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Spinodal of liquid water
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An open question in the study of water concerns the shape of the liquid spinodal line in the
phase diagram of water, a boundary which represents the limit of mechanical stability of the liquid
state. It has been conjectured that the pressure of the liquid spinodal Ps(T) does not decrease
monotonically with decreasing temperature T', but passes through a minimum and is “reentrant”
from negative to positive pressure P in a region of T' in which the liquid is deeply supercooled. The
conjectured minimum in Ps(T) has not been directly observed due to the difficulties encountered
in experiments which attempt to study liquid water under tension. Here we exploit the ability
of molecular-dynamics computer simulations to model the behavior of liquid water deep into its
metastable region. We thereby attempt to observe a minimum in P, (T). We first argue that the ST2
potential of Stillinger and Rahman [J. Chem. Phys. 60, 1545 (1974)] is the best of several commonly
used water interaction potentials for this purpose. Then, we conduct simulations of a system of ST2
particles over a wide range of stable and metastable liquid-state points, and demonstrate that P,(T)
for ST2 is not reentrant. In a second set of simulations we test if the behavior we find is limited
to the ST2 potential by exploring the relevant thermodynamic region of the liquid as simulated by
the TIP4P interaction potential of Jorgensen et al. [J. Chem. Phys. 79, 926 (1983)]. We find that
the TIP4P potential confirms the absence of a reentrant spinodal. We also show how the structural
and energetic properties of both the ST2 and TIP4P liquids are consistent with the absence of a
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reentrant spinodal.

PACS number(s): 64.70.Fx, 64.30.+t, 61.20.Ja, 61.25.Em

I. INTRODUCTION

The liquid spinodal line is the limit of stability of the
(metastable) liquid state with respect to fluctuations to-
ward a thermodynamically stable phase, such as the gas.
In normal liquids, the liquid spinodal line begins at the
liquid-gas critical point and, in the plane of pressure P
and temperature T, decreases monotonically with de-
creasing T along a path lying below the liquid-gas co-
existence curve, as shown in Fig. 1(a).

It has been conjectured that such behavior is not ob-
served in the case of liquid water. As first suggested by
Speedy and Angell [1], and later developed by Speedy
[2-4] into the “stability-limit conjecture” (SLC), the lig-
uid spinodal line for water is “reentrant”: it has a min-
imum at negative P and passes back to positive P as T
decreases further, as shown in Fig. 1(b). The increas-
ingly anomalous thermodynamic behavior of liquid wa-
ter as it is cooled at positive P [5-7] can be interpreted
in terms of the approach to such a reentrant spinodal
[1-4,8,9]. For example, the maximum in the density p of
water at 4°C and the minimum in the isothermal com-
pressibility Kt at 46 °C are possibly manifestations of
spinodal-induced thermodynamic singularities occurring
in the supercooled region. Thus the SLC suggests that
the thermodynamic anomalies of liquid water arise from
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a single reentrant spinodal line that determines both the
limit of liquid superheating at high T and of supercooling
at low T'.

The SLC is strongly related to the existence of a line
in the P-T plane along which the density of liquid wa-
ter is a maximum: the temperature of maximum density
(TMD) line [10,11]. Indeed, for any liquid with a density
maximum, it has been shown on the basis of thermody-
namic arguments by Debenedetti and co-workers [12-16]
that the most physically plausible way for the TMD line
to terminate is at an intersection with a spinodal line.
Furthermore, it is shown in Speedy’s original statement
of the SLC that an intersection in the P-T plane of a neg-
atively sloped TMD line with a positively sloped liquid
spinodal line requires that the liquid spinodal has a min-
imum at the intersection point [2]. Therefore, at T less
than that of the intersection point, the spinodal is nega-
tively sloped and will occur at higher P as T decreases.
Since the intersection of the TMD and spinodal lines is in
general expected to occur in the negative P region of the
P-T plane, the possibility arises that the spinodal passes
from negative to positive P as T' decreases, as predicted
by the SLC, and illustrated in Fig. 1(b).

The thermodynamic arguments used to arrive at the
above conclusions can predict the behavior of the spin-
odal line close to specific points, such as its intersection
with the TMD line. However, they do not give a good
indication of the specific shape of the spinodal in the en-
tire P-T plane. To overcome this problem, and also to
understand the global thermodynamic features in terms
of microscopic behavior, several simple models of liquids
with a density maximum have been proposed and stud-
ied analytically in the last few years [16,17]. Part of
this work has focused on the relation between the den-
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sity maximum line and the liquid spinodal. Such mod-
els have confirmed the general validity of the analysis
of Speedy and of Debenedetti and co-workers concerning
the behavior of the spinodal near its intersection with
the TMD line, but have also made clear that possibili-
ties consistent with the reentrance of the spinodal, but
different from the SLC, are possible.

To study the scenario proposed by the SLC we have
performed a comprehensive series of molecular-dynamics
(MD) simulations, with an intermolecular potential com-
monly used to model liquid water. In contrast to exper-
iments [11,18-20], where the challenges encountered in
studies of liquid water under tension restrict the types
of measurements that are possible, the MD technique al-
lows a clear determination of both TMD and spinodal
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lines, in the positive as well as negative P regions of the
phase diagram.

The MD study presented here, which extends and com-
pletes the data presented in a recent paper [21], suggests
that the spinodal line in water is not reentrant. We show
that the intersection of the TMD line and the spinodal
is avoided by a change of slope of the TMD line itself.
Such a change of slope, observed under tension, reflects
the change in the liquid structure toward a random tetra-

_hedral network configuration.

The paper is organized as follows: In the remainder
of Sec. I we recall the definitions of metastability and of
a spinodal, and then review the motivations and predic-
tions of the SLC. We also review previous attempts to
study the spinodal line in computer simulations of liquid
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FIG. 1. (a) Phase diagram of the van der Waals fluid in the P-T plane. The liquid-gas coexistence line is shown as a solid
line ending in the critical point (e). The gas and liquid spinodals are shown as dotted lines. (b) Phase diagram predicted by
the SLC. The liquid-gas coexistence line (heavy line) ends in the critical point (e). The liquid spinodal (dotted line) bounds
the entire superheating, stretching, and supercooling regimes, and becomes reentrant where it meets the TMD line (dot-dashed
line) at negative P. (c) Pr(V) isotherms of the van der Waals equation, above and below the critical temperature. Solid
lines identify thermodynamically stable states, thick dotted lines metastable states, and thin dotted lines unstable states. The

critical values of P, T, and V are denoted with the subscript c.






















































