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COMMUNICATIONS

Multiple liquid—liquid transitions in supercooled water
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Three distinct liquid—liquid coexistence regions were observed for ST2 model water by restricted
ensemble Monte Carlo simulations of the isotherms of homogenized systems and by phase
equilibria simulations in the Gibbs ensemble. The lowest density liquid—liquid transition meets the
liquid—vapor phase transition at a triple point and ends in a metastable critical point. A percolation
analysis evidences, that the phase separations at the lowest and highest densities can be attributed
to the separation of differently coordinated water molecules. The densities of the obtained four
phases of supercooled water correlate with experimentally observed densities of amorphous
ice. © 2003 American Institute of Physic§DOI: 10.1063/1.1576372

The anomalies of liquid water at ambient and low tem-11). Thus we use the ST2 model as originally derived by
peratures may be attributed to the existence of a liquid-Stillinger and Rahmat without reaction field, as it has
liguid phase transition in the supercooled region. This hy-been used in later simulations. This modglcluding the
pothesis is based on the experimental observation of a firstutoff) has been parametrized to reproduce the equilibrium
order-like phase transition between low-density and highdensities of liquid water and its temperature maximum very
density amorphous icésAdditionally, computer simulations closely (this will be discussed with Fig.)2whereas subse-
with different interaction models evidence a liquid—liquid quent additions to the model lead to a deviating behavior of
transition in supercooled waté8T22 TIP5P? TIP4P), indi-  this model liquid(see triangles in Fig. 2, for detailed inves-
cated by sharp density changes in the isothetissbarg.  tigations of the influence of the reaction field see Ref. 12
The position and density interval of the two-phase region  The full liquid—vapor coexistence curve of this ST2 wa-
varies essentially in these studies. This may be caused boter model, obtained by Gibbs ensemble Monte Carlo
by the differences in the water models and by shortcomingéGEMC) simulations, is shown in Fig. 1. Each pair of equi-
of the applied methods. In particular, it is difficult to control librium states is the result of an extensive simulation run of
the metastability of the simulated state and phase separati@bout 16 steps. Each step consists of up to@ Hitempts to
in the simulation box, performing simulations in NVT or transfer a molecule between the two simulation boxes, 2 at-
NPT ensembles. This prevents an accurate location of theempts to change their volumes and®ltfanslational and
liquid—liquid phase transition, especially the evaluation ofrotational molecular moves. The number of successful mo-
the coexisting densities, and may cause an underestimatidacular transfers in each simulation run ranged from 10 to
of the critical temperature. Moreover, additional liquid-liquid 100 per molecule. The critical temperatdrg=550.2 K and
phase transitions may be missed, and therefore, the phasstical densityp.=0.286 g/cmi were obtained from a fit of
transitions reported in Refs. 2—4 may be of different naturethe order parameter and diameter to a scaling law. A step—

The goal of our study is to investigate by use of alike change of the liquid density is observedTat 270 K.
broadly examined water model and by appropriate and inde©nly at this temperature the liquid density depends on the
pendent simulation methods the existence of liquid—liquidinitial configuration and therefore two points are shown in
equilibria in supercooled water in a wide density range, inFig. 1 (this is clearly not the case folf=265 or T
order to clarify their number and their location with respect=275 K). This finding indicates the possibility of a triple
to the liquid—vapor coexistence curve. Recently, the possipoint, where the vapor phase and two liquid phases coexist.
bility of multiple liquid—liquid phase transitions in the melts A similar temperature dependence of the density with a step—
of polymorphic solids-like ice was discussed. like course has been observed for a silicon melt, which also

In this Communication we report coexistence betweerbelongs to the class of tetrahedrally ordered ligditis.
different states of supercooled water, observed by restricted Isotherms of ST2 water were obtained by simulations in
ensemble simulations of the isotherms of homogeneoua restricted NPT ensemble. The cubic simulation box with
system4® and by simulations in the Gibbs ensembl8ys- 513 molecules was divided into 27 equal cubic subcells
tems of 500 to 1000 ST2 water molecufewere simulated which contain an equal numbét9) of molecules. Typically
by the corresponding Monte CariC) methods with a from 1*10° to 2* 10° translational and rotational molecular
simple spherical cutoff of the intermolecular interactions at 9moves per molecule were done in the course of a MC simu-
A and long-range corrections for the Lennard-Jones interadation run. The number of molecules in the subcells was kept
tions(more details will be given in a forthcoming paper, Ref. unchanged in the course of the simulations by rejecting MC
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FIG. 1. Liquid—vapor coexistence curve of ST2 water, obtained by GEMCFIG. 2. Part of the liquid branch of the liquid—vapor coexistence curve of
simulations(open circles, the line is a guide for the eyes onliguid spin- ST2 water. Open circles—GEMC simulation. Solid circles—isobar, simu-
odal, obtained by simulations in the restricted NPT ensentblesed lated in the restricted NPT ensembleRat 0. Stars—P =0 isobar from Ref.
circles. 10. Dashed line—experimental ddfashifted up by 33 K. Triangles-P

=0 isobar, interpolated from the data of Ref. 2.

moves, which violate the imposed constraint. Similar to re-
stricted NVT ensemble simulatiori$ the constraints prevent coexistence curves are shown together with the liquid branch
a possible phase separation in the simulation box and allow af the liquid—vapor coexistence curve. The lowest density
controlled extension of the isotherms into the metastable rdiquid—liquid phase transition enters the liquid—vapor coex-
gion. The difference is, that in the restricted NPT ensembléstence at the assumed triple poinflat 270 K and ends at a
for a given pressure we have to start at different initial den-critical point located at negative pressure in the region,
sities to locate both stable and metastable states on a givevhere the liquid is metastable with respect to evaporation.
isotherm. The formation of unstable states is practically im-  The reliability of the obtained results was checked by
possible in the NPT ensembithe system moves to the next additional GEMC simulations of the liquid—liquid coexist-
stable or metastable state by adjusting its volurire order  ence. Due to the extremely low acceptance probability of
to test possible effects of constraints on the thermodynamicaholecular transfers between two dense liquid phases at low
properties of water we simulated tie=0 isobar in the re- temperatures these simulations were restricted to tempera-
stricted NPT ensemble and compared it with the results ofures above 260 K and densities below 1.3 gicim addi-
the GEMC simulation of the liqguid—vapor coexistence curvetion, the small density difference between the coexisting
(Fig. 2. There are no differences within the accuracy of thephases complicates the choice of the average total density in
simulations. the two simulation boxes. Therefore, GEMC simulation runs
An estimate of the liquid spinodal of the liquid—vapor were started at many different values of the total density.
transition is shown in Fig. 1. The closed circles indicate theEach run was treated as in the liqguid—vapor coexistence case,
lowest in a sequence of simulation runs with decreasing presut here we achieved only 1 to 2 transfers per molecule, even
sures, where water remained in a metastable liquid state and simulations runs, which took several months of computer
did not evaporatéwhich shows up as a strong expansion oftime on a GHz processor. This was sufficient to reach the
the simulation box When the temperature decreases, thesame equilibrium, when starting from different initial densi-
pressure along the spinodal monotonically decreases artits. Phase separation was observed in the GEMC simula-
achieves roughly-5.3 kbar atT= 200 K. tions very close to the location of the first and second liquid—
The computed low—temperature ST2-water isothermdiquid phase transitions, which had been obtained from the
are given in Fig. 3. Three liquid—liquid phase transitions are@sotherms of the restricted ensemble simulatiteee Fig. 4.
clearly seen aff =235 K. With increasing temperature the Both transitions disappear at=280 K. Note also, that ad-
third phase transition disappears Bt260 K, the second ditional GEMC simulations at different state points con-
phase transition disappears 275 K and the first phase firmed the absence of further phase transitions in the inves-
transition disappears at~290 K. In view of the absence of tigated range of density and temperature.
the unstable region of the simulated isotherms, we estimate The location of the obtained liquid—liquid phase transi-
the location of the phase transition as the center of the presions in the pressure-temperature plane is shown in Fig. 5.
sure interval, where two phases are observed. In Fig. 4 th€he first liquid—liquid transition crosses the liquid—vapor
estimated densitiegull symbolg of the three liquid—liquid phase transitionR~0) at aboufl =270 K, which coincides
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FIG. 3. Isotherms of ST2 water, obtained in restricted NPT ensemble simu_Componenté- The natural choice of a distinct “component
lations. T=290 K (circle, T=275 K (square} T=260 K (diamond$, T in pure water are “tetrahedrally ordered” water molecules.
=235 K (triangles. The given pressures hold for the 235 K isotherm. The These are defined by the tetrahedricity mead(t&which
subsequent isotherms are shifted by 2, 4, and 6 kbar, respectively. Th“ﬁ’escribes the deviation of the tetrahedra formed by the four
liquid—liquid phase transitions are indicated by arrows. . .
closest neighbors from the perfect equilateral geometry.

with the sharp decrease of the liquid density at the same :
temperaturg(Fig. 1). It ends in a metastable critical point,
which is located aff =280 K andP~ —300 to —500 bar. 1000 | il
The liquid spinodal of this transition, estimated from the
corresponding isotherméig. 3), crosses the line of the 500
liquid—vapor transition P~0 bar) a few degrees below 270
K. This means, that the liquid phase in equilibrium with
its vapor approaches a singularity with decreasing tempera-
ture, giving an explanation for the experimentally observed
apparent singular behavior of supercooled w&tdihe inter- 500 ]
val between the temperature of maximum density and the
singular temperature at zero pressure, for our model ST2 »
water is about 40 K in comparison with the experimental -1000 ¢
value of 49 K, obtained from the measurements of the com- -~
pressibility of watet:® The overall shift of the simulated re- -1500 | e ]
sults to higher temperatures by about 30—35 K, if compared i
with experimental data, is in agreement with the previous ;
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The line of percolation thresholds of these moleculegation of multiple liquid—liquid transitions is in accord
(Fig. 4, dotted ling was obtained from conventional MC with the recent observation of several metastable states
simulations in the NVT ensemble at various densities withof amorphous ic&® Note that the densities of the four
about * 10° to 2* 10° molecular displacements and rotations phases of supercooled water, obtained in our simulation
per molecule. It represents the high-density boundary for thésee theT=235 K isotherm of Fig. B correlate with the
obtained regions of liquid—liquid immiscibility. To the right available experimental data on the densities of amorphous
of this line the fraction of the tetrahedral molecules is notforms of water atT=77 K and P=0: low-density amor-
high enough to establish percolation of this species. If wephous icé (p=0.94 g/cni); hyperquenched amorphous
define as a distinct component “perfectly coordinated tetrawatef* (p=1.04 g/cni); high-density amorphous it&
hedral molecules,” which have—in addition to the demanded p=1.17-1.19 g/cthy p=1.14-1.15¢g/cr¥); very-high-
tetrahedricity measure—exactly four nearest neighbors in thdensity amorphous iéé (p=1.25-1.26 g/c). Finally, it
first coordination shell, the percolation threshold is foundshould be mentioned, that two liquid—liquid phase transitions
close to the binoddlspinoda) of the first liquid—liquid phase were also observed for a waterlike model fluid confined be-
transition(dashed line in Fig. 4 This finding shows that this tween hydrophobic surfacés.
transition is caused by the separation of the perfect tetrahe-
dral molecules in agreement with the results of Ref. 2, wheraCKNOWLEDGMENTS
the low density water phase consists of water molecules with . L .
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