep-
ancy increases with the fragility of the liquid, as has been
anticipated [8]. Here, fragility is quantified by the steep-
ness index m, defined as the slope in a fragility plot,
log,o(7) versus T,/T, evaluated at T =T, [1,28]. The
explanation for the above apparent discrepancy is straight-
forward: while DSC captures the total excess heat capacity,
only its configurational contribution is relevant for the
changes in the slow modes, for which we use the term con-
figurational temperature Tp,. Using AC, o (SAC), exc)

instead of AC), .. will always lead to higher calculated
values of the field effect. The square symbols in Fig. 2(b)
compile the configurational fractions derived from this
notion, C),ry/C exc» Which range from 45% to 84%.
Obviously, these fractions of C,, ¢, decrease systematically
with fragility m, with both dashed lines being possible
scenarios: saturation around 50% or linear disappearance
between minimum (my;, = 16) [28] and maximum
(Mpax = 170) [27] values of fragility.

Consistent with Goldstein’s assessment of the contribu-
tions to C,, above T, [7], the configurational contribution
C)p.cip to the excess heat capacity is reduced to approxi-
mately 50% towards more fragile liquid, as shown in Fig. 2.
Previous estimates on these quantities have provided frac-
tions between 50% and 100%, without a consensus of how
fragility affects these values. For selenium, S, /Sex. = 0.7
has been derived from the density of states inferred from
inelastic neutron scattering data [10]. Similar values for
Scre/Sexc are obtained for various liquids from comparing
dynamic and thermodynamics data on the basis of the AG
approach, Eq. (1), with pressure as an additional variable
[9,11]. For o-terphenyl, it had been assumed that any
excess vibrational heat capacity is absent in the liquid state
and for the entropy this leads to estimating Scfy/Sexc =
0.81 at T, [29]. More recently, Johari attempted to identify
the fraction of C,,f,/C,cx. by comparing DSC and dy-
namic heat capacity data under the premise that the two
effects are separable on the time or frequency scale [30].
However, the excess vibrational modes of C, contribute
only in the equilibrium case;, i.e., they are associated with
the slow time scales of the configurational modes, and thus
will not display a plateau at frequencies in excess of the
C,'(w) step. Generally, thermodynamic experiments that
provide heat to the phonon bath, such as the dynamic C,
measurements, will observe that energy is lost to the slow
degrees of freedom, but the nature of these slow modes will
remain obscured. In the present experimental approach,
however, energy is absorbed directly by the configurational
degrees of freedom and remains decoupled from vibra-
tional modes for the time scales of the structural (a-)
relaxation process.

In the above analysis, it has been assumed that 7, of a
particular domain relaxes to T, on the time scale of its
structural relaxation. The implied persistence time of 7¢y,
and of the Alng” effect is observed for PC at T = 166 K
by recording the voltage, V(¢), and current, I(z), signals
during a high to low-field transition with a Nicolet Sigma
100 digital storage oscilloscope. At a frequency of v =
1 kHz, the signals are recorded every 2 us with 14 bit
resolution for a time period of 2 s. The inset of Fig. 3
depicts the raw current data for the = 9 periods following
the field change. The time resolved loss tangent is derived
using tan(8) = tan(7/2 — A¢) from the phases ¢ of the
V(r) and I(r) signals, evaluated by integration over indi-
vidual periods preceding and following the transition from
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FIG. 3 (color online). Experimental results (symbols) for the
loss tangent of propylene carbonate at 7 = 166 K. The value of
tand is evaluated for individual periods of a frequency of v =
1 kHz prior to and following a change in the electric field
amplitude from E, = 170 kV/cm to E, = 17 kV/cm at t = 0.
The solid curve is derived from the model as described in the
text. The inset displays the =~ 9 periods of current signal imme-
diately following the decrease in field strength. For this inset, a
sliding average over 70 us has been applied to reduce noise.

Ey =170 kV/cmto E; = 17 kV/cm at ¢t = 0 (equivalent
to reducing Q by 100). The loss tangent, tand, at the higher
field is 0.462, i.e., 14.8% above the value of 0.402 found at
the low-field for long times, consistent with Eq. (2) pre-
dicting 14.7%. The interesting feature is that the response
of tand extends over 50 periods of the harmonic signals, as
demonstrated in Fig. 3.

It remains to show that the nonexponential time evolu-
tion of tané in Fig. 3 is consistent with the above model. In
order to calculate the effect, it is assumed in Eq. (2a) and
supported by hole-burning studies [19,23] that the net
effect of Tory > Ty, In(7 % /7), decays exponentially
with a time constant of 7 for each domain. The solid line
in Fig. 3 reflects this calculation, lending strong support to
the current model and leaving the relation between config-
urational and excess heat capacity the only uncertain quan-
tity in Eq. (2).

In summary, large external time dependent fields are
used to transfer energy to the configurational degrees of
freedom and the change in configurational temperature,
Ty, 1s detected in terms of the dielectric susceptibility
prior to its equilibration with vibrational modes. This al-
lows a rather direct evaluation of the configurational con-
tribution to excess heat capacities, C), cty/C)exc» and en-
tropies in supercooled liquids. For various molecular lig-
uids it is found that C, ¢, /C ), x. Varies systematically from
84% to 45% with increasing fragility m. A time resolved
measurement shows that 7, equilibrates on the time scale
of the structural relaxation, independent of fragility.
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