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The calculation by computer simulation of the melting
temperature and the phase diagram of different water models
has been proven a stringent test of the water force field.1,2

The ice Ih melting temperature Tm is systematically underes-
timated. Only a few models yield more or less satisfactory
values for Tm. These are3 TIP4P/ice4 �270 K� and TIP5P
�Ref. 5� �272 K�3. The former model also gives a good de-
scription of the phase diagram involving solid phases. On the
contrary, TIP5P fails completely in this purpose. In fact, for
TIP5P, ice Ih is not thermodynamically stable at 1 bar. The
actual Tm for TIP5P should then correspond to the melting
temperature of ice II which is several degrees higher. An-
other candidate is TIP4P/20056. This model accurately pre-
dicts the stability of the different ice forms and yields excel-
lent predictions for the liquid-vapor coexistence line and
critical properties.7 TIP4P/2005 seems an excellent model
for many applications, but its Tm is rather low �251 K�. How-
ever, some problems �ice growth,8,9 brine rejection from
ice,10,11 and nucleation12� are strongly sensitive to the degree
of supercooling and, thus, require a more accurate prediction
of the Tm. A first report of the Tm for the six site model of
Nada and van der Eerden13 �NvdE� was close to the experi-
ment. However, in a recent paper Nada and Furukawa8 ar-
rived at a melting temperature in the range of 280–285 K.
Then, before proceeding to a costly calculation of the phase
diagram �which is still unknown�, it seems interesting to es-
tablish more firmly the Tm for this model. This is the goal of
this paper.

We have used two different methods for the calculation
of the Tm for the NvdE potential. The first one is a combina-
tion of a Gibbs-Duhem integration and free energy calcula-
tions. Let us sketch here the procedure of the Gibbs-Duhem
integration.2,15–18 First, we write the intermolecular potential
in terms of a reference potential and a parameter �,

u = �1 − ��uref + �unew. �1�

When �=0, u=uref, and for �=1 it follows that u=unew. Us-
ing the same procedure as that used to obtain the Clapeyron
equation, one finds that2
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where �xg, the extensive conjugate variable of �, is given by
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1

N
� �U���

��
�

N,p,T,�
. �3�

The technique can be used to refine the melting point of a
potential.14 It also makes possible the determination of the
coexistence point of a given model from the known value for
a reference one. For these reasons we denote it as “Hamil-
tonian” Gibbs-Duhem. In this work we use TIP4P and ex-
tended simple point charge �SPC/E� as reference models.
Their melting temperatures were previously evaluated1 by
means of free energy calculations using Ewald sums and an
8.5 Å cutoff for the Lennard-Jones term �long range correc-
tions to this term were added�. The same conditions have
been used in the Gibbs-Duhem simulations of this work. In
Table I we display the Tm for the starting models �TIP4P and
SPC/E� and the value obtained for the six site model after the
Hamiltonian Gibbs-Duhem integration. The final result is al-
most independent on the starting model.

On the other hand, we have also calculated the NvdE
melting temperature by direct coexistence.3,19 We have per-
formed a set of N-p-T simulations in which we put the solid
and the liquid phases in contact. For the simulations we have
used the molecular dynamics package GROMACS with a time
step of 1 fs.20 The initial configuration used in Madrid
�864 molecules� was obtained following the algorithm of
Buch et al.21 for the proton disordered ice. The liquid is in

contact with the secondary prismatic �112̄0� plane. The van
der Waals forces were truncated at 8.5 Å �notice that the
usual long range correction cannot be applied in this case
because of the different densities at both sides of the inter-
face�. For the long range forces we used the particle-mesh
Ewald algorithm.22 As regards the simulations at Purdue, the
initial coordinates of the runs �1536 molecules� were taken
from Hayward and Reimers.23 The solid faces in contact are

TABLE I. Melting temperature of the NvdE model obtained by Hamiltonian
Gibbs-Duhem integration using SPC/E and TIP4P as reference potentials.
Column 2 are the values for SPC/E and TIP4P as obtained from free energy
calculations �Ref. 1�.

Reference model
Starting Tm

�K�
Six site model

�K�

TIP4P 232 290
SPC/E 215 291
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either the basal �0001� or the primary prismatic �101̄0�
planes. The cutoff is now 10 Å for both the Lennard-Jones
�LJ� potential and the electrostatic interactions. As in the
original paper for the six site model,13 no long range correc-
tion is applied for the electrostatic interactions. As can be
seen in Fig. 1 the energy changes along the N-p-T simulation
runs because, depending on the temperature of the system,
the solid �liquid� phase melts �freezes� at the interface. Once
the phase change is completed the energy remains constant.
We may then assign the Tm to the mean value of the closest
temperatures for which melting and freezing are observed.3

Two different runs are plotted for the systems at 290 and
284 K. These correspond to the different sample sizes and
starting configurations. According to the curves of Fig. 1 the
direct coexistence method yields Tm=287 K for the smaller
system. Notice that neither the starting configuration nor the
sample size influences significantly the results. In fact, the
large system also freezed at 286 K �results not shown in Fig.
1� and did not show a definite evidence of melting or freez-
ing at 288 K, so we may assign this value as the Tm of the
larger system. This value is slightly higher than that reported
by Nada and Furukawa8 using a similar technique. The dif-
ference in the Tm calculated with the free energy/Gibbs-
Duhem route and the direct coexistence method is around
3 K which is the same as that obtained for other water
models.3 In summary, averaging the results obtained with
both methods we propose 289 K as the recommended Tm of
the model.

Finally, Fig. 2 shows the results for the freezing process
in three independent runs at 284 K when the primary pris-
matic and the basal planes of ice Ih are facing the liquid.
Although the growth rate shows a wide variation along dif-
ferent runs for a given plane, it is clear that the freezing is
faster when the prismatic plane is in contact with the liquid.

This confirms previous observations8,9 which also suggest a
different growth mechanism for the basal and prismatic
planes.

J.L.F.A. and C.V. acknowledge support from MEC
�Spain� Grant Nos. FIS2004-02954-C03-02 and FIS2004-
06227-C02-02 and Comunidad de Madrid Grant No. S0505/
ESP/0299.

a�Electronic mail: jl@juguete.quim.ucm.es
1 E. Sanz, C. Vega, J. L. F. Abascal, and L. G. MacDowell, Phys. Rev. Lett.

92, 255701 �2004�.
2 C. Vega, E. Sanz, and J. L. F. Abascal, J. Chem. Phys. 122, 114507
�2005�.

3 R. G. Fernández, J. L. F. Abascal, and C. Vega, J. Chem. Phys. 124,
144506 �2006�.

4 J. L. F. Abascal, E. Sanz, R. G. Fernández, and C. Vega, J. Chem. Phys.
122, 234511 �2005�.

5 M. W. Mahoney and W. L. Jorgensen, J. Chem. Phys. 112, 8910 �2000�.
6 J. L. F. Abascal and C. Vega, J. Chem. Phys. 123, 234505 �2005�.
7 C. Vega, J. L. F. Abascal, and I. Nezbeda, J. Chem. Phys. 125, 034503
�2006�.

8 H. Nada and Y. Furukawa, J. Cryst. Growth 283, 242 �2005�.
9 M. A. Carignano, P. B. Shepson, and I. Szleifer, Mol. Phys. 103, 2957
�2005�.

10 L. Vrbka and P. Jungwirth, Phys. Rev. Lett. 95, 148501 �2005�.
11 M. A. Carignano, E. Baskaran, P. B. Shepson, and I. Szleifer, Ann. Gla-

ciol. 44, 44A195 �2006�.
12 X. M. Bai and M. Li, J. Chem. Phys. 124, 124707 �2006�.
13 H. Nada and J. P. J. M. van der Eerden, J. Chem. Phys. 118, 7401 �2003�.
14 J. B. Sturgeon and B. B. Laird, Phys. Rev. B 62, 14720 �2000�.
15 D. A. Kofke, J. Chem. Phys. 98, 4149 �1993�.
16 R. Agrawal and D. A. Kofke, Phys. Rev. Lett. 74, 122 �1995�.
17 P. J. Camp, C. P. Mason, M. P. Allen, A. A. Khare, and D. A. Kofke, J.

Chem. Phys. 105, 2837 �1996�.
18 P. Bolhuis and D. Frenkel, J. Chem. Phys. 106, 666 �1997�.
19 J. R. Morris and X. Song, J. Chem. Phys. 116, 9352 �2002�.
20 D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark, and H.

J. C. Berendsen, J. Comput. Chem. 26, 1701 �2005�.
21 V. Buch, P. Sandler, and J. Sadlej, J. Phys. Chem. B 102, 8641 �1998�.
22 U. Essmann, L. Perera, M. L. Berkowitz, T. A. Darden, H. Lee, and L.

Pedersen, J. Chem. Phys. 103, �1995�.
23 J. A. Hayward and J. R. Reimers, J. Chem. Phys. 106, 1518 �1997�.

FIG. 1. �Color� Total energy along the N-p-T runs for the six site model
�averaged over 20 ps simulation blocks�. Solid lines: 864 molecules and
dashed lines: 1536 molecules.

FIG. 2. The velocity of freezing for the primary prismatic and basal planes
for the system with 1536 molecules.
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