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Specific-heat measurements during cooling through the glass-transition region
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In this paper we report the measurements of specific heats of five glass formers as they are cooled
through the glass-transition region. The measurements are compared with other specific-heat measure-
ments such as adiabatic-calorimetry and ac-calorimetry measurements. The data are then analyzed us-

ing a model of enthalpy relaxation and nonequilibrium cooling, which can track the nonequilibrium re-
laxation time ~, . The relevant parameters that describe ~, are obtained, allowing us to compare the
enthalpy-relaxation times obtained from this method with other methods. We display the clear connec-
tion of the unrelaxed enthalpy with the nonequilibriurn relaxation time and also show the role played by
the delayed heat release from the unrelaxed enthalpy in the glass-transition region. We have also made
certain definite observations regarding the equilibrium configurational specific heat and the Vogel-
Fulcher law, which describes ~, .

I. INTRODUCTiON

In this paper we report measurements and quantitative
analysis of specific heats (C ) of simple organic-glass-
forming liquids as they are cooled through the glass tran-
sition region. For these measurements, we depart from
commonly adopted adiabatic or differential scanning
calorimetry for reasons mentioned below. Instead, we
use the continuous cooling calorimetry' (a variation of
relaxation calorimetry, ' ) which enables one to measure
C during the actual cooling process. From the analysis
of our data, using a simple model for enthalpy relaxation
and nonequilibrium cooling, we were able to calculate all
the relevant parameters that govern the enthalpy relaxa-
tion near the glass transition. This enabled us to compare
our data of the enthalpy relaxation time (r, ) with those
obtained from other types of calorimetry (like ac specific
heat) and also the shear relaxation time (rG) at T-T .
In addition, we were able to make certain important ob-
servations regarding the equilibrium configurational
specific heat, the stretch exponential P, and the so called
"thermodynamic" transition point (To). (To and P will
be explained later on. )

This type of calorimetry, used by us, are uncommon in
studies of glass transition. We would like to show that
this form of calorimetry is a potent tool for quantitative
analysis of the specific heat near the glass transition inter-
val. In addition, this method allows us to do certain
types of experiments that one cannot do using
calorimetry, which measures the specific heat during
warm up. We were led to this experiment by the observa-
tion that most of the specific-heat measurements near the
glass transition have been made during reheating of a
quenched glass. [There are notable exceptions like the
frequently quoted work of Thomas and Park on B203
(see Fig. l) and the transient and ac calorimetry. ' In
the last two techniques the measurements were done stay-
ing close to the thermal equilibrium. ] In many cases the
measurement during reheating is a necessity because a
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FIG. 1. Specific-heat measurement in B2Q3 obtained during
heating and cooling (data obtained from Ref. 5).

rapid cooling is needed to avoid crystallization. Howev-
er, the measurement of specific heat during the actual
freezing process has largely remained unattended to.

When the specific heat of a glass is measured during
reheating (after quenching it initially), one starts from a
"frozen" state, which has a thermal history built into it.
As a result, any quantitative analysis of the specific-heat
data needs a prior knowledge of its thermal history. In
contrast, in measurement during cooling, the starting
state (T )T) T~) is an equilibrium state in the sense
that the enthalpy relaxation time (r, ) is shorter than the
experimental time scale (r,„). (The supercooled liquid
state, however, is not a true equilibrium state if one con-
siders the underlying crystalline state. ) This makes the
analysis simpler. In this case to describe the nonequili-
brium cooling process one has to track down the liquid-
like "excess," which slowly gets frozen, starting from a
zero value. One clear manifestation of the difference be-
tween the C measured during heating and cooling can be
seen in Fig. 1. While C measured during cooling de-
creases monotonically through T, the C measured dur-
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ing heating shows an overshoot. This overshoot is entire-
ly of kinetic origin and contains information about the
enthalpy lost during prior sub-T hold' and is sensitiveg'

to the thermal history. This observed overshoot often
complicates the shape of the C -T curve near T . We
show in this paper that the shape of the C -T curve near
Tg is very sensitive to the parameters governing the
enthalpy relaxation, and using a relatively simple model
we can obtain these parameters quantitatively from the
cooling data.

The paper has five sections. The experimental details
and results are given in Secs. II and III. In Sec. IV we
present our model followed by an analysis of our data in
Sec. V.

II. EXPERIMENTAL

S.S TU BE

PENNING
GAUGE

IMI»II«»)If TOP ELECTRICAL

$ ~ CONNECTOR
BELLOW

TO
= VACUUM

SY STEM

The details of the measurement of specific heats during
cooling are given elsewhere. ' ' Here we present a short
summary. This is essentially a modified form of thermal
relaxation calorimetry. Such a type of calorimetry has
been used extensively in studies of time-dependent
specific heats of glasses at low temperatures. " In this
method the sample holder (a small copper cup of 1 —2-ml
volume sealed by an indium gasket) was thermally linked
to a heat sink maintained at a constant temperature Tb, fh

(see Fig. 2). Tb„„, in our case, was the liquid-nitrogen
temperature. The thermal characteristics of the link [i.e.,
heat leak rate Q(T)] were determined experimentally.
The sample held at T) Tb„„, by applying power to a
heater attached to the sample holder, was allowed to cool
through the link by removing the heater power. As the

sample cooled continuously through the link, loosing
power Q( T), the temperature-time ( T r)-curve was
recorded. The heat capacity, C(T), was obtained from
the derivative (dT/dt)z of the cooling curve and the
measured heat leak rate Q(T) using the following rela-
tion:

C(T)= Q(T)
(d T/dt ) z.

The addenda heat capacity, determined in a separate run,
was subtracted from the total heat capacity to obtain the
sample heat capacity. The temperature was measured by
a calibrated thermocouple or a diode. The entire experi-
ment was automated using an IBM PC/XT compatible
computer. To ensure that the bulk of the sample reached
thermal equilibrium within the time scale of the experi-
ment, a copper mesh was kept inside the sample copper
cup. We also measured simultaneously the temperatures
at the core of the sample and the outside of the copper
cup to make sure that the bulk of the sample had attained
thermal equilibrium. The absolute accuracy of our mea-
surements, as well as the precision, was -3%.

The heat capacity C(T) obtained from Eq. (1) is the
equilibrium heat capacity as long as it is time indepen-
dent in the experimental time scale (T; «r,„). When

r, ~ r,„,the C(T) as defined in Eq. (1) is an "operation-
al" heat capacity measured in the time scale ~, p

This
particular aspect, elaborated upon later on, is an impor-
tant part of our analysis. The experimental time constant

is the RC time constant, ~here R is the effective
thermal resistance to the bath [measured experimentally
from Q( T)] and C the total heat capacity.

Obtaining reproducible C ( T) data near the glass tran-
sition temperature need consistent thermal treatment
during measurement. We followed the thermal treatment
depicted in Fig. 3. The liquid was first quenched from T;
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FIG. 2. Schematic of the experimental set up.

FIG. 3. Thermal treatment schedule followed in the mea-
surement. The appropriate numbers are given in Table I and in
the text. The heat capacity is measured after annealing at T„,
using the cooling curve marked R, .
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TABLE I. The details of the thermal treatment schedule fol-
lowed in our experiment. For notations see the text; T; =300 K,
TQ =80 K, R0 =0.3 K/sec and t„&180 min (see Fig. 3).

Material

Glycerol
Propylene glycol
Amyl alcohol
Propylene
carbonate

Diethyl
phthalate

TA (K)

230
230
170

230

205

RH (K/sec)

0.05
0.03
0.07

0.04

0.02

R, (K/sec)

0.03
0.04
0.02

0.006

0.01

(T; )T, T; =300 K) to a temperature T& «T, at a
rate R& (-0.25 K/s) by admitting helium exchange gas
in the vacuum chamber. After evacuating the chamber
to better than 10 torr, the sample was heated at a rate
RH (-0.05 K/s) to a temperature Tz such that
T, & T„&Tc (Tc is the temperature region where cry-
stallization occurs on reheating). The supercooled liquid
was then annealed at temperature T„ for a time t„()3
h). The heater was then turned off and the sample was al-
lowed to cool through the link to a temperature below Tz
at an average rate Rc. It was during this slow cooling
the (T t) curves w-ere recorded for the determination of
C(T). The relevant numbers for the thermal treatment
of the liquids studied are given in Table I. Annealing of
the sample at T~ is necessary to ensure that an equilibri-
um state is reached at the starting temperature. If the
annealing time t~ is short, one finds anomalous features'
appearing in C(T) just below T .

Five materials with T~ lying in the range 120—190 K
were used in this investigation (see Table II). The choice
was governed by factors like suitable T (so that a range
of temperature both above and below T~ can be scanned),
availability, ease of handling, etc. Of these five materials,
data from adiabatic calorimetry are available for three of
them. Also, except propylene glycol, all the other materi-
als can be crystallized in a controlled way, and their

specific heats can be measured. In a separate report' we
have discussed specific heats of partially crystallized su-
percooled liquids. All the samples were tested for impur-
ities by gas chromatography. Any absorbed water was
removed by heating the liquids at 120 C for hours and
then cooling and sealing them in a desiccator.

One of the materials, glycerol, may be the most studied
glass former. It is classified as an "intermediate" liquid
in terms of its temperature dependence of viscosity. '

Another material, propylene carbonate, is a "fragile"
liquid in terms of the same classification. We wanted to
see if there is any qualitative di6'erence in the tempera-
ture dependence of r, (the enthalpy relaxation time) of
glycerol and propylene carbonate as T—+T . The other
materials probably lie in between these in terms of "fra-
gility. "

III. RESULTS

In Fig. 4 we show the specific heats (C ) of the five ma-
terials studied in the temperature range 1.3 T )T)0.8
T . In the same graph the data for the corresponding
crystals are also shown. (Propylene glycol is the excep-
tion as it cannot be crystallized). We have also shown the
data obtained from adiabatic calorimetry wherever avail-
able. ' ' It can be seen that none of the specific heats
obtained during cooling has the overshoot generally ob-
served in the heating data. The adiabatic calorimetry
data, obtained at a comparable or somewhat slower time
scales than those used by us, show small but distinct
overshoot in C occurring in the temperature range
around T . For T))T and T((T the data obtained
by both methods agree to within experimental accuracy.
In the range T- Tz, r, -r,„z and the C( T) data depends
sensitively on ~„which, being a nonequilibrium relaxa-
tion time, depends on the details of thermal treatment
and history. As a result, the shape of the C( T) curve de-
pends on the method of measurements. In Figs. 5 and 6
we show dC /dT for all the materials. In Fig. 5,
d C /dT for glycerol is also shown. We have taken the
maximum in dC~/dT (or the point, where d C~/dT2 2

TABLE II. The observed characteristics of the glass transition. The numbers in parentheses are
from adiabatic calorimetry.

Material

Glycerol
Propylene
glycol

Amyl
alcohol

Propylene
carbonate

Diethyl
phthalate

'Reference 15.
Reference 16.

'Reference 17.

Molecular
weight

92

76

102

222

Melting
point

T (K)

291

191

270

Glass transition

temperature
T (K)

185 (180-190')

161 (155-165 )

123

156

179 (175-185')

Width of
transition
ATg (K)

34 (19')

46 (18 )

30

37 (20')

Change in
specific heat

AC (J/gm K)

0.97 (0.91')

0.90 (0.94 )

0.72

0.42

0.60 (0.55')
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FIG. 4. Specific heat (C~) data of the five
materials studied. The data obtained by adia-
batic calorimetry (Refs. 15—17) are also shown,
as well as the data obtained on crystals.

crosses zero) as the glass transition temperature Tg. The
glass transition interval is identified by temperatures TU
and TL, where d C /dT ~0. This enables us to identify
a width of the interval AT = TU —TL and also the
change in C at the glass transition,
b, C~ = C~( TU) —C~(TL ) =C~(liq) —

C~ (crystal). These
quantities are shown in Table II.

The dC IdT for these materials show a small peak
around T/T =0.9. This extends the transition interval
b T~ by about 15%—25%. Most likely this is due to
secondary relaxation, although we have no definite ex- 0.06-
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planation for it. This small peak does not affect our mod-
el calculation too significantly (see Sec. IV). However, it
does limit the final accuracy of the parameters obtainable
by the fit procedure.

For all the liquids studied b, C~/C~(liq) =0.4-0. 5.
This is close to the same obtained from adiabatic
calorimetry (see Table II). While the shape of the C~(T)
curve at T- T depends on the details of calorimetry the
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FIG. 5. The first (dC~/dT) and second (d C /dT ) deriva-
tives of the observed specific heat of glycerol near the glass tran-
sition. The glass transition temperature Tg and the width of the
transition ATg = TU —TI are marked.
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FIG. 7. Comparison of our data with ac specific-heat data
(Ref. 7). The dashed line represents our data on crystals.

IV. THE MODEL OF ENTHALPY RELAXATION

In this section we present the model that has been used
to analyze the cooling experiment and the specific-heat
data. The enthalpy change of a supercooled liquid in
response to a step change in T is given as

b H ( t ) = b Hl +b H~ [ 1 p( t )], — (2)

where EHI represents the instantaneous contribution
arising from the vibrational states (lattice modes) and
AH~ is the relaxing part arising from the configurational
states, which relax in a time scale r, . P( t ), the relaxation
function, is give~ by the Williams-Watts function, '

P(t ) =exp[ (t/r, )~], — (3)

where, 1)P)0.
Following Eq. (2) we can define a time-dependent heat

capacity

fractional change in specific heat is independent of these
details. Our experiment and the adiabatic calorimetry
were done on comparable time scales so that T observed
by the two methods are also similar. We, however, find
that the hT observed in adiabatic calorimetry are al-
ways smaller than those observed by us.

In Fig. 7 we have compared our experimental data on
glycerol with those obtained from ac calorimetry. The
data taken by the two methods smoothly match at
T )& T . In our experiment the transition region is shift-
ed to a much lower temperature because the ~,„„is much
larger, so that the effective frequency of measurement is
much smaller. In both these methods data were taken
during cooling, and no overshoot in the C is seen near
the glass transition region.

The effective-time scale of our measurement
( —10 —4X 10 sec) is such that we can probe r, in the
temperature range T/T ( l. 25. This is the region of
high viscosity. ' In this range ~, is determined by an ac-
tivated process associated with a (3N+ I)-dimensional
potential energy surface. ' As we will see later on, the
continuity of enthalpy relaxation time without any
change at T/T =1.25 is distinct from what is observed
in the shear relaxation time ~„which seems to have some
kind of crossover at this temperature range, particularly
for the fragile liquids. '

where CI (=b,HI. /b, T) is the solidlike vibrational heat
capacity and C,p (=+Hyle, T) is the total equilibrium
heat capacity associated with the configurational degrees
of freedom. This is the excess liquidlike property, which
is mostly removed, and the rest is frozen in as T—+ T . In
this model, the glass transition is a kinetic phenomena
such that for r /~, ((1, the response is solid like
(C,ff~CL ), whereas for t /v; ))I, the response is that of
an equilibrium liquid (C,&~CI +CFp).

If the cooling process is an equilibrium process, the ob-
served enthalpy relaxation time is an equilibrium relaxa-
tion time ~,q, i.e., 7, 7eq when ~, &&~exp The equilibri-
um relaxation time is generally given by the Vogel-
Fulcher equation,

r,q=rpexp (&)T Tp

where, Akz is an activation energy and To is a constant.
Often a phase transition is postulated ' at T0 to resolve
the Kauzmann paradox because at T~To the excess
entropy of the liquid seems to vanish. (It is for this
reason we called To the thermodynamic transition tem-
perature )In . the actual cooling process r, Wr, . The
tracking of the nonequilibrium relaxation time is general-
ly done by using the concept of fictive temperatures.
An alternative approach has been worked out by Ko-
vacs. ' Both these are, in the main, one-parameter
models and are expected to be equivalent. The basic ap-
proach is to prevent r, from growing as fast as r, [Eq.
(5)] as Ts is approached from above. For operational
ease, we will use the approach of Kovacs. (We will show
later on the equivalence of this approach and the fictive
temperature approach. ) The nonequilibrium aspect of r,
is introduced through the relation,

(T Tp)+ A5—
The addition of the 2 6 term prevents ~, from increasing
as rapidly as ~, while T is lowered through T . The time
dependence arises through the time and temperature
dependence of 6 given by

d6 = —Dq —5/~, .
dt

Here, q is the cooling rate. D corresponds to fractional
changes in the thermodynamic derivatives at Tg (e.g. , the
change in thermal expansion coefficient). For most glass
formers it is expected to lie in the range 10 —10 . In
our model we treated D as an adjustable parameter. At
the starting point T) T and ~, &&~,„so that ~, =~, .
This would imply 5=0. [When 5=0, Eq. (6) reduces to
Eq. (5).] This shows the advantage of the cooling experi-
ment that at the starting point 7, =~, , and any frozen
"excess," 5, is zero. On cooling 5 starts developing
nonzero values and r, starts deviating from r, . (In cool-
ing experiment r,„)r, .)

The actual heat release from our sample is described by
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the model shown schematically in Fig. 8. The effective
heat capacity is expressed through Eq. (4). C~ is the
time-dependent part and Cl is the instantaneous part.
Both are connected to the bath (Tb„h) through the link
that leaks a power Q( T) and provides the cooling. In ad-
dition, there is an effective heat source Q" present in the
system, which arises due to the delayed heat release from
the unrelaxed enthalpy of the system. We called this the
"trapped heat. "

To follow the cooling we approximate the continuous
cooling process by a step cooling program in which the
temperature steps b T are followed by isothermal holds of
duration At such that AT=qXht, where q is the ap-
propriate cooling rate at that temperature. As long as
AT is not too large the exact step size is not important.
To optimize the computational speed we used At=60
sec, which corresponds to 6T ~ 1 K at T= T . Using the
model of Fig. 8 we can write the AT of the nth cooling
step (at T= T„) as

(8)

In Eq. (8), the term Q„" is the rate of release of the
trapped heat. The trapped heat Q„(i.e., the total unre-
laxed enthalpy at the beginning of the nth step) is calcu-
lated cumulatively by the relation,

Qn [CFO( T„ i )b, T„ i +Q„",]p( T„, , b, t )

The first term is the unrelaxed enthalpy from the previ-
ous (n —1)th step and the second term is the cumulative
unrelaxed enthalpy due to all prior steps. The amount of
trapped heat released in the nth step is given by

(10)

nonequilibrium enthalpy relaxation time ~, at each tem-
perature is calculated from Eqs. (6) and (7). r, enters the
calculation through the relaxation function P( T„,t )

defined in Eq. (3). [For the calculation of 5 in Eq. (7), we
have replaced ~, by ~eq This does not affect the results in
any significant way but makes the calculation easier. ]
The calculated specific heat in subsequent discussions are
referred to as C,d,i(T).

In calculation of the specific heat we use CFO, P, 2, To,
D, and 5 as fit parameters. CL is taken as the heat capa-
city of the crystal. The calculated heat capacity
C,d,~(T) is sensitive to these parameters in the region of
glass transition. We optimize the parameters so that
C,d,~(T) and the observed specific heat agree to within
3 —7%%uo. The experimental "noise" is around 3%. An ex-
ample of fit is shown in Fig. 9(a) for glycerol. While data
of higher precision are definitely desirable to narrow
down the range of parameter space, which gives the best
fit, even with our data we find that the parameters can be
identified within a narrow range (see Table III). The
operational details of the calculation are given elsewhere
in order to keep the report in manageable size.
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The delayed heat release associated with the unrelaxed
enthalpy makes a significant contribution only near the
glass transition.

From Eqs. (4) and (8)—(10) we can calculate the cooling
rate (dT/dt) at T= T„and can obtain the heat capacity
from Eq. (1) using experimentally observed Q(T„). The
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FIG. 8. Schematic representation of the model used for
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FIG. 9. Comparison of the observed and the calculated
specific heats of glycerol. In (a) the data (o ) and the calculated
( ———

) values are shown. In (b) the relative error
AC /C = ( C d ] Cp ) /Cp is shown as a function of T. The
( ———) curve represents the error in the best fit. The { )

curve represents the error when w, q
is used for w, . The

( —~ —.—-) curve represents the error when the trapped heat
release (Q ) is neglected.



3042 M. RAJESWARI AND A. K. RAYCHAUDHURI 47

TABLE III. The parameters of the model derived from the fit (see text).

Material

Cxlycerol
Propylene
glycol

Amyl
alcohol

Propylene
carbonate

Diethyl
phthalate

A (K)

2500+100

2170+100

1700+50

2200+100

2300+100

~& (sec)

(0.3-2)x10-"

(0.1-5)x 10-"

(0.3—3) X 10

(0.2-1)x 10-"

(0.2-1)x10-"

r, ' (K)

128-120

112-100

83-81

114-90

119-100

D (K ')

(6+0.5) X 10

(3.8+0.5) x 10-'

(1.0+O. 3)x 10-'

(0.1+.02) X 10

(3.0+0.5) x10-'

Cpo (J/gm K)

0.86—0.98

0.80—0.93

0.50—0.70

0.34—0.52

0.54—0.57

0.55+0.05

0.45+0.05

0.50+0.02

1.00+0.05

0.70+0.03

'This is the range of variation of To in the temperature range 1.25 & T/T~ & 0.85.
This is the range of variation of CFo in the same temperature range.

The extent of sensitivity to fit parameters can be
checked by varying an individual parameter around the
best fit value. For instance, when the activation energy A
is decreased by 20%, the C,d,&( T) near the transition re-
gion differs from the observed value by about 15%.
When ~0 is changed by one order, the error increases to
nearly 7%. Changing b by a factor of 2 can increase the
error in the transition region as well as in the supercooled
liquid region to more than 10%. The effect of varying re-
laxational parameters in the range T & T is very small.
The calculated heat capacity is most sensitive to these pa-
rameters in the transition (T-Ts) and in supercooled
liquid (T T~) region. The effect of using r, instead of
r, is shown in Fig. 9(b). The error encountered is small
because we stay close to equilibrium. However, the effect
of neglecting the delayed heat release [see Fig. 9(b)] can
be large, and it does make a significant contribution in
the region T-T .

The parameters obtained from our data for all the ma-
terials using the model are shown in Table III. In the fol-
lowing section we discuss the importance of these num-
bers and the related issues.

small because P(t)=1. As a result, only at T/T =1,
Q "( T) is finite and it shows a maximum.

The unrelaxed enthalpy is the liquidlike excess frozen
into the system and, we will show later on, is closely re-
lated to 5 [see Eqs. (6) and (7)], which tracks the none-
quilibrium relaxation time ~, . Using the definition of the
fictive temperature (TF) it can be shown that the unre-
laxed enthalpy Q "(T ) is directly related to TF by the rela-
tion,

Q (T)=H(T) —H,q(T)=H, (TF)—H, (T)

=CFQ(TF —T),
where H, ( T) stands for the equilibrium enthalpy of the
supercooled liquid at temperature T and CFO is approxi-
mately taken as a constant. C~o being known from the ex-
periment, TF can be calculated from Q (T) directly. At
T) Ts, T~=T and Q"=0. At T &&Ts, TF =const, and
as a result Q" rises almost linearly as T is decreased, pro-

V/Yg

0.9 1.1

V. ANALYSIS OF THE DATA

A. Trapped heat [Q "(T ) ]
and the trapped heat release

The unrelaxed enthalpy (the trapped heat) cumulative-
ly accumulates in the system as soon as ~, becomes com-
parable to 7

p
in the cooling process. A part of this un-

relaxed enthalpy is released subsequently. This acts as a
heat source with a rate of power input Q "( T) into the sys-
tem. Q "(T) increases continuously as T is lowered. The
Q "(T) calculated from our data using Eq. (9) are shown
in Fig. 10. In the inset we show the rate of trapped heat
release [Q "(T)] calculated from our model. While Q "(T)
increases monotonically below T, Q "(T) shows a max-
imum around T/Ts =1.03—0.97. [For the other materi-
als Q "( T)'s are similar to that of glycerol. ] When T) Ts
and ~, (T) &&r,„and Q "(T)=0 as a result Q"(T)=0.
When T & T and ~, ( T) ))r,„,Q "(T) is finite and mono-
tonically increasing with decreasing T but Q "(T) is again

I

LIJ
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LLI
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CL

12—
lX
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0
140 160 180
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200 220

FIG. 10. The unrelaxed enthalpy (which we called the
trapped heat) Q "(T) as obtained from our data using the model
shown in Fig. 8. The inset shows the rate of delayed relaxation
of this trapped heat Q (T). The dashed line shows the almost
linear extrapolation following Eq. (11).
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vided Cgp const. This has been shown in Fig. 10 as a
broken line. In the next section we will discuss the role
of Q ( T}and TF in the determination of the nonequilibri-
um relaxation time w, .

106

5
GLYCEROL

B. The nonequilibrium relaxation time

B
+s +pexp (12)

Here we used B as an adjustable parameter, while others
are used from Table III. We can see that the above rela-
tion cannot explain the observed ~, . In particular, it

The nonequilibrium relaxation time ~, was calculated
from the 5 [Eqs. (6) and (7)]. The development of 5 for
glycerol, as T is lowered, is shown in Fig. 11. 5
represents certain normalized unrelaxed liquid like "ex-
cess" (e.g., volume, enthalpy, etc.), which is both time
and temperature dependent and remains frozen in. A
comparison of Figs. 10 and 11 show the close similarity
of Q" and 5.

At T (T, it can be seen from Eq. (7) that
d 5/d T= D. A—s a result 5 (like Q") rises linearly with T
as T is decreased. At any temperature one would expect
that Q /CFp=5/D. We find that such is indeed the case
from our experimental data. 5 has been determined from
r, and Q has been determined independently from the
cumulative accounting of the unrelaxed enthalpy. It is
gratifying that these two quantities show the expected be-
havior. In the following we will see if the experimentally
observed ~, can be calculated from the Tz. The none-
quilibrium relaxation time ~, and the equilibrium relaxa-
tion time r, [calculated from Eq. (5) using the parame-
ters given in Table III] are shown in Fig. 12. The inset
shows the fictive temperature. It can be seen that the
glass transition occurs when 7 7

p
Also when

7 z & 7 exp it starts to deviate from the ~,q. In the same
graph we have shown the ~, obtained from the following
Eq. , which has been suggested from the Adam and Gibbs
theory. ' ' The ~, in this theory is given as

10 —"expt.
3

z.' 102

D

x 1Q

UJ
10'—

10

160

160

200
T(K}

180 2QO 220

severely overestimates the eftect of nonequilibrium cool-
ing.

We have also calculated ~, using the following
modified form of the Narayanaswamy equation:

+xA (1—x)A
(T Tp) (T~ ——Tp)

(13)

Flax. 12. The equilibrium relaxation time i,„[calculated from
parameters of Table III using Eq. (5)] and the nonequilibrium
relaxation time 7, obtained in the experiment. The inset shows
the fictive temperature TF. The dashed-dotted curve represents
the 7, obtained from Eq. (12) and the dashed curve represents
the 7, obtained from Eq. (13). 7,„„,the experimental time scale
is also marked.

0 -003—

5 0 002—

0 00$—

GLYCEROL

where 1)x )0, and its depends on the cooling rate. (It
is higher for lower cooling rate. ) The calculated r, is
shown in Fig. 12 and was obtained with x =0.79. The
other parameters were the same as in Table III. We find
that r, calculated from Eq. (13) agree well with the ob-
served values. The 7, in our experiment was generated
from Eqs. (6) and (7) to make the C,d„(T) agree with
the data. The fictive temperature used in calculation of
r, from Eq. (13) was obtained independently from Q".
The fact that the two independent approaches give the
same 7„show their essential equivalence.

0
320 160

T (K)
200 C. The equilibrium con6gurational

specific heat Czo

FICr. 11. The temperature variation of the parameter 5 [see
Eq. (6)], as obtained from the nonequilibrium relaxation time ~, .
The dashed line is the linear extrapolation [using Eq. (7)] when

7, ))7e„p.

This is the complete contribution to the specific heat
from all the configurational degrees of freedom that give
an excess specific heat to the liquid. At T))T, the ob-
served configurational specific heat CF Cpp [see Eq. (4)].
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At T(Tg, C~&C„p and CF~C~p only in the limit
~, /~, „„~0.Our analysis of the data using the model al-
lows us to find CFo(T) down to T/T =0.85. (The low-
temperature limit is decided by the experimental resolu-
tion. We generally stop at the temperature when
CF/CL =3%, which is our precision). We find that CFo
rises as T decreases and approximately follows a relation
C~p Cp +b /T. We show this in Fig. 13 for glycerol
along with the observed configurational specific heat CF
[ =C~ (observed) —C (crystal)].

At T && T~, C~ =Czp, as expected. At around
T/T =1.05, the two start to di6'er. Our observation
shows clearly that the observed fall of the specific heat at
the glass transition is completely relaxational in origin.
The actual thermodynamic configurational specific heat
does not fall at T- Tg On the contrary it keeps on rising
at least till T/T =0.85. This is a general observation,
and we have seen this in all the materials studied. If the
rise in CFp is the signature of the onset of a phase transi-
tion it must be occurring below T/T -0.85. The rise
in specific heat at lower T may also mean the tail of a
Schottky contribution coming from two-level systems.
However, the CFp cannot rise like that at much lower
temperatures. The question remains at what temperature
the down turn occurs. In any case it will occur below
T/T =0.8. The observation about the temperature
dependence of Cgp is an important issue and it definitely
shows that the observed fall of the specific heat at T is
completely due to relaxational eff'ects (i.e., r, & r,„).

D. The thermodynamic
transition temperature Tp

The equilibrium enthalpy relaxation time ~, as well as
the nonequilibrium relaxation time ~, are governed by
the temperature To [Eq. (5) and (6)]. To is supposed to
represent a true phase transition, ' which is frustrated
by diverging relaxation times. Assigning a thermo-
dynamic meaning to Tp brings in certain problems. We

find that in all the materials studied and in the tempera-
ture range T/Ts & 1.2, To is no longer a fixed quantity.
If we want that the r, be given by Eq. (6), it is necessary
that Tp is decreased, though by a small amount, as T de-
creases. The extent of decrease varies from material to
material. These are shown as a range of values for Tp in
Table III. Typical decrease is in the range 7 —10%. It is
highest ( -24%) for the most fragile liquid propylene car-
bonate. This observation that Tp is not a constant, raises
doubt about the universality of the Vogel-Fulcher equa-
tion [Eq. (5)]. (We raise this doubt with caution, yet with
confidence because this equation has been used extensive-
ly in the field of glass transition. ) The necessity of lower-
ing of Tp can be seen from our data. In Fig. 14, we show
our data along with the calculated specific heat assuming
Tp = constant. We cannot produce agreement between
the observed and the calculated specific heats as long as
we keep Tp a constant.

The lowering of Tp implies a "softening" of the diver-
gence of ~, and ~, as T is lowered. However, in the
enthalpy relaxation times we do not see any change over
to the Arrhenius behavior (To~0) as we approach Ts,
unlike that often observed in the shear relaxation time

In Fig. 15 we show the comparison of the Vcq as ob-
tained from our experiment and those obtained from oth-
er experiments. For glycerol, and "intermediate" liquid,
our data match with those obtained by other methods in
the region of overlap. (The data on glycerol are obtained
from techniques, which include ac calorimetry, dielectric,
and ultrasonic relaxations and digital correlation spec-
troscopy. ' The longer time scale of our experiment al-
lows us to extend the measurements to lower tempera-
tures. In contrast, we find that for fragile liquid pro-
pylene carbonate, the temperature dependence of ~, as
seen from the enthalpy relaxation is markedly di6'erent
from those seen by other techniques. We do not ob-
serve the changeover to the Arrhenius behavior. Similar
conclusion had been reached on enthalpy relaxation time
of another fragile liquid 0-terphenyl mixtures from ac
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FIG. 13. The equilibrium configurational specific heat (CFp)
and the observed configurational specific heat (CF) for glycerol
[see Fig. 8 and Eq. (4)]. Note that C„o continues to rise below

T~, while the observed C+ shows a fall due to relaxation eff'ects.

FIG. 14. The observed specific heat (C~) and the calculated
specific heat (solid line) taking Tp as a constant in Eq. (6). For
best fit, Tp has to be decreased slightly as T is lowered. (See
Table III.)
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FIG. 15. The equilibrium enthalpy relaxation times (~cq) for
glycerol and propylene carbonate as obtained from the present
investigation ( ) (see Table III). These are compared with
those obtained from other techniques. For glycerol ( ——.—)

the data are obtained from Ref. 31. For propylene carbonate
( ———

) the data are obtained from Ref. 32. The arrow in the
data for glycerol shows the point where the enthalpy relaxation
data of Ref. 7 merge with those of the present investigation.

calorimetry experiments. Taking into consideration
both these enthalpy relaxation data it seems that the
strong fragility seen in shear relaxation time is not ob-
served in the enthalpy relaxation time. At the same time
one observes a small but continuous decrease in To at
lower temperatures leading to a softening of the diver-
gence of ~, .

E. The exponent p

The parameter p in the relaxation function [Eq. (3)],
have been evaluated for the liquids investigated and are
given in Table III. For the aliphatic alcohols
P=0.45 —0.55, whereas for the aromatic esters, P is
closer to 1 and in propylene carbonate P= l. In Table IV
we have given a comparison of parameters obtained from
our experiment and those from the ac calorimetry for
two liquids. While most of the parameters are quite com-
parable, p determined by us are lower than those ob-
tained in the ac calorimetry. This difference, we believe,
refiects the temperature dependence of p. The specific-

heat data are most sensitive to r, and hence to p when
T- T . In our experiment, done at a somewhat longer
time scale, the T was lower. As a result the p deter-
mined by us corresponds to that at somewhat lower tem-
peratures. We then have to conclude that p increases
with decreasing temperature in these two materials.

In these experiments we also made one more observa-
tion, which we briefly mention here without elaboration.
We find that p depends somewhat on the cooling rate
and also on the degree of partial crystallization in the su-
percooled liquid. ' For glycerol cooled at an average rate
of around 0.2 K/min. or less, the p can be as high as 0.7.

We also tried to look at whether there is any correla-
tion of the width of the spectrum of relaxation time mea-
sured by p and the glass transition width b, T. For the
five different materials studied 6T /T =0.18—0.29,
while p can range from 0.45 to 1.0. Thus no definite
correlation can be suggested. Determination of 6T,
however, becomes somewhat difficult due to the existence
of a secondary peak as mentioned earlier.

VI. SUMMARY

The experiment was done with the objective of obtain-
ing the specific-heat data on glass-forming liquids during
the cooling process and analyze the data with a model of
nonequilibrium cooling so that the relevant parameters
regarding the enthalpy relaxation can be obtained and
can be compared to the relaxation times measured
through other experiments, especially the ac
calorimetry. ' This method allows us to do the experi-
ments at longer time scales and thus extend the range of
observed relaxation times to lower temperatures. From
the analysis of our data we could make a number of in-

teresting observations. We could display the delayed
heat release from the unrelaxed enthalpy and the role of
this unrelaxed enthalpy in determination of the nonequili-
brium relaxation time. We also found that the equilibri-
um configurational specific heat (CFo) rises as T decreases
even down to T/Tg =0.85 and the observed fall in the
specific heat is entirely relaxational in origin. The tem-
perature To, which enters the Vogel-Fulcher law was not
found to be a constant, but it decreases, although slightly,
as T is decreased, and the relative decrease is the max-
imum for a fragile liquid. We also found that in a fragile
liquid, propylene carbonate, the enthalpy relaxation time

TABLE IV. Comparison of parameters for enthalpy relaxation obtained from a.c. calorimetry and
the present investigation (see Eq. 5).

Parameters Ia
Glycerol

Ia
Propylene glycol

Irb

A (K)
~o (sec)
To (K)

2500+100
(0.2-2) X 10-"

128-120
0.55+0.02

2500+100
(0.03-2) X 10

128+5
0.65+0.03

2170+100
(0.15-5)X 10-"

112-100
0.45+0.03

2020+130
{0.63—3.9) X 10

114+7
0.61+0.04

'Obtained in the present investigation.
Obtained from ac calorimetry in Ref. 7.
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does not follow the shear relaxation time. But in an in-
terrnediate liquid, glycerol, the enthalpy relaxation time
matches well with those found by other methods.

We point out that continuous cooling calorimetry
alone may not be a sufficient method to give a quantita-
tive estimate of all the relaxational parameters near the
glass transition. It should be complemented by other
methods such as ac calorimetry or reheating calorimetry

(like Differential Scanning Calorimetry), which are done
with a well-defined thermal history.
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