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a b s t r a c t

In statistical terms, the configurational entropy, Sconf, of a structure of fixed configuration is zero, i.e.,
its ˝ = 1 in the Boltzmann equation, Sconf = kB ln ˝. On that basis, a recent discussion has drawn two
inferences: (a) Sconf is lost when a liquid vitrifies and thus a glass has no residual entropy, Sres, and (b)
structural relaxation of a glass would first increase its Sconf with time from its zero value and then decrease
Sconf to the equilibrium value, thus causing the slope of its free energy against time plot to abruptly
decrease after a certain time period. Both conclusions conflict with the classical, textbook analysis of the
calorimetric data, and with the experimental findings. To evaluate the merits of these conclusions, we
use the difference between the free energy of glass (and of supercooled liquid) and its crystal phase. If
the inferences based on the statistical view are valid, (i) this difference would show a gap between the
onfigurational and residual entropies

lasses
apor pressure
olubility
eactivity

glass and supercooled liquid in the Tg range, (ii) the slope of the plot of this difference against T would be
much less at T < Tg than at T > Tg, and (iii) annealing would decrease this difference by a relatively large
amount. After constructing such plots from the known Cp data, we propose that measurement of the
vapor pressure, sublimation rate, solubility, chemical reaction rate, and emf of a cell made from glassy-

usefu
e ent
mf metal electrodes may be
provide no support for th

. Introduction

In undergraduate textbooks of physical chemistry and in mono-
raphs on glasses, non-crystalline solids are treated as structures
ith a kinetically frozen configurational entropy, Sconf, that persists

n cooling to absolute zero temperature. It is therefore considered
hat such non-equilibrium solids have residual entropy, Sres, and
herefore they violate the third law of thermodynamics. Classical
hermodynamic relations derived for a reversible process are gen-
rally used to determine Sres of the non-equilibrium state from the
alorimetric data, and Sres value is listed for a variety of materi-
ls. Its magnitude is interpreted to develop thermodynamics of the
lassy state and in some cases the possibility of localized molecular
otions in it.
According to statistical thermodynamics, Sconf = kB ln ˝, where

B is the Boltzmann constant and ˝ the number of configurations
f equal energy. Since the structure of a non-crystalline solid is

xed, ˝ is equal to 1, and therefore its Sconf should be zero. In this
iew, a non-crystalline solid, like a perfect crystal, obeys the third
aw. It is not clear whether ˝ refers to the number of configurations
vailable to a structure or to the number of configurations accessible
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l for testing whether or not Sconf is lost on vitrification. The data available
ropy-loss view.

© 2010 Elsevier B.V. All rights reserved.

to the structure, though one accepts that not all configurations are

explored in a realistic time. (There are (3/2)6.03×1023
configurations

of equal energy available to the structure of ice at 270 K. Even if the
change from one configuration to another took only 1 × 10−12 s, it
will take more than our life time for the ice structure to explore its

all (3/2)6.03×1023
configurations. Such an analysis is also the basis of

the Levinthal paradox on biological function of proteins.) Despite
that, undergraduate textbooks and monographs describe the Sres of
non-equilibrium state of orientationally disordered crystals, such
as ice and solid CO, as determined by classical thermodynamic rela-
tions and calorimetric data. These analyses show that the Sres agrees
with the Sconf obtained from the Boltzmann equation with ˝ equal
to the number of configurations available to a structure.

During the 20th century, every new generation brought forth the
above-mentioned conflict between the statistical and calorimetric
entropy views and discussed it, time and again, in terms of the Clau-
sius ansatz, the Boltzmann equation and the “Maxwell’s demon”,
and thereafter continued to use the classical thermodynamic view,
without looking into the possibility of experimentally verifying
either of the two views. Its history has been given briefly in sev-

eral papers [1–5]. The discussion was re-opened in 1999 [1], with
focus on the possible loss of Sconf when a liquid vitrifies on cooling.
In the statistical entropy view, a glass should have no Sconf because
there are no structural fluctuations within the same energy and vol-
ume of a glass and, therefore, most of Sconf should vanish when a

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:joharig@mcmaster.ca
dx.doi.org/10.1016/j.tca.2010.01.022
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iquid vitrifies. In the classical thermodynamic view, Sconf of a liquid
ecomes kinetically frozen when it vitrifies on cooling. We refer to
hese mutually exclusive views as the “entropy-loss view”, and the
classical view”. Goldstein [3] critically discussed the arguments
iven for the entropy-loss view and found that the arguments are
ntenable. He concluded that a liquid does not lose entropy on vit-
ification and therefore a glass has finite Sres, as described in the
extbooks. Gutzow and Schmelzer [4] investigated the merits of
he entropy-loss view, discussed the evolution of the third law and
heoretical aspects of the entropy of a non-equilibrium state, and
escribed several careful experiments on the solubility and other
roperties of glasses that had been overlooked in Refs. [1,2,5]. They
oo demonstrated the existence of frozen-in Sconf of glasses and its
ependence on vitrification kinetics, thus concluding against the
alidity of the entropy-loss view. In response, Reiss [5] appealed
hat a finite value of Sres violates the causality principle. Reiss went
n to suggest that the impression of Sres stems from inclusion of a
ath-irreversible segment in the thermodynamic cycle of the liquid
nd glass, and the value of Sres is an artifact from use of the spe-
ific heat, Cp data, in this segment [5]. (This issue was discussed at
wo workshops: (1) Glass and Entropy, International Workshop on
lass and Entropy, Trencin, Slovak Republic, 25–27 June 2008 and

2) Glass and Entropy II, Aberystwyth, U.K., 22–24 April 2009.)
Those who use classical thermodynamics admit that, strictly

peaking, the Cp dln T integral should not be used to estimate
ntropy in a temperature range where Cp changes with time or
here the Cp measured during cooling differs from that measured
uring heating at the same rate. Goldstein [3] showed that the effect
f time-dependent Cp is very small, and inconsequential for the
lassical calorimetric analysis for Sres. In an alternative suggestion,
he observation time has been considered as an auxiliary constraint
n the loss of Sconf [1–5] on vitrification of a liquid. The enthalpy H
nd the volume V do not change on vitrification and are not subject
o this constraint.

To summarize, in the entropy-loss view, Sconf vanishes when
liquid vitrifies and Sres of a glass is zero, like that of a perfect

rystal. The question one may ask is: where does the entropy go
hen a liquid vitrifies and the structure does not change? On

tructural relaxation during annealing, Sconf of a glass would there-
ore first increase from zero and then decrease to its equilibrium
or ultimate) value. In the classical view, Sconf becomes kinetically
rozen when a liquid vitrifies and Sres of a glass is finite, and during
tructural relaxation during annealing, Sconf would monotonically
ecrease to the equilibrium value. The two views are mutually
xclusive. Although it is necessary that experiments be suggested
o evaluate these views, those who propose the entropy-loss view
ave suggested no experiment to do so. Vapor pressure and solubil-

ty measurements are useful for evaluating the two views, but the
alidity of their relation with the free energy of a non-equilibrium
tate rests on certain assumptions. Goldstein [3] discussed the ratio
f the solubility of a glass to that of its crystal state, and anal-
sed the source of difficulties in measuring this ratio. However,
he solubility ratio has been found to depend upon the solvent and
n ionic or other equilibrium in the solution. Here we avoid the-
retical approaches and the terminology used by others [1,2,5].
nstead, we use the known relations between the properties of
n equilibrium state of a material with its free energy and pro-
ose experiments for resolving this issue. In regard to the use
f such relations for a glass, we begin by pointing out that even
rystalline solids, whose Sres is taken to be zero, contain kinet-
cally frozen point defects, impurity atoms and dislocations and,

herefore, like glasses, are also in a non-equilibrium state. Strictly
peaking, their Sres is not zero. We also argue that formation of
morphous germanium by electrolysis of GeCl4 solution is indica-
ion that the free energy relations may be valid for non-equilibrium
olids.
ta 500 (2010) 111–118

2. The entropy and free energies in the entropy-loss and
classical views

Certain experimental features of glass formation and glass have
been accepted since the 1920s and these are common to both the
entropy-loss and classical views, as follows: there is no loss of
H and V on cooling through the vitrification temperature range.
The elbow-shaped plots of their H and V against T show a time-
dependent decrease in the slope [6–9] in the vitrification range.
Vitrification occurs at a higher T when the cooling rate is high and at
a lower T when it is low. Structural relaxation that occurs on anneal-
ing of glass decreases its H and V with time until the equilibrium
values are reached. These features characterize the glass-softening
or glass-transition temperature Tg as well as its fictive temperature
Tf. Excess entropy Sexc of liquid and of glass over the crystal state is
calculated from their respective excess specific heats by using the
integral of Cp,exc dln T, from the melting point Tm to T → 0 K. Since
the properties of a glass depend upon time used to measure it, the
properties are not a function of state in the same sense as they
are assumed for (ordered but defect-containing) crystals, unless
provision could be made to include time as a variable.

For clarity, we henceforth use the term �exc for the excess
entropy and the term � exc for the free energy of the glass in the
entropy-loss view, and Sexc and Gexc for the corresponding proper-
ties in the classical view. In the entropy-loss view [1,2,5], the Sconf
part of the entropy is lost on cooling through Tg. This loss is seen to
be equal to Sres when contributions from molecular motions in the
glassy state are ignored [1,5]. Thus, at T < Tg, �exc is considered to be
entirely due to excess vibrational contributions [1,5]. In that case
a glass would have only a vibrational contribution at T just below
Tg, regardless of how it was produced, whatever rate the liquid was
cooled to produce it, and howsoever the glass was annealed.

It is known [10] that H and S of a glass have contributions
from the availability of configurations from two other kinetics,
the faster modes of motions in the distribution of times of the �-
relaxation process, and localized molecular motions known as the
�- or JG-relaxation. Gupta and Mauro [2] took into account only
the contribution from �- or JG-relaxation relaxation in simulating
the structural relaxation of a glass. In a real case, �exc contains the
above-mentioned two relaxational contributions which, along with
the excess vibrational contributions, would vanish on cooling to 0 K.
Because of the relaxational contribution, �exc of a glass also would
be time-dependent in the temperature range of kinetic-freezing
of the underlying molecular motions. Although, the effect is small
it does raise the same problem of determining the entropy of the
non-equilibrium state as of determining it in the glass transition
region.

In the classical thermodynamics view, there is no loss of entropy
when a liquid vitrifies on cooling. Just like the plot of H and V, the
plot of S against T also has an elbow-shape and a time-dependent
decrease in the slope [6–9] in the vitrification range. It too char-
acterizes its Tg. The configurational part of the entropy becomes
kinetically frozen-in on cooling through Tg and persists at 0 K, and
thus a glass has a finite Sres. Its value is higher the higher is the
rate of cooling of a glass. Its magnitude decreases when the glass
structurally relaxes during annealing.

More important to our discussion is the excess free energy,
� exc = Hexc − T�exc and Gexc = Hexc − TSexc. In the entropy-loss view,
� exc abruptly increases as most of the Sconf part of the entropy
vanishes on cooling through the Tg range. Since Tg depends upon
the rate of cooling a liquid, the abrupt loss of the free energy on

vitrification would not be seen as the zeroeth order transitions
in Ehrenfest’s classification. Despite that, those who support the
entropy-loss view assert that the increase in the free energy at Tg

is equal to TgSres. In the classical view, Gexc does not change and its
plot against T shows only a time-dependent increase of slope on
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Fig. 1. (a) Plots of the excess enthalpy of liquid and glassy states of triphenylethene
with temperature. The excess enthalpy does not change on vitrification at 248 K.
(b) The corresponding plots of the excess entropy. Notation �exc is used for the
entropy-loss view, in which the gap between the excess entropy of a glass and that
of a supercooled liquid at Tg is equal to Sconf lost on vitrification. In the classical
view, the same gap is equal to the residual entropy. Also shown is the variation of
G.P. Johari / Thermochim

ooling through Tg [6–9], as dSexc/dT decreases at Tg. The slope of
exc against T decreases slightly as a glass is cooled to 0 K.

The entropy and free energy of a glass are usually determined
y assuming that Cp has been measured for an equilibrium state
nd vitrification is a reversible process, i.e., input of heat becomes
he output of heat to yield the same value of Cp on heating and
ooling. Goldstein [3] has argued that the process is reversible
f the cooling and heating rates were the same and structural
elaxation could be avoided. (To recall, the majority of crystals are
ot in a thermodynamic equilibrium state because they contain
inetically frozen point defects. At high temperature they have
configurational entropy, like liquids, but as a result of different

rrangements of these defects in the crystal lattice.) We should also
ote that temperature modulated calorimetry for low modulation

requencies and slow cooling and heating rates yields the same
p values on heating and cooling through the Tg range. But it does
ot do so over the entire temperature range extending to 0 K.
ather the region in which Cp values on cooling and heating may
iffer becomes shifted to lower temperatures and the difference

s reduced. Decreasing the modulation frequency and the cooling
nd heating rates accordingly further decreases this difference.
ince a lower modulation frequency yields the same Cp on cooling
nd heating, this technique would yield a value of Sconf that more
losely justifies the use of classical thermodynamic relations than
diabatic calorimetry. On the opposite end, fast calorimetry can
ield the vibrational part of the entropy more accurately and at
igher temperatures than adiabatic calorimetry.

For instructive purposes, one may construct a figure containing
wo plots of the excess entropy against T, one from 0 K to T near
g by using the Cp,exc dln T integral, and the second from Tm to Tg

y subtracting the Cp,exc dln T integral from the entropy of fusion.
he integral from 0 K to Tg would be for the non-equilibrium state
f a glass, but as long as its Cp can be reversibly measured in an
xperiment, i.e., in the absence of structural relaxation of glass,
he integral would yield the excess entropy. The two plots would
how a gap at T near Tg. This gap would be equal to the Sconf lost on
ooling through Tg in the entropy-loss view, and it would be equal
o Sres in the classical view. Increase in the cooling rate would
hift this gap to a higher T and make it bigger, and decrease in
he cooling rate would shift it to lower T and make it smaller. In
he method used in textbooks the Cp,exc dln T integral taken from
he liquid at Tm to glass at 0 K and subtracted from the entropy
f fusion. The subtraction does not consume all the entropy of
elting and whatever is left at 0 K is called the residual entropy,

res. In this construction, the plot of Sexc against T is continuous and
hows an elbow-shaped change in slope in the Tg range.

When a glass is formed by rapid cooling or hyperquenching of a
iquid, or when a non-crystalline solid is produced by vapor deposi-
ion, chemical reaction, lyophilization, mechanical deformation of
crystal, collapse of a crystal under pressure, or high-energy irra-
iation of a crystal, Sres of the state formed is higher than that of
he glass formed by normal supercooling of a liquid. Like those of
ormal glasses, their H and S also decrease on cooling toward 0 K
s contributions from molecular vibrations, from the faster modes
n the distribution of times of the �-relaxation process, and from
ocalized molecular motions decrease. As a consequence, H and S
f such glasses would decrease more than that expected from the
honon contribution alone, and � exc and Gexc would increase more
apidly toward Hexc at 0 K.
. Quantitative features of the entropy and free energy in
he two views

For quantitative discussion, we use Hikima et al.’s [11] data for
p of triphenylethene in its glass, liquid and crystal states. Its melt-
the excess enthalpy and entropy of the supercooled (equilibrium) liquid in both the
Kauzmann extrapolation and the Cp interpolation. The Cp data used in the analysis
are taken from Hikima et al. [11] and analysed earlier in Ref. [12].

ing point, Tm, is 341 K, the enthalpy of fusion is 20.35 kJ/mol, Tg as
determined by adiabatic calorimetry is 248 K and Sres of the glass
obtained by cooling the liquid at 10 K/min is 18.6 J/(mol K) [11]. Its
Hexc is plotted against T as curve 1 in Fig. 1(a), which includes two
plots for the equilibrium state, one obtained by interpolation of
Cp,exc [12], such that Sexc → 0 as T → 0 K, and the second obtained
for Hexc in the Kauzmann extrapolation such that Sexc → 0 at Tk,
which is 202.6 K (see Ref. [12] for details). At T < Tk, the magnitude
of Hexc remains constant on cooling to 0 K. The plots of Sexc against
T calculated from the Cp dln T integral are shown in Fig. 1(b). The
Cp,exc dln T integral from 0 K to Tg yields the same value for �exc and
Sexc. At Tg of 248 K, the gap of 18.6 J/(mol K) between �exc and Sexc

of the supercooled liquid is equal to the Sconf lost in the entropy-
loss view, and it is equal to Sres in the classical view. Fig. 1(b) also
includes two plots for the perceived equilibrium state at T < Tg, one
for Sexc → 0 at Tk of 202.6 K in the Kauzmann extrapolation [12] and
the other for Sexc → 0 as T → 0 K in the Cp interpolation [12].

Since we will compare the entropy-loss view against the clas-
sical view, we have included curve 1 for Sexc in Fig. 1(b). This is
obtained either by adding Sres to the curve labeled �res or by sub-

tracting the Cp,exc dln T integral from the entropy of fusion beginning
at Tm, as described above and in the literature [6–9]. In the entropy-
loss view, Sexc abruptly decreases from 26.8 J/(mol K) to �exc of
8.2 J/(mol K), and in the classical view (curve 1), it does not change
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Fig. 2. Plots of the excess free energy of liquid and glassy states of triphenylethene
with temperature. Notation � exc = Hexc − T�exc is used for the entropy-loss view in
which there is a gap between the excess free energy of a glass and that of a super-
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ooled liquid at Tg . In the classical view there is no such gap. The magnitude of this
ap is equal to Tg(Sconf) at Tg . Also shown is the variation of Gexc in both the Kauz-
ann extrapolation and the Cp interpolation. The Cp data used in the analysis are

aken from Hikima et al. [11] and analysed earlier in Ref. [12].

t Tg. Both Sexc and �exc thereafter decrease slowly to zero at 0 K,
s the excess contributions from molecular vibrations, from faster
odes of the distribution of relaxation times of the �-relaxation

rocess, and from those of the localized relaxations described above
ecrease to zero. A supercooled liquid in internal equilibrium would
lso lose its Sexc on cooling in two ways, as shown in Fig. 1(b). It may
ecrease either progressively more rapidly to zero at Tk, as in the
auzmann extrapolation or decrease slowly to zero at 0 K along a
igmoid shape path as in the Cp interpolation [12].

The excess free energy of triphenylethene was calculated from
he data in Fig. 1(a) and (b) [12] and it is plotted against T in Fig. 2.
n the entropy-loss view, its value abruptly increases on cooling
hrough Tg by 4.61 kJ/mol to its � exc value in curve 2, and there-
fter � exc increases slowly to 10.02 kJ/mol as T → 0 K. In the classical
iew, the plot is continuous and its slope slightly increases on cool-
ng through Tg and remains higher for the glass than for the liquid
ntil T → 0 K where Gexc reaches 10.02 J/mol. The slope of the Gexc

lot is more than that of the � exc plot. Also shown are the plots
f the internally equilibrated state in the Kauzmann extrapolation,
n which Gexc becomes constant at 4.76 kJ/mol, as well as in the Cp

nterpolation in which Gexc increases progressively more slowly to
.25 kJ/mol at 0 K. If the vibrational entropies of the crystal and glass
ere the same and the liquid was to lose all its Sconf on vitrification,

ts �exc and � exc would be zero. Its free energy at T < Tg would be
he same as that of the crystal.
. Experiments for testing the entropy-loss view

In fairness to the arguments of Kivelson and Reiss [1], we may
egin by assuming that the entropy-loss view has merit, and deter-
ine what consequences it has that can be tested by experiments.
ta 500 (2010) 111–118

This is important because they suggested no laboratory experiment
to test the validity of their view. If experiments do not support these
consequences, the entropy-loss view may not be worth maintain-
ing. Gupta and Mauro [2] attempted to strengthen the Kivelson and
Reiss [1] view by computation of an approximate model for a liq-
uid and glass in the enthalpy landscape paradigm. They used the
term ergodicity-breaking in their view of laboratory glass forma-
tion instead of the usually considered structural arrest by a kinetic
freezing, and simulated in a special case the change in S and G with
time when a glass structure relaxes on isothermal annealing [2].
Their model was flexible enough to produce different manners of
increase in the entropy from zero to the equilibrium value.

Kivelson and Reiss [1] and Reiss [5] argued that the irreversible
segment of the thermodynamic path of Cp between a liquid and
glass is to be avoided for determining the entropy change. But as
mentioned earlier here there is more than one irreversible seg-
ment of this thermodynamic path if one extends the path from
liquid to 0 K. One segment is of course in the Tg range, and is rela-
tively sharp. Other segments are more gradual and they are in their
own characteristic temperature range between 0 K and Tg. As was
implicit in Goldstein’s analysis, one can avoid the entropy deter-
mination from the Cp dln T integral and discuss the issue of Sres in
terms of the free energy. Here we similarly circumvent the entropy
issue and consider how the change in free energy determined by
independent experiments would appear in the entropy-loss view.
We distinguish this free energy change by the term �Gexc. If �Gexc

is found to be qualitatively consistent with � exc, the entropy-loss
view would be valid. Alternatively, one may subtract �Gexc from
Hexc and determine the excess entropy, �Sexc = (Hexc − �Gexc)/T. If
�Sexc is found to be consistent with �exc then the entropy-loss view
would be valid.

The quantity �Gexc may be determined from measurements of
the vapor pressure, sublimation rate, solubility, chemical reactivity
of both the glass and its crystal state, and from emf of a cell with one
electrode constructed from the glassy state and the other from the
crystalline state or any other configuration, as elaborated below.

(i) The vapor pressure, pvap ∝ exp(G/RT). In the entropy-loss
view, the configurational part of the entropy is lost on cooling
through Tg, and therefore � would abruptly increase. This means
that pvap would decrease by a factor of exp(Sconf/R) when a liquid
vitrifies. The reverse would occur on heating a glass through Tg

and pvap would abruptly decrease. There would be no such change
in the classical view. For a quantitative test, one may determine
� exc and Gexc from the Cp,exc data. On cooling a liquid Gexc would
decrease to � exc at Tg by an amount TgSconf, which is the same as
TgSres, and on heating the glass � exc would increase to Gexc by about
the same amount. For triphenylethene, Sres is 18.6 J/(K mol) and Tg

is 248 K [11], and on cooling its Gexc increases by ∼4.61 kJ/mol to
� exc in curve 2. Its pvap would increase abruptly by an amount cor-
responding to ∼4.61 kJ/mol on cooling through 248 K. (For glasses
of higher Tg and/or higher Sres, the increase in Gexc would be higher,
and therefore the increase in pvap would be higher. For example, tri-
�-naphthylbenzene, whose Sres is 33 J/(K mol) and Tg is 342 K [10],
would show an increase in Gexc of 11.29 kJ/mol and correspondingly
large increase in pvap on cooling its liquid through 342 K.) Since a
faster rate of cooling produces a glass of higher Sres at a higher tem-
perature, the change in Gexc to � exc and in pvap would be higher at
that temperature.

On the basis of the features of the plots shown in Fig. 2, the
entropy-loss view has at least four experimentally testable conse-
quences for pvap: (a) the measured pvap would show a discontinuity

in the Tg range. (b) The change in pvap at the discontinuity would
correspond to the change in Gexc which is equal to TgSres, and there-
fore the measured change in pvap would yield a reasonable value
for the Sconf lost, or of Sres. (c) Variation of pvap with T would be
smaller at T < Tg than at T > Tg and it would correspond to the slopes
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Fig. 3. Plots of the vapor pressure ratio of the glassy to crystalline states of triph-
enylethene calculated from the data plotted in Fig. 2. The corresponding ratios for
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change in E0 of such a cell, assuming that the chemical potential of
he sublimation rate and for the solubility would be similar. A crucial test for the
ntropy-loss view would be to determine if the ratio abruptly increases on cooling
hrough the Tg of a material.

f their Gexc plots, and (d) on annealing a glass at T just below Tg,
he decrease in pvap would be relatively high value, close to the

agnitude corresponding to TgSres.
(ii) For a one-component system, the ratio of pvap of glass to pvap

f the crystal phase is given by

pvap,glass

pvap,crystal

)
T

= exp
(

�Gexc

RT

)
(1)

f �Gexc determined from pvap measurements is found to be equal
o � exc, or else � exc yields the same pvap ratio as measured, the
ntropy-loss view would be valid. To illustrate, we calculated the
vap ratio for triphenylethene from the � exc and Gexc data in Fig. 2,
nd have plotted it against T in Fig. 3. The plot is limited to T > 130 K.
urve 2, which is for the entropy-loss view, i.e., calculated from
exc, shows an abrupt change at Tg. But curve 1, which is for the

lassical view, i.e., obtained from Gexc, shows a continuous change
n the Tg range.

To determine �Gexc from the pvap ratio, one may perform two
xperiments at the same T, in one pvap, glass may be measured, and
n the second pvap, crystal be measured. Alternatively, one may per-
orm only one experiment in which pvap of the same sample is

easured before and after crystallization of its glassy state and
ompare the �Gexc obtained against � exc and Gexc. At 230 K in Fig. 2,

exc = 8905 J/mol and the pvap ratio is 105.4, and Gexc = 4628 J/mol
nd the pvap ratio is 11.2. If pvap measurements for triphenylethene
lass and crystal were to yield a ratio close to 100, the entropy-loss
iew would be valid, otherwise it would not. For a further quanti-
ative test, one may measure the pvap ratio as a function of T and
ompare the slope of the pvap ratio against T plots with the slopes
f the � exc and Gexc against T plots in Fig. 2. If the slope agrees with
he slope of � exc plot, the entropy-loss view would be validated.

In general, Gexc of a (non-equilibrium) glass is higher than Gexc

f its equilibrium state at the same T, irrespective of one’s choice
or determining it by using the Kauzmann extrapolation or Cp

nterpolation [12]. Also, the excess free energy of glass decreases
n structural relaxation during annealing at a fixed T. (It would
ecrease to zero also but abruptly if the glass crystallizes.) If a glass
s annealed at T just below Tg, the decrease in pvap, glass to the equi-
ibrium value in the entropy-loss view would be many times larger
han in the classical view. The decrease in � exc estimated from the
ata in Fig. 2 is by 4630 J/mol at 240 K, and that estimated from Gexc
ta 500 (2010) 111–118 115

is only by 91 J/mol. We also suggest that if the absolute pvap value
cannot be determined, one may measure the ratio of pvap, glass to
pvap of the equilibrium state after structurally relaxing the glass.
If the ratio were found to be close to 10 for triphenylethene, the
entropy-loss view would be valid.

(iii) The sublimation rate of a glass and crystal has the same rela-
tion with the free energy as pvap and its ratio is the same as the ratio
of pvap in Eq. (1) for the condition that molecular sticking coefficient
is equal to 1, as assumed by Speedy et al. [13] for amorphous solid
water obtained by vapor deposition on a substrate. Therefore, the
sublimation rate would show all the features described above in (i)
and (ii), and one may use this ratio in place of the pvap ratio to test
the validity of the entropy-loss view.

(iv) The ratio of the solubility of a glass and its crystal form is also
given by Eq. (1), and Goldstein [3] has already considered this ratio.
It may also be used instead of pvap and it would show all the above-
described features in (i) and (ii), as long as there is no significant
interaction between the solute and solvent molecules.

(v) When a material chemically reacts with gases or with
another substance in a mixture, the activation energy for the reac-
tion is determined by the difference between the free energy and
the activation barrier height. If the free energy of a material is
already high, its value would be closer to the top of the barrier
and the activation energy, Ea, for the chemical reaction would be
lower. Therefore, the rate of the chemical reaction of a given mate-
rial would vary according to the difference between its own free
energy and the barrier height. (This is apparent, for example, as
accelerated corrosion of iron structures in the areas of high-strain,
where its free energy is higher.) Therefore, the high � exc and Gexc

of a glass and other non-crystalline solids would lower its Ea for
chemical reaction with gases, solids and other states. This means
that if the rate of chemical reaction of a liquid state of a material
is measured as a function of temperature, it would change con-
tinuously on cooling by an amount that is higher than the value
expected from the change in T alone. The change in the reaction
rate would be in a direction opposite to that observed in pvap, the
sublimation rate or the solubility ratio.

Since � exc is much higher than Gexc of the supercooled liquid, Ea

would show an abrupt decrease on vitrification of a liquid at T near
Tg in the entropy-loss view, and thereafter Ea for the glassy state
would decrease slowly with decrease in T. In contrast, in the classi-
cal view, there would be no abrupt decrease Ea since Gexc changes
continuously through Tg and Ea for the glassy state would decrease
more rapidly on cooling. The above-given experiments (i) and (ii),
but designed to measure the chemical reaction rate can also be
used to determine the change in Ea. Moreover, as both � exc and
Gexc decrease by structural relaxation on annealing and the glass
approaches its equilibrium state, Ea would increase and the reac-
tion rate would decrease with time. The amount of decrease would
be much larger in the entropy-loss view than in the classical view.
The change in the reaction rate here also would be in a direction
opposite to that observed in pvap, rate of sublimation or solubility.

(vi) The emf of an electrolytic cell is given by E0 = −�G0/zF,
where �G0 is the free energy change for the chemical reaction, z is
the number of electrons that exchange between a metal electrode
M, and its ions M+ in a solution involving a chemical equilibrium,
Mz+ + ze− = M, F is the Faraday constant and e− refers to the electron.
The emf is estimated by considering the chemical potential of the
two electrode materials, of the respective ions of each material in a
solution and of the electrons. Now, any change in G of an electrode’s
metal would contribute to �G0, and this would be observed as a
electrons in the metal remains unchanged. Therefore, one may con-
struct a Daniel cell containing one electrode made of a glassy metal,
Mglass, immersed in a solution containing M+ ions and the second
electrode made of a different (crystalline) metal, M1, in a solution
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ontaining M1
+ ions. (The chemical reactions are: Mglass = Mz+ + ze−

nd M1
z+ + ze− = M1.) The free energy of the net chemical reaction

alculated from the emf of this cell should be equal to the value cal-
ulated from the free energies of Mglass and M1 either in the classical
iew or in the entropy-loss view, but one would not be able to dis-
ern which view. To discern it, one may construct another Daniel
ell in which the electrodes of both metals are crystalline and the
eactions are: M = Mz+ + ze−, and M1

z+ + ze− = M1. If both cells are
eated through a range that includes the Tg range of Mglass, the free
nergy of Mglass in the entropy-loss view would decrease from � exc

o Gexc and this would decrease the difference between the emf of
he two cells. The decrease may be equal to either that expected
rom the entropy-loss view or to that expected from the classical
iew. Alternatively, on cooling through the vitrification range, the
ifference would increase but in a different range of T than that of

ts decrease. It would also correspond to only one of the two views.
bviously, several such combinations of electrodes may be used in
Daniel cell.

One may also use a cell in which electrodes of the same metal M
re immersed in the same solution of M+, but one electrode is in the
lassy state and the other in the crystalline state. Its emf would be
onsistent with either � exc or Gexc. Also, a cell with both electrodes
ade from a glassy metal, but one in a highly non-equilibrium state

nd another in its equilibrium disordered state may be used. Its emf
lso would be consistent with only one of the two views. As the free
nergy of Mglass decreases with time, the emf of the cell contain-
ng a glassy-metal electrode would change with time, according to
he free energy decrease in only one view. As an illustration, if � exc

=TgSres) of the metal used as an electrode increased by 4.61 kJ/mol
n cooling through 248 K, as in Fig. 2, the increase in emf for z = 2,
ould be by 23.9 mV in the entropy-loss view, and none in the clas-

ical view. Moreover, since Tg of metals is high and Sres substantial,
he actual emf observed in an experiment would be higher than the
alue given.

. Discussion

Data on vapor pressure, sublimation rate, solubility ratio, chem-
cal reaction rates, and emf for the glassy and non-crystalline

aterials are scarce. We found pvap data only for one single-
omponent material, the element argon in a paper by Kouchi and
uroda [14]. They made amorphous solid films of Ar by vapor depo-
ition at 10 K and reported its pvap at T from 14 K to 27 K. On heating
he film at 2 K/min they found that amorphous Ar began to trans-
orm to fcc Ar at 20 ± 1 K and the transformation ended at 24 ± 1 K.
hey also measured pvap of the crystal from 25 K to 28 K. (For more
escription, see Fig. 3.16 in Ref. [8].) They reported that the ratio
f pvap of the amorphous to crystalline phase is ∼100 [14]. Esti-
ate of this ratio at 20 K, which requires the least extrapolation of

he pvap of fcc Ar, yields Gexc of ∼766 J/mol. This needs to be com-
ared against � exc and Gexc, but Cp,exc data needed to determine
hese quantities are not available. Nevertheless, the data show no
ecrease in pvap of the glass at Tg before crystallization began on
eating. These results seem to provide no support for the entropy-

oss view.
The data on the sublimation (evaporation) rate of vapor-

eposited water at 150 K [13] are for a state at T > Tg, and we do
ot use it for analysis.

Solubility measurements of the glass and crystal state of differ-
nt materials are available in the literature. Data on the solubility of
itreous silica (Tg = 1473 K) and quartz in water have been compiled

rom various sources in Fig. 3.18 in Ref. [8]. These give a solubility
atio of ∼2.8 at T of 513 K. Like the calculated pvap ratio in Fig. 3 here,
he solubility ratio would decrease abruptly on heating through its
g of 1473 K, and therefore this ratio for silica glass would be much
ess than 2.8 at Tg. The �Gexc obtained from it would not be high
ta 500 (2010) 111–118

enough to support the entropy-loss view. Data on the solubility
of crystalline and glassy Se (Tg = 303 K) in CS2 and of crystalline
and glassy As2O3 (Tg = 430 K [15]) in water have also been plotted
against T by Gutzow and Schmelzer in Fig. 3.18 in Ref. [8]. For Se, the
plots give a solubility ratio of only 1.8 at Tg of 303 K and there was
no evidence for an abrupt increase in this ratio on cooling through
Tg. For As2O3, their plots give a solubility ratio of 1.6 at 357 K and it
would be much less at Tg of 430 K mentioned above. This also does
not indicate a sufficiently large change in the ratio to support the
entropy-loss view. Grantcharova and Gutzow [16] have also pro-
vided accurate data on the solubility of crystalline and glassy states
of phenolphthalein (Tg = 353 K) in water. From Fig. 3.20 in Ref. [16]
we find the solubility ratio of ∼7 at 295 K and ∼4 at Tg. The solubility
ratio of 4 at Tg yields an Sres of ∼5 J/(mol K) when contributions to
entropy from molecular motions in the glassy state are neglected,
but there seems to be no indication of an abrupt increase in this
ratio at T near Tg.

Numerous data are available on the solubility ratio of pharma-
ceuticals [17]. These data have been compared against the value
predicted from their Gexc, i.e., in the classical view. The expecta-
tion was that Cp data could be useful in predicting the solubility
ratio via the calculation of Gexc. In some cases, the ratio agreed with
the value predicted from Gexc and in others it did not [17]. Those
for which it did not, the predicted value of the solubility ratio was
higher than that measured. (Note that � exc is higher than Gexc, and
therefore it would have made the predicted value even more higher
than the measured values.) As mentioned before, interactions with
the solvent molecules and the ionic equilibrium in it, as well as his-
tory of a glass have an effect on both the measured and predicted
solubility ratios. Though it is not certain why the measured and
the predicted ratios from Gexc differ, the agreement found for some
pharmaceuticals indicates that classical view is useful.

Although Eq. (1) applies only to a one-component system, some
of the findings for other systems are worth noting. Überreiter and
Bruns [18] measured pvap of a solution of polyvinylcarbosolon in
benzene. Their plots of log10 P against 1/T for the glass and liquid,
where P is the ratio of pvap of solution to pvap of the solvent, appear
also in Fig. 3.17, Ref. [8]. At Tg of 298 K, the plot gives log10 P as
1.45. At 302 K, the log10 P value is 1.4 for the glass and 1.3 for the
equilibrium state, thus showing that P decreases on stabilization
(annealing) of the glassy state of the solution. The decrease in P is
by 21% (a factor of 0.79) and there is no indication of an abrupt rise
in P on cooling the solution through its Tg of ∼302 K.

Barcea and Wolfe [19] have reported pvap data on solutions of
poly(styrene) in cyclohexane of different volume fractions, ϕ. For
a solution of ϕ = 0.85, Tg read from their Fig. 1 is 315 K [19]. They
plotted a quantity p/p0, i.e., pvap of the solution normalized by that
of cyclohexane, in their Fig. 3 [19]. From it, the p/p0 values read
are: 0.663 (305 K), 0.658 (307 K), 0.646 (309 K), 0.596 (313 K) and
0.584 (333 K). On cooling, pvap of both the solution and cyclohexane
decrease. Vapor pressure of cyclohexane, p0 is higher than that of
solution and it changes more with changing T. Therefore, the quan-
tity p/p0 would decrease on cooling to a lesser extent than pvap of
the solution would decrease. Even with such a decrease included in
p/p0, there is no indication for an abrupt rise in pvap of the solution
on cooling through its Tg of 315 K.

The pvap ratio of tellurium for the Ge14Te84 alloy has been esti-
mated by Bergman and Chastel [20] from measurements of the ion
intensity, ITe, by using the Knudsen cell mass spectrometry. The
glassy state of their alloy was obtained by quenching the melt at
873 K in salt water and measurements were made during heating of

the quenched sample. The quantity loge(ITeT) was found to increase
toward a plateau-like value at T < 400 K, in a manner similar to that
observed for amorphous Ar in Fig. 2 of Ref. [14], and thereafter it
increased toward a value for a state that was found to be crystalline
on the basis of the data obtained by thermal cycling of the sample.
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hey did not determine Tg of the Ge14Te84 alloy by calorimetry, and
ave its value as 410 K based on the ionic intensity data. (Tg marked
n their Fig. 3 is less than 400 K [20].) The purpose in their study was
o determine whether or not a metallic glass has a higher pvap than
ts crystal phase, and they concluded that the pvap ratio is 100. This
orresponds to �Gexc of 6817 J/mol at Tg, but as its Cp,exc data are
ot available, we cannot compare it against Gexc or � exc. Since the
mount of crystallization on heating through Tg is also not known
e do not extrapolate the loge(ITeT) value from high temperature to

btain pvap of the equilibrium state at T < Tg in order to use criteria
d) given in Section 4. Nevertheless it is clear from the plot in their
ig. 4 [20], that there is no abrupt decrease in pvap of the glass on
eating through Tg. Instead, the continuity of the plot would seem
o be consistent with the classical view.

. The free energy and its relation with other properties

The relation of free energy with the various properties of glass,
hich we have used here and others have used before, may be ques-

ionable. The reason is that such a state may not be in reversible
quilibrium with its vapor. This aspect has been discussed vari-
usly in the literature [3,8,13,14], where references dating back to
920s may be found. To elaborate, a layer of deposited vapors on
he surface of a glass (or on the surface of other non-crystalline
olids) may not have the same structure and properties as the bulk
tate. Nevertheless, whatever structure and properties the (disor-
ered and immobile) layer of deposited vapor on the surface of a
lass may have, its Sexc would still be zero in the entropy-loss view,
ut its enthalpy may be different from that of the bulk state. There-
ore, it would have the same qualitative consequence for � exc, Gexc

nd related properties as would any other disordered solid state.
t should also be noted that surface tension and impurity segre-
ation on the surface of a crystal also cause their surface to have
ifferent structures and properties than the bulk. We point out
hat in the semiconductor technology, relation between pvap and
he free energy of equilibrium state is used for crystals in a non-
quilibrium state, containing kinetically frozen point defects in
reater population than in the equilibrium state [21]. To the extent
hat thermodynamic relations for such crystals are useful in that
echnology, these thermodynamic relations would be useful here.

We recall that classical thermodynamics mainly provides a for-
alism for macroscopic changes and, based on that, it makes

redictions. The change may result from molecular relaxations and
ibrations, from chemical reactions and phase transformations, but
lassical thermodynamics alone does not distinguish between such
echanisms. The discussion here, therefore, should not be used

o indicate any particular mechanism, transient or otherwise for
he changes in the entropy and free energy. Vapor pressure and
ublimation (evaporation) rate of a solid (liquid) are described in
erms of the bulk property, as they are done at the melting point
f a crystal, and not in terms of the surface property although
urface strains may have a small effect. Also, thermodynamics of
olid–solid, solid–liquid and solid–gas reactions have been widely
tudied without reference to the mechanism of the reaction. As
entioned earlier here, increase in the free energy by any proce-

ure would increase the reaction rate. One may recall commonly
oted rapid corrosion in the elastically strained and in permanently
eformed regions of iron metal structures where the bends are
ade or bolts have been tightened. Despite the above arguments,

here are limitations in the use of the above-described procedures,
nd these limitations are yet to be investigated.
Reversibility of an electrochemical reaction between an amor-
hous solid and its solution seems more certain. To elaborate, in
lectrolytic deposition of germanium experiments, Papa et al. [22]
ound that up to 40 �m thick, void-free amorphous films of Ge are
eposited on a Cu anode by electrolysis of 7% GeCl4 solution in
ta 500 (2010) 111–118 117

propylene glycol, using Ge as cathode [23]. (Ge is a metalloid whose
electrical resistivity is ∼1 � m at 293 K. Both amorphous and crys-
talline films of Ge deposited on a good conducting metal can be
used as electrodes in GeCl4 solution.) Deposition of amorphous Ge
by electrolysis of a GeCl4 solution using a Ge cathode seems to be
an evidence that free energy of an amorphous solid is greater than
of the crystal. How much greater it is can only be determined from
calorimetric measurements on amorphous Ge and the standard emf
of its electrolytic cell. We also suggest that glassy and crystalline
solids of binary and multi-component alloys may be used as elec-
trodes in an ionic solution of their one component. In that case their
partial molar free energies would become relevant.

As noted earlier here, non-crystalline solids are prepared by
vapor deposition, chemical reaction, lyophilization, high-energy
ball milling of crystals, collapse of crystals at high pressures, and
by high-energy irradiation of crystalline metal and other solids.
According to the Boltzmann equation and the entropy-loss view,
their Sconf and Sres would decrease to zero also but abruptly. Since
the excess free energy of these solids would be high, a galvanic
cell constructed with one electrode made from such a solid and
the other made from a crystalline solid would produce a relatively
high emf. If the value of �Gexc estimated from this emf is found to
be close to the value deduced by using the Boltzmann’s statistics,
on which the entropy-loss view is based, the inference that a glass
has no residual entropy would prevail, otherwise it would not.

7. Concluding remarks

By using experiments to measure the free energy change
directly, one may be able to determine whether or not the con-
figurational entropy of a liquid vanishes on vitrification. Such
experiments require measuring the vapor pressure, evaporation
rate, solubility ratio, chemical reaction rate, and emf of an elec-
trolytic cell containing electrodes made from glassy and other
non-crystalline solids. These experiments would also yield useful
information on the roles of calorimetric and statistical entropies,
and the resulting discussion would bear upon our understanding
of the term ˝ in the Boltzmann equation. Electrolytic deposition of
amorphous germanium on anode from a Ge cathode immersed in
GeCl4 solution shows that thermodynamic relations may be valid
for phenomena involving non-equilibrium solids.

In the entropy-loss view, structural relaxation on annealing of a
glass would first increase its entropy and then decrease it to its equi-
librium value, thus showing a broad peak in the plot of its entropy
against time. As a consequence, its free energy plot against time
would show a decrease in slope at a certain time. This change also
may be investigated by measuring the properties discussed above.

The data for examining the validity of the entropy-loss view are
scarce in the literature. Even the ones that can be used had been
obtained from experiments for a different purpose, and therefore
their use is limited here. Nevertheless, analysis of such data pro-
vides no support for the view that the residual entropy of glass may
be zero, as was recently discussed by Nemilov [23] in his analysis
and discussion of the third law. We hope that more experiments
will be performed to test the known consequences of the entropy-
loss view and new consequences will be reported, and tested by
experiments.

As mentioned earlier here, a one-dimensional model simulation
of glass transition has produced a sigmoid shape decrease in Sexc on
cooling that corresponds to a lambda-type change in the specific
heat and either a monotonic or non-monotonic increase in Sexc and

a corresponding decrease in Gexc with time on structural relaxation
[2]. Gujrati [24] has concluded that there are certain fundamental
problems in the computational simulation of the entropy in Ref.
[2]. These prevent us from relating the simulations directly to the
Kivelson and Reiss [1] arguments for the entropy loss view.
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