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In this paper we present a phenomenological model to analyze the heat release at
the glass transition as observed in the continuous cooling calorimetry when a supercooled
liquid freezes into the glassy state. We developed this model for the quantitative analysis of
the experimental data to obtain the specific heat and the parameters which govern the structural
relaxation. A description of the model and the detailed analysis are presented and the relaxation
parameters are compared with the corresponding values obtained from the specific heat
spectroscopy. Our analysis reveals several interesting aspects which include the effects of delayed
enthalpy relaxation and the nonequilibrium structural relaxation time on the observed specific
heat, the temperature dependence of the equilibrium configurational specific heat and the
validity of the Vogel-Fulcher equation for the relaxation time.
Abstract.
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1. Introduction

The experimentally observed specific heat undergoes a step-like fall in the temperature
range where the supercooled liquid freezes into the glassy state. This fall in the specific
heat near the glass transition temperature (T~) is largely associated with the increase
in the structural relaxation time ~s with decreasing temperature. In the glass transition
temperature range where rs becomes comparable to the experimental time scale re~p,
the configurational degrees of freedom do not contribute to the observed changes in
enthalpy. This accounts for the fall in the specific heat. The observed specific heat at
the glass transition is a nonequilibrium time dependent quantity which contains
information about the nature of the structural relaxation. Recently we have reported
our studies of the specific heat at the glass transition which employ a novel technique
known as the continuous cooling calorimetry I-1,21. In this paper we describe a
phenomenological model which we have developed to enable us to obtain the
parameters governing the structural relaxation from the observed heat release at the
glass transition. Since the specific heat at the glass transition is a nonequilibrium
quantity, the measured specific heat is sensitive to the kinetics of the calorimetric
technique employed.
At the outset we would like to point out that the continuous cooling calorimetry
at the glass transition is distinct from most of the earlier studies of the glass transition
401
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which employ differential scanning calorimetry (DSC) [3] or adiabatic calorimetry
I-4, 5] where the specific heat measured as a quenched glass is reheated through the
glass transition range. The specific heat observed during this reheating is strongly
influenced by the relaxation of the enthalpy frozen-in during quenching. The specific
heat peaks observed at the glass transition in the heating experiments (as in DSC
and adiabatic calorimetry) have their origin in the delayed enthalpy relaxation. The
analysis and modeling of these experiments I-3] are thus complicated by the thermal
history built into the system during quenching. In contrast, in the continuous cooling
method, the specific heat is measured as the supercooled liquid freezes into the glassy
state from an initial equilibrium state at T>> Tg. In this case there is no thermal
history built into the system prior to the cooling process. The specific heat during
cooling does not show the enthalpy relaxation peaks seen in the data during reheating
after quenching. As a result, the modeling and the analysis are simpler and more
direct here. The continuous cooling calorimetry may be thought of as a large amplitude
time domain analog of the specific heat spectroscopy experiment 1-6] which studies
the specific heat in the linear response regime in the supercooled liquid. It should be
mentioned here that when the glass is thermally cycled through Tg the specific heat
shows a dip below Tg which is sensitive to the thermal history [1]. However in the
present report we do not discuss the thermal cycling experiments.
In the remainder of this paper we describe the development of the model and show
its application to the quantitative analysis of the data in one glass former (glycerol).
The model is general and may be applied to any glass former. It may also be extended
for the analysis of similar data (other than specific heat) where one deals with kinetic
freezing.
In § 2 we briefly describe the experiment and present some typical data. In § 3 we
discuss our treatment of the time dependent specific heat and the structural relaxation
time. In § 4 we present the model followed by its application to glycerol in § 5. In § 6
we discuss the structural relaxation parameters obtained for glycerol which is followed
by the concluding summary in § 7.
2. The experimental technique

The continuous cooling method of specific heat measurement which is based on the
principles of relaxation calorimetry [7] has been described in detail earlier [2]. The
sample kept in a vacuum environment is linked to a heat bath maintained at liquid
nitrogen temperature by a thermal link whose heat loss rate Q(T) is experimentally
determined. The sample is annealed at a temperature TA > T~ by holding it at TA for
several hours. The heat input is then turned off and the sample cools below Tg by
losing heat through the link. The specific heat is determined from the cooling rate
dT/dt as the sample cools from TA. The cooling process is shown schematically in
figure 1. For glycerol the values of TA, T8 and the average cooling rate are also
indicated in the figure.
In the absence of any heat input, the heat capacity of the cooling thermal mass is
related to the cooling rate dT/dt by

C(T) = Q.(T)/(dT/dt).

(1)

Thus the heat capacity.may be obtained if the cooling rate dT/dt and the heat loss
rate through the link Q(T) are known. In this experiment we measure T(t) as the
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Figure 1. Schematics of the experimental set-up along with the measured cooling
curve (T- t) and the heat leak curve (Q(T) - T). The slope (dT/dt)r is obtained
from the cooling curve. Q(T) is determined in a separate run as described in the text.

sample cools through the link from which the cooling rate dT/dt is determined. The
rate of heat loss through the link Q(T) is determined separately by measuring the
power input needed to stabilize the sample at several closely spaced temperature
values and subsequently obtaining a polynomial fit. (~(T) is then a measure of the
heat release from the sample which arises from the enthalpy relaxation in a time scale
faster than the experimental time scale ~exp corresponding to the cooling rate
employed. Equation (1) strictly holds in the temperature regime where the structural
relaxation time r s satisfies the condition Zs<<zexp. In the glass transition region where
zs ~ reap and in the sub-Tg region where zs>>z¢~p, C(T) will not be the complete
equilibrium heat capacity as the configurational states do not equilibrate in the time
scale z,xp. We can however treat (1) as an operational definition of the heat capacity.
In the analysis that follows, we show how we relate the observed heat capacity to
the equilibrium heat capacity in the framework of a kinetic model of enthalpy
relaxation.
In figure 2 we present the specific heat data of glycerol and compare it with the
data from earlier adiabatic calorimetric experiments [8]. The data and analysis for
other glass formers we have studied may be found elsewhere [9]. (Here we focus on
glycerol as a representative case of our analysis). As seen in figure 2, in the supercooled
liquid region and the sub-Tgregion there is reasonable agreement (to within ~ 5?/o)
between the two sets of data. The glass transition region however shows significant
variation which is to be expected since the data in this range are sensitive to the
experimental kinetics. In table 1 we compare the different parameters associated with
the glass transition namely the glass transition temperature Tg, the width of the
transition AT8 and the change in the specific heat across the transition ACp. In earlier
studies these quantities have been defined by employing various arbitrary criteria.
We define these quantities from the derivatives of the C(T) curves which allows a
less arbitrary definition. Since we obtain C(T) in a continuous temperature sweep,
the data are sufficiently closely-spaced in temperature to determine the derivatives
dC/dT and d 2 C/dT 2 with sufficient accuracy. The change in the specific heat across
Pramana - J. Phys., Vol. 41, No. 5, November 1993
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Figure 2. The specific heat of glycerol obtained from continuous cooling
calorimetry compared to the values reported in literature 19].
Table 1. The glass transition temperature (Tg), transition width ATg
and the specificheat change across the transition (ACo) of glycerol from
the continuous cooling calorimetry compared with the same quantities
from adiabatic calorimetry.
Continuous cooling
calorimetry
(present study)

Adiabatic calorimetry [8]

185
29
0-97

180-190
19
0.91

T~(K)
ATe(K)
ACp
(jg- 1 K - 1)
ACp/Cp (liquid)

0"50

0"47

the glass transition interval is defined as
AC o = Co(T.) - Co(T,)

where T, and T~ correspond to the upper and lower limits of the transition interval
as indicated in figure 3. The width of the transition interval is defined as AT~ = T, - T~.
As shown in table 1 the quantities Tg and ATg as obtained from the continuous
cooling calorimetry experiment differ from the adiabatic calorimetry data, the difference
being due to the variation in ~o,p.
Our task in the following sections is to obtain quantitative information about the
structural relaxation from the C(T) data in figure 3.
3. The time-dependent specific heat and structural relaxation time near the glass
transition

A glass being a system frozen far from equilibrium, the specific heat is time dependent
at all T < Tg. However there are only two temperature regions where the time
404
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Figure 3. The specific heat

transition interval (Ts and ATg).
dependence is experimentally observable. Fiirst is the region at T,-, Ts where the
enthalpy change associated with the structural relaxation is observable in experimental
time scales. The second is another temperature range at very low temperatures
(T < 1 K) where the time dependent specific heat associated with the tunneling states
is observable.
The heat capacity of the system in the supercooled state and the glass transition
region may be considered to be made up of two components - the lattice component
CL and the configurational component CF. The lattice component includes
contribution to the heat capacity from the vibrational degrees of freedom in the
sample which equilibrate in time scales ~ 10-~2s which is much shorter than the
time scale of observation. CL could also include contributions from configurational
degrees (such as localized motion about defect sites) with short relaxation time
(~ <<Zcxp). The second component of the heat capacity denoted as CF is associated
with the configurational degrees of freedom which relax on time scales resolvable by
experiment (i.e. zs ~ Zexp) in the glass transition range. (It should be mentioned here
that considering the glass heat capacity to be the sum of two components is only an
operational approximation and is not rigorously valid). The relaxational nature of
CF is then manifested in the experimental observation as a time dependent specific
heat. In the framework of the relaxational models of the glass transition the time
dependence of Ce may be expressed as

Cv(T, t) = Cro[-1 - ~b(T,t)].

(2)

Here CFo is the complete equilibrium heat capacity which is observable only in the
temperature range where rs <<%xp and ~(T,t) is the relaxation function describing
the time dependence of the Configurational enthalpy change. The relaxation function
at a temperature T may be defined from the enthalpy change corresponding to an
instantaneous change in temperature AT as
q~(T, t) =

H(T, t) - Hcq(T)
H(T, t = 0 + ) - neq(T )"
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At t ,,- 0 qS(T,t) = 1 and at t --* oo H(T, t) = Heq(T) and ~b(T,t) = 0. The significant
change of ~b(T,t) occurs in the time scale ~ rs.
The relaxation function associated with the supercooled liquid and glassy
relaxations have been found to be nonlinear and non-debye in nature. The non-debye
nature is observed in response to even infinitesimal perturbations from equilibrium
while nonlinearity arises in the regime of large amplitude perturbations. An empirical
expression which has been found to describe a variety of non-debye relaxation
processes [I0] is of the form
q~(T, t) = exp[ - (t/zs(T, t)) ~]

(3)

here ~ is the structural relaxation time and fl is a parameter (0 </3 < 1) related to
the width of the spectrum of relaxation times. The limit fl-- 1 corresponds to the
Debye relaxation with a single relaxation time. We have used the form of tk(T, t) in
(3) in our model of the enthalpy relaxation.
The temperature dependence of the structural relaxation time z, and its
nonequilibrium nature primarily govern the relaxation at the glass transition. In
addition to the strong temperature dependence, z~ is also time dependent near the
glass transition because the structure itself relaxes. Thus the effective value of L is
different from its value -t'eq(T ) associated with the equilibrium structure at a
temperature T. We will discuss the time dependence of ~, shortly. The temperature
dependence of 27©q has been found to obey the empirical relation
rcq = r o e x p [ A / ( T - To) ]

(4)

which is referred to as the Vogel-Tamman-Fulcher (VTF) expression. The VTF
expression (as distinct from the Arrhenius form with To = 0) implies that the apparent
activation energy increases with decreasing temperature and Teq diverges at a finite
temperature To. We have used the VTF form for the temperature dependence of rcq
in our model. The parameter To is usually taken to be temperature independent and
a thermodynamic significance is associated with it as representing an ideal phase
transition underlying the kinetic glass transition [11]. We find that we need to
incorporate a temperature dependent To in our model to adequately describe the
experimental observations. We discuss this aspect in a later section.
As already mentioned, the relaxation function q~(T,t) near the glass transition
exhibits nonlinear behavior in response to large amplitude perturbations. The
nonlinear behavior is associated with the nonequilibrium nature of the relaxation
time zs which, as already discussed, has a time dependence in addition to the
temperature dependence. The time dependent ~ attains its equilibrium value Zeq(T)
only when the system is retained isothermally at T for a time longer than Zcq itself.
Thus in (4) we need to incorporate the time dependence of the relaxation time. The
time dependence arises due to the dependence of the relaxation time on the structural
state which itself is changing during the course of the relaxation process. The
dependence of the nonequilibrium relaxation time on structure implies that if the
system is not in its equilibrium state, zs would depend on thermal history and hence
is not a unique function of temperature. The nonequilibrium nature of ~ becomes
significant for large amplitude perturbations from equilibrium as in the present
experiment.
The time dependent relaxation time has been described by a phenomenological
model [12] which uses the fictive temperature concept [13] to quantify the structural
406
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state of the system. The relaxation time zs is considered to depend on the temperature
T as well as on the fictive temperature TF.
Another equivalent approach has been developed by Kovacs [14] to take into
account the time dependence of Ts. Kovacs's method considers the nonequilibrium
relaxation time as a function of the temperature as well as of the excess enthalpy or
the excess free volume in the system. The excess enthalpy or the excess free volume
is a measure of the deviation of the system from equilibrium. The nonequilibrium
nature of ~ is thus taken into account by its dependence on the structural state
through a quantity which tracks the deviation of the system from the equilibrium
configuration. We have used Kovacs' model to incorporate the time dependence of
% in our model. Our choice of this model is based on the computational ease. Kovacs'
approach should be essentially equivalent to Narayanaswamy's model since both are
one parameter models which take into account the time dependence of the relaxation
time. We will show the equivalence of the two approaches later on. In a separate
section, we describe in detail Kovacs' approach to calculate the time dependent ~.
4. Description of the model

We now present the model which describes the heat release and the specific heat
observed in the continuous cooling experiment as the supercooled liquid is cooled
through the glass transition interval starting from a temperature T > Tg. The essential
feature of this model is that it keeps track of: (i) the heat released from the system
during a cooling step, (ii) the heat trapped due to the incomplete relaxation and (iii)
the delayed heat release in subsequent steps. Figure 4 is a schematic representation
of the model. The heat capacity of the thermal mass connected to the heat bath (via.
the thermal link) is made up of two components--the lattice component C L and the
configurationaI component Cr. CL is associated with an instantaneous response in
the 'time scale of the experiment while Cr has an observable time dependence given
by (2) and (3). As shown in figure 4, there is an effective heat source Qh present in
the system which arises due to the delayed heat release from the configurational
modes as the system continuously moves towards thermal equilibrium. The delayed
heat release is associated with the unrelaxed enthalpy in the system which we call
the trapped heat the nature of which we discuss shortly.
Trapp~td h~at sour~

Qr I

CF = CFO(I- ¢(t ))

T$ ( Structural Relaxation)

+

CL CF
(T,t)

(Sample & Addenda)

QltThnk

"thermal hnk)

-'- TO (Heat Bath)

Figure 4. Schematic representation of the model.
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We consider the system comprising of CL + CF cooling through the link from a
temperature T > Tg. The continuous cooling process in the experiment is approximated
by a step cooling program in the model. The cooling occurs in temperature steps of
AT followed by isothermal holds of duration At with
(5)

At = AT/q

where q is a cooling rate appropriate to the experiment. It may be mentioned here
that the relaxational behavior observed in our model is not sensitive to the particular
value of At chosen as long as AT~At corresponds to the cooling rate q and the
temperature step AT is not too large. We have taken a value of A t = 6 0 s , the
corresponding AT at T~ being ~ 1 K. This choice was mainly decided by considerations
of the computation time.
One of the observed quantities in our experiment is the cooling rate (dT/dt) from
which the specific heat is calculated using (1). Analogously, in the model we compute
the cooling rate of the system (consisting of the sample plus the addenda) the heat
capacity of which is given by CL + CF. We denote the effective time dependent heat
capacity of the system as Coef(T. t) given by
Ceff(T,/)

-~-

CL(T ) + CFo(T)[1 -- ~b(T,t)]

(6)

[Note that the second term in this equation is the time-dependent specific heat in (2)].
In the above equation and the subsequent discussions, the time interval t is the
isothermal hold time At. At t <<r~ (i.e. t = 0 ÷ ) it can be seen from equation 2(a) that
~b(T, t) ~ 1 and Cell(T, t) ~ CL. At longer times t >>zs, ~b(T,t) ~ 0 and Cen(T, t) ,-, CL(T) +
CFo(T). Since zs is a rapidly varying function of temperature, cooling the liquid
through Tg is equivalent to going from the limit t >>% (at T > T~) to t <<% (at T < Tg)
and C~ff(T, t) in effect gives the relaxation function ~b(T, t). If the thermal link transports
heat at a rate Q(T) as a result of which the temperature of the system changes by
AT in a time interval At we have the following heat balance equation
A T = (Q( T)At - Q*.)/Ccf,( T, t).

(7)

In the above equation the signs of the terms are so chosen that the cooling process
represents a positive AT. The term Q~ in the numerator arises from the effective heat
source Qh shown in figure 4 which is due to the delayed heat release associated with
the unrelaxed excess enthalpy. The excess enthalpy which cannot relax in a given
time step relaxes progressively during subsequent steps giving rise to the delayed
heat release from the system. We call this the trapped heat release Qr. We calculate
the trapped heat release cumulatively at each step. For the nth step in the cooling
program the trapped heat (i.e. the unrelaxed excess enthalpy) at the beginning of the
step is given by
Q h= (CFAT~-x + Q. - lh)q6(t, T~-1 )"

(8)

The trapped heat consists of two parts. The first term in (8) is the unrelaxed excess
enthalpy from the previous n - lth step. The second term is the cumulative unrelaxed
excess enthalpy due to all the previous (n - 2) steps which remain unrelaxed at the
beginning of the nth step. lit may be noted that for a property P which follows the
relaxation function ck(T,t) the relaxed part after time t is P [ 1 - ~b(T,t)] and the
corresponding unrelaxed part is P[~(T, t)]. The amount of trapped heat released at
408
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the nth step is given by
Q . ' = Qo_

-

(9)

We would like to mention here that incorporating the effect of the delayed heat
release is an important aspect of our model. The trapped heat release has a significant
effect on the shape of the observed specific heat at the glass transition. The
experimentally obtained specific heat cannot be reproduced without including this
term. In other words, it is not only the relaxation of the enthalpy at a given temperature
step but also the cumulative effect of the unrelaxed enthalpy (which relaxes
progressively in subsequent steps) that describes the,effective specific heat near the
glass transition. The effect of this unrelaxed enthalpy and the associated delayed heat
release are incorporated through the terms Qh and Q" in our model.
The temperature dependence of the trapped heat release also shows interesting
behavior associated with the glass transition which we discuss in a later section.
From (7) we obtain the cooling rate for the nth step as

(dT/dt)r = ((~(T) - (~'n)/Cerf

(lo)

where Q(T) is the rate of heat leak through the link at the temperature T as
determined from the experiment. The heat capacity from the model which is obtained
from this cooling rate (as in the actual experiment) can then be calculated from (1).
From the total heat capacity, the addenda heat capacity is subtracted to obtain the
sample heat capacity.
The parameters which are treated as adjustable in the model are the equilibrium
configurational heat capacity CFo and the parameters associated with the time
dependent relaxation time T~. These parameters are adjusted to get the best agreement
between the specific heat calculated from the model and that obtained from the
experiment. The parameters thus obtained are taken to be those representative of
the structural relaxation in the system.
5. Application of the model to the analysis of the heat release in glycerol

The model described above is now applied to the analysis of the specific heat of
glycerol shown in figure 2. To do so we need to calculate the time dependent zs and
the trapped heat release from the cooling program. In this section we discuss our
method of obtaining T~ as well as the behavior of the trapped heat release Q" and
the fictive temperature TF obtained from the trapped heat Qh.
5.1 The time-dependent relaxation time Ts
As mentioned earlier we have adopted Kovacs' method where the nonequilibrium zs
is obtained by allowing z~ to depend on a quantity like excess enthalpy or excess
volume which tracks the deviation of the system from equilibrium. This dependence
is introduced by incorporating into the temperature dependence of zs, a term which
retards the increase of zs as temperature is lowered. This term accounts for the effect
of high temperature configurations that are frozen-in during cooling. Due to the
presence of such non-equilibrium configurations, at any given temperature the system
has shorter relaxation times than those associated with equilibrium configurations.
Pramana - J. Phys., Vol. 41, No. 5, November 1993
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The expression for Zs is given by
zs = z o exp[1/(f + 6)].

(11)

The term 6 in (11) has a time dependence given by
dtS/dt =

-

Oq

-

(~5/zs).

(12)

In equilibrium 6 = 0 and (11) should represent the VTF expression in (4). It therefore
follows that f has the form
f = ( T - To)/A

(13)

where A and To correspond to the activation energy and To as in the VTF expression
for ~s.
In (12) which governs the time dependence of 6, q is the cooling rate and the
parameter D corresponds to the change (across the glass transition) in the derivative
of the thermodynamic quantity whose relaxation is being considered. We have treated
D as an adjustable parameter in the model. In our experiment we start cooling the
liquid from a temperature TA > T~ after the liquid has been held at TA long enough
to ensure that it attains equilibrium at this temperature. Correspondingly in the
model the cooling starts at a temperature where 5 = 0. The value of 5 at each
subsequent temperature step AT is obtained by analytically integrating (12) which
gives
5(Y+ AT) = Dqz~(Y)[exp(- At/zs(Y)) - l'l + 5(T)[exp(- At/zs(Y)]
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Figure 5. The nonequilibrium relaxation time (~) as compared to the equilibrium
relaxation time (z=q) and the experimental time scale (z=xp).
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During cooling for each temperature step AT, 6 at the end of the step is calculated
from (14) using the value of zs at the beginning of the step. Using this value of 6, ~
at the end of the step is calculated from (1)). This procedure is continued to generate
~ at each temperature. The z~ thus obtained is used in (1), (8), and (10) to calculate
the specific heat from the model. In figure 5 we show the behavior of the time
dependent ~ for glycerol generated by the above method which is also compared to
the experimental time scale reap and the equilibrium relaxation time Teq calculated
from the VTF expression in (4). The values of T~depart from Z,q in the glass transition
range where z~ ~ Ze~p- When T > T~ and At >>~ we have 6 ,,, 0 as a result of which
~ ~ Z¢q.When T ~ Tg, 6 becomes large enough to introduce an appreciable difference
between ~ and Z,q.
The various parameters in the calculation of z~ are discussed in a later section.
5.2 Temperature dependence of the rate of trapped heat release Q~
Before coming to the results of the analysis we discuss briefly the behavior of the
trapped heat release rate Q' in our model. In figure 6(a) we show the temperature
dependence of Q" from the model. As seen in the figure. Q' passes through a maximum
at T > Tg and falls abruptly at T,-, Ts. For glycerol the peak occurs at ,-- 1.03 T~.
This behavior of Q' may be explained as follows. When T > T~, z, <<z,xp and the
configurational modes equilibrate almost completely in the time scale ,,~p. As a result
there is very little trapped heat Qh (excess enthalpy) in the system. As the cooling
proceeds, ~ increases and the amount of trapped heat Qh as well as the rate of release
of the trapped heat Q' increases. As the system is cooled down to Ts and below,
though the trapped heat continues to accumulate, the rate of trapped heat release
decreases as the condition zs >>~e~p is approached. In other words, the approach to
equilibrium has slowed down to such an extent that the trapped heat release is not
observable in the experimental time scale Temp. This explains the peak at Tg. The
amount of trapped heat in the system (Qh) however increases monotonically as the
system cools below T8.
5.3 Fictive temperature from the trapped heat
Earlier we had briefly discussed the fictive temperature concept which has been used
to calculate the nonequilibrium relaxation times. In this section we discuss how the
fictive temperature may be obtained from Qh which we have earlier referred to as
the trapped heat in the system (see equation 11). Fictive temperature TF for enthalpy
relaxation is defined by (10)

H(T) = H~(TF) + Cp, dT

(15)

where H,(TF) is the equilibrium enthalpy of the liquid at temperature TF and Cp, is
the specific heat of the glass. Equation (15) implies that the configurational enthalpy
Hcoa(T ) corresponds to the equilibrium configurational enthalpy at T = TF.
It follows that the excess enthalpy at T relative to the enthalpy of the equilibrium
liquid is given as
H x(T) = H,(TF) - He(T) ~_CFo(TF - T)

(16)

(The approximation involved in the last part of this equality is due to a small correction
due to the temperature dependence of CFO).
Pramana - J . Phys., Vol. 41, No. 5, November 1993
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It can be seen that the excess enthalpy Hex in (16) is the same as the trapped heat

Qh(T) computed in our model according to (8). We thus have
Qh(T) = CFo(TF - T).

(17)

We can use (17) to calculate TF(T) since both Qh and CFO are obtained from our
analysis. The fictive temperature curve thus obtained is shown in figure 6(b). It can
be seen that for T > Ts when zs <<Z=xp(in the supercooled liquid region), Qh is small
and TF "" T. When T--, Ts, trapped heat is accumulated in the system and Qh builds
up to give TF > T. The above discussion of the fictive temperature shows clearly the
physical significance of the quantity which we call the trapped heat in our model.
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6. Results of the analysis for glycerol
The procedure discussed in the preceding paragraphs has been applied to the analysis
of the specific heat data of glycerol shown in figure 2. The range of the parameters
which gives a reasonable agreement between the model and the experiment are
identified and these are compared with the corresponding parameters from other
experiments. More operational details on the analysis of glycerol as well as the other
materials has been reported elsewhere I-9, 16].
In figure 7 we show the comparison of the specific heat of glycerol calculated from
the model with the experimental data. In the inset we show the deviation of t h e
calculated value from the experiment. The model agrees with the experiment within
3% over a temperature range of ,-, 100 K spanning the supercooled liquid and glassy
regimes. The limit of 3% is also our experimental precision and accuracy. The crucial
point in the quantitative analysis is to find the proper region in the parameter space
which gives us the best fit. In addition it is necessary that the parameters are physically
justifiable and are in agreement with those obtained from ac specific heat spectroscopy
dielectric and mechanical spectroscopy etc. We now discuss the values of the
parameters in the model which lead to the best agreement.
6.1 Lattice heat capacity CL
C L is taken to be the sum of the heat capacity of crystalline glycerol and that of the
addenda. This involves the assumption that the vibrational contribution to the specific
heat in the supercooled liquid and glass is the same as that in the crystal which seems
to hold within our experimental accuracy of 3%. Both the above quantities are
determined from the experiment.
6.2 Equilibrium configurational heat capacity Ceo
This quantity is treated as an adjustable parameter in our model. Our analysis
indicates that it is necessary to incorporate a temperature dependence of Cvo to
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Figure 7. The specific heat of glycerol obtained from the model as compared to
the experimental data. The inset shows the % variation.
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obtain the experimentally observed specific heat near the glass transition. CFo which
gives the best agreement between the model and the experiment is of the form
CFo(T) = C O+ b/T

(22)

where C O is taken to be the value o f Cli q - Ccrystal at T ,,, Tm and b is treated as a fit
parameter. The increase in the equilibrium configurational specific heat Cro according
to (22) as seen in our points to the important fact that the drop in the specific heat
observed at the glass transition could be attributed entirely to kinetic effects. In other
words there is no decrease in the equilibrium configurational specific heat at the glass
transition. This is contrary to some of the prevalent ideas which associate the behavior
of the specific heat at the glass transition with a phase transition. In figure 8 we
compare the behavior of the equilibrium configurational specific heat Cvo with the
relaxational (i.e. observable) part of the configurational specific heat given by Cro
( 1 - dp(T,t)). The relaxational contribution to the observed specific heat becomes
comparable to the experimental accuracy at T < 160K for glycerol. Hence we can
say that the C~o(T) as seen in our model continues to increase with temperature
down to 160K i.e. (TIT s ,,, 0.85). If the rise in CFo is the signature of the onset of a
phase transition it must be occurring below TIT B~ 0.85. The rise in CFo at lower
temperatures may also be the tail of a Schottky specific heat associated with the two
level systems which must show a peak at a lower temperature. The significant point
here is that the temperature dependence of CFo at least down to T/Tg ~ 0.85 where
the relaxational part falls below our experimental accuracy clearly indicates that the
observed drop in the specific heat at Tg is purely due to relaxational effects. We
consider the indication of a temperature independent Cvo as a significant result of
our analysis.
6.3 Parameters associated with the relaxation time
These parameters include the activation energy A, the pre-exponential factor ~o in
the VTF expression and the parameter D in the calculation of 6 in [12]. The values
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Figure 8. The relaxational part of CFO(--4:)--) compared to the equilibrium
cordigurational specific heat from the model.
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Table 2. The structural relaxation parameters obtained from the analysis of the
continuous cooling calorimetry for glycerol. The numbers in parantheses are those
obtained from specific heat spectroscopy.

Glycerol
Activation energy
A(K)
Pre-exponential factor

2500 + 100

(2500 + 100)*

2 × 10-15_ 3 x 10-16

(2 x 10-14-3

120-128

(128 + 5)*

0.55 + 0-02
6 + 0"5 × 10.5

(0"65 +_0"03)

x 10-16) *

~o(S)
Divergence temperature
To(K)
Non-debye parameter (/~)
Parameter D(K- 1)
(equation (16))
Parameter bog- 1)
(equation (19))
Parameter C0(Jg- 1K- 1)
(equation (19))

38-42
0"68-0"70

of these parameters for glycerol are listed in table 2. Here we briefly comment on
these parameters. The value of A obtained from our model is 2500 + 100 K, which
corresponds to an activation energy of ~ 10 kJ/mol. The pre-exponential factor Zo is
in the range of 10-15 to I0-16 s. Both these parameters are in reasonable agreement
with those obtained from specific heat spectroscopy [15]. The parameter To however
shows a different behavior in our analysis. With a constant To we could not obtain
a reasonable agreement between the model and the experiment. The specific heat
calculated from the model shown in figure 7 was obtained by smoothly varying To
between 128 K and 120K in the temperature range 190K > T > 160K. A decrease
of To with temperature typically ~ 7 to 10~o has also been found for other materials
in our study [9, 16]. The most pronounced decrease of To ( ~ 24~) has been seen for
the case of propylene carbonate which is also the most fragile (17) system among
those we investigated. It has been previously observed that in fragile systems Tcq
obtained from viscosity measurements reverts back to Arrhenius behavior (To ~ 0)
as T ~ TK. The decrease of To observed in our analysis points to a similar behavior.
However in systems like glycerol which lie in intermediate range between the strong
and fragile glass formers the VTF relation has been found to hold throughout [17].
The tendency of To for glycerol to decrease as observed in our model is at variance
with this earlier idea and questions the universality of the VTF expression for the
relaxation time. It should be mentioned that even for propylene carbonate despite
the decrease in To we do not observe a cross-over to complete Arrhenius behavior
(To = 0) down to the lowest temperature limit (T/Tg ~ 0"85) of our analysis. Similar
conclusions have been reached on the basis of ac calorimetry experiments [18] on
o-terphenyl mixtures which also represent a fragile system. This in conjunction with
our results which seems to suggest that the fragile behavior seen in mechanical
relaxation may not be extendible to enthalpy relaxation.
We now come to the parameter D in (16) for the calculation of the quantity 6 which
incorporates the time dependence of rs. In Kovacs' model as applied to volume
relaxation [19] D was taken to be the change of the thermal expansion coefficient (A~)
at the glass transition. The analogous quantity for enthalpy relaxation should be
Pramana- J. Phys., Vol. 41, No. 5, November 1993

415

M Rajeswari and A K Raychaudhuri
represented by ACp scaled by some appropriate enthalpy. In our model we have treated
D as a fit parameter, The values of D which give the best agreement lie in the range
D ~ 6'5 x 10-5K -1. This value of D corresponds to D ,,, ACp/Ho where Ho has a
magnitude comparable to the zero point enthalpy given by Ho ~ N , hcoo with coo ,-- 2nro
and N , is the Avogadro number. For glycerol with ACp ~ 100J m o l - t K-1 we have
D ~ 4 x 10-5 K-1 which is of the order of D obtained from our analysis.
In figure 9 we show the effect of varying D on the nonequilibrium Ts. With increasing
values of D (which corresponds to the increasing deviation of the system from
equilibrium) Zs increasingly departs from the VTF behavior saturating below Tg. It
is interesting to note the sensitivity of Zs to D. Below T~, T~ is essentially determined
by 6 and hence by the parameter D. As T approaches To, the dependence on D
prevents the divergence of z~ (equations 15 and 17). This also implies that in a real
experiment with a finite cooling rate (however small) one cannot see the true divergence
of z~ because even a small value of 6 will tend to saturate zs as T approaches To.
6.4 The parameter fl in the relaxation function
As mentioned earlier, the parameter f l ( 0 < f l < 1) in (3) takes into account the
non-debye nature of the relaxation function which is related to a spectrum of
relaxation times. A value offl = 1 represents Debye relaxation with a single relaxation
time, smaller values of fl corresponding to a broader relaxation time spectrum. For
glycerol, our analysis shows that fl = 0"55 + 0"05 gives a satisfactory agreement
between the model and the experiment. We compare this value with that obtained
from ac specific heat spectroscopy in the next section.
6.5 Comparison with ac specific heat spectroscopy
In table 2 we have given a comparison of the parameters obtained from the analysis
of our experiment with those obtained from the specific heat spectroscopy (15). As
seen in the table, the activation energy A and the pre-exponential factor z0 from the
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Figure 9. The nonequilibrium "c, generated from the different values of D. D:
4 x 10-4(O); 1 x 10-4(t); 4 x 10-5(O); 4 x 10-6(A).
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two experiments are in good agreement. A significant difference is the temperature
dependence of the parameter TOin our analysis while TO is temperature independent
as obtained from the specific heat spectroscopy experiment. Another important
difference is the wider spectrum of relaxation times as indicated by the smaller value
of fl in our experiment. These differences may be understood in view of the following
facts. The time scale of the specific heat spectroscopy experiment is much smaller as
compared to the present experiment as a result of which the relaxational effects are
observable at higher temperatures. In other words, specific heat spectroscopy is
probing the equilibrium response at higher temperatures. In contrast, our experiment
is most sensitive to these parameters in the glass transition range where the system
falls out of equilibrium.
6.6 The effect of variation of the parameters on the calculated specific heat
The parameters discussed above almost independently determine the various
attributes of the behavior of the calculated specific heat. We observe the following
from our analysis:
(1) The equilibrium configurational specific heat C~o governs the slope of the specific
heat in the supercooled liquid state (T > Ts) close to the glass transition.
(2) The parameters Zo, A and To govern the temperature of onset of the glass
transition.
(3) The parameter ~ and the temperature dependence of To affects the slope of the
specific heat in the transition range and hence the width of the transition.
The calculated specific heat is most sensitive to these parameters in the transition
range as expected since the relaxational contribution is maximum here. A detailed
analysis of the effect of each of the parameters on the specific heat in the three
regimes--the supercooled liquid region, the glass transition region and the glassy
regime--may be found elsewhere [19]. We have been able to deduce these parameters
unambiguously within a narrow range of the parameter space by minimizing the
difference between the specific heat observed in the experiment and that calculated in
the model. An average percentage error AC is defined in the three relaxational regimes
mentioned above as

AC = 1/n E ICoxpt- C od,iI

(23)

where n is the number of points in each temperature interval over which AC is
averaged. We find deep or moderately deep minima in this difference around the best
fit values of the parameters. As examples we show in figure 10(a--d) the effect of varying
the parameters A, to, D and b respectively showing the minimum in AC in a narrow
range of the values of these parameters. A, D and To control the relaxation time rs
and b governs the temperature dependence of the equilibrium specific heat C~o.
As pointed out earlier, the specific heat in the glass transition interval is most
sensitive to rs because in this temperature region the time dependence of the relaxation
function ~b(T,t) contributes to the calculated specific heat. At T >> T~, ~b(T,t)~ 0 and
the system is in thermal equilibrium. At T<< T~, 4)(T, t) ~ 1 and as a result the variation
of ~s does not affect the calculated specific heat. If the variation of any of the parameters
increase rs then freezing occurs at a higher temperature and for all temperatures
Cmodex < C xpt. Similarly, if rs decreases, the glass transition is shifted to lower
temperatures and we have Cmod~~> Cexpt. Of particular interest is the variation in the
Pramana - J. Phys., Vol. 41, No. 5, November 1993
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region (A). Note that minima are obtained in AC when the parameters have the
best fit values.
activation energy A, which for a given change around the best fit value (A ~ 2500 K)
gives the maximum change in AC (see figure 10). In the transition range AC is changed
almost symmetrically for increasing or decreasing A. The situation is somewhat
different for the regions in the range T > Ts and T < Tg. For the supercooled liquid
region (T > Ts) since the system is close to thermal equilibrium a decrease in A (i.e.
a decrease in z,) does not lead to any change but an increase in A (i.e. an increase
in z, leads to the system moving farther out of equilibrium as a result of which
C=,,d=l < C=zpt and AC increases. Similar arguments apply for the sub-Ts region. This
method of analysis thus not only helps us to identify the best fit value of the parameter
A but also physically reveals the dependence of Creed=I on the variation of ~ achieved
through the variation of A.
The arguments given for A also apply for D and z 0 and one can identify the extent
of the change in C=od,I when these parameters are varied. Since the parameter b
controls the slope of Cvo(T) and not z,, the variation of b has the largest effect in
the supercooled liquid region (T > Tg) where CFO contributes most to the specific
heat. As expected the parameter b has no sgnificant effect on the specific heat below
the glass transition region where the configuratianal component freezes out.
7. Concluding summary

We have presented a model to analyze the specific heat at the glass transition as
observed in the continuous cooling calorimetry experiment. In the framework of this
model we have been able to obtain several parameters associated with the enthalpy
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relaxation at the glass transition from the experimentally observed specific heat data.
We consider the following as the most significant results of our analysis.
(1) The incorporation of the effects of delayed enthalpy relaxation through the
quantity called trapped heat release is an important feature in our model. Our
analysis brings out the interesting behavior of this quantity at the glass transition.
(2) The temperature dependence of the equilibrium configurational specific heat
points to the fact that the observed fall in the specific heat at the glass transition
is entirely relaxational in origin.
(3) The temperature dependence of the parameter T o indicates the tendency of the
system to move towards Arrhenius behavior close to the glass transition.
(4) The behavior of the nonequilibrium structural relaxation time and its effect on
the observed specific heat is clearly brought out in the model.
(5) The identification of the excess (unrelaxed) enthalpy as the cumulative trapped
heat in the model allows us to determine the fictive temperature. The fictive
temperature thus obtained shows the expected behavior at the glass transition.
Finally we would like to mention that the model described here has also been
applied to the analysis of the specific heat in partially crystallized glasses [19, 20] to
understand the effects of partial crystallization on the structural relaxation. Further
the model is sufficiently general to be applicable to the analysis of any time-domain
experiment which probes the structural relaxation at the glass transition. With small
modifications, the model may also be extended to include the effects of built-in thermal
history where the experiment involves thermal cycling across the glass transition
interval.
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