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NOTES

Tracing the phase diagram of the four-site water potential (TIP4P)
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We present here the phase diagram for one of the most popular water models, the four-point
transferable intermolecular potenti@llP4P model. We show that TIP4P model, does indeed
provide a qualitatively correct description of the phase diagram of water. The melting line of the
five-point transferable intermolecular potenti@lP5P at low pressures is also presented. 2804
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Water plays a key role in our relation to Nature. It pro- cut-off distance in each direction. The free energy of the
vides the substrate where all biological processes occur, it iiquid phase was evaluated by following a thermodynamic
the most common of all solvents and it exists on Earth apath in which the charges are gradually switched off so that
gas, liquid and solid. Hence the importance of having a goodhe TIP4P transforms into the LJ modébr which the free
pair potential for water. Most of the water models that haveenergy is knowf). The free energies of the solid phases were
been developed so far have been tailored to liquid wateevaluated by using the Einstein crystal methodology of Fren-
propertie$ but its performance for predicting solid phase kel and Ladd as described elsewhet®For the ordered ices,
properties have received less attentidiWe present here the the Frenkel and Ladd procedure yields directly the free en-
phase diagram for one of the most popular water models, thergy. For the disordered ices a certain averaging over disor-
TIP4P proposed by Jorgenseet al! In this model a dered configurations is needed. We found that differences in
Lennard-Jone#&lJ) interaction site is located on the oxygen, free energy of several configurations were small and lie
two positive charges are located on the hydrogens and within the statistical error bars. Accordingly, we typically
negative charge is located 0.15 A away from the oxygerevaluated the free energy from a single Einstein crystal cal-

along the H—H bisector. _ _ culation and added the Pauling entrogyR=In(3), which
Initial solid configurations were obtained by using Crys- 5ccounts for the degeneracy resulting from the possible hy-
tallographic datdtaken from Ref. 4 and references thejein yr5gen hond arrangements consistent with the ice rules. For
Thls is all what is needed in the case_of the proton orderegho partially ordered iceéll and V) the Pauling entropy is
ices(ll, IX, and VIII). For the proton disordered icék Ic, . not adequate. Rather, we extended the method of Howe and
IV, VI, VI, and XII)), the oxygens were placed on the lattice \yhinyorth 1 in order to account for partial disorder as found
points, and hydrogen disordered configurations with no nef, ice i1 and V® Once the free energy for a certain state was
dipole moment and satisfying the ice rules were generated by, q\yn we used thermodynamic integration to compuite it for

. . 5 . .
using the algorithm of Buckt al> For |ces?lll and V-which  oiher thermodynamic conditions. In this way it was possible
present a certain degree of proton ordefing generalized 5 |ocate at least one coexistence point for each coexistence

the algorithm of Buchet al” to generate initial configura- line. Gibbs—Duherf simulations(i.e., a numerical integra-
tion:_s with biased occupat_ion of_the hydrogen positions. IS0tjon of the Clapeyron equatipmsing a fourth-order Runge—
tropic NpT Monte Carlo simulations were performed for the i 1t4 integration were used to obtain the full coexistence
liquid phase. Anlsotroplc NpT Monte Carlo §|mulat|ons curve between two coexistence phases.
(Rahman—Parrinello-typewere used for the solid phases. The phase diagram of the TIP4P obtained in this way is

The pair potential was truncated for all phases at 8.5 Apresented in Fig. 1. For the TIP4P model we locate the melt-
Standard long range corrections to the LJ energy were addeﬁiTg temperature of ice | gi=1 bar to beT,,=232(5) K, in
Ewald sums were employed for electrostatic forces beyon%ood agreement with a previous estimate by @aal, who

the cutoff as in other studies of wafefhe number of par- found T,,=238(6) K2 The vapor equilibria of the TIP4P
ticles used in the simulations ranged fr@¢@88 to 600 and  ,5del has been presented elsewH@r&s it can be seen the
was chosen for each solid phase so as to fit at least twice ”}fhase diagram of the TIP4P model presents a qualitative

agreement with experiment. Ices I, II, Ill, V, VI, VII, and
3Electronic mail: carlos@ender.quim.ucm.es VIl were found to be stable phases for the TIP4P madsl
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N 7 Haymet® Certain deficiencies of the TIP4P model are visible
in Fig. 1, especially concerning the freezing of water into the
high density ices VIII and VII which occurs at too high pres-
sures. Also re-entrant behavigrot found experimentallyis
found for the water—ice VI coexistence line of the TIP4P
model. In Table | entropy and volume changes at phase tran-
1 sitions are reported. The TIP4P does a good job although
there is some room for improvement.

Our results show that computer simulations are a valu-

liquid

pressure (GPa)

01 ¢ 01 F

100 150 200 250 300 350 400 450 150 200 250 300 350 400 450 able tool for the study of the ice&oth stable and meta-
Temperature (K) Temperature (K) stablg and of the phase diagram of water. The phase diagram
FIG. 1. Phase diagram of . Left: simulation results for the TIP4P model of water, with its I’ICh pOIYmorph'Sm of solid phases offers a
(due to numerical uncertainties the three coexistence lines do not meet exvonderful opportunity to test and improve the current mod-
actly at the same point in the liquid-I-I1l triple pointRight: experimental  e|s of water so widely used in the simulation of biological

values(lines) and simulation results of the melting curve of ice | for the : : : : :
TIP5P model(symbolg. Only the stable phases have been included in theSyStemS' As an example inFig. 1 the meltlng line of icthe

diagrams. proton disordered hexagonal )cis presented for the TIP5P
model** Its melting temperature was found to bE,
=274(5) K in good agreement with experiment and with a

. . - . revious estimate by Nada and van der Eerfenamely

behavior of real water, the calculations indicated that ice IV§m=270(7) K (although these authors found the proton or-

and ice IX are clearly metastable phases for the TIP4
: , o dered phase to be more stable when Ewald sums were not
model. We could not resolve either the relative stability of.

ices | and Ic or that of ices V and XII. In both cases the free'ncmded' The gbility of the TIPSP model to predict the rest
energy difference found between the considered phases ng the phase diagram remains to be tested.

smaller than the typical uncertainty of our free energy calcu-

lations. At a pressure of one bar, our results confirm that thCKNOWLEDGMENTS

stable solid phase of TIP4P is the proton disordered structure
| (or eventually I1g. At very low temperature$18 K) the
proton orderd Xl like (antiferroelectri¢ structure is more
stable, in good agreement with recent estimates by Rick an

they indeed are for real wajerAlso in agreement with the
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TABLE I. Entropy and molar volume changes for several coexistence Iineq,]ical help
at the calculated triple points compared with the corresponding experimental ’
values(taken from Ref. 16

— 1W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.
Transiton AS/(J-mol™t-K™1) Av/(cm®-mol™1) Klein, J. Phys. Cheniz9, 926 (1983.

2G. T. Gao, X. C. Zeng, and H. Tanaka, J. Chem. Phg8, 8534(2000.

3S. W. Rick and A. D. J. Haymet, J. Chem. Phg$8 9291 (2003.

Triple point From To  Expt.  Simulation Expt.  Simulation

liquid-I-111 L I ~16.8 —16.4 2.434 2.81 V. F. Petrenko and R. W. WhitwortiPhysics of lce(Oxford University
L W -153 -151 -0839 —0.63 Press, Oxford, 1999 _
I M 1.6 1.3 —3.273 —3.44 V. Buch, P. Sandler, and J. Sadlej, J. Phys. Chert0B 8641(1998.
- . ) ' ' 6C. Lobban, J. L. Finney, and W. F. Kuhs, J. Chem. Phgg, 7169(2000.
liquid-I11-V L 11l —-18.0 —-14.4 —-0.434 -0.21 ) ' ’
q LV _1s3 143 1419 117 7S. W. Rick, J. Chem. Phy4.20, 6085(2004).
I v _0'3 0.1 —0.985 —0.96 8J. K. Johnson, J. A. Zollweg, and K. E. Gubbins, Mol. Phy8, 591
- e e e e (1993.
liquid-v-vi LV 18'; 12; 0'243 0'4; 9D. Frenkel and A. J. C. Ladd, J. Chem. Phgs, 3188(1984.
L v -19 —16. —164 -11 10C. Vega and P. A. Monson, J. Chem. Phy89, 9938(1998.
v . vi -0l —-01  -0700  -0.72 1R, Howe and R. W. Whitworth, J. Chem. Ph, 6443(1987.
I-11-11 Lo —32 -18  -3919  -3.77 12D, A. Kofke, J. Chem. Phys98, 4149(1993.
' i 0.7 13 —3.532 —3.49 13M. Lisal, W. R. Smith, and I. Nezbeda, Fluid Phase Equili81, 127
oo 3.9 31 0.387 0.28 (2001).
-1-v I n 5.1 3.1 0.261 0.22 M. W. Mahoney and W. L. Jorgensen, J. Chem. PHy®, 8910(2000.
] \Y 4.8 3.2 -0.721  -0.74 15H. Nada and J. P. J. M. van der Eerden, J. Chem. P& .7401(2003.
] \Y -0.3 0.1 —0.982 —0.96 18D, Eisenberg and W. Kauzmanfihe Structure and Properties of Water

(Oxford University Press, London, 1969
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