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Singularity-free interpretation of the thermodynamics of supercooled water.
II. Thermal and volumetric behavior

Luis Paulo N. Rebelo,a) Pablo G. Debenedetti,b) and Srikanth Sastryc)

Department of Chemical Engineering, Princeton University, Princeton, New Jersey 08544-5263

~Received 23 February 1998; accepted 3 April 1998!

According to the singularity-free interpretation of the thermodynamics of supercooled water, the
isothermal compressibility, isobaric heat capacity, and the magnitude of the thermal expansion
coefficient increase sharply upon supercooling, but remain finite. No phase transition or critical
point occurs at low temperatures. Instead, there is a pronounced but continuous increase in volume
and a corresponding decrease in entropy at low temperatures, the sharpness of which becomes more
pronounced the lower the temperature and the higher the pressure. We investigate the behavior of
the response functions, equation of state, and entropy of a schematic waterlike model that exhibits
singularity-free behavior, and thereby illustrate the simplest thermodynamically consistent
interpretation that is in accord with existing experimental evidence on water’s low-temperature
anomalies. In spite of its simplicity, the model captures many nontrivial aspects of water’s
thermodynamics semiquantitatively. ©1998 American Institute of Physics.
@S0021-9606~98!51626-1#
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I. INTRODUCTION

Understanding the phase behavior of metastable wat
low temperatures remains one of the most interesting
important open questions in the physical sciences.1–3 Al-
though more than a quarter century has elapsed since an
lous increases in the response functions of liquid water u
supercooling were first reported,4,5 a clear understanding o
the underlying phase behavior remains elusive. Three t
modynamically consistent interpretations have been p
posed to explain the experimental observations. The stab
limit conjecture6–8 posits the existence of a retracing spi
odal curve bounding the superheated, stretched, and su
cooled states of metastable water, and attributes the ano
lous increases in the response functions to proximity to
spinodal curve. The two critical point hypothesis9–16 posits
the existence of a line of first-order transitions between t
distinct forms of liquid water, terminating at a metastab
critical point. The anomalous increase in the response fu
tions is here attributed to the presence of this critical po
In the singularity-free scenario the response functions rem
finite, and exhibit extrema but no divergences.17,18 Thus, the
response functions are predicted to diverge in the former
scenarios, but remain finite in the latter.

Because of the difficulties associated with making m
surements on a highly metastable liquid at extreme co
tions of temperature and pressure,19,20 the available experi-
mental evidence is inconclusive, and none of the th
scenarios mentioned before has been unambiguously pr
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or disproved. Evidence in support of the two critical poi
hypothesis includes thermal and volumetric measurem
on glassy water that are not inconsistent with the existenc
a first-order transition between two distinct forms,19–22com-
puter simulations,9,11,14,15 and theoretical calculations.12,13

Low-temperature extrapolations of numerous equilibriu
and transport properties are not inconsistent with
stability-limit conjecture.1–3,5 Low-angle x-ray scattering
experiments23 and theoretical calculations,17,18 on the other
hand, support the singularity-free scenario.

In a recent paper,18 we proposed and examined th
singularity-free scenario. Specifically, we showed that
increase in the isothermal compressibility upon supercoo
is inseparable from the existence of a negatively sloped lo
of density maxima, such as water possesses over a b
range of pressures and temperatures.24 Furthermore, we
showed that large increases in compressibility can occu
the absence of any assumed low-temperature singularity
it a spinodal curve or a critical point. Thus, from pure
thermodynamic arguments, we showed that the simples
terpretation of the experimental observations on the beha
of supercooled water is devoid of singularities. In that wo
we also proposed a simple compressible lattice mode
which molecules can form directional bonds, and which d
played singularity-free behavior. We used the model to illu
trate the simplest volumetric (P,n,T) behavior that can ex-
plain water’s low-temperature anomalies. Although we so
the lattice model in the mean-field approximation, the a
sence of a second critical point is a feature of the model,
not an artifact of the solution technique.18

Here, we extend our previous work by studying the mo
el’s entropy, as well as its volumetric behavior, over wi
ranges of temperature and pressure. Whereas in the prev
paper we studied the isothermal compressibility, here
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also investigate the temperature and pressure dependen
the isobaric heat capacity and the thermal expansion co
cient. We provide here, therefore, a thorough investigation
the thermal and volumetric implications of the singularit
free scenario. We use the idealized model descriptively,
predictively. By this we mean that the simplifications bu
into the model’s formulation preclude its predictive use. A
though the model captures, semiquantitatively, many n
trivial aspects of water’s thermodynamics, our primary int
est is not in this numerical agreement, but in understand
the overall topological features of a thermal and volume
equation of state that is consistent with the experiment
observed anomalous behavior upon supercooling, yet d
not require underlying singularities to produce the anom
lies.

The paper is structured as follows. In Sec. II we pres
thermodynamic relations that provide consistency checks
the model calculations. In Sec. III we summarize the mic
scopic model and present new expressions for the resp
functions and for the entropy. In Sec. IV we present
calculations on the model’s thermal and volumetric behav
over a wide range of temperatures and pressures. Finall
Sec. V we summarize the main conclusions that follow fro
the calculations, and discuss their consequences for fu
experiments on supercooled and glassy water.

II. THERMODYNAMIC ANALYSIS

We first consider the relationship between the press
dependence of the thermal expansion coefficientap , and the
temperature dependence of the isothermal compressib
KT ,

ap5
1

n S ]n

]TD
P

, KT52
1

n S ]n

]PD
T

wheren is the molar volume. To this end, we start from t
thermodynamic relations

nap5
]2g

]T]P
, nKT52

]2g

]P2 , ~1!

whereg is the molar Gibbs energy. One then has

S ]nap

]P D
T

52S ]nKT

]T D
P

5
]3g

]P2]T
~2!

and, therefore,

S ]ap

]P D
T

52S ]KT

]T D
P

. ~3!

Equation~3! shows that the locus of temperature extrema
KT along isobars coincides with the locus of pressure
trema ofap along isotherms.25

In Ref. 18 we derived the following identity:

S ]KT

]T D
P, at TMD

5
1

n

~]2n/]T2!P,at TMD

~dP/dT!TMD
, ~4!

where TMD denotes the locus of density maxima~or tem-
perature of maximum density!, in the (P,T) plane; the sub-
script ‘‘at TMD’’ signifies that the partial derivative is evalu
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ated at a point belonging to the TMD locus; and the subsc
TMD signifies that the derivative is evaluated along the
rection of the TMD locus, at the state point of interest. T
numerator on the right-hand side of Eq.~4! is necessarily
positive at the TMD.18 Since Eq.~3! is also valid at any point
along the TMD, it follows that

S ]ap

]P D
T,at TMD

52
1

n

~]2n/]T2!P,at TMD

~dP/dT!TMD
. ~5!

Equation~5! shows that when the TMD has a negative slop
ap decreases upon isothermal decompression. Since in
caseap is negative below the TMD~i.e., for P,PTMD at the
given T), this means that the magnitude ofap increases
upon isothermal decompression in the vicinity of the TM
Conversely, when the TMD has positive slope, in which ca
the thermal expansion coefficient is negative above
TMD, ap increases upon isothermal decompression. Thu
the TMD retraces in the (P,T) plane, the magnitude ofap

exhibits a maximum (ap exhibits a minimum! with respect
to pressure at constant temperature, for all temperat
lower than the ‘‘nose’’ of the TMD, wheredP/dT diverges.

Proceeding as in Eqs.~1!–~3!, one has the identities

2
1

T S ]cp

]P D
T

5S ]2n

]T2D
P

5
]3g

]T2]P
, ~6!

wherecp is the isobaric heat capacity,

cp5TS ]s

]TD
P

with s, the molar entropy. Equations~3!–~6! will be used to
interpret the thermal and volumetric behavior described
Sec. IV.

III. MODEL

In Ref. 18 a microscopic waterlike model was form
lated and its equation of state was derived. This equation
state displayed many nontrivial features characteristic of
ter. These include negative thermal expansion, and a ma
increase of the isothermal compressibility upon superco
ing. In addition, the behavior of the compressibility upo
supercooling was found to conform with the singularity-fr
scenario for the global phase behavior of supercooled wa
By this is meant behavior that is consistent with experim
tal observations and according to which the observed
creases in the response functions of supercooled water a
temperatures4,5,26,27occur in the absence of a retracing spi
odal curve bounding the supercooled and stretched state
metastable water,6 and in the absence, too, of a metasta
critical point.16 This is significant because thermodynami
imposes constraints on the possible types of thermal
volumetric behavior that are consistent with increases
compressibility, isobaric heat capacity, and in the magnitu
of the ~negative! thermal expansion coefficient upon isobar
cooling.7,8 Thus, it has only been possible to propose a sm
number of thermodynamically consistent scenarios to
plain the observed thermal and volumetric properties of
percooled water. The singularity-free scenario is one
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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628 J. Chem. Phys., Vol. 109, No. 2, 8 July 1998 Rebelo, Debenedetti, and Sastry
them, the other two being the retracing spinodal conject
of Speedy6 and the two-critical point hypothesis of Poo
et al.9

In Ref. 18, only a few features of the singularity-fre
scenario were investigated. In particular, only the behav
of the compressibility, but not that of the isobaric heat c
pacity or the thermal expansion coefficient, were addres
The system’s volume, but not its entropy, was studied. H
we extend our initial analysis by studying the entropy, eq
tion of state, isobaric heat capacity, and thermal expan
coefficient. The model is a lattice fluid in which pairs
molecules, in addition to interacting through the usual ha
core~single-occupancy! and van der Waals~nearest-neighbo
attraction! forces, can form hydrogen bonds if correctly o
ented. Furthermore, in order to incorporate the correla
between local density and bonding energy that is a dis
guishing feature of water~that is to say, the fact that region
with strong hydrogen bond interactions have lower dens
energy, and entropy than regions with weaker bonded in
actions!, the volume associated with a pair of sites is grea
if these sites are occupied by a bonded pair than either if
pair is not bonded, or if one or both sites are unoccupied
other words, the model uses the lattice geometry simply
reference topology for defining interacting neighbors, a
calls for the calculation of the system’s volume as the exp
tation value of the volumes associated with pairs of nei
boring sites. A detailed derivation of the equation of state
given in Ref. 18, and will not be repeated here. We mer
mention that the fact that the system’s volume is not fix
requires that the model be formulated in the generalized
semble, whose independent variables are (P, m, andT), and
the relevant thermodynamic potential for which,U2TS
1PV2mN, is identically 0. The equation of state was o
tained by solving the model in the mean-field approximati
The chemical potential and equation of state are given b

m52gkT ln q22ẽn1kT lnS n

12nD , ~7!

Pn052 ẽn22kT ln~12n!, ~8!

whereg is the coordination number,q is the number of dis-
tinguishable orientations of a given molecule with respec
a given nearest neighbor,n is the fraction of sites that is
occupied, and

ẽ5g~e1dJp!/2, ~9!

dJp5kT ln@11q21~eJp /kT21!# , ~10!

Jp5J2Pdb. ~11!

In the above equations,e is the van der Waals interactio
strength between two occupied nearest-neighbor~nn! sites;J
is the hydrogen-bonded interaction strength between
correctly oriented nn molecules, and the system’s volum
given by

V5(
^ i , j &

bi j , ~12!
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where^ i , j & denotes summation of nn pairs, and the volum
associated with each pair is given by

bi j 5H b NHB or ~ni or nj50!

b1db HB.
~13!

In Eq. ~13!, HB denotes a hydrogen-bonded pair,ni51 if
site i is occupied, and 0 if it is empty, and NHB denotes
non-hydrogen-bonded pair. The relationship betweenb and
n0 is given byn05gb/2. The specific volume follows from
differentiating the chemical potential,

n5S ]m

]PD
T

522nS ]ẽ

]PD
T

1S 22ẽ1
kT

n2n2D S ]n

]PD
T

~14!

and the pressure dependence of the fractional occupan
obtained from the equation of state,

S ]n

]PD
T

5

n01S ]ẽ

]PD
T

n2

kT

12n
22ẽn

. ~15!

It follows from Eqs.~14! and ~15! that

n5
n0

n
2nS ]ẽ

]PD
T

5
n0

n
1n

gdb

2q
exp@~Jp2dJp!/kT#,

~16!

where use has been made of Eqs.~9!–~11! to evaluate the
pressure dependence ofẽ. In summary, the (P,n,T) equa-
tion of state is given by Eqs.~8! and ~16!, with the various
quantities defined as in Eqs.~9!–~11!. For any given (P,T),
n is obtained from Eq.~8! andn from Eq.~16!. The model’s
entropy is given by

s52S ]m

]T D
P

5gk ln q12nS ]ẽ

]TD
P

2k lnS n

12nD
1F2ẽ2kTS 1

n
1

1

12nD G S ]n

]TD
P

. ~17!

Again, dn/dT follows from Eq.~8!,

S ]n

]TD
P

52
k ln~12n!1~]ẽ/]T!pn2

kT

n21
12ẽn

, ~18!

whereupon the entropy per molecule becomes

s/k5g ln q2
1

n
ln~12n!1 lnS 12n

n D
1

gn

2kT
$dJp2q21Jp exp@~Jp2dJp!/kT#%. ~19!

Finally, the response functions are obtained as follows:
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. General behavior predicted by the compressible lattice model.db/b50.953,J/e50.25,q5100,g54. TMD is the locus of density maxima, sp is th
spinodal for the superheated liquid. The lines labeledap , cp , andKT are extrema loci for the respective response functions, with thin lines denoting min
and thick lines denoting maxima. In~a! the extrema are with respect to temperature~i.e., the figure must be ‘‘read’’ along isobars!. In ~b! the extrema are with
respect to pressure~the figure must be ‘‘read’’ along isotherms!.
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cp5TS ]s

]TD
P

5nTS ] ẽ

]T2D
P

1TS ]n

]TD
P
F S ]ẽ

]TD
P

1
k

n2 ln~12n!G , ~20!

ap5
1

n S ]n

]TD
P

52
1

n H S ]n

]TD
P
Fn0

n2 1S ]ẽ

]PD
T
G1n

]2ẽ

]T]PJ ,

~21!

KT52
1

n S ]n

]PD
T

5
1

n H S ]n

]PD
T
Fn0

n2 1S ]ẽ

]PD
T
G1n

]2ẽ

]P2J , ~22!

where the temperature and pressure first derivatives ofẽ and
n are obtained from Eqs.~9! to ~11!, and the second deriva
tives of ẽ also follow from Eqs.~9! to ~11!, and are given
below,

S ]2ẽ

]P2D
T

5
g~db!2

2qkT
exp@~Jp2dJp!/kT#

3$12q21 exp@~Jp2dJp!/kT#%, ~23!

S ]2ẽ

]T2D
P

5
gJp

2qT2

Jp

kT
exp@~Jp2dJp!/kT#

3$12q21 exp@~Jp2dJp!/kT#%, ~24!
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] ẽ

]T]P
5

gdb

2qT

Jp

kT
exp@~Jp2dJp!/kT#

3$12q21 exp@~Jp2dJp!/kT#%. ~25!

IV. RESULTS AND DISCUSSION

Figure 1 shows the general behavior predicted by
model. In Fig. 1~a! are shown the TMD locus, the spinod
curve for the superheated liquid, and the locus of extrema
the isothermal compressibility, isobaric heat capacity, a
thermal expansion coefficient. The distinguishing feature
the retracing TMD locus. The existence of this feature
water was first proposed by Poole and co-workers.9

The extrema in Fig. 1~a! are with respect to temperature
which means that this figure must be ‘‘read’’ along isoba
The locus of compressibility and heat capacity extrema
cludes minima~thin lines! and maxima~thick lines!. The
locus of ap extrema gives the pressure-dependent temp
ture at which the negative thermal expansion reaches a m
mum ~absolute value reaches a maximum!. Another salient
feature of Fig. 1~a! is the fact that the three response fun
tions show low-temperature extrema with respect to temp
ture, the loci of which are very close to each other. Phy
cally, this corresponds to a marked increase in the magnit
of the three response functions upon isobaric supercool
In agreement with the experimental behavior of water, o
finds along isobars a pair of compressibility and heat cap
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ity extrema ~maxima at low temperature; minima at hig
temperature!, but only a single thermal expansion extremu

Figure 1~b!, which must be ‘‘read’’ along isotherms
shows the corresponding pressure extrema. As demande
thermodynamic consistency@Eq. ~3!#, the locus of tempera
ture extrema ofKT coincides with that of pressure extrema
ap . As in Fig. 1~a!, minima are denoted by thin lines, an
maxima by thick ones. Note, once again, the proximity of
low-temperature extrema loci. These correspond
temperature-dependent pressures along which the resp
functions exhibit maxima upon decompression. In the cas
ap , which is negative at temperatures lower than the TM
at any given pressure, this extremum is a locus of maxim
the absolute value of the thermal expansion coefficient.

Figure 2 shows the superheated liquid spinodal, TM
and the locus of temperatures of compressibility extre
~TEC! ~or, equivalently, pressures of extrema of the therm
expansion coefficient, PET!. Actual pressures and temper
tures were obtained by fittinge andn0 to match the critical
temperature and pressure of water~647.1 K and 220.55 bar!.
The calculated temperature along the TMD at 1 bar, 278
K, is very close to the actual value for water,28,29 277.13 K.
According to this choice of parameters, the ‘‘nose’’ of th
TMD occurs at2271 bar and 283.7 K, and the slope of t
TMD at 1 bar is227.03 bar K21. The experimental value
for the latter quantity28,29 is 250 bar K21.

In Figs. 1 and 2 the loci of response function extrem
and the TMD meet at a common limiting high-pressure po
along the pressure axis~e.g., Pn0 /e'0.5, T50 in Fig. 1!.
This limiting behavior of the TMD occurs at fractional oc
cupancies (n) extremely close to unity. Thus, isotherm
compression starting from any state point whereap,0 leads
eventually to crossing of the TMD and reversion to posit
thermal expansion. The low-pressure behavior of the TM
on the other hand, is different. Within the range of para
eters studied, the TMD closely parallels, but does not in
sect, the superheated liquid spinodal under tension, as sh
in Figs. 1 and 2.

FIG. 2. Model predictions withe(55.3533103 J mol21) and v0(54.721
31025 m3 mol21) fitted to water’s critical temperature and pressure; a
db/b51.5,J/e50.5,q5100,g54. The line labeled TEC, PET is the locu
of temperatures of compressibility extrema~or, equivalently, pressures o
extrema of the thermal expansion coefficient!.
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Figures 3~a!–3~c! show the calculated temperature d
pendence of the three response functions upon isobaric
percooling, at three different pressures. The increase a
the 2500 bar line at higher temperatures occurs as the
perheated liquid spinodal is approached. The three resp
functions increase sharply upon isobaric cooling. The i
thermal compressibility and the isobaric heat capacity exh

FIG. 3. Temperature dependence of the isobaric heat capacity~a!, thermal
expansion coefficient~b!, and isothermal compressibility~c! at three differ-
ent pressures. Model parameters as in Fig. 2.
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631J. Chem. Phys., Vol. 109, No. 2, 8 July 1998 Rebelo, Debenedetti, and Sastry
minima at higher temperatures, but the thermal expans
coefficient shows only the low-temperature extremum.
the experimentally accessible temperatures5 ~e.g.,.228 K at
1 bar!, the three response functions decrease sharply in m
nitude upon isothermal compression. All of these trends
in accord with experimental observations.1 The minima in
the isothermal compressibility and isobaric heat capacity
bar occur at 293.8 and 229.5 K, respectively; the correspo

FIG. 4. Detail of the pressure dependence of the thermal expansion c
cient ~a!, isothermal compressibility~b!, and isobaric heat capacity~c! at
three different temperatures. Model parameters as in Fig. 2.
Downloaded 22 Aug 2001 to 128.112.35.162. Redistribution subject to A
n
t

g-
re

1
d-

ing experimental values29,30 are 319 and 311 K. The distin
guishing feature of Fig. 3 is the fact that the increase in
response functions upon cooling is finite. There are, in ot
words, no low-temperature singularities. This is in acco
with the small-angle x-ray scattering measurements of
structure factor of supercooled water by Xieet al.,23 and
with the theoretical predictions of Stanley and Teixeira.17 An
interesting prediction of the model is the relative constan
of the value of the heat capacity maxima, in contrast with
other two response functions, the extrema values of wh
show a marked increase in absolute value as the pressu
increased.

Figure 4 shows, in detail, the isothermal pressure dep
dence of the response functions. In accord with experim
both the compressibility31 and the heat capacity are su
pressed by the application of pressure. In contrast, the t
mal expansion coefficient increases upon pressurizatio
low temperature~i.e., it becomes less negative, and, even
ally, positive!, and decreases upon pressurization at h
enough temperatures. This is also in accord with experim
tal observations.30,32

The corresponding behavior of the volume and the
tropy at low temperatures is shown in Figs. 5 and 6, resp
tively. Consistent with the sharp increases in the isother
compressibility and the isobaric heat capacity, the model p
dicts that water will undergo a sharp increase in spec
volume and a corresponding decrease in entropy upon
baric cooling. The higher the pressure, the more abrupt
change in volume and entropy, and the lower the tempera
at which this sudden change occurs. Experimentally,
type of behavior would be very difficult to distinguish from
true first-order phase transition between glassy phases19 with
a negatively sloped coexistence locus in the (P,T) plane.
Thus, in the singularity-free scenario, there is no phase t
sition between different forms of liquid~or glassy! water, as
has been proposed to exist.9–16 Rather, at low enough tem
peratures and high enough pressures, water is predicte
undergo an abrupt but continuous change toward a cond

ffi-

FIG. 5. Low-temperature behavior of the molar volume along three differ
isobars. Note the pronounced increase in volume upon cooling, which
comes sharper the lower the temperature and the higher the pressure. M
parameters as in Fig. 2.
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o
-

r
u

ta

e
le
ic

ffi
tra
l
vi
m
i
th
a
ly
y
ow
rm
an
,

su
b

s

th
a

le
ot
inu

p
re

ion
and
t to
,
lline
e

cal
or

d
IV
nct
g

en

e-
ce

rch

ell,

Rev.

ley,

ior-

v. E

ys.

n,

r

fer
h

ss

632 J. Chem. Phys., Vol. 109, No. 2, 8 July 1998 Rebelo, Debenedetti, and Sastry
of low entropy and density. The inflection points in the is
bars define a line in the (P,T) plane in the immediate vicin
ity of which this transition occurs.

The model treats each bond that a molecule can fo
independently; therefore, there is a low-temperature resid
entropy ofg/2 ln q associated with the absence of orien
tional correlations between bonds, as shown in Fig. 6.

V. CONCLUSION

In this paper we have investigated the singularity-fr
interpretation of the thermodynamics of supercoo
water.17,18 We have used an idealized compressible latt
model that displays complex waterlike features.18 In particu-
lar, the model exhibits a negative thermal expansion coe
cient over a broad region of the phase diagram, and a re
ing locus of density maxima.9,18 Furthermore, the mode
displays the simplest thermodynamically consistent beha
that is in accord with experimental measurements of ano
lies in the response functions of supercooled water. The
terpretation that we have studied in detail here explains
anomalous increases in compressibility, heat capacity,
thermal expansion coefficient without invoking an under
ing singularity.17,18 An interesting and complementar
singularity-free interpretation of supercooled water at l
temperatures that is based on dynamics, rather than the
dynamics, has been proposed recently by Sciortino
co-workers.33–35 In contrast to the singularity-free picture
the two other interpretations of the thermodynamics of
percooled water explain the experimental observations
postulating the existence of a line of first-order pha
transitions9–16 or a retracing spinodal curve.6–8

The salient feature of the singularity-free scenario is
appearance of sharp but continuous changes in density
entropy at low temperatures. As the liquid is supercoo
isobarically, the singularity-free scenario predicts that b
density and entropy will decrease suddenly though cont
ously. The abruptness of these changes becomes more
nounced the lower the temperature and the higher the p

FIG. 6. Low-temperature behavior of the molar entropy along three dif
ent isobars. Note the pronounced decrease in entropy upon cooling, w
becomes sharper the lower the temperature and the higher the pre
Model parameters as in Fig. 2.
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sure. The main point that we wish to make in connect
with experiments is that such abrupt changes in density
entropy as are shown in Figs. 5 and 6 may be very difficul
distinguish experimentally from a true first-order transition19

because at the very low temperatures involved noncrysta
water is a glass.36 Thus, an unambiguous resolution of th
question whether water has a second critical point16 may
require experiments specifically designed to probe criti
phenomena, rather than simply changes in enthalpy
entropy.19,21,22 The important recent work of Mishima an
Stanley37 on the decompression-induced melting of ice
and its relation to a phase transition between two disti
forms of amorphous water illustrate the difficulty of provin
~or disproving! experimentally the coexistence betwe
glassy phases.38

ACKNOWLEDGMENTS

P.G.D. gratefully acknowledges the support of the D
partment of Energy, Division of Chemical Sciences, Offi
of Basic Energy Sciences~Grant No. DE-FG02-
87ER13714!, and of the donors of the Petroleum Resea
Fund, Administered by the American Chemical Society.

1P. G. Debenedetti,Metastable Liquids. Concepts and Principles~Princ-
eton University Press, Princeton, NJ, 1996!.

2C. A. Angell, in Water—A Comprehensive Treatise, edited by F. Franks,
~Plenum, New York, 1982!, Vol. 7, Chap. 1.

3C. A. Angell, Annu. Rev. Phys. Chem.34, 593 ~1983!.
4C. A. Angell, J. Shuppert, and J. C. Tucker, J. Phys. Chem.77, 3092
~1973!.

5R. J. Speedy and C. A. Angell, J. Chem. Phys.65, 851 ~1976!.
6R. J. Speedy, J. Phys. Chem.86, 982 ~1982!.
7M. C. D’Antonio and P. G. Debenedetti, J. Chem. Phys.86, 2229~1987!.
8P. G. Debenedetti and M. C. D’Antonio, AIChE. J.34, 447 ~1988!.
9P. H. Poole, F. Sciortino, U. Essman, and H. E. Stanley, Nature~London!
360, 324 ~1992!.

10P. H. Poole, F. Sciortino, U. Essman, and H. E. Stanley, Phys. Rev. E48,
3799 ~1993!.

11H. Tanaka, Nature~London! 380, 328 ~1996!.
12P. H. Poole, F. Sciortino, T. Grande, H. E. Stanley, and C. A. Ang

Phys. Rev. Lett.73, 1632~1994!.
13C. J. Roberts and P. G. Debenedetti, J. Chem. Phys.105, 658 ~1996!.
14C. J. Roberts, A. Z. Panagiotopoulos, and P. G. Debenedetti, Phys.

Lett. 77, 4386~1996!.
15S. Harrington, R. Zhang, P. H. Poole, F. Sciortino, and H. E. Stan

Phys. Rev. Lett.78, 2409~1997!.
16H. E. Stanley, L. Cruz, S. T. Harrington, P. H. Poole, S. Sastry, F. Sc

tino, F. W. Starr, and R. Zhang, Physica A236, 19 ~1997!.
17H. E. Stanley and J. Teixeira, J. Chem. Phys.73, 3404~1980!.
18S. Sastry, P. G. Debenedetti, F. Sciortino, and H. E. Stanley, Phys. Re

53, 6144~1996!.
19O. Mishima, J. Chem. Phys.100, 5910~1994!.
20O. Mishima, Nature~London! 384, 546 ~1996!.
21Y. P. Handa, O. Mishima, and E. Whalley, J. Chem. Phys.84, 2766

~1986!.
22M. A. Floriano, Y. P. Handa, D. D. Klug, and E. Whalley, J. Chem. Ph

91, 787 ~1989!.
23Y. Xie, K. F. Ludwig Jr., G. Morales, D. E. Hare, and C. M. Sorense

Phys. Rev. Lett.71, 2050~1993!.
24D. Eisenberg and W. Kauzmann,The Structure and Properties of Wate

~Oxford University Press, New York, 1969!.
25J. S. Rowlinson and F. L. Swinton,Liquids and Liquid Mixtures, 3rd ed.

~Butterworths, London, 1982!.
26C. A. Angell, M. Oguni, and W. J. Sichina, J. Phys. Chem.86, 998~1982!.
27D. E. Hare and C. M. Sorensen, J. Chem. Phys.84, 5085~1986!.
28G. S. Kell, J. Chem. Eng. Data20, 97 ~1975!.

-
ich
ure.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



633J. Chem. Phys., Vol. 109, No. 2, 8 July 1998 Rebelo, Debenedetti, and Sastry
29Water—A Comprehensive Treatise, edited by F. Franks~Plenum, New
York, 1972!, Vol. 1, Chap. 10.

30W. Kauzmann, Coll. Int. CNRS246, 63 ~1976!.
31H. Kanno and C. A. Angell, J. Chem. Phys.70, 4008~1979!.
32H. S. Frank, Science169, 635 ~1970!.
33P. Gallo, F. Sciortino, P. Tartaglia, and S.-H. Chen, Phys. Rev. Lett.76,

2730 ~1996!.
Downloaded 22 Aug 2001 to 128.112.35.162. Redistribution subject to A
34F. Sciortino, P. Gallo, P. Tartaglia, and S.-H. Chen, Phys. Rev. E54, 6331
~1996!.

35F. Sciortino, L. Fabbian, S.-H. Chen, and P. Tartaglia, Phys. Rev. E56,
5397 ~1997!.
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