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Abstract

Kauzmann showed that the entropy of a liquid decreases rapidly on cooling towards the kinetic glass transition
temperature and extrapolates to unreasonable values at lower temperature. The temperature where the extrapolate
liquid entropy meets the crystal entropy is now called the Kauzmann temperature. Thermodynamics, with Planck’s
statement of the third law, shows that the entropy of a liquid cannot be less than the entropy of a glass with the same
enthalpy. This is the thermodynamic condition violated by the Kauzmann extrapolation and it suggests a thermodynamic
glass transition. Simulations show that, for the simple models studied and regardless of how the liquid entropy is
extrapolated, the Kauzmann temperature cannot be reached because the entropy of glasses with the same enthalpy &
the liquid is greater than that of the crystal.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction liquid becomes glassy on cooling beldy. Within
a transition range, 10867<118 K, where the

Kauzmann[1] pointed out that the entropy of a measured_heat capa(_:ity chapges sharply, the meas-
supercooled liquid decreases rapidly on cooling urement time(=1 min [2]) is shorter than the
towards the kinetic glass transition temperature, time needed to equilibrate the liquid but still long
T,, and usually extrapolates to the entropy of the €nough to allow slow relaxation of glasses. The
more stable crystal not far belo®,. To illustrate  kinetic nature of the experimental glass transition
the apparent paradox that intrigued Kauzmann in IS confirmed by observations that the drop in heat
1948, and still intrigues us today, Figs. 1 and 2 capacity occurs at a higher temperature when the
show the heat capacity and entropy of liquid, liquid is cooled fastef3].
crystalline and glassy ethylbenzene; one of the It is natural to ask how the amorphous phase
simpler substances for which state of the art might behave below, if it could be studied at
calorimetric measuremen{g] are available. The  equilibrium without freezing. Two conditions on
heat capacity of the liquid is twice that of the the behavior belowr, for real materials, are that
crystal near 120 K and it drops sharply as the the entropy cannot be negative and that the heat

capacity must go to zero in the low temperature

E-mail address: robin.speedy@clear.net.fR.J. Speedy limit [5].
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Fig. 1. The isobaric heat capacity of ethylbenzene vs. temper-
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concept of an equilibrated amorphous phase loses
meaning.

Subsequently, Gibbs and DiMarZi6] presented
a lattice model for polymers with an ideal ther-
modynamic glass transition, where the entropy of
a liquid tends to that of an essentially unique ideal
glass. Adam and Gibb§7] provided a plausible
explanation for the near coincidence of the kinetic
and thermodynamic glass transitions. DiMard
noted that glass forming atactic polymers do not
have a crystalline phase so that freezing cannot
always be invoked as a resolution. Angell et al.
[9] showed that spontaneous freezing of an aque-
ous solution is orders of magnitude slower than
the equilibration time within the liquid nedf,.

Section 2 shows that the entropy of a liquid

ature at atmospheric pressure. The measured values from tablecannot be less than the entropy of a glass with the

2 of Yamamuro et al[2] are joined by straight lines except
near the melting temperaturg, =178 K, where a short extrap-
olation [4] of the stable crystal measurements is used to smooth
pre-melting effects. The glass was made by cooling the liquid
quickly to approximately 5 K and its heat capacity was meas-
ured by adiabatic calorimetry while warmirg].

The slopes of the lines in Fig. 2 are related to
the heat capacities shown in Fig. 1 by
(08/9T)p=C»p/T D
whereS is the entropy and’; is the isobaric heat
capacity. Fig. 2 shows that if the heat capacity of
the equilibrated amorphous phase did not drop
sharply belowT, the entropy would become less
than that of the experimental glass below 100 K,
less than the crystal entropy below the ‘Kauzmann
temperature'Tx =88 K and less than zero below
60 K. It is ‘unthinkable’[1] that the entropy of a
liquid can ever be much less than that of a solid,

same enthalpy. This is the thermodynamic condi-
tion likely to be violated when the liquid entropy
is extrapolated below, and it suggests a ther-
modynamic glass transition. Section 3 reviews

ethylbenzene liquid
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10F

crystal

150 200
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T/K

so if the idea of an equilibrated amorphous phase Fig. 2. The entropy of ethylbenzene obtained by integrating the

has meaning betweehy and absolute zero its heat
capacity and entropy must follow paths quite
similar to those shown by the dotted lines in Figs.
1 and 2.

Kauzmann [1] considered a thermodynamic
glass transition but noted the unexplained coinci-
dence between the kinetic and thermodynamic
transitions. His preferred resolution of the apparent

heat capacities shown in Fig. 1, and using the measured entro-
py of melting from Yamamuro et af2]. In the transition range
106<T<118 K, where irreversible relaxations occur, the heat
capacities were extrapolat¢d] from above and below to esti-
mate the entropy of the equilibrated fluid or the stable glass.
The vertical dotted line locateg, ~115 K, where the liquid

and glass have the same enthalpy, and its length shows the
configurational entropy.(7,) = 1.1R. If the liquid heat capac-

ity stayed close to the value near 120 K, the liquid entropy
would vary asS(7)=5,(120 K)—C,,(120 K) In(120 K/T)

paradox was that spontaneous freezing preventsang this is illustrated by the dashed extrapolation of the liquid

equilibration of the liquid nearTk, so that the

entropy to temperatures beldiy.
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some evidence from simulation studies to show tion is evident, the properties of a glass may be
that, for the models studied, and regardless of how defined by extrapolation from temperatures where
the liquid entropy extrapolates, the Kauzmann it behaves reversiblj2]. At some temperaturé=
temperature cannot be reached because the entropy,, a glass has the same volume and enthalpy, or
of glasses with the same enthalpy as the liquid is heat content;, as the equilibrated liquid., serves

greater than that of the crystal. here as the internal parameter to distinguish
between glasses with different properties. This
2. Entropy of a glass choice is convenient but any other property that

varies with 7, could serve as well[18]. For

The entropy of a glass is an ambiguous concept instance, in the inherent structures approach
and it can be argued that it has no meaning [19,20 an equilibrated liquid is instantaneously
[10-19. The calorimetric entropy of a real glass, quenched to a glass in the low temperature limit
calculated by integrating Eq.l) through T, is and the enthalpyH(T,, T=0) [20], of the glass
invariably greater than the crystal entropy in the is used as the internal parameter. By construction
low temperature limit [10-14. But quantum [20], the liquid configuration that quenched to that
mechanics requires that the entropy of any body glass has the same enthalpy as the liquid at the
vanishes in the low temperature linfi], in accord temperature, T,, from which the liquid was
with Planck’s 1909 statement of the third 1d%a]. quenched. The definition df, as a thermodynamic
The apparent conflict arises because the kinetic parameter characterizing a glass allows us to con-
glass transition is not a reversible process in the sider the entropy difference between a glass and
thermodynamic sense, and the entropy changesthe equilibrated liquid ar'=T7,.
without an associated latent hddd—16. Section In the following it is implicit that the liquid and
3 summarizes some computer simulation studies glass heat capacities are extrapolated’'jofrom
that measure the irreversible entropy change at thetemperatures where they behave reversibly and
transition. that in Fig. 1, for instance, the steep dotted line

The discussion is simplified by taking the pres- nearTy is replaced by a vertical line &f,. The
sure, P, to be constant and the temperatdrdo subscripts cr, | and g denote crystal, liquid and
be the only external variable. The properties of an glass, respectively.
equilibrated, stable or metastable, liquid or crystal The enthalpy of a glass is
are determined by its composition and the temper-
ature. The properties of a glass also depend on its T
history [17] and it is necessary to distinguish Hg(Tq’T):Hg(Tqv0)+j0CP,g(Tan)dT 2
between glasses with different properties by spec-
ifying additional internal parameters. Davies and
Jones[18] show that at least two internal para-
meters are needed when bdthand T variations
are considered but it is assumed here that one
internal parameter is sufficient when only one
external variable is considered. If structurally dis- H\(T)=HyT,T), T,=T. )
tinct glasses with the same history have signifi-
cantly different bulk properties then more internal  Fluctuations in the enthalpy of a liquid are
parameters are required to distinguish between negligible, in the thermodynamic limit, so the
them, but simulations support the view that the liquid samples only those glasses with,~T
bulk properties of glasses formed with the same which satisfy Eq.(3). The thermodynamic differ-
history are reproduciblgl?]. ence between a liquid and a glass is tha& T in

It is usually assumed[10,11 that a glass the liquid but for a glas§’, is fixed andT can be
behaves reversibly at sufficiently low temperature. varied. This explain§l8] the jump in heat capacity
At higher temperatures, where irreversible relaxa- at 7, because differentiating E43) gives

where Hy(T,, 0) is the enthalpy at absolute zero.
The enthalpy of the liquid & is the same as that
of a glass withT,,=T by definition
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Cp(T)=(9H,/9T) = Cpg(T,T)
+(0Ho(TyT)/0T ) pr
4

whereCp (T,, T)=(0H(T,, T) /1) p 1,

The residual calorimetric entropy of a glass,
So(T,), relative to the crystal, in the low tempera-
ture limit [10-13, is calculated by integrating the
heat capacity around the loop shown in Fig. 1,
starting with the crystal at low temperature, adding
the entropy of melting and integrating back
towards the low temperature limit along the liquid
and glass lines.

IT"‘ CP,cr(T)
) T

+J'Tc/ Cp(T) dT—f-JO Cpo(TyT)
T T

So(T,) dT +ALS(T 1)

dr

Tm T,

5

whereT,, is the equilibrium melting temperature.
That calculation views the transition di, as a
thermodynamically reversible process, with no
entropy change because there is no heat change.

The dotted line in Fig. 2 shows the vibrational
entropy of the glass, defined by

rCp T, T
P,g( q )dT

- (6

SoTuT)= |
which tends to zero in the low temperature limit
[5,13. The difference between the liquid and glass
entropies aff,, shown in Fig. 2, is the configura-
tional entropy([6,7], S.(T,), defined by

S(T,)=S(T)—S4T,T), T=T,. @)

Summing the entropy changes around the loop
shown in Fig. 2 gives the vibrational entropy of
the glass, relative to the crystal, in the low tem-
perature limit,

So(T,.0)= J' :mcj])":Tr(T)dT+A'ch(Tm)

Tq
+ J' Cp)(T) dqr
Tm T

o CpoT,T
P,g(q )dT

T (8

—S«T,)+ J’T,
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The entropy of a real substance cannot be
negative [5] so So(7,)>0, and the vibrational
entropySy(7,, 0)=0 from Eq.(6), so Eqs(5)—~(8)
imply that

S«T,)=So(T,)=0 (9
and
S(T)>S(T,T), T,=T. (10)

Eq. (9) expresses the familiar notiofr,10-12
that the residual calorimetric entropy is the entropy
that was ‘frozen in’ at some higher temperature.
Adam and Gibbd47] used Eq.(9) (equation 34 of
[7]) to estimates..

Thermodynamics does not require the liquid
entropy to be greater than the crystal entropy, and
rare cases are known where a crystal melts on
cooling [21,24, which implies that the liquid
entropy is less than the crystal entropy at equilib-
rium. But Egs.(3) and(10) require that the liquid
entropy cannot be less than the vibrational entropy
of a glass with the same enthalpy, and this is the
thermodynamic condition likely to be violated first
when the liquid entropy is extrapolated below the
kinetic glass transition temperature.

The vibrational entropy of a real glagg] is
typically 5-10% greater than the crystal entropy
near T, Fig. 2 shows thass|(T) —S4(T,~115 K,

T) extrapolates to zero dt=100 K, but this does
not violate Eg.(10) if a glass with the same
enthalpy as the liquid af’'=7,=100 K has a
lower entropy than the experimental glass with
T,~115 K. The unknown factor is the way that
S¢(T,, T) changes with7,. For instance, if all
glasses of ethylbenzene have about the same heat
capacity [4], independent off,, Eq. (6) implies
that So(7,=100 K, T) =S4(T,=115 K, T) and the
extrapolation of the liquid entropy shown in Fig.
2 does violate Eq(10) below 7=T,=100 K. But

a more plausibld23] estimate of the way, ((T,,

7), and henceSy(T,, T), vary with T, shifts the
violation to lowerT. The sign and magnitude of
[0S((T,, T)/9T,]; is examined in Section 3.

The significance of the configurational entropy
owes much to Frenkel'd24] insight that the
vibrational motions of the molecules in a liquid
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are like those in a solid. In a solid the molecules so that the variation o§,(7,, T) with T, can be

vibrate about the sites of a fixed configuration. A measured. A fourth reason is that a fluid can be

liquid samples many structurally distinct configu- made glassy in simulations by applying constraints

rations, or glasses, each with vibrational entropy [30,31 and the entropy of a constrained glass can

S«(T,, T), T,=T, but the entropy of the liquid is be measured at temperatures where an unconstrai-

higher than that of one glass because the liquid ned glass is unstable. These points are illustrated

samples an extensive numbag,(7,), of structur- by the simulation studies described below.

ally distinct glasses. If the vibrational entropy of

the liquid isS,(T,, T), T,=T, the configurational ~ 3.1. Hard spheres

entropy S«(T,) =kg IN(Ny(T,)) counts the number

of structurally distinct glasses that the liquid sam- ~ The measured pressure of the staf8e] and

ples.kg is the Boltzmann constant. metasta_b_le{33] haro_l sphere fluid is represented by
The structure of a glass is fixed, except for an empirical equatioi33]

vibrations, so structural relaxation and flow Ay +1.2163%+1.246°

depends on transitions between glasses. Adam andpy /RT =1+ +D(y),
Gibbs [7] identify the rapid decrease if«(T,) 1-2.1959+1.21035%
with decreasingl,=T as the main cause of the ~ ¥<0.56 (1D

rapid increase in viscosity as a liquid is cooled
near Ty. If S(7,)—0, as many extrapolations
suggest, the number of glass&g(7,) becomes
sub-extensive and transitions between them
become improbable. Adam and Gibbs argue that
this causes a thermodynamic glass transition where
structural relaxation times diverge.

wherey is the fraction of the space occupied by
the spheres. FoN spheres of diametes in a
volume V, y=(w/6)(Na3/V). The small term
D(y) =0 wheny<y;, wherey;=0.491 is the equi-
librium freezing density [33,34, and D(y)=
985(y—y;)® wheny; <y<0.56.

Accurate empirical equations are availafis]
for the pressurg35,36 and entropy34,39 of the
face centered cubic hard sphere crystal.

Many glasse425,37 were made by compress-
ing the hard sphere fluid t9>0.58 fast enough
to avoid the formation of crystallite§l5,25,31.
The direct tesf15] for the absence crystallites in
a glass is to decompress the glass instantaneously
to the density=0.54, where the supercooled fluid
freezes quickly[15,33 if a crystal nucleus is
present. After the glasses are annealed near
0.58, which is just above the kinetic glass transi-
tion density, they behave reversibly when the
density is cycled up and down and they are
remarkably reproducible[15,25,37. The glass
pressures fit the empirical equation of stft&,25

3. Simulations

Simulation studies of model glasses compliment
studies of real systems and this section shows that
simulations can give evidence for an ideal glass
transition that is not available from studies of real
systems. One reason is th&(7,) can be calcu-
lated directly in simulations[14,15,17,25-31
whereas estimates 6§(7,) for real liquids depend
on assumptions and extrapolatiof®s]. A second
reason is that some simulated models evidently
[14,15,17,25 approach closer to the ideal glass
transition temperature wher&(7,) —0. This is
puzzling because molecular dynamics simulations
are currently limited to time scales of microseconds
while real materials are studied for °10 times py /g7 =1+ Cy/(o—Y). yo>y>0.58 (12)
longer[3]. The kinetic glass transition temperature
decreases with slower cooling raf@} so a natural ~ with C=2.8 andy,=0.648+0.001. The uncertain-
expectation is that the much slower cooling rates ty quoted is the standard deviation in the best fit
possible in real experiments should allow closer value of y, for 11 independently formed glasses
approach to the ideal glass. A third reason is that of N=1372 spheres. The limiting density is not
simulations permit the quantitative study of glasses sensitive toV but the variance is larger whe¥iis
with a range histories and properti¢s7,26-31 smaller[25].
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Fig. 3. The volume of the hard sphere flWiqg. (11)), crystal

[35] and glassedEq. (12)) vs. temperature on an isobar.
V/V, is the volume relative to the close packed crystal and
T/T., is the temperature relative to the equilibrium melting
temperature. The glass volumes are reproducible to within the
line width when the glasses are formed fast enough to avoid
crystallites and subsequently annealed &yT,,=0.44
[15,25,37. The fluid and glass lines are extrapolatéegs.
(11) and (12)) when 0.52>T/T,,>0.44 (0.56<y<0.58), to
show the change in slope &}/7,,=0.466, where the density
v,~0.574, and where the fluid and glasses have the same vol-
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v PV/RT—1
y

AgS() =AgS(v)—R f & (13

yr

wherey, is a reference density where the entropy
is known. For the fluidAlS(y,)=0 wheny,=0
provides the reference state.

The entropy of a glass, relative to an ideal gas,
from Egs.(12) and(13), is
AZS(y)/R=C In(yo—y)+So (14
wheresS, is a constant of integratiof84] that must
be measured independently.

The vibrational entropy of a real glaggqg. (6))
is calculated by integrating the heat capacity from
the low temperature limit, wher&,(7,, 0)=0, but
that method cannot be used for the classical models
studied in simulations because the heat capacity
stays finite and the entropy diverges to minus
infinity in the low temperature limif{34,34. The
tether method was developéi4] to measure the
entropy of classical model glasses and it was used
to measure the crystal and the glass entropies
shown in this section. For the hard sphere crystal

ume and enthalpy at the same temperature and pressure. Thahe method agree$35] well with the original

crystal line extrapolates to a spinodal instability above the
melting temperatur¢35]. A plot of enthalpy against tempera-
ture has the same form because the enthalpyRiE/3+ PV
and the pressure is constant.

The isobaric temperature dependence of the

method of Hoover and Re¢34]. The entropy
measurements confirm that the glasses behave
reversibly and they determine the constant of
integration in Eq.(14): S, 0.25+0.01[25].

Fig. 4 shows the entropy of the hard sphere
fluid and glasses, minus the entropy of the crystal
at the same pressure and temperature. Egs.

volume of the hard sphere fluid, crystal and glasses (11)—(14) yield S(T,)=0.22R, which is much
c\tgqg . ’

is shown in Fig. 3. On an isobaV, is constant
and the temperature variesR&/PV,. The volume

of the perfect crystal at close packing,=No3/

/2, is the volume unit. For hard spher@y/,/
RT=8.17 at the equilibrium melting poiri83,34

so the temperature relative to the melting temper-
ature isT/T,,=8.17/(PV,/RT) on an isobar. Short
extrapolations of Egs(11) and (12) imply that

smaller than the valus.(7,) = 1.1R for ethylben-
zene in Fig. 2. This result is striking because the
effective cooling rate used to make hard sphere
glasses is approximately ¥0 tim&37] the cool-

ing rate used to make real glasses. Another signif-
icant result[25] is that the difference between
fluid and crystal entropy is four times larger than
S«T,) atT=T,.

the fluid and glasses have the same volume and Long extrapolations of the fluid entropy
enthalpy at the same pressure and temperature[14,38,39 locate the Kauzmann temperature at

whenT,/T,,~0.466 andy,~0.574.

Tx/Tw=0.3 (where the fluidy, =0.62). If Ty is

The change in entropy due to a change in density the low temperature limit for the fluid39] then

is calculated by integrating the thermodynamic
relation P/T=(9S/0V),. The entropy, relative to
an ideal gas at the samé V andT, is

Eqg. (9) implies the existence of an extensive
number of glasses, with the same density and
enthalpy as the fluid but with lower entropy than
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made by compressing the SSW fluid at different
hard spheres rates. Glasses formed by compressing the fluid at
! the same rate are reproducibl&7] but varying
\ glasses the compression rate by 10 changes the volume
; and enthalpy of the glasses by 6%, as shown in
fluid Fig. 5.
I The model and its propertidd 7] are described
T /\ briefly because the analysis is very similar to that
given for spheres in Section 3.1. The particles
have a hard sphere core of diameteand a square
well of diameterAo. A pair whose centers are
within Ao are bonded. When a particle has four
bonds it is saturated and other particles bounce off
0 ' it as though they are hard spheres of diamater
' T, To mimic the angle dependence of real molecular
interactions, triangles of bonds are prohibited and
Fig. 4. The entropy of the hard sphere fluiEgs. (11) and A=(8/3) is chosen so that the model forms a
(13)) and glasse$Eq. (14)) relative to the crysta35] at the close packed diamond crystal in which the four
same temperature and pressure, BAT,, on an isobar. The  phonded neighbors of each particle are tetrahedrally
vertical solid line shows the entropy of meltij83,34. The disposed with their centers separatedNay.

vertical dotted line locateg,/7,,=0.466 (Fig. 3) shows the . .
configurational entropys.(7,) =0.22R. The glass line has a The results shown in Figs. 5 and 6 are for the

negative slope because the crystal entropy diverges to minus SPECial case W_here the bonds have ZEro energy so
infinity faster than the glass entrogg5] as7—0 K. that the potential energy of the system is zero and

the temperature varies aT/PV, on an isobar.

the crystal at Ty, which is possible only if  The volume of the perfect diamond crystal at close
[0S4(T,, T)/3T,]; is large and positive. However,
much shorter extrapolations, with plausible
assumptiong25] that allow for the variation of SSW
Sy(T,, T) with T,, suggest thataSy(T,, T)/dT,], L6
is negative, and that Eq.10) is violated at the
higher ‘ideal glass transition temperaturég,/ fast ..~
T,»=0.428(where the density i$3;~0.586[25]). o 14T glasses .o

The reproducibility of hard sphere glasses has >
the drawback that it is difficult to make and et slow crystal
characterize glasses with differehy, and[9S4(T,, L2p
7)/dT,]+ has not been measured directly. Lower
density glasses can be made, by compressing the
fluid _quilckly_ to high density W|thou_t annealujg, o 0 o
but it is difficult to measure their properties
because they relax quickly to more stable glasses T/T
when they are decompressgzb].

(S-SR

m

Fig. 5. The volume of the SSW fluid, crystal and glasses vs.
3.2. Tetravalent saturated square well model temperature on an isoba¥,/V, is the volume relative to the
close packed diamond crystal afidr, is the temperature rel-

A tetravalent saturated square well model, SSW, ative to the equilibrium melting temperature. The ‘fast’ glasses
q (data from row 2 of table 4, of Ref17]) were formed by

was developed to mimic tetravalent network glass- compressing the fluid 0 times faster than the ‘slow’ glasses
es [17]. The res_Ults are relevant her? because (data from row 13 of table 4, of Ref17]). The fluid and
stable glasses with a range of properties can becrystal data are from empirical equatiofis].
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Fig. 6. The entropy of the SSW fluid and glas$&§g) relative

to the crystal at the same temperature and pressurd,/¥s,

on an isobar. The vertical solid line shows the entropy of melt-
ing. The vertical dotted lines locatg,/T,,=0.652 (from Fig.

5) for the ‘slow’ glasses and,/T,,=0.813 for the ‘fast’ glass-
es, whereS(T,) =0.4&R and S«(T,) = 1.0R, respectively.

packing isV,=Na3(8/,/27) andPV,/RT=8.15 at
the equilibrium melting temperaturgl7] so the
temperature relative to the melting temperature is
T/T=8.15/(PV,/RT).

Fig. 5 shows the volume of the fluid, crystal
and two glasseBL7]. The ‘slow’ glass was formed
by compressing the fluid at slowest practical rate
and the ‘fast’ glass was formed by compressing

10° times faster. After the glasses are annealed at

density V,/V=0.73 they behave reversibly and
conform to Eqs(12) and (13). The properties of
many other glasses formed with intermediate com-
pression rateg17] interpolate smoothly with the
compression rate and are not shown.

The volume and enthalpy of the two glasses
shown in Fig. 5 differ by 6% and theif, values
differ by 25%, so ifS,(T,, T) varies significantly
with T, the difference would be evident. Fig. 6

R.J. Speedy / Biophysical Chemistry 105 (2003) 411-420

3.3. Constrained glasses of a hard disc mixture

A fluid of pure hard discs freezes too quickly
to allow study of its glass transition. An estimated
phase diagram for mixturelgl0] suggests that an
equimolar mixture of small discs with diameter
o and big discs with diametes ,=1.40 s shows
eutectic freezing[31,4Q. Crystallites of the big
discs form whenPV,/RT=21.6 and crystallites of
the small discs form when their mole fraction is
increased31]. The deep eutecti¢4Q] allows the
fluid mixture to be studied to high density without
freezing. The volume univo=Ny3(c2+c3)/4 is
the volume of two pure crystals of the components,
which is probably the stable state of the system in
the low temperature limit40]. Empirical equations
are used for the pressure and entropy of a pure
hard disc crystal[34,36 and for the fluid and
glasses of the mixturd31,4J. The equilibrium
melting temperature of the mixture has not been
determined precisel§31,4qd but that is not impor-

1.4

hard disc mixture

1.3
2 12
>

1.1

1.0
0

T/T,,

Fig. 7. The volume of the fluid, crystal and constrained glasses
of a hard disc mixture vsT/T,, on an isobar. The model
[31,32,4Q is an equimolar mixture of discs with diameters in
the ratio 1.4:1V/V, is the volume relative to the close packed

shows that the two glasses have essentially theyolume of two pure crystals of the components afid, =
same entropy when they are compared at the same21.6r7/PV, is the temperature relative to the estimaj@tl,4q

T and P. For the SSW model then, there is no
indication that a large positive value §6S4(7,,
T)/dT,]; can be invoked to prevent the impending
violation of Eq. (10) well above the Kauzmann
temperature.

eutectic freezing temperature. Numbers show the temperature,
T,/Tm Where the fluid was constrained to make the glass and
where the glass has the same volume and enthalpy as the fluid
at the same temperature and pressure. Crosses show the meas-
ured volumes kinetic glasses formed by compressing the fluid
without constraint§40].
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Fig. 8. The entropy of the fluid and constrained glag8€s37]
of the hard disc mixture relative to the entropy of two pure

crystals of the components at the same temperature and pres-|

sure, vs.T/T,, on an isobar. The vertical solid line shows the
entropy of melting. Numbers show the temperatdig/7,,, for
each glass. The fluid entropy includes the entropy of mixing
0.6R. S(T,)=0.88 whenT,/T,,=1.1.

tant for the present purpose ariy7,,=21.6/
(PV,/RT) is used in Figs. 7 and 8.

Glasses can be made by constraining the fluid
[30,31. Starting with an equilibrated fluid config-
uration, each disc is permanently constrained to
stay within the triangle of three close neighbors,
by requiring the disc and any two of the discs that
constrain it bounce off the line joining their centers
whenever they become collinear in a molecular
dynamics simulatioi31]. Applying the constraints
causes a thermodynamic glass transition where the
heat capacity and entropy decrease but the volume
and enthalpy are unchang&80,31. The value of
PV,/RT at the density where the constraints are
applied determined’, for the constrained glass.
The constraints can be applied in the low density
limit where PV,/RT— 0 andT,/T,,— .

Fig. 7 shows that the volume and enthalpy of
the constrained glasses vary by approximately 16%
with T, at the samdl". Fig. 8 shows that entropy
of the glasses increasesBsdecreases so the fluid
entropy cannot approach the crystal entropy with-
out violating Eq.(10) at a higher temperature.
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4, Conclusion

Quantum mechanicks] and Planck’s statement
of the third law[13] require that the entropy of a
glass tend to the crystal entropy in the low tem-
perature limit, which implies that entropy of a
liquid cannot be less than the entropy of a glass
with the same enthalpy. This is the thermodynamic
condition violated by the Kauzmann extrapolation
and it suggests a thermodynamic glass transition.
Simulations show that, for the simple models
studied, and regardless of how the liquid entropy
extrapolates, the Kauzmann temperature cannot be
reached because the entropy of glasses with the
same enthalpy as the liquid is greater than that of
the crystal.
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