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Abstract

The enthalpy change (relaxation enthalpy) of the glycerol glass with annealing time was studied using DSC for different
annealing temperatures. The investigation of the fictive temperature and glass transition temperature variations with annealing
parameters was also carried out. In this study, a well-annealed glass was used as a reference for the determination of relaxation
enthalpy. Two enthalpy contributions to relaxation enthalpy were observed. The results were discussed in terms of a multi-step
thermodynamic transformation of molecular associations in the glass transition range. A linear relation was also found
between relaxation enthalpy and fictive temperature. This well-known conclusion was established from experimental results.
Finally, an empirical relation was proposed for the variation of the fictive temperature with annealing parameters. © 1997

Elsevier Science B.V.
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1. Introduction

Glasses are known to undergo changes with time in
their thermodynamic and mechanical properties, when
annealed at temperatures below their glass transition
temperature T,. Enthalpy [1-6] and specific volume
[7-9] changes with annealing time and temperature
have been particularly studied. Other properties of
glasses, such as yield stress and refractive index, are
also affected by annealing.

Isothermal enthalpy relaxation is widely described
in literature as both nonexponential and nonlinear.
Nonexponentiality is mostly accounted for by using
the Kolrauch—Williams—Watt (KWW) function. The
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latter function is considered to be equivalent to the
sum of exponential functions resulting from a distri-
bution of relaxation times around a mean value 7. For
example, Bihr et al. [1] investigated the heat capacity
of polybutadiene in the glass transition region after
annealing experiments were performed. Isothermal
enthalpy relaxation was found to follow a KWW
law. In a very recent paper, Mehl [2] studied the
isothermal enthalpy relaxation of glycerol and 1,2-
propanediol. He also analyzed experimental results
using the KWW equation.

Nonlinearity stems from the fact that relaxation
depends not only on annealing temperature, but also
on the structural state of the vitreous material relative
to the so-called ‘equilibrium’ vitreous state. Conse-
quently, relaxation depends on both temperature and
supplementary macroscopic thermodynamic variables
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corresponding to the microscopic structural state of
glass.

Narayanaswamy [10] and Moynihan [1 1] expressed
the relaxation time as a function of temperature and
fictive temperature. Using the Adam—Gibbs [12] con-
figuration entropy theory, Hodge [13] proposed an
expression of relaxation time similar in form to the
well-known Vogel-Fulcher-Tammann equation. 7 is
a function of temperature and fictive temperature.
Perez [14] expressed the relaxation time as a function
of temperature and ‘defects’ concentration using a
model where relaxation is viewed as the collapse of
highly disordered sites or ‘defects’.

Other approaches to isothermal relaxation exist in
literature. One can cite Bauwens—Crowet and Bau-
wens [3], who studied the effect of thermal annealing
on enthalpy relaxation and yield stress of polycarbo-
nate. The authors propose a theoretical treatment of
their results relying on free volume, configuration and
activation concepts.

In this paper, isothermal enthalpy relaxation of
glycerol will be studied with emphasis on the thermo-
dynamic variables of glass and different enthalpy
contributions to glass transition.

2. Experimental
2.1. Apparatus

Measurements were made using a DSC Mettler TA
2000 B calorimeter. It was calibrated with regard to
temperature and heat flow using the temperatures and
heats of melting of high purity metals and compounds
[15]. The calorimeter was purged with pure and dry
argon.

2.2. Materials

Glycerol was purchased from Aldrich; its purity
was 99.5% by mass. The water content, as determined
by Karl Fisher titration, was ca. 0.04% by mass.
Handling of glycerol was done in a glove box under
a dry inert atmosphere (argon). The samples were
sealed in aluminium crucibles (40 pl) and weighed
inside the glove box. First set of experiments were
performed with 40.9 mg sample; and second with
40.3 mg sample.

2.3. Procedure

The present study is based on the subtraction of the
DSC curves of annealed glasses at a temperature
T, < T, during a time ¢, from that of a well annealed
reference glass at T,r during a time .. This choice
was preferred to that of an unannealed or quenched
glass because it was more likely to lead to less
scattered results than those obtained with, for example
a quenched glass. Furthermore, the reference state had
to be well defined. Note that Mehl [2], who also
studied isothermal enthalpy relaxation of glycerol
(and 1,2-propanediol), used a 0 min annealed glass
as a reference, contrary to ours.

Each run consisted of the following steps —

—

. the sample was quenched in liquid nitrogen

2. the sample was placed in the calorimeter pre-
viously cooled at the annealing temperature T,

3. it was kept at T, for a time ¢,

. it was cooled from 7, to 110 K at a cooling rate of

30 K min~"

5. the DSC curve (of the annealed glass) was recorded
between 110 and 240 K using a heating rate of
2K min™'

6. the sample was then cooled from 240 K to Ti.rat a
cooling rate of 30 K min~!

7. it was kept at Ti¢ for a time f,.¢

8. the sample was then cooled from T, to 110 K at
30K min~'

9. the DSC curve (of the reference glass) was

recorded between 110 and 240 K using a heating

rate of 2 K min™"

A

This protocol had a double aim:

e to use the same sample for obtaining the annealed
and reference glasses;

e to leave the sample undisturbed inside the calori-
meter in order to reduce experimental scatter due
to differences in heat transfer between the calori-
meter and the sample.

3. Results

3.1. DSC curves

The annealing temperatures used were: 153,158, 163,
and 168 K. The annealing times varied from 5 to 160 min.
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Fig. 1. Changes in DSC curves with annealing time for a sample
annealed at 163 K.

The DSC curves of the annealed samples (7}, t,) showed
differences in the glass transition range depending on
annealing temperature (the changes for 7,=163 K and
t,=20, 40, 80, 160 min are shown in Fig. 1):

e T,=153 and 158 K: presence of an ‘exothermal’
effect in the glass transition range (usually asso-
ciated with quenching) which decreased with
annealing time.

e T,=163 K: presence of an ‘exothermal’ effect
which decreased with annealing time to finally
disappear for £,—160 min (Fig. 1).

e T,=168 K: absence of the ‘exothermal’ effect.

3.2. Determination of enthalpy change during
annealing

Enthalpy change during annealing was determined
by subtracting the DSC curve of the annealed glass

Endo
)
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0.02 W/g

1 : Reference glass
/ 2 Annealed glass
3 : Difference curve (1- 2)
Ti //// ¢
188 128 148 (60 188 280 .28 .24

Temperature in K

Fig. 2. Determination of relaxation enthalpy. curve 1: DSC curve
of the reference glass (T,.;=173 K, t,s=60 min); curve 2: DSC
curve of an annealed glass (T,=153 K, f, =80 min); curve 3:
Difference curve AW=W,(T)—W(T) between reference glass and
annealed glass. The integration of the AW curves yields the
relaxation enthalpy AH.

(T,, t,) from that of the reference glass (Tier, tet), as is
shown in Fig. 2. The reference glass was annealed for
60 min at 173 K. Longer annealing times did not show
any significant changes in the DSC curves on heating.
Note that the DSC curve of the reference glass pre-
sents an important endothermal effect (overshoot) in
the glass transition range (curve 1).

Let W(T) be the calorimetric signal (in W g‘l) of
the annealed glass (7}, t,) and W, «(T) that of the
reference glass. The integration of the difference curve
AW(D) =W, (T)—W(T) (curve 3) yielded the enthalpy
change:

T;

AH=— [ AW(T)dT. (1)

T;
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This enthalpy corresponds to the difference in
enthalpy states between the annealed glass (7, ¢,) and
the reference glass (Tret, tef), the latter representing a
quasi-equilibrium state. Because the enthalpy change
during annealing was determined on heating, it is
clear that the shaded area in curve 3 (Fig. 2)
corresponds to an enthalpy effect in the glass
transition range upon heating (its sign is opposite to
the change in enthalpy during annealing).

Endo

Exo

3.3. AW curves

The variations in AW curves with annealing para-
meters are summarized in Fig. 3. AW curves exhibited
two enthalpy effects: the first effect is associated with
the ‘exotherm’ in the DSC curves of glasses annealed
at T, < 168K (see the construction of AW curves in
Fig. 2), and the second (main) effect. The graphic
separation into two effects was simply done by sub-

I0.00S Wig

Ta=163K, ta = 5min

Ta = 163K , ta = 10min

Ta= 163K, ta = 80min

Ta = 168K, ta = 20min

198 128- 140 168

Effect 2
"Shoulder”
Effect 1

188 288 28 248

Temperature in K

Fig. 3. Variations in AW curves (difference between DSC curves of reference glass and annealed glass) with annealing parameters. Two
contributions are observed: a first effect (effect 1) and a second (main) effect (effect 2). The decomposition into two effects is achieved by
subtracting the AW curve cormresponding to 7,=163 K, #,=80 min (curve 3) from the AW curves showing a ‘shoulder’.
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tracting AW curves showing a ‘shoulder’ from the
AW curve corresponding to T,=163 K, £,=80 min
(curve 3 in Fig. 3).

In a first step (Fig. 3), the first effect decreased with
annealing time while the amplitude of the second
effect remained practically unaffected. This was then
followed, in a second step, by the decrease of the
second (main) effect for longer annealing times. It thus
appears that the first effect is a preliminary step to the
second enthalpy effect. Finally, all samples annealed
at 168 K exhibited one apparent effect only (second
effect). This implies that the first effect has taken place
in annealing times shorter than the shortest used (i.e.,
for ¢t < 5min).

3.4. Dependence of enthalpy change on annealing
parameters

Enthalpy variation data are plotted as a function of
annealing time for different annealing temperatures in
Fig. 4. AH=0 corresponds to the reference glass. The
value of AH for a quenched sample (1,=0 min),
evaluated as —10.43 J g™ is also plotted on the same
figure. The results are summarized in Table 1. The
most important feature of Fig. 4 is that the enthalpy
decreases more rapidly (in absolute value) with
annealing time, when annealing temperatures are
higher. Note that most often, the rate of a transforma-

12 N E— T T
B Ta=153K
9 0 Ta=158K
10 ¢ Ta=163K | ]
4 Ta=168K

Relaxation enthalpy {AH| in J/g

0 L L L
0 50 100 150 200

Annealing time in min

Fig. 4. Variations of relaxation enthalpy with annealing
parameters. AH=0Jg™' corresponds to the reference glass.
H=-10.43J g~ corresponds to a quenched glass.

Table 1
Relaxation enthalpy AH vs. annealing parameters (7, t,)
AHIOg™)

t, (min) T.=153K T,=158K T,=163K T,=168K
10 -9.21 —8.16 -7.47 —5.04

20 —8.61 -7.15 -7.06 —4.57

40 —8.64 —6.37 -5.79 -3.37

50 —8.02 -6.41 —4.82 -2.94

80 -7.39 -591 —4.80 -2.76
160 —6.69 -3.74 -1.59

tion increases with temperature, the opposite being a
rare occurrence.

Enthalpy variation data were analyzed using a
KWW function as in [2]:

The values of 8 and of 7 giving the best fit are
shown in Figs. 5 and 6, respectively, as a function of
annealing temperature. Note that the values of
obtained are similar to those given by Mehl [2], in
an annealing temperature range close to ours.

08 [ .

06 B

02} 4

Beta parameter

1000/Ta in K°'

Fig. 5. Parameter 3 as a function of 1000/7, (Eq. (2)).
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Fig. 6. Mean relaxation time 7~ as a function of 1000/7, (Eq. (2)).

3.5. Variation of fictive temperature with annealing
parameters

A number of steps are required to calculate Ty, from
Eq. (3), given by Flynn [16] (and also by Moynihan
(17}):

The T
/T (Cpr — Cp, )T = /T (Co — Cp, )T (3)

4 4

Cp: heat capacity of the liquid

: heat capacity of the glass below the glass
transition range

The: fictive temperature

T,: a temperature below the glass transition range

T,: a temperature above the glass transition range

(liquid)
The steps required to calculate Ty, are as follows:
1. computation of the heat capacity C, of glass below

the glass transition range. It was taken as a linear
function of temperature using a least squares

Table 2
Fictive temperature as a function of annealing parameters =

t,/(min) T.=153K T,=158K T,=163K T,=168K
10 191.7 190.3 189.7 187.8
20 191.6 190.7 189.4 186.8
40 190.7 189.1 188.1 185.4
50 (193.6) 189.6 187.9 185.9
80 190.4 189.1 186.7 184.2
160 189.8 185.6 183.1

" Tge of the reference glass (annealed at 173 K for 60 min) is
181.6 K (mean value). T of the quenched glass is 196.0 K.

fitting between T,=130 K and 7,=150 K. These
temperatures were chosen well below the glass
transition.

2. computation of fTT: (Cp — Cp, )T between T,=
130K and 7,=225 K.

3. the enthalpy curve of the liquid was fitted with a
first order polynomial using 73=205K and
T,=225 K. These temperatures were chosen well
above the glass transition.

4. Ty was taken as the intersection of the enthalpy
curve of the liquid and that of the glass below the
glass transition range.

The fictive temperatures of the annealed glasses (75,
t,) are given in Table 2. The mean fictive temperature
of the reference glass was determined as 181.6 K. The
fictive temperature of a quenched glass was deter-
mined as 196.0 K. Fig. 7 plot the function (T.—7,,) vs.
the Napierian logarithm of annealing time ¢, (in
seconds) for the annealed glasses (7, t,). This repre-
sentation has the advantage of expressing the fictive
temperature of the annealed glass relative to the
annealing temperature 7, which also represents the
so-called theoretical ‘equilibrium’ fictive temperature
Ts.(00)=T, . Note that Tj.(o0) is a theoretical tem-
perature, whereas the fictive temperature of the refer-
ence glass (which can be considered as a quasi-
equilibrium metastable vitreous state), estimated as
181.6 K, was calculated from experimental heat capa-
city curves. The experimental isotherms in Fig. 7 are
appreciably linear. It is clear, however, that they are
not parallel to one another. Indeed, the rate of change
of the fictive temperature is slightly quicker when the
annealing temperature is higher. Finally, it should be
noted that the isochronal difference between two
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Fig. 7. Change of fictive temperature with annealing time for the
different annealing temperatures: () 153 K, (O) 158K, (&)
163 K, (A) 168 K. The calculated isotherms using Eq. (4) in the
text are drawn in full lines.

consecutive isotherms is roughly equal to the relative
annealing temperature difference.

From the linearity of the experimental isotherms in
Fig. 7, one can write:

Trc = a'log(ty) + ¢

where d' is a function of annealing temperature (since
the isotherms are not parallel). It is assumed that the
coefficient &' is a linear function of annealing tem-
perature (in the limit of the studied annealing tem-
perature range):

d=al,+b
hence, the following relation for the variation of fictive
temperature with annealing parameters (7,, t,) for
Tse > Tﬁc(ref):

Tac = [aT, + bllog(t,) + ¢ )

the best fit (using the least squares method) was found
for:

a=—0.04509, b=6.008, c=198.03

The agreement between calculated fictive tempera-
ture using Eq. (4) and experimental fictive tempera-
ture is good, the largest relative error (Thc— Ttic(caly
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Fig. 8. Relaxation enthalpy vs. fictive temperature for all annealed
glasses (W). AH=0J g’1 corresponds to the reference glass
(Tr.=181.6 K (@)). The graph is appreciably linear with a slope of
0.85JK'g~'. This value is equal to AC; at the glass transition in
the limit of experimental errors.

Tsc) being 0.33%. Eq. (4) must however be considered
as an empirical relation rather than a kinetic equation
(in its derived form).

Note that the fitting parameter ¢=198.03 corre-
sponds to the fictive temperature of a 1 s annealed
glass; in other words, to an almost perfectly quenched
glass. The latter temperature is not very different from
the experimental fictive temperature of a quenched
glass (75.=196.0 K).

3.6. Relation between enthalpy change and fictive
temperature

Enthalpy change data are plotted as a function of
fictive temperature in Fig. 8. The graph is appreciably
linear with a slope of 0.85 J K™'g ~'. The mean AC,,
in this work, was estimated as 0.90 J K~* g_l. This
value is to be compared to the mean value of AC,,
found in literature and calculated as 0.85J K™ 'g™!
[18-22]. It is therefore possible to write within the
limit of experimental errors:

AH = ACy(Taeety — Trie) = AC,ATre.  (5)

Note that a similar relation was given by Bauwens-
Crowet and Bauwens in [3] where, instead of the



8 P. Claudy et al./ Thermochimica Acta 293 (1997) 1-11

‘usual’ fictive temperature, a structural temperature 6
is used. The latter temperature is calculated using a
differential equation which stems from free volume
and activation concepts. It should be noted that the
fictive temperature can be a very practical way of
calculating AH provided AC, is known with high
precision. This is difficult in practice, since AC,
appreciably depends on the choice of baselines used
to calculate its value. When AC,, is known with great
accuracy, the determination of Ty should enable in
getting around the difficulty of directly calculating
AH, since the latter quantity involves the subtraction
of the heat capacity curve of the annealed glass from a
reference glass.

3.7. Glass transition temperature

Two choices were made for the determination of the
glass transition temperature T:

1. Tyinflection). the inflection point of the change in
the calorimetric signal associated with the glass
transition;

Table 3
Inflection point glass transition temperature vs. annealing para-
meters (7T, t,)

Tg(inﬂection) (K)

t, (min) T,=153K T,=158K T,=163K T,=168K
10 189.2 189.0 189.0 189.1
20 188.7 189.0 189.4 188.9
40 189.0 189.1 188.9 188.9
50 189.3 189.3 189.3 189.3
80 188.9 189.3 189.4 189.1
160 188.9 189.3 188.8
Table 4

Midpoint glass transition temperature vs. annealing parameters (7,
1a)

Tg(midpoim) (K)

t,/(min) ,=153K T,=158K T,=163K T,=168K
10 188.2 188.1 188.3 188.1
20 188.2 188.4 188.7 187.8
40 188.2 188.2 188.3 187.7
50 188.9 188.6 188.6 187.9
80 188.2 188.6 188.7 187.3
160 188.2 188.7

2. Ty(midpoiny the midpoint of the calorimetric signal
associated with the glass transition.

The data are given in Tables 3 and 4, respectively, as a
function of annealing parameters. The results showed
that the glass transition temperature, for both choices,
did not vary in a significant way with annealing time,
whatever the annealing temperature be. The mean
value of Tyinflectiony iS 189.1 K and the mean value
for Tg(midpoinl) is 188.3 K.

4. Discussion
4.1. Thermodynamic variables of glass

This study shows that the isothermal enthalpy
relaxation of glycerol involves two enthalpic contri-
butions AH,; and AH, (the first and the second effects,
respectively, in Fig. 3). As a consequence, the appli-
cation of the KWW equation (Eq. (2)) to isothermal
enthalpy relaxation appears to be questionable.
Indeed, the KWW equation involves one mean relaxa-
tion time 7", whereas experimental results show that at
least two mean relaxation times (i.e. two distributions
of relaxation times) are necessary to correctly describe
the enthalpy relaxation of glass within the framework
of the KWW equation. Furthermore, the 3 parameter
appears to be a fitting parameter rather than the one
with a physical meaning. Finally, a stretched expo-
nential is one among many ways of fitting enthalpy
relaxation data.

Note that Mehl {2], in his study of relaxation
enthalpy of glycerol, observed one enthalpy effect
only (main effect), because of the experimental pro-
tocol used by this author. Indeed, samples in [2] were
cooled to 113 K at 10 K min~" and then warmed at
10 K min~! to the annealing temperature, where they
were annealed (DSC curves were recorded on heating
after cooling back to 113K at 10 K min™"). In our
case, the samples were quenched in liquid nitrogen
and then placed in the calorimeter, previously cooled
at T,, where they were annealed. As a consequence,
the first enthalpy effect, which was observed in our
case, had already taken place in Mehl’s experiments
during cooling at 10 K min™" (a rate relatively much
slower than quenching in liquid nitrogen) and the
subsequent heating to 7, at the same rate. This
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explains why the maximum relaxation enthalpy
obtained in this work is ca. —10.5Jg™' (Fig. 4),
whereas it is ca. —6] g_1 in [2].

In the rest of this section, we will qualitatively
discuss on the thermodynamic variables of glass
and the different thermodynamic contributions to
glass transition.

In view of the existence of two enthalpy contri-
butions to enthalpy relaxation, the total differential
of enthalpy at constant pressure should be expressed

as:
dH = (8_1{) dT + (8_H) dé;
or J 3% 3 pT.6

OH
+ | == dé,, 6
(agz)PyT»& & ©

where one can think of &, and &, as the extent of
transformations of a two-step transformation, taking
place during annealing. Using the formalism of Pri-
gogine and Defay [23], the apparent heat capacity of
glass at constant pressure is thus the sum of two terms
(from Eq. (6)):

dH OH dé
=)= (ar) i (37)
PUNAT), \OT /e PERNAT /g,

dé,
+ AZHP,T,El (*) 3 (7)
dr 231

where:

o term (1), Cpe = (%?)p ¢+ is the heat capacity at
constant p and &; or ‘true’ heat capacity. It depends
only on temperature.

d! i : ‘
o term (2), Y ;AHprg = (Eéf)p,gj’ is the ‘config-

urational’ heat capacity and AiH, r¢ = (%?) Té
'/ p,T

the enthalpy of the transformation characterized
by &; at constant p, T and §;.

The configurational heat capacity (term 2) is linked
to the total enthalpy effect:

AH,r = AHprg, + AoHp 1. ®)

AHp 1 (Eq. (8)) also corresponds to an enthalpic
effect taking place at the glass transition and repre-
sented by the shaded area on curve 3 in Fig. 2. Its
relative sign would be positive on heating and negative
on cooling or annealing. Finally, because the variation
of the extent of a transformation with temperature (3)

can be written as:

d&) _ (d&) [ dr

(ﬁ) - (H{ dr )’ ©)
the dependence on time (kinetics) is thus introduced.
The simplest way of expressing (%‘-) in chemical
kinetics is:

(‘fi—f) — FE(T)- (10)

Note that the relaxation times in chemical kinetics
are a function of &; and temperature, hence a nonlinear
behaviour.

A previous study in the laboratory [22] on the glass
transition of glycerol by step heating DSC has shown
that the observed apparent heat capacity in the glass
transition range is indeed the sum of two terms, as in

Eq. (7):

e change in true heat capacity from that of the liquid
to that of glass (below the glass transition range)
on cooling (or the opposite on heating)

s atemperature and time dependent enthalpy effect
(excess or configurational heat capacity), very
likely due to molecular associations.

A simulation of the calorimetric signal, in good
agreement with experimental results, was made
assuming the following equilibrium transformation
of molecular associations in the glass transition range:

A, =2 nA an

with A, associations or clusters of the A species (A
representing, as for example, molecule of glycerol). It
is the formation (cooling) and destruction (heating) of
the associated species that involves an enthalpy effect.
In this view, the concentration (or size) of associated
species (clusters) in the glass transition range on
cooling would be such that the congealing of the
structure of the liquid occurs, leading to the formation
of a solid (glass) at lower temperatures (this would
explain the change of true heat capacity, from liquid to
that of a solid since degrees of freedom have been
frozen in). On heating, the progressive destruction of
these molecular associations takes place in the glass
transition range. Note that the idea of molecular
organizations in the vitreous state was already intro-
duced by Tammann in 1933 [24] and more recently by



10 P. Claudy et al./ Thermochimica Acta 293 (1997) 1-11

Hoare [25]. The latter author advanced the idea that
the glass transition on heating could correspond to the
‘melting’ of clusters present in the vitreous state. A
recent study by Jabrane et al. [26] on the application of
Van Laar type equations to the composition depen-
dence of T reinforced this view.

The results in this paper, where ‘dynamic’ (not
quasi-static) DSC was used suggest that a two-step
transformation (rather than a one-step transformation
as in Eq. (11)) ought to be considered to account for
experimental results. A modelling of enthalpy relaxa-
tion and glass transition using a two-step transforma-
tion is currently under way. Moreover, a two-step
transformation seems reasonable in explaining the
well-known enthalpy ‘cross over’ experiments [6].

4.2. Fictive temperature

From Eq. (§), it can be deduced that the fictive
temperature is expressed in terms of temperature of
enthalpy change. Consequently, the fictive tempera-
ture is a mean parameter representing, in terms of
temperature, the supplementary thermodynamic vari-
ables, p and T that are necessary for a correct thermo-
dynamic description of glass. These supplementary
variables are the extent of transformations £; and &, of
the two-step (at least) transformation of molecular
associations, taking place in the glass transition range
during the thermal treatment of annealing. On a
microscopic level, the complexity of the molecular
processes may be such that, very likely, there exists a
distribution of molecular mechanisms (two distribu-
tions, in fact, since two rates of transformation are
needed for a correct description of glass).

4.3. Experimental thermodynamic functions

Fig. 9 shows the heat capacity, enthalpy and
entropy curves of two glasses with different thermal
histories: a glass annealed at 158 K for 20 min (curve
1) and the reference glass, annealed at 173 K for
60 min (curve 2). In Fig. 9(b), the enthalpy curves
of both glasses determined from the heat capacity
curves: H} = Hy, + fTTO C,dT are shown. Since it is
widely accepted that the enthalpy of the liquid does
not depend on time, To and Hj were chosen as
arbitrary values (To=220K and H} =100Jg™").
Fig. 9(c) shows the entropy curves of both glasses

Heat Capacity in Jik/g

Enthalpy in J1g

=03 /
.§ 1 //
] /2/
0.1 -~
- // Ta
|~ 50 1 RI{) 180 20

Temperature in K

Fig. 9. (a) Heat capacity (in Jg~' K™'), (b) enthalpy (in Jg"),
and (c) entropy (in Jg~'K™") curves of an annealed glass at
T,=158 K for 20 min (curve 1) and of the reference glass annealed
at 173 K for 60 min (curve 2). In (b), AH is the relaxation enthalby,
Thicren the fictive temperature of the reference glass and Ty the
fictive temperature of the annealed glass. In (¢), AS is the
relaxation entropy (see text for the determination of enthalpy and
entropy curves from heat capacity curves).

determined Tfrom the heat capacity -curves:
5y =59, + J,(Cp/T)dT. As for the enthalpy, the
entropy of the liquid does not depend on time. T,
and $9, were chosen as 220K and 0.6 JK g},
respectively. The difference of enthalpy AHY and
entropy ASY between the annealed glass (7, t,) and
the reference glass are illustrated in Fig. 9(b,c)
respectively. Fig. 9(c) clearly shows that the entropy
of the glycerol glass decreases with annealing. Con-
sequently, the organization in the vitreous state
increases with annealing. This is in agreement with
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the formation of molecular associations in the vitreous
state.

5. Conclusion

Enthalpy change of the glycerol glass during
annealing involves two enthalpy contributions: a first
and a second (main) enthalpy effect. The well-known
‘exotherm’ in DSC curves (which stems from rela-
tively rapid cooling rates) is the manifestation of the
first enthalpy effect. It appears that the molecular
processes associated with the first enthalpy effect
are a preliminary step to those corresponding to the
second enthalpy effect. These results are to be corre-
lated to the frequency dependent o and 3 relaxation
processes. Therefore, in addition to pressure and
temperature, at least two supplementary macroscopic
thermodynamic variables are necessary for a correct
description of the studied glass. We believe that these
variables are the extent of reactions of a multi-step
molecular transformation in the glass transition range.
This transformation is temperature and time depen-
dent, and is most probably due to the molecular
associations.

A linear relation was also found between fictive
temperature and enthalpy change after annealing
experiments were performed. This well-known result
was established from the experimental results of this
study. The fictive temperature is, consequently, the
expression in terms of temperature of relaxation
enthalpy. As a result, the fictive temperature is a mean
parameter which expresses in terms of temperature,
the variables supplementary to pressure and tempera-
ture that are necessary for a correct description of the
vitreous state, i.e Ts.=f&, &2).
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