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Two new parametrizations of a recent ab initio polarizable anisotropic site potential for water are presented.
The new versions improve the description of the electrostatic interactions, add an explicit charge-transfer
term, and use more accurate dispersion coefficients from the recent literature. To assess the merits of the
new models, the potential energy surface of the dimer is analyzed and a comparison is made with 12 other
polarizable potentials for water in the literature, most of them being currently used in computer simulation.
The structure, energy, and harmonic intermolecular frequencies of the stationary points have been determined
and compared with the best available ab initio calculations. The energy barriers and pathways for hydrogen
atom interchange within the dimer are discussed. The second virial coefficientB(T) of steam between 373
and 973 K, including first-order quantum corrections, is reported. For all the models, the quantum corrections
are found to be significant at the lowest temperatures, amounting to 10-15% at 373 K. Roughly 90% of the
quantum corrections arise from the rotational degrees of freedom. Among the potentials considered, only
those presented in the present work and a few others are really successful in reproducing the experimental
results forB(T) in that temperature range.

I. Introduction

In the field of molecular statistical simulations, water is
without any doubt the system for which the largest number of
potential energy functions has been designed. Pairwise additive
potentials, polarizable potentials, and dimer potentials supple-
mented by explicit three-body and four-body terms have been
proposed; the water molecules may be considered as rigid,
flexible, or even able to dissociate,1,2 and the set of interacting
sites can vary in number and location in the molecule (atomic,
midbond, lone-pair or at arbitrary positions). Many intermo-
lecular potentials are pairwise additive and are designed to
describe as accurately as possible, within the limitations of
pairwise additivity, the properties of liquid water or ice.3-11

These potentials, which take into account the effect of polar-
izability in an average way, are usually only able to describe
the condensed phase in a narrow range of temperature and
density for which they have been adjusted and fail to reproduce
the properties of the dimer and small clusters with the accuracy
of quantum chemical calculations. Recent increases in computer
power have allowed the routine use of more sophisticated
potentials that include the molecular polarizability explicitly.
Ideally, these potentials should be able to give a good description
of water in all its physical states: dimer, small clusters, liquid
water, and ice. Many groups have contributed to this field, and
many polarizable models of water have been published.11-29

They are built from empirical considerations, from accurate ab
initio calculations on water monomer, dimer, and other small
clusters, or by combining both empirical and ab initio data.

These potentials have been used to simulate small clusters, liquid
water, and ice and to calculate structures and thermodynamic
and spectroscopic properties.
Although most intermolecular potentials for water are built

empirically, much effort has gone into calibrating potentials from
accurate ab initio calculations. Among the polarizable potentials
NCC (Niesar-Corongiu-Clementi),18 NCC-vib,29 NEMO,20,25,27
and ASP-W (anisotropic site-site potential)24models are recent
examples. Extensive tests of the various models reveal that
presently none are perfect. Even the ab initio potentials are
not able to reproduce dimer, cluster, liquid water, and ice
properties equally well. Although better empirical potentials
can probably be designed, there is no doubt that fitting potentials
on the basis of good quality quantum chemical calculations is
a better strategy. As an effort to approach an accurate
intermolecular potential for water, the ASP-W form was
proposed.24 As was recognized in the original paper, the global
minimum of the potential energy surface (PES) of ASP-W is
not exactly the linear dimer ofCs symmetry, but rather a slightly
distorted structure lying 0.01 kJ/mol lower than the linearCs

dimer, which is found to be a saddle point. It is the purpose of
the present work to try to improve the ASP-W model of water.
We propose two new parametrizations, which are called ASP-
W4 and ASP-W2 and are described in detail in section II.
To characterize the new intermolecular ASP potentials, we

consider in this work the dimer properties only. In section III,
the topology of the potential energy surface is examined through
the location of the stationary points, and a comparison is made
with the extensive ab initio calculations of Smith et al.30 (referred
to below as SSPSR) and the features of a selection of rigid-X Abstract published inAdVance ACS Abstracts,December 15, 1997.

754 J. Phys. Chem. A1998,102,754-770

S1089-5639(97)02578-4 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/22/1998



molecule polarizable potentials: PSPC (polarizable simple point
charge);15 RER(pol) (reduced effective representation of liquid
water interactions including polarizability);11 POL1;16 RPOL,22

which we will denote by POL2 to avoid confusion with RER-
(pol); Sprik-Klein14 (denoted SK below); CKL (Cieplak-
Kollman-Lybrand);17 Kozack-Jordan23 (denoted KJ); NCC;18
three NEMO potentials, which we call NEMO1,19 NEMO2,25

and NEMO3;27 and ASP-W.24

In section IV, we discuss briefly the barriers and pathways
to hydrogen interchange in the dimer. These processes, which
are important in the interpretation of far-infrared rotation-
vibration spectroscopy,31,32have already been investigated using
quantum chemical methods.30,33

The second virial coefficientB(T) provides a standard test
of intermolecular potentials. Although it is strictly a dimer
property and so does not explore any many-body effects, it
nevertheless provides a useful test that must be passed by any
potential that is to be used to study dimer properties. Calcula-
tions ofB(T) have been reported for many pair-additive effective
potentials, such as RWK2 (Reimers-Watts-Klein);9 SPC
(simple point charge) and its extension SPC/E;34 TIPS2, TIP3P,
and TIP4P (transferable intermolecular potentials);35 and empiri-
cal and ab initio dimer potentials built by Clementi’s group and
based on rigid36,37or flexible38molecular models. The isotopic
difference in B(T) between (H2O)2 and (D2O)2 has been
evaluated for the BJH (Bopp-Jancso´-Heinzinger) and MCYL
(Matsuoka-Clementi-Yoshimine-Lie) potentials and variants
of them.39 Calculations have also been done for polarizable
models: NCC (Niesar-Corongiu-Clementi);18CKL (Cieplak-
Kollman-Lybrand);17 KJ;23 ASP-W;24 and PPC (polarizable
point charge).28 The general trend is that effective potentials,
which are designed for the bulk liquid, generally giveB(T)
values that are much more negative than experiment.40-43 The
polarizable models are usually more satisfactory. For example,
NCC is quite successful and ASP-W presents a remarkable,
partly fortuitous, agreement with experiment. It is also worth
recalling that the empirical KJ potential has been fitted to
reproduce the second virial coefficient of water. Recently, the
PPC model by Kusalik et al. has also been found to reproduce
B(T) and the classical third virial coefficientC(T) of steam much
more accurately than the effective potentials TIP4P and SPC/
E.28 It is well-known that the first-order quantum corrections
to B(T) are positive, and their inclusion is expected to improve
the agreement with the experimental determination. De Santis
and Gregori44 have estimated the quantum corrections for the
pairwise additive TIP4P and MCY potentials; they found that
they bringB(T) close to the experimental results for MCY
(Matsuoka-Clementi-Yoshimine) but leave it too negative for
TIP4P. This can be understood because MCY has been fitted
to ab initio calculations on the water dimer, but TIP4P is a purely
effective potential adjusted to reproduce condensed-phase
properties, so it is far from optimal for the dimer. The quantum
corrections toB(T) have also been estimated for the Stockmayer
fluid, with parameters appropriate to model water;45,46the results
indicate that the correction is roughly 10% at 343 K. MacRury
and Steele47 have computed quantum corrections for water with
a model composed of a polarizable Stockmayer potential with
an anisotropic term added to the Lennard-Jones interaction; they
found a trend similar to that of the Stockmayer potential. We
are not aware of any calculations of the first-order quantum
corrections for realistic polarizable models of water. In section
V, we report calculations of the second virial coefficient of steam
including first-order quantum corrections for ASP-W4, ASP-
W2, and a selection of models from the literature.

II. Parametrization of the ASP-W4 and ASP-W2
Potentials

The ASP-W4 and ASP-W2 potentials are both modifications
of the earlier potential24 that we denote ASP-W (ASP in the
original paper). In that paper another version called ASP-S was
also considered, differing from ASP-W only in the dispersion
energy term. ASP-W uses an accurate model of the dispersion
published by Rijks and Wormer;48 ASP-S used a simpler model
proposed by Szcze¸ s̀niak et al.49 ASP-S gave worse results for
the second virial coefficient than ASP-W, and we have not
considered it further. In the potentials ASP-W4 and ASP-W2,
the interaction energy between water molecules is expressed
as the sum of electrostatic, induction, charge-transfer, dispersion,
and short-range repulsion terms. They differ in that ASP-W2
is somewhat simpler in form. The molecules are assumed rigid,
with an OH bond length of 0.9572 Å and an HOH angle of
104.52°. In the molecular coordinate frame, the oxygen atom
is at (0, 0, 0.122 992), H1 is at (-1.430 130, 0,-0.983 934),
and H2 is at (1.430 130, 0,-0.983 934) (all coordinates in
atomic units).
For a dimer, the electrostatic energy can be written

where Qt
a and Qu

b are spherical multipoles distributed on
oxygen and hydrogen atoms (DMA analysis50) and Ttu

ab are
interaction functions depending on the distance between sites
a andb and the relative orientation of the molecules. The DMA
analysis at the MP2 level used for ASP-W has been replaced
by a more accurate multireference CI calculation carried out
with the program MOLPRO.51 In ASP-W4, the atomic dis-
tributed multipole expansion is truncated at the hexadecapole
on each site, and the energy terms up to 1/R5 distance
dependence (quadrupole-quadrupole, octupole-dipole, and
hexadecapole-charge) are taken into account. For the potential
ASP-W2, the DMA is truncated at the quadrupole on each atom
and the hydrogen quadrupoles are shifted to the oxygen atom
position as in the ASP-W potential. The distributed multipoles
are given in Table 1. The multipoles for hydrogen H1 are
derived from those given for H2 by Qlmc

H1 ) (-1)mQlmc
H2 .

The dispersion energy model has the same form as in the
ASP-W potential:

whereSh l1l2 j
κ1κ2(ωA,ωB,ω) are the normalized real components of

TABLE 1: Distributed Multipole Moments Used in the
ASP-W4 Potential. See Text for Details of the Geometry.
Values in Atomic Units

O at (0.0, 0.0, 0.122 992)
Q00 -0.330 960
Q10 -0.297 907
Q20 0.117 935Q22c 0.673 922
Q30 -0.151 827Q32c 0.303 856
Q40 0.114 584Q42c -0.183 221Q44c -0.065 424

H2 at (1.430 130, 0.0,-0.983 934)
Q00 0.165 480
Q10 -0.050 267Q11c 0.144 471
Q20 0.047 356Q21c -0.085 999Q22c 0.064 345
Q30 -0.052 434Q31c -0.117 723Q32c 0.195 233Q33c -0.118 823
Q40 -0.117 187Q41c 0.029 905Q42c 0.197 992Q43c -0.247 286

Q44c 0.123 927

Ees) ∑
a∈A

∑
b∈B

Qt
aTtu

abQu
b (1)

Edisp) - ∑
n)6

10

∑
l1l2 jκ1κ2

Cn(l1,l2, j,κ1,κ2)

Rn
Sh l1l2 j
κ1κ2(ωA,ωB,ω) fn(a,R)

(2)
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Stone’s orientationalSfunctions,52 andR is the distance between
the centers of mass.fn(a,R) is an incomplete gamma function
of ordern+ 1 (Tang-Toennies damping function). The param-
etera in the damping function is equal to 1.92 au, as in ASP-
W. However the dispersion coefficientsCn(l1,l2, j,κ1,κ2) of
ASP-W have been replaced by more recent and accurate values
calculated by Wormer and Hettema.53 From the expansion
given in their paper for theCn (n ) 6-10), the 3, 3, 11, 3, and
11 largest contributions respectively are retained in ASP-W4
and given in Table 3. For ASP-W2, the C8 and C10 expansions
are further reduced to the four largestCn(l1,l2, j,κ1,κ2) coef-
ficients.
The polarizability model is the same as for ASP-W. It

includes one-site polarizabilities up to quadrupole-quadrupole,

located on the oxygen atom. The values (in au) of the
polarizabilities in real spherical tensor notationRl1κ1l2κ2 are given
in Table 2. Differences from ASP-W concern the iteration of
the induced multipole moments to convergence for the new
potentials (ASP-W used first-order induced moments) and the
damping model for the induction energy. In the calculation of
the induced multipole moments and of the induction energy with
ASP-W, each electrostatic interaction functionTtu

ab was scaled
by the square root of the damping functionf2l1+2l2+2(a,R), where
l1 andl2 are the ranks of the multipoles involved. This treatment
recovers the usual Tang-Toennies damping for the dispersion,
which involves the product of two interaction functions with
the same distanceR. However the induction interaction may
involve more than one site on each molecule, so that the distance
R is different for the two interaction functions involved, and
this formulation then becomes rather cumbersome, especially
when derivatives of the energy are needed. We have found
that to a good approximationfn(0.725a,R) ≈ [f2n(a,R)]1/2, and
for this reason we now use the damping functionfl1+l2+1(0.725a,R)
for the interaction tensors that occur in the induction energy.
For ASP-W2,a for induction has been adjusted to 2.2 au, and
for ASP-W4 to 1.945 au.
A charge-transfer term has been added. The charge-transfer

energy has been evaluated from IMPT calculations on the dimer
following a strategy proposed by one of us54 and fitted to an
atom-atom functional form similar to that of the repulsion
energy, but attractive and involving only the four oxygen-
hydrogen pairs for the dimer:

and

whereRab is the distance between the atoms, and

K is a constant having the value 1 millihartree. The parameters
F l1l2 j
κ1κ2 (bohr) andR (bohr-1) are given in Table 4. For pairs of

identical atoms O-O and H-H, F l1l2 j
κ1κ2 ) F l2l1 j

κ2κ1. For the
repulsion terms, the anisotropic coefficients are the same as in
ASP-W, but the isotropic coefficients have been refitted. Note
that the anisotropic coefficients of Table 4 are appropriate for
the definition of the local axes on the hydrogen atoms of Figure
1b of ref 24, that is, with the localz axis along the OH bond
and the localx axis in the molecular plane and directed away
from the other H atom.

III. Stationary Points of the Water Dimer Potential
Energy Surface

A. Method. For all the potentials considered, except PSPC,
POL1, and POL2, the monomer geometry corresponds to the
experimental equilibrium geometry of the water molecule in
the gas phase:ROH ) 0.9572 Å andθHOH ) 104.52°. For the
PSPC, POL1, and POL2 potentials,ROH ) 1.0 Å andθHOH )
109.47°. For each potential, the stationary points have been
located by the following procedure. Several thousand dimer
configurations are generated at random, and then, for each dimer

TABLE 2: Polarizabilities Used in the ASP-W2 and
ASP-W4 Potentials, in Real Spherical Tensor Notation.
Values in Atomic Units

l1 κ1 l2 κ2 R l1κ1l2κ2

1 0 1 0 9.907
1 1c 1 1c 10.311
1 1s 1 1s 9.549
2 0 2 0 29.871
2 0 2 2c -0.425
2 1c 2 1c 52.566
2 1s 2 1s 28.179
2 2c 2 0 -0.425
2 2c 2 2c 37.273
2 2s 2 2s 31.449
1 0 2 0 -4.249
1 0 2 2c -4.409
1 1c 2 1c -11.920
1 1s 2 1s -3.575
2 0 1 0 -4.249
2 2c 1 0 -4.409
2 1c 1 1c -11.920
2 1s 1 1s -3.575

TABLE 3: Dispersion Parameters Used in the ASP-W2 and
ASP-W4 Potentials. Values in Atomic Units

n l1 l2 j κ1 κ2 Cn(l1,l2, j,κ1,κ2)

6 0 0 0 0 0 46.4430
6 2 0 2 2c 0 1.8993
6 2 2 4 2c 2c 0.2486
7 1 0 1 0 0 -58.9821
7 3 0 3 0 0 10.7304
7 3 0 3 2c 0 -19.5368
8 0 0 0 0 0 1141.7000
8 2 0 2 0 0 31.9758
8 2 0 2 2c 0 85.1285
8 4 0 4 2c 0 46.5276
8 1 1 2 0 0 68.2097
8 1 1 0 0 0 -21.3042
8 4 0 4 0 0 -37.1667
8 3 1 4 2c 0 24.5168
8 3 1 4 0 0 -13.4807
8 4 0 4 4c 0 22.0146
8 3 3 6 2c 2c 42.4455
9 1 0 1 0 0 -1890.9954
9 3 0 3 0 0 747.0090
9 3 0 3 2c 0 -1465.6607
10 0 0 0 0 0 33441.0000
10 2 0 2 0 0 1015.6221
10 2 0 2 2c 0 1493.2275
10 4 0 4 2c 0 3023.1172
10 1 1 2 0 0 2642.2136
10 1 1 0 0 0 -924.9151
10 4 0 4 0 0 -2349.3333
10 3 1 4 2c 0 2130.9630
10 3 1 4 0 0 -1085.5140
10 4 0 4 4c 0 1030.4903
10 3 3 6 2c 2c 1570.9955

Ect ) - K ∑
OH pairs

exp[-Rab
ct (Rab - F ab

ct (Ω))] (3)

Erep) K ∑
a
∑
b

exp[-Rab
rep(Rab - F ab

rep(Ω))] (4)

Fab(Ω) ) ∑
l1l2jκ1κ2

Shl1l2 j
κ1κ2(Ω)F l1l2 j

κ1κ2 (5)
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geometry, the closest stationary point was found using the
subroutine C05NBF from the NAG library, or the Orient
program.55

For each stationary point, the Hessian was calculated, either
analytically, using the Orient program, or numerically. The
harmonic intermolecular vibrational frequencies were then
obtained by a procedure suitable for clusters composed of rigid
molecular bodies first described by Pohorille et al.56 and used
by Wales and Ohmine in a study of the water clusters (H2O)8
and (H2O)20.57 The atomic masses are 1.007 94 g/mol for
hydrogen and 15.999 40 g/mol for oxygen. The number of
imaginary intermolecular frequenciesNi is called the Hessian
index of the stationary point; a minimum has index 0, and a
saddle point has index 1. Higher-index stationary points are
of less interest since minimum-energy pathways connecting
minima cannot pass through them,58 but they help to characterize
the surface and provide a way to compare potentials.
B. General Considerations. The stationary points found

for the selected intermolecular potentials are presented in Figure
1 and Tables 5-14. We believe that the most sophisticated and
extensive study of the stationary points of the water dimer

potential energy surface (PES) by quantum chemical calculations
is the work of Smith et al.30 (SSPSR); although there have been
many more accurate studies of the global minimum, this is the
only one that has explored the surface so fully. We use it as a
reference, adopting the same numbering for the stationary points
and extending it for new stationary points not presented in that
work, but it must be borne in mind that ab initio calculations
also have their limitations. In particular no corrections were
made for basis set superposition error; the BSSE was estimated
to be on the order of a few kJ mol-1, and was different for
different stationary points.
First of all, we note that the simplest empirical potentials,

like PSPC and POL2, produce a PES with fewer stationary
points than the 10 reported in the ab initio calculation. On the
other hand, the ASP potentials have at least 14 stationary points.

TABLE 4: Parameters Used in the Charge-Transfer and
Repulsion Terms of the ASP-W2 and ASP-W4 Potentials.
Values in Atomic Units

l1 l2 j κ1 κ2 F l1l2 j
κ1κ2

Charge Transfer O-H, R ) 1.794 173
0 0 0 0 0 3.899 244
0 1 1 0 0 -0.826 647
0 2 2 0 0 0.706 998
0 3 3 0 0 -0.223 902
2 0 2 2c 0 -0.208 578

Repulsion O-O,R ) 2.002 732
0 0 0 0 0 5.680 000
1 0 1 0 0 0.194 693
2 0 2 0 0 -0.395 620
2 0 2 2c 0 0.099 227
3 0 3 0 0 0.360 409
3 0 3 2c 0 -0.204 826
4 0 4 0 0 -0.117 409
4 0 4 2c 0 0.070 905

Repulsion H-H, R ) 1.929 894
0 0 0 0 0 3.880 000
0 1 1 0 0 -0.402 480
0 1 1 0 1c -0.281 719
0 2 2 0 0 0.006 327
0 2 2 0 1c -0.143 812
0 2 2 0 2c 0.032 326
0 3 3 0 0 0.068 294
0 3 3 0 1c 0.074 584
0 3 3 0 2c 0.026 826
0 3 3 0 3c 0.142 389

Repulsion O-H, R ) 1.980 393
0 0 0 0 0 4.780 000
1 0 1 0 0 0.194 693
2 0 2 0 0 -0.395 620
2 0 2 2c 0 0.099 227
3 0 3 0 0 0.360 409
3 0 3 2c 0 -0.204 826
4 0 4 0 0 -0.117 409
4 0 4 2c 0 0.070 905
0 1 1 0 0 -0.402 480
0 1 1 0 1c -0.281 719
0 2 2 0 0 0.006 327
0 2 2 0 1c -0.143 812
0 2 2 0 2c 0.032 326
0 3 3 0 0 0.068 294
0 3 3 0 1c 0.074 584
0 3 3 0 2c 0.026 826
0 3 3 0 3c 0.142 389

Figure 1. Stationary points of the water dimer potential energy surface.
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In Figure 2, we have reported the stationary points in
increasing order of energy for each potential. This figure shows
the great diversity of the PES obtained from polarizable
potentials. Although some features linked to the molecular
shape and the nature of the dominant interactions are shared
by all the potentials, details of the topology of the PES are very
model-dependent. As the PES of the water dimer is very flat,
it is quite difficult to model it accurately. In principle, the
introduction of the polarizability must give a more realistic
model, but the differences observed between various polarizable

water models show that it does not necessarily lead to an
improvement in accuracy.
C. Particular Stationary Points. In the following, we dis-

cuss the results obtained for some particular stationary points
on the PES that have been extensively studied by theoretical
calculations.
1. Minimum Energy (‘Linear’) Dimer (Structure1). The

binding energy of the global minimum (Cs symmetry) is-20.88
kJ mol-1 for ASP-W4 and-21.07 for ASP-W2. For the other
potentials, the features of the global minimum of the PES were
discussed in the original papers and are collected in Table 5
for completeness. All of the potentials (except ASP-W) give
the global minimum as the linearCs dimer (structure1), in
agreement with the experimental observation. The binding
energy ranges from-14.6 for RER(pol) to-23.1 kJ mol-1 for
CKL. The artifact in ASP-W, leading to a global minimum
slightly distorted from theCs structure and 0.01 kJ mol-1 lower
in energy, has disappeared in the revised versions ASP-W2 and
ASP-W4. There have been numerous ab initio calculations on
the linear water dimer, and recent values of the binding energy
(kJ mol-1) are-19.7( 0.8,59-19.8( 0.4,60-21.3,61-18.66,62
-19.6,63 -19.9,64 -19.5,65 and-20.9( 0.4.66 This last value
is probably the most accurate one to date.
2. Linear Dimer with High Dipole Moment (Structure1′).

By rotating the H-donor in structure1 by 180° around the
H-bond, one obtains the structure1′ , characterized by a larger
dipole moment than that of structure1. The ASP potentials
are the only ones for which this structure is a saddle point. For
the other potentials, it is not a stationary point at all. It is
interesting to note that this structure has been found in a recent
DFT study of the water dimer to be 2.6 kJ mol-1 higher in
energy than structure167 (to be compared with the 3.0 kJ mol-1

of ASP-W4), but its Hessian index was not reported. The
relevance of this particular structure in liquid water has been
discussed in detail in an extensive theoretical study of structures

TABLE 5: Binding Energy and Geometry of the Stationary
Points (1, 1′, 1′′) of the Water Dimer Potential Energy
Surface Obtained from ab Initio Calculations and Various
Polarizable Potentials

structure1 Ea ∆E Ni O‚‚‚O O‚‚‚H R â

ab initiob 0.000 0 2.908 1.941 45.9 2.9
ASP-W -19.617 0.011 1 2.983 2.026 62.9-0.1
ASP-W2 -21.072 0.000 0 2.957 2.008 64.2 6.2
ASP-W4 -20.875 0.000 0 2.970 2.014 57.0-2.1
NEMO1 -20.783 0.000 0 2.856 1.909 72.0 6.9
NEMO2 -19.722 0.000 0 2.876 1.923 59.1 4.4
NEMO3 -20.118 0.000 0 2.901 1.953 63.6 6.5
NCC -21.331 0.000 0 2.963 2.006 27.3-0.3
CKL -23.199 0.000 0 2.944 1.992 75.0 4.5
SK -19.015 0.000 0 2.827 1.870 45.4 0.2
POL1 -23.526 0.000 0 2.754 1.756 20.7-2.5
POL2 -22.886 0.000 0 2.786 1.788 19.7-2.6
KJ -21.544 0.000 0 2.981 2.028 62.4 4.4
PSPC -18.010 0.000 0 2.855 1.857 19.3-3.1
RER(pol) -14.644 0.000 0 2.945 1.991 18.4-5.3

structure1′ E ∆E Ni O‚‚‚O O‚‚‚H R â

ASP-W a -17.211 2.417 1 2.998 2.057 55.8 8.7
ASP-W b -16.311 3.317 1 3.050 2.110 12.8 9.0
ASP-W2 a -17.957 3.115 1 2.992 2.042 52.2 5.5
ASP-W2 b -16.968 4.104 1 3.049 2.102 12.8 7.1
ASP-W4 -17.906 2.969 1 3.000 2.049 49.8 5.1

structure1′′ E ∆E Ni O‚‚‚O O‚‚‚H R â γ

ASP-W -19.628 0.000 0 2.972 2.0028 64.6-7.8 11.5

a E (kJ mol-1) is the binding energy,∆E (kJ mol-1) is the energy
relative to the global minimum,Ni is the Hessian index (the number of
imaginary intermolecular frequencies), and the geometrical parameters
(distances in Å and angles in deg) are given according to the definitions
of Figure 1.bRef 30.

TABLE 6: Binding Energy and Geometry of Stationary
Point (3) of the Water Dimer Potential Energy Surface
Obtained from ab Initio Calculations and Various
Polarizable Potentials

structure3 Ea ∆E Ni O‚‚‚O O‚‚‚H R â

ab initiob 2.845 2 2.926 1.971 169.1 115.2
ASP-W -15.262 4.366 2 3.083 2.127 182.5 120.4
ASP-W2 a -16.027 5.045 2 3.074 2.118 177.6 119.7
ASP-W2 b -15.750 5.322 2 2.856 2.171 127.4 88.2
ASP-W2 c -15.704 5.368 3 2.969 2.131 145.3 100.8
ASP-W4 a -16.235 4.640 2 3.077 2.120 179.4 121.2
ASP-W4 b -15.881 4.994 3 2.975 2.132 146.1 104.2
NEMO1 -18.456 2.327 1 2.939 1.985 174.4 113.6
NEMO2 -17.932 1.790 1 2.931 1.976 175.1 115.3
NEMO3 -18.427 1.691 1 2.951 2.002 171.4 108.6
NCC -20.658 0.673 1 2.970 2.014 176.5 116.8
CKL -21.269 1.930 1 2.987 2.031 176.0 113.6
SK -17.987 1.028 1 2.840 1.883 179.2 111.0
POL1 -23.304 0.222 1 2.755 1.755 180.5 107.5
POL2 -22.665 0.221 1 2.787 1.787 180.9 107.8
KJ -19.684 1.860 1 2.956 2.006 171.5 111.7
PSPC -17.817 0.193 1 2.856 1.856 181.7 108.3
RER(pol) -14.450 0.194 1 2.947 1.989 184.8 110.3

a See note to Table 5.bRef 30.

TABLE 7: Binding Energy and Geometry of the Stationary
Points (2, 4) of the Water Dimer Potential Energy Surface
Obtained from ab Initio Calculations and Various
Polarizable Potentials

structure2 Ea ∆E Ni O‚‚‚O O‚‚‚H
R1

ψ1
c

R2

ψ2
c

R3

ψ3
c

ab initiob 2.803 1 2.926 1.969 113.7 134.7 169.3
-173.4 -26.5 28.1

ASP-W -15.702 3.926 2 2.912 2.158 88.1 166.4 134.8
163.0 -107.9 99.0

ASP-W2 -16.411 4.661 2 2.926 2.132 92.8 162.0 139.4
169.4 -62.6 84.9

ASP-W4 -16.265 4.610 2 2.897 2.152 90.4 164.5 133.8
-178.2 76.9-67.7

structure4 Ea ∆E Ni O‚‚‚O O‚‚‚H R â ψc

ab initiob 5.146 1 2.776 2.266 112.0 68.0 141.3
ASP-W -17.330 2.298 2 2.895 2.372 113.9 66.1 115.0
ASP-W2 -18.664 2.408 1 2.809 2.336 109.8 70.2 134.0
ASP-W4 -17.571 3.304 1 2.839 2.355 110.8 69.2 136.7
NEMO1 -17.460 3.323 1 2.806 2.225 118.1 61.9 112.8
NEMO2 -15.265 4.457 1 2.869 2.320 115.7 64.3 117.4
NEMO3 -16.721 3.397 1 2.851 2.277 117.7 62.3 127.8
NCC -17.552 3.779 1 2.858 2.324 114.6 65.4 134.0
CKL -17.699 5.500 1 2.972 2.311 125.7 54.3 105.5
SK -13.584 5.431 1 2.864 2.244 121.6 58.4 127.3
KJ -16.053 5.491 1 3.074 2.472 120.8 59.2 125.6

a See note to Table 5.bRef 30.cDihedral angles:ψ1 ) H1b-O1-
O2-H2a. ψ2 ) H1a-O1-O2-H2a. ψ3 ) H2b-O2-O1-H2a.ψ
) H2b-O2-H2a-O1.
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1 and1′ of the water dimer in a cavity model,68 where structure
1′ has been found to be a local minimum.
3. Planar Cyclic Dimer (Structure6). This stationary point

has been studied many times by theoretical calculations, as have
the linear and bifurcated ones.69,70 SSPSR30 found it to be an
index-3 stationary point, lying 6.4 kJ mol-1 above the global
minimum and 0.8 kJ mol-1 below the bifurcated dimer. ASP-
W, ASP-W2, NEMO2, CKL, and KJ are in good agreement

with the ab initio result. NCC finds it to have index 2 and to
be only 4.1 kJ mol-1 above the global minimum. With POL2,
PSPC, and RER(pol), the planar cyclic dimer is a true saddle
point.
4. Bifurcated Dimer (Structure9). The geometry obtained

by the ASP, NEMO, NCC, and POL2 potentials appears to be
satisfactory. The energy relative to the global minimum is in
good agreement with the ab initio result for all the potentials,

TABLE 8: Binding Energy and Geometry of Stationary Points (4′, 5) of the Water Dimer Potential Energy Surface Obtained
from ab Initio Calculations and Various Polarizable Potentials

structure4′ Ea ∆E Ni O‚‚‚O
O‚‚‚H
O‚‚‚H

R1

R2

â1

â2

ψ1
c

ψ2
c ψ3

c

ASP-W -17.841 1.787 1 2.841 2.343 111.8 66.6 -140.5
2.341 111.9 66.4 81.8 -152.7

ASP-W4 a -17.338 3.537 1 2.864 2.349 109.4 68.5 -89.6
2.399 113.1 65.8 151.7 153.7

ASP-W4 b -17.324 3.551 2 2.873 2.353 110.2 68.6 -101.0
2.399 113.6 66.1 148.4 161.4

structure5 Ea ∆E Ni O‚‚‚O O‚‚‚H R â ψ1
c ψ2

c

ab initiob 6.318 2 2.753 2.274 109.6 70.3 162.2 172.2
ASP-W -16.342 3.286 1 2.839 2.354 110.9 68.9 135.9 171.1
ASP-W2 -17.818 3.254 1 2.789 2.325 109.1 70.7 -141.8 -170.0
ASP-W4 -17.131 3.744 1 2.801 2.339 109.0 70.7 -147.0 -168.3
NEMO1 -15.734 5.049 1 2.841 2.275 117.1 62.9 129.3 175.5
NEMO2 -13.953 5.769 1 2.900 2.365 114.8 65.1 135.7 176.0
NEMO3 -16.008 4.110 2 2.865 2.298 117.1 62.8 152.8 177.3
CKL -16.124 7.075 1 3.004 2.361 124.1 55.9 122.8 175.4
SK -13.047 5.968 2 2.883 2.266 121.4 58.5 160.6 -175.4
KJ -15.319 6.225 1 3.048 2.463 119.3 60.7 147.3 176.7

a See note to Table 5.bRef 30.cDihedral angles:ψ1 ) H1b-O1-H1a-O2. ψ2 ) H2b-O2-H2a-O1. ψ3 ) H2a-O2-O1-H1a. ψ1 )
H2b-O2-H2a-O1. ψ2 ) H2a-O2-O1-H1a.

TABLE 9: Binding Energy and Geometry of Stationary Point (5′) of the Water Dimer Potential Energy Surface Obtained from
Various Polarizable Potentials

structure5′ Ea ∆E Ni O‚‚‚O
O‚‚‚H
H‚‚‚O

R1

R2

â1

â2

ψ1
b

ψ2
b ψ3

b

ASP-W a -16.072 3.556 2 2.880 2.374 112.6 67.3 142.0
2.374 112.5 67.4 101.6 -172.6

ASP-W b -16.105 3.523 1 2.872 2.334 114.9 65.2 142.3
2.407 109.5 69.2 88.5 -163.8

NEMO1 -15.643 5.140 2 2.855 2.213 123.5 58.6 158.7
2.392 109.3 68.4 119.3 -175.0

NEMO2 -13.953 5.769 2 2.900 2.381 113.7 66.0 130.9
2.351 115.9 64.4 141.7 -175.9

CKL -16.045 7.154 2 3.013 2.336 127.2 59.0 155.7
2.422 119.6 54.1 112.6 -175.0

KJ -15.319 6.225 2 3.048 2.468 118.8 61.0 145.2
2.457 119.8 60.4 149.8 176.7

a See note to Table 5.bDihedral angles:ψ1 ) H1b-O1-H1a-O2. ψ2 ) H2b-O2-H2a-O1. ψ3 ) H2a-O2-O1-H1a.

TABLE 10: Binding Energy and Geometry of Stationary
Point (6) of the Water Dimer Potential Energy Surface
Obtained from ab Initio Calculations and Various
Polarizable Potentials

structure6 Ea ∆E Ni O‚‚‚O O‚‚‚H R

ab initiob 6.401 3 2.740 2.276 108.5
ASP-W -14.199 5.429 3 2.824 2.394 106.8
ASP-W2 -15.689 5.383 3 2.794 2.362 106.9
ASP-W4 -15.869 5.006 3 2.786 2.368 105.9
NEMO1 -15.057 5.726 3 2.870 2.326 115.5
NEMO2 -13.598 6.124 3 2.918 2.398 113.7
NEMO3 -15.957 4.161 3 2.868 2.304 116.9
NCC -17.182 4.149 2 2.850 2.326 113.8
CKL -15.439 7.760 3 3.036 2.419 122.0
SK -13.034 5.981 3 2.885 2.269 121.4
POL1 -17.082 6.444 1 2.822 2.144 123.5
POL2 -16.403 6.483 1 2.860 2.183 123.6
KJ -15.171 6.373 3 3.026 2.454 118.2
PSPC -12.590 5.420 1 2.939 2.269 123.3
RER(pol) -9.950 4.694 1 3.037 2.404 123.1

a See note to Table 5.bRef 30.

TABLE 11: Binding Energy and Geometry of Stationary
Point (9) of the Water Dimer Potential Energy Surface
Obtained from ab Initio Calculations and Various
Polarizable Potentials

structure9 Ea ∆E Ni O‚‚‚O O‚‚‚H R

ab initiob 7.238 1 2.944 2.452 111.4
ASP-W -13.836 5.792 1 2.987 2.518 110.2
ASP-W2 -14.712 6.360 1 2.979 2.510 110.2
ASP-W4 -15.142 5.733 1 2.970 2.502 110.1
NEMO1 -12.304 8.479 1 3.035 2.564 110.6
NEMO2 -12.054 7.668 1 3.058 2.585 110.7
NEMO3 -11.179 8.939 1 3.075 2.602 110.8
NCC -14.867 6.464 1 3.017 2.546 110.4
CKL -10.625 12.574 1 3.225 2.745 111.7
SK -11.110 7.905 1 3.029 2.558 110.5
POL1 -13.762 9.764 1 2.987 2.544 106.5
POL2 -13.547 9.339 1 3.019 2.574 106.8
KJ -11.030 10.514 1 3.238 2.758 111.8
PSPC -11.088 6.922 1 3.073 2.625 107.1
RER(pol) -10.859 3.785 1 3.109 2.633 111.0

a See note to Table 5.bRef 30.
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except for RER(pol) (too low) and CKL and KJ (too high). All
the potentials used find the bifurcated dimer to be a true saddle
point (index 1). One published ab initio calculation has found
structure9 to be a minimum,71 but it seems now that it is
definitely a saddle point.72

An MP2 study by Vos et al. with two basis sets (DZP′ and
ESPB) finds the cyclic and bifurcated dimers respectively about
3.7-4.3 and 6.9-8.0 kJ mol-1 above the global minimum.70

This is in acceptable agreement with SSPSR, who found energy
differences of 6.4 and 7.2 kJ mol-1, respectively. The results
for the intermolecular potentials are more scattered, but the
energy order is consistent, except for the RER(pol) potential,
which finds the bifurcated structure to be lower than the planar
cyclic one by 0.9 kJ mol-1.
5. Triply-Hydrogen-Bonded Dimer (Structure7). SSPSR30

found this structure to be an index-2 stationary point lying 9.2
kJ mol-1 above the global minimum. All the polarizable
potentials considered find a corresponding index-2 structure,
and ASP and RER(pol) find it to be significantly nearer in
energy to the global minimum, while CKL, POL1, and POL2
place it significantly higher.

6. Doubly-Bifurcated Dimer (Structure8). From the ab initio
calculation, this structure with four H-bonds is an index-3
stationary point lying 18.6 kJ mol-1 higher than the global
minimum. As for the triply-hydrogen-bonded dimer, all the
potentials considered agree with this characterization. With the
ASP potentials, this stationary point is lower in energy, by about
6.5 kJ mol-1, and the intermolecular distances are shorter. PSPC
and RER(pol) also find a lower energy for this structure. For
RER(pol) we found two structures of this type8 (reported in
Table 1) plus a third one, lying 0.003 kJ mol-1 higher than the
one at-4.933 kJ mol-1, with a very similar geometry but a
Hessian index of 4. This particular structure is most probably
an artifact of the numerical calculations and has not been
reported in Table 14.
D. Intermolecular Vibrational Frequencies. As the water

molecules are treated as rigid bodies, each molecule in the dimer
has six degrees of freedom: three translations and three
rotations. The intermolecular normal modes and their frequen-
cies were obtained by diagonalization of the 12× 12 GF
matrix.56,73

Table 15 gives the harmonic frequencies for each of the
intermolecular modes of the minimum energy dimer for the
polarizable potentials studied, together with some ab initio
results.74-76 Experimental frequencies are also given, although
they are not directly comparable because they are fundamental
frequencies and because they were measured for the dimer in a
nitrogen matrix.77 The frequencies are grouped by symmetry
and given in order of decreasing frequency for each symmetry.
Of the threeA′ modes, the highest-frequency one is normally
the in-plane H-bond shear (in the terminology of Owicki et al.78),
which is an “antigeared” bending motion, the next is the in-
plane H-bond bend, which is a “geared” bending motion, and
the lowest-frequency mode is the H-bond stretch. Of theA′′
modes, the highest-frequency mode is an out-of-plane shear
(“antigeared”), the next is an H-bond torsion, and the lowest-
frequency mode is an out-of-plane bend (“geared”). These are
illustrated in ref 78, and animated illustrations of the modes
for ASP-W4 can be viewed by users of the World Wide
Web.79

Most potentials and ab initio calculations overestimate the
A′ andA′′ shear mode frequencies and underestimate theA′

TABLE 12: Binding Energy and Geometry of Stationary
Point (7) of the Water Dimer Potential Energy Surface
Obtained from ab Initio Calculations and Various
Polarizable Potentials

structure7 Ea ∆E Ni O‚‚‚O O‚‚‚H O‚‚‚H R â

ab initiob 9.247 2 2.871 2.620 2.570 95.1 61.3
ASP-W -13.599 6.029 2 2.956 3.172 2.523 68.3 35.8
ASP-W2 -14.005 7.067 2 2.947 3.069 2.542 73.7 42.8
ASP-W4 -14.274 6.601 2 2.934 3.004 2.537 76.6 44.7
NEMO1 -11.471 9.312 2 2.998 2.940 2.601 84.1 45.2
NEMO2 -10.927 8.795 2 3.029 2.891 2.661 89.0 50.4
NEMO3 -10.779 9.339 2 3.045 3.058 2.630 80.2 41.6
NCC -13.242 8.089 2 2.986 2.774 2.637 93.3 53.2
CKL -10.297 12.902 2 3.207 3.245 2.766 79.2 36.1
SK -9.701 9.314 2 3.010 2.752 2.650 96.2 51.6
POL1 -11.520 12.006 2 2.976 2.953 2.567 102.6 60.0
POL2 -11.195 11.691 2 3.012 2.612 2.736 103.8 60.8
KJ -10.575 10.969 2 3.251 3.232 2.827 82.7 40.4
PSPC -8.897 9.113 2 3.074 2.643 2.812 106.1 62.5
RER(pol) -7.851 6.793 2 3.140 2.637 2.920 113.1 68.6

a See note to Table 5.bRef 30.

TABLE 13: Binding Energy and Geometry of the
Stationary Points (10, 10′) of the Water Dimer Potential
Energy Surface Obtained from ab Initio Calculations and
Various Polarizable Potentials

structure10 Ea ∆E Ni O‚‚‚O O‚‚‚H R

ab initiob 12.803 2 3.126 2.630 112.3
ASP-W -9.948 9.680 3 3.131 2.655 111.2
ASP-W2 -10.921 10.151 3 3.107 2.632 111.0
ASP-W4 -10.918 9.957 3 3.115 2.640 111.1
NEMO1 -9.420 11.363 2 3.162 2.685 111.4
NEMO2 -9.293 10.429 2 3.189 2.710 111.5
NEMO3 -8.776 11.342 2 3.196 2.717 111.6
NCC -12.265 9.066 2 3.099 2.625 111.0
CKL -8.530 14.669 2 3.292 2.810 112.1
SK -9.529 9.486 2 3.088 2.614 110.9
POL1 -12.317 11.209 2 3.026 2.581 106.8
POL2 -12.165 10.721 2 3.057 2.610 107.0
KJ -8.828 12.716 2 3.315 2.832 112.2
PSPC -10.015 7.995 2 3.109 2.660 107.4
RER(pol) -10.099 4.545 2 3.138 2.661 111.2

structure10′ Ea ∆E Ni O‚‚‚O O‚‚‚H R1 R2

ASP-W -10.412 9.216 2 3.089 2.622 52.2 172.2
ASP-W2 -11.309 9.763 2 3.076 2.608 47.1 173.0
ASP-W4 -11.021 9.854 2 3.101 2.629 35.9 175.1

a See note to Table 5.bRef 30.

TABLE 14: Binding Energy and Geometry of the
Stationary Points (8, 9′) of the Water Dimer Potential
Energy Surface Obtained from ab Initio Calculations and
Various Polarizable Potentials

structure8 Ea ∆E Ni O‚‚‚O O‚‚‚H R

ab initiob 18.577 3 3.385 3.144 60.1
ASP-W -8.530 11.098 3 3.086 2.911 67.1
ASP-W2 -8.684 12.388 3 3.096 2.954 71.1
ASP-W4 -8.226 12.649 3 3.118 2.973 70.7
NEMO1 -4.551 16.232 3 3.379 3.230 70.8
NEMO2 -4.554 15.168 3 3.442 3.280 71.5
NEMO3 -4.746 15.372 3 3.355 3.219 72.2
NCC -6.064 15.267 3 3.268 3.129 71.7
CKL -4.821 18.378 3 3.411 3.235 67.6
SK -5.115 13.900 3 3.216 3.081 72.1
POL1 -6.616 16.910 3 3.145 2.963 76.9
POL2 -6.500 16.386 3 3.180 3.108 76.9
KJ -5.373 16.171 3 3.549 3.370 67.5
PSPC -5.252 12.758 3 3.242 3.171 77.2
RER(pol) a -5.255 9.389 3 3.332 3.249 77.9
RER(pol) b -4.933 9.711 3 4.093 4.019 79.7

structure9′ Ea ∆E Ni O‚‚‚O O‚‚‚H R

CKL -1.562 21.637 2 3.127 2.652 111.2

a See note to Table 5.bRef 30.
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stretch frequency. The same assignment is generally found,
except for the empirical potentials KJ, POL1, POL2, PSPC, and
RER(pol), for which theA′′ torsion has lower frequency than

the A′ bend. The best values for the shear modes are those
obtained by the NCC potential. ASP-W4 gives the best agree-
ment with the experimental value for theA′ bend frequency.

Figure 2. Hierarchy of the stationary points of the water dimer potential energy surface for various intermolecular potentials including polarizability,
and ab initio results of SSPSR:30 (a) MP2/6-31G+G(d,p) level, (b) idem., including an estimated BSSE correction. The numbers refer to structures
of Figure 1. For each structure, the line style symbolizes the Hessian index: (s) Ni ) 0; (- - -) Ni ) 1; (- - -) Ni ) 2; (‚‚‚) Ni ) 3.
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IV. Interchange of Hydrogen Atoms in the Water Dimer

A. General Considerations. The molecular symmetry
group of the water dimer comprises 16 operations, generated
as follows. For moleculeA, the O atom is labeleda and the H
atoms 1 and 2. Similarly the atoms of moleculeB areb, 3,
and 4. Then the symmetry group is generated by the permuta-
tion (ab)(13)(24) that exchanges the two molecules, the
permutations (12) and (34) that exchange the H atoms within
each molecule, and the inversionE* of the entire system in the
center of mass. The equilibrium geometry hasCs symmetry,
containing only two operations, so there are 8) 16/2 equivalent
versions of the global minimum structure1 of the water dimer.80

All of these versions are connected by low-energy paths on the
PES, one corresponding to interchange of hydrogens in the
proton acceptor and the other to interchange of donor and
acceptor.81 These paths pass through the saddle points (index-1
stationary points) of the PES, which therefore play a central
role in understanding the rotational and vibrational spectra of
the water dimer.30,33,82

B. Interchange of Hydrogen Atoms in the Acceptor
Molecule. This interchange corresponds to an internal motion
around an unbroken H-bond. Smith et al. find a pathway
through structure2 (Ni )1) with a barrier height equal to 2.80
kJ mol-1 at the MP2/6-31+G(d,p) level, their best estimate
being 2.47 kJ mol-1. Wales found a barrier of 2.1 kJ mol-1

through structure2 at the BSSE-corrected MP2/DZP+diff
level.33

For the polarizable potentials we have considered, structure
2 is found to be a stationary point (Ni ) 2) only for the ASP
potentials. According to ASP-W4 there are two stationary
points with structure3; one of these corresponds to the ab initio
structure3 and, like it, hasNi ) 2 ; the other has a more strongly
bent hydrogen bond andNi ) 3. ASP-W2 finds the same two
structures, with slightly different geometrical parameters, and

a third that has a very strongly bent hydrogen bond andNi ) 2.
For all the other potentials, structure3 is a saddle point, and no
stationary point has been found corresponding to structure2.
The barrier1f 3 is found to be close to 0.2 kJ mol-1 for POL1,
POL2, PSPC, and RER(pol), 0.67 kJ mol-1 for NCC, and 1.03
kJ mol-1 for SK, values that seem to be much too small. For
the ASP potentials, transitions through structures2 or 3 occur
with higher energy barriers (4-5 kJ mol-1).
C. Interchange of Donor and Acceptor Molecules.Ac-

cording to Smith et al., the minimum energy pathway is through
structure4with a barrier of 3.64 kJ mol-1 for their best estimate.
Wales reports a barrier of 2.4 kJ mol-1 through the same
transition state.33

For the intermolecular potentials POL1, POL2, PSPC, and
RER(pol), there are no stationary points with this structure. For
the ASP potentials, structure4 and related structures4′, 5, and
5′ have lower energy than structures2 or 3, which is a point of
disagreement with the ab initio results of Smith et al. The other
potentials give results more in line with the ab initio study,
uncorrected for BSSE, where structure4 is higher in energy
than structure3 by about 2 kJ mol-1. However, SSPSR have
estimated the BSSE correction for structures3 and4, and this
correction brings these structures very close in energy (0.5 kJ
mol-1).
We note that although structures5 and5′ are stationary points

for ASP-W, NEMO1, NEMO2, CKL, and KJ, no stationary
point with structure5 is found for SK, NEMO3, and ASP-W2,
and neither of these stationary points is found for NCC, POL1,
POL2, PSPC, and RER(pol).
Structure6 is also close in energy to structures of types4,

4′, 5, and5′ and has index 3 for all the potentials except POL1,
POL2, PSPC, and RER(pol), for whichNi ) 1, and surprisingly
NCC for whichNi ) 2.
The barrier height through structure4 varies from 2.3 to 5.5

kJ mol-1 depending on the potential.
D. Interchange of Hydrogen Atoms in the Donor Mol-

ecule. This pathway has a barrier through structure9 equal to
7.87 kJ mol-1 according to SSPSR (best estimate) and 5.7 kJ
mol-1 according to Wales (BSSE-corrected MP2/DZP+diff
level). ASP-W4 agrees well with the latter value.
For the polarizable potentials, structure9 is a true saddle

point, but its energy varies between 3.8 and 12.6 kJ mol-1 above
the minimum energy dimer.

V. Second Virial Coefficient

A. Theory. The Helmholtz free energy of a real gas
composed of asymmetric top molecules at sufficiently low
density can be written83-85

whereU12 is the potential energy of a pair,F the force on one
molecule,M the molecular mass, andTR the component in the
molecular inertial axis reference frame of the torque about the
R axis of one molecule for which the moment of inertia isIRR.
The first term on the right-hand side of eq 6 is the ideal gas

TABLE 15: Intermolecular Fundamental Frequencies
(cm-1) of the Water Dimer (H2O)2 in an N2 Matrix, and
Harmonic Frequencies Calculated ab Initio and Using
Polarizable Intermolecular Potentials. The Modes are
Grouped According to Symmetry and Listed in Order of
Decreasing Frequency

A′ A′′

experimenta 320 243 155 520
DFT-BPb 393 205 145 663 159 137
HF/6-31G**c 375 175 142 605 145 121
HF/6-31G ext.c 356 174 142 589 153 129
HFd 362 187 146 649 166 145
MP2d 398 220 178 715 193 155
ASP-W 393 187 151 555 181 54
ASP-W2 426 189 130 543 139 41
ASP-W4 408 192 177 566 147 83
NCC 299 166 114 510 125 90
NEMO1 403 214 127 627 168 117
NEMO2 371 189 128 599 168 116
NEMO3 406 205 135 609 141 109
CKL 445 254 142 678 189 107
SK 358 198 129 556 136 92
POL1 410 218 182 633 148 46
POL2 402 213 181 623 148 46
KJ 384 204 170 592 169 107
PSPC 345 186 162 539 132 45
RER(pol) 292 160 148 471 126 43

a Experimental results, ref 77.bDFT calculation, harmonic frequen-
cies, ref 74.cHartree-Fock calculation, harmonic frequencies, ref 75.
d 6-31G* basis plus diffuse function on oxygen, harmonic frequencies,
ref 76.

F ) Fid - kT
N2

2V
∫ 〈e-U12/kT - 1〉ω1ω2

dr +

Np2

24(kT)2 [〈F2〉

M
+ ∑

R

〈TR
2〉

IRR
] -

Np2

24
∑
cyclic

(2IA -
IA

IBIC
) +

O(p4) (6)

762 J. Phys. Chem. A, Vol. 102, No. 4, 1998 Millot et al.



contribution, the second is the classical term due to the
intermolecular interactions assumed to be limited to interactions
of pairs, an approximation valid at low density, and the last
two terms are the quantum corrections to orderp2.
The pressure is defined by

and the virial expansion

leads to the definition of the virial coefficients.

At low density, the virial expansion can be truncated at the
second term, and we have

with

where〈 〉0 means the low density limit of〈 〉/F, with F the number
density.
B(T) can thus be written as the sum of the classical second

virial coefficient

and the translational and rotational first quantum corrections

B. Calculation Details. Monte Carlo numerical integration
was used to evaluate the multidimensional integrals arising in
eqs 11 and 12. The distanceR between the molecular centers
of mass is varied from 0.075 to 45 au in steps of 0.075 au; for
each value, 10 000 orientations of both molecules are chosen
at random to evaluate the orientationally averaged Mayer

TABLE 16: Experimental Values (cm3 mol-1) of the Second
Virial Coefficient B(T) of Water vs T (K) from Various
Sources. The Numbers in Parentheses Give Estimates of the
Error

year

T (K) 1967-68a 1984b 1988c 1988d 1989e 1995f

273.2 -1782.8-1855.6 -1723.3
323.2 -801.7 -816.1 -815.4
373.2-580 -452.7 -454.0-451.0(18) -458.6
423.2-330(5) -292.0 -291.8-288.1(10)-275.0(7) -293.8
448.2-264(2) -240.6(4) -239.5(6) -243.9
473.2-211(4) -204.1 -205.4-203.0(2) -200.8(1) -206.2
523.2 -151.9 -149.8(0.3) -153.4
573.2-117.5(0.5) -115.1 -117.1 -115.8(0.5) -118.5
623.2 -90.6 -93.6
673.2 -73.4(0.1) -73.5(0.3) -75.1
723.2 -59.1 -60.7
773.2 -49.9(0.3) -49.4
873.2 -33.1
973.2 -22.5

aRef 40, 41.bRef 42, quoted by Guissani and Guillot.34 cRef 92.
dRef 87.eRef 43. f Ref 93.

TABLE 17: Classical Second Virial CoefficientBcl(T) of Water for Various Polarizable Potentials and the Experimental
Results. Values Are Given in cm3 mol-1. Rd Is the Minimum Distance between the Centers of Mass Required To Avoid the
Multipolar Catastrophe

T/K ASP-W ASP-W2 ASP-W4 NEMO1 NEMO2 NEMO3 NCC expta

373.2 -448.0 -528.4 -505.0 -372.4 -315.9 -351.3 -594.7
423.2 -288.1 -331.4 -318.8 -231.1 -200.2 -220.3 -358.4 -275.0
448.2 -239.0 -272.4 -262.7 -188.3 -164.3 -180.0 -289.9 -239.5
473.2 -201.6 -228.1 -220.4 -155.9 -136.7 -149.5 -239.3 -200.8
523.2 -149.3 -166.8 -161.6 -110.7 -97.7 -106.5 -170.7 -149.8
573.2 -114.8 -127.2 -123.4 -81.3 -71.9 -78.3 -127.4 -115.8
673.2 -73.2 -80.1 -77.8 -46.2 -40.5 -44.2 -77.2 -73.5
773.2 -49.5 -53.8 -52.3 -26.5 -22.6 -24.9 -50.0 -49.9
873.2 -34.5 -37.4 -36.2 -14.4 -11.4 -12.8 -33.2
973.2 -24.3 -26.3 -25.4 -6.8 -3.9 -4.6 -22.1
Rd/Å 1.5 1.5 2.3 2.3 2.4 2.7 2.0

T/K CKL SK POL1 POL2 KJ PSPC RER(pol) expta

373.2 -536.7 -228.1 -480.6 -434.6 -484.8 -200.2 -261.1
423.2 -321.0 -147.8 -288.9 -266.5 -308.3 -133.3 -192.5 -275.0
448.2 -259.1 -122.2 -233.7 -217.1 -255.1 -111.5 -168.3 -239.5
473.2 -213.5 -102.4 -192.9 -180.2 -215.0 -94.4 -148.6 -200.8
523.2 -152.0 -74.0 -137.6 -129.5 -159.2 -69.3 -118.5 -149.8
573.2 -113.2 -54.8 -102.4 -97.0 -122.7 -52.1 -96.7 -115.8
673.2 -68.1 -31.0 -61.5 -58.5 -78.7 -30.3 -67.5 -73.5
773.2 -43.5 -17.2 -39.0 -37.0 -53.6 -17.4 -49.1 -49.9
873.2 -28.2 -8.4 -25.0 -23.5 -37.6 -9.0 -36.5
973.2 -18.0 -2.4 -15.7 -14.5 -26.6 -3.2 -27.5
Rd/Å 2.5 0.1 2.6 2.6 1.5 1.5 1.4

aRef 43.

P) - (∂F∂V)N,T (7)

P) NkT
V [1+ N

V
B(T) + (NV)

2
C(T) + ...] (8)
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function f(R) ) 〈exp(-U12(R)/kT) - 1〉ω1ω2, the mean square
force〈F2 exp(-U12(R)/kT)〉ω1ω2, and the mean square torque〈TR

2

exp(-U12(R)/kT)〉ω1ω2. The three contributions to the virial
coefficient are then obtained by numerical integration of these
functions ofR.
We have recently repeated some of these calculations using

a Sobol’ quasi-random sequence86 of orientations instead of a
random sequence. This gives much more uniform coverage of
the configuration space and faster convergence, with an error
more nearly proportional toN-1 for N points than toN-1/2. The
ASP-W2 and ASP-W4 values have all been recalculated this
way, but for potentials where the calculated values are far from
experimental we have not thought it necessary.
For polarizable potentials, an additional problem arises in such

calculations. At very short range, where the potential should
be repulsive, a notorious divergence in the computation of the
induced moments can occur. This will inevitably occur with

potentials in which the induction interactions are not damped
at short range. This is the case for all the potentials used in the
present work, except SK and the three ASP potentials. The
SK potential takes into account the overlap of the charge
distributions at short range and automatically damps the
electrostatic and induction interactions. The ASP potentials use
an explicit damping function for the induction interactions,
which ensures that the induction energy remains finite at all
distances, but it still becomes unphysically large and negative
at short distances before approaching zero asRf 0. Evidently
the damping is not satisfactory at such small separations, though
it appears to be reasonable at thermally accessible distances.
Divergences in the energy also arise from the multipole
expansion of the electrostatic interaction, which is not damped
like the induction and dispersion (though a penetration term is
included in the repulsion term), and for the ASP potentials, such
divergences become troublesome at intermolecular distances

TABLE 18: Second Virial Coefficient (cm3 mol-1) B(T) of Water, Including Quantum Corrections, for Various Polarizable
Potentials, and the Experimental Results

T/K ASP-W ASP-W2 ASP-W4 NEMO1 NEMO2 NEMO3 NCC expta

373.2 -381.8 -444.3 -415.0 -301.1 -260.5 -287.2 -496.6
423.2 -255.5 -291.4 -275.7 -196.4 -172.0 -188.4 -312.9 -275.0
448.2 -214.8 -243.2 -231.1 -162.6 -143.0 -156.3 -257.0 -239.5
473.2 -183.2 -206.1 -196.5 -136.3 -120.3 -131.2 -214.7 -200.8
523.2 -137.8 -153.4 -147.0 -98.5 -87.3 -95.0 -155.9 -149.8
573.2 -107.1 -118.3 -113.7 -73.2 -64.8 -70.5 -117.7 -115.8
673.2 -69.2 -75.6 -72.9 -41.9 -36.6 -40.1 -72.4 -73.5
773.2 -47.1 -51.2 -49.3 -24.0 -20.3 -22.4 -47.1 -49.9
873.2 -33.0 -35.7 -34.3 -12.7 -9.8 -11.2 -31.4
973.2 -23.3 -25.1 -24.0 -5.6 -2.7 -3.5 -20.9

T/K CKL SK POL1 POL2 KJ PSPC RER(pol) expta

373.2 -421.5 -192.8 -394.6 -362.0 -409.8 -175.7 -246.0
423.2 -269.7 -129.5 -250.5 -233.3 -272.8 -120.3 -183.7 -275.0
448.2 -222.5 -108.4 -206.3 -193.2 -229.3 -101.5 -161.4 -239.5
473.2 -186.6 -91.7 -172.7 -162.4 -195.5 -86.5 -143.1 -200.8
523.2 -136.1 -67.1 -125.4 -118.9 -147.3 -64.2 -114.7 -149.8
573.2 -103.0 -50.1 -94.7 -90.1 -114.8 -48.5 -94.0 -115.8
673.2 -63.1 -28.5 -57.6 -55.0 -74.7 -28.3 -66.0 -73.5
773.2 -40.6 -15.6 -36.7 -34.9 -51.2 -16.2 -48.1 -49.9
873.2 -26.4 -7.3 -23.6 -22.2 -36.1 -8.2 -35.9
973.2 -16.7 -1.6 -14.7 -13.5 -25.6 -2.6 -27.0
aRef 43.

TABLE 19: Details of the Quantum Corrections for the Second Virial CoefficientB(T) (cm3 mol-1) of Water for Some
Polarizable Potentials. ∆Bqu

trans(T) and ∆Bqu
rot(T) Are the Corrections Arising from Translational and Rotational Molecular

Degrees of Freedom, Respectively

T/K ASP-W ASP-W2 ASP-W4 NEMO1 NEMO2 NEMO3 NCC CKL

∆Bqu
trans(T)

373.2 5.0 6.3 5.9 4.5 3.2 3.8 6.9 10.2
423.2 2.4 3.0 2.8 2.2 1.6 1.9 3.2 4.6
448.2 1.8 2.2 2.1 1.6 1.2 1.4 2.3 3.3
473.2 1.4 1.6 1.6 1.2 0.9 1.1 1.7 2.4
523.2 0.9 1.0 1.0 0.7 0.6 0.7 1.0 1.4
573.2 0.6 0.7 0.7 0.5 0.4 0.5 0.7 0.9
673.2 0.3 0.4 0.3 0.3 0.2 0.3 0.3 0.5
773.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.3
873.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
973.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

∆Bqu
rot(T)

373.2 61.2 77.7 84.1 66.8 52.2 60.3 91.2 105.0
423.2 30.1 36.9 40.3 32.5 26.6 30.0 42.3 46.7
448.2 22.3 27.0 29.5 24.1 20.0 22.3 30.7 33.3
473.2 17.0 20.4 22.3 18.4 15.4 17.2 22.9 24.5
523.2 10.6 12.4 13.7 11.5 9.9 10.8 13.8 14.5
573.2 7.1 8.2 9.0 7.6 6.7 7.3 9.0 9.3
673.2 3.7 4.1 4.6 4.0 3.6 3.8 4.5 4.5
773.2 2.2 2.4 2.7 2.3 2.2 2.3 2.6 2.6
873.2 1.4 1.6 1.8 1.6 1.5 1.5 1.7 1.6
973.2 1.0 1.1 1.2 1.1 1.0 1.0 1.2 1.1
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shorter than about 2 Å. For each polarizable model, we indicate
in Table 17 the distanceRd between the centers of mass, below
which divergence of the potential energy becomes troublesome.
When the potential is sufficiently repulsive, the orientationally

averaged Mayer functionf(R) is constant and equal to-1. For
the polarizable potentials, we have setf(R) ) -1 for intermo-
lecular distances less thanRd to bypass the divergence problem.
This proved to be effective for all the models except POL1,
POL2, and NEMO3, for which the potential was not sufficiently
repulsive atRd. For these potentials the problem of the induction
divergence can occur at intermolecular distances where the
potential is not strongly repulsive. In such cases, we defined
the distanceRd′ at which f(R) starts to deviate from-1 and

f(R) has been linearly interpolated betweenRd′ andRd for the
integration overR.
C. Results. Experimental results forB(T) from various

groups are given in Table 16. There is some doubt about the
best values; the last column gives values calculated from the
fitted function in the CRC Handbook, for which no source is
cited. The scatter between the different sets of values in Table
16 is attributed by Eubank et al.87 to systematic errors in the
experiments caused by adsorption of water on the walls of the
apparatus, which leads to values that are too low. Kell et al.,
in their 1989 experiments,43 took great care to avoid errors from
this source, and their results are likely to be more reliable than
the earlier ones.

Figure 3. Second virial coefficientB(T) of water including first-order quantum corrections (cm3mol-1) for some polarizable intermolecular potentials.
The experimental values of ref 87 (set III) are shown by error bars, and those of ref 43 by diamonds. (a) ASP-W, ASP-W2, ASP-W4, NCC, and
NEMO1-3; (b) PSPC, POL1-2, RER(pol), SK, CKL, and KJ.
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The calculated results for the second virial coefficient are
given in Tables 17-19 and Figure 3. Analysis of subaverages
and repetition of some calculations indicate that the error bars
on the reported values ofB(T) are roughly(1% in general, but
(3% for values smaller than 50 cm3 mol-1 and up to( 10-
20% for values smaller than 5 cm3 mol-1. This holds for all
the potentials except POL1, POL2, and NEMO3, for which the
error bars are roughly twice as large because of the uncertainties
in the proper integration of the orientationally averaged Mayer
function, as explained in the preceding section.
From these results, we can see that the second virial

coefficient is very model-dependent. The simpler nonpolariz-
able models often differ more substantially from each other,
but even the polarizable potentials fitted to ab initio calculations

lead to significantly different results. The comparison of the
binding energies of the PES global minimum (Table 5) with
numerical values ofB(T) for each potential clearly shows that
it is not possible to correlate these properties unambiguously.
B(T) is indeed a global property of the PES, very sensitive to
the global minimum region but not exclusively so.

Our results forBcl(T) for ASP-W are obtained from a better
sampling than in the original paper.24 For NCC, we are in exact
agreement with the calculation in the literature.18 For CKL,
our results range from 5% less negative than in the original
work17 at 423 K to 6.5% less negative at 673 K; on the other
hand, for KJ, our values are roughly 2-3% more negative. We
attribute these discrepancies to differences in the sampling.

Figure 4. Orientationally averaged pseudopotentialU0(R) (kJ mol-1) (see text for definition) for some polarizable water models vs the center of
mass separationR (Å) at 373 K: (a) ASP-W, ASP-W2, ASP-W4, NCC, and NEMO1-3; (b) PSPC, POL1-2, RER(pol), SK, CKL, and KJ.
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Computation of the quantum corrections reveals that, between
373 and 973 K, they are in the range 5-15% irrespective of
the potential used and that about 90% of the correction arises
from the rotational degrees of freedom. These findings are in
qualitative agreement with similar calculations by De Santis and
Gregori44 for the TIP4P and MCY potentials and are linked to
the small moments of inertia of the water molecule. However,
with TIP4P and MCY, the quantum corrections are larger than
with the polarizable models (20-25% at 373 K).
When the first-order quantum corrections are included, the

best agreement with the most recent experimental values43 is
found for the KJ, ASP, and NCC potentials. Surprisingly, the
NEMO potentials, obtained from fitting to high-quality ab initio
calculations, give values forB(T) that are not negative enough.

The RER(pol) potential, which has the smallest binding energy
for the minimum energy dimer (-14.6 kJ mol-1), leads
nevertheless toB(T) in reasonable agreement with experiment
at the highest temperature. At first sight, this is surprising but
it is understood by examination of the orientationally averaged
Mayer functionf(R) or the orientationally averaged pseudopo-
tentialU0(R) defined byf(R) ) e-U0(R)/kT - 1, which is shown
in Figures 4 and 5 for the temperatures 373 and 973 K,
respectively. In the case of RER(pol),U0(R) exhibits a second
broad minimum near 4.5 Å, contributing to more negative values
of B(T) than would otherwise have been expected. The
existence of this second minimum can be understood by plotting
the energy of particular dimers with respect to the distanceR
between the centers of mass. This is illustrated in Figure 6,

Figure 5. Orientationally averaged pseudopotentialU0(R) (kJ mol-1) (see text for definition) for some polarizable water models vs the center of
mass separationR (Å) at 973 K: (a) ASP-W, ASP-W2, ASP-W4, NCC, and NEMO1-3; (b) PSPC, POL1-2, RER(pol), SK, CKL, and KJ.
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where such curves are given for RER(pol), ASP-W2, and NCC,
starting from the geometries of three stationary points (linear,
planar cyclic, and bifurcated dimers for each potential). ASP-
W2 and NCC have a monotonicR -dependence whenR is larger
than 3.2 Å, but the energy curves for RER(pol) exhibit an
inflexion near 4.8 Å. This behavior is an artifact of RER(pol)
and is not shared by the other potentials.
From these calculations, it is possible to delineate some basic

features of a water model that are needed to reproduce the
second virial coefficient correctly over a wide range of tem-
peratures. As we have already noticed, KJ, ASP-W2, ASP-
W4,and NCC all reproduceB(T) satisfactorily. However,U0(R)
for KJ has a repulsive wall at largerR than the other three. In
the repulsive wall region, all the potentials coincide ap-
proximately, except KJ, CKL, RER(pol), and PSPC (see Figures
4 and 5). The ab initio potentials ASPs, NCC, and NEMOs
are expected to be more accurate than the others, so it is likely
that the behavior ofU0(R) in the hard wall region predicted by
these potentials is the correct one. Two other important features
of theU0(R) curves are the position and energy of the minimum.
From Figures 4 and 5 one can observe large discrepancies
between the various models. It is particularly clear at 973 K
(Figure 5) that POL1, POL2, RER(pol), PSPC, and NEMO
potentials are too high in energy at the minimum.
Calculations at 323 K led toBcl ) -921 cm3mol-1 and∆Bqu

) 195 cm3 mol-1 for ASP-W4;Bcl ) -990 cm3 mol-1 and
∆Bqu ) 224 cm3 mol-1 for ASP-W2; andBcl ) -1168 cm3

mol-1 and∆Bqu ) 270 cm3 mol-1 for NCC, showing that the
first-order quantum corrections amount to some 21-23% of the

classical value; this is roughly twice as large as was found with
two Stockmayer models of water45,46and a modified polarizable
Stockmayer model.47 At 273 K, the experimental value of
-1782.8 cm3mol-1 has been given;42we found-1467,-1559,
and -1992 cm3 mol-1 for ASP-W4, ASP-W2, and NCC,
respectively (with quantum corrections included, representing
between 32 and 35% of the classical value). Taking into account
that the experimental value is probably slightly too negative
(see Table 16), it can be expected that ASP-W4 and ASP-W2
are probably quite accurate down to 273 K.
Recently Mas et al.88 have developed new potentials for water

dimer fitted to symmetry-adapted perturbation theory calcula-
tions. Their best potential gives values ofB(T) that are very
close to the experimental values, with deviations similar in
magnitude to those for the ASP-W2 and ASP-W4 potentials.
The uncertainty in the experimental values is such that it is not
possible to discriminate between their potential and ours on the
basis of the virial coefficient.

VI. Conclusions

As we have seen, the calibration of the potential to reproduce
the best ab initio calculations on the minimum energy dimer
does not ensure that the topology of the potential will be correct.
Most of the polarizable potentials tested use a simple functional
form and have been empirically parametrized, so they almost
certainly lead to an oversimplified potential energy surface. The
new ab initio potentials ASP-W4 and ASP-W2 presented in the
present work and others from the literature appear to give a
more detailed picture of the PES, but none agree exactly with
the results of the study of Smith et al. (SSPSR)30 in the energy
ordering of the stationary points and their Hessian indices.
Nevertheless, we should bear in mind that the topology of the
PES, particularly the Hessian index, is quite sensitive to the
basis set used and also that although the ab initio stationary
points used as a reference were obtained from high-quality ab
initio calculations, they were not corrected for basis set
superposition error, and the geometries and energies of the
stationary points relative to the minimum energy structure would
change if this correction were applied.
It thus appears from this study that the polarizable potentials

available can lead to quite different results for the dimer PES
and for the pathways for interchange of the hydrogen atoms.
Even the potentials calibrated using ab initio calculations are
not consistent with each other. Ab initio calculations including
correlation are very difficult to carry out accurately. We
therefore need other methods to test the quality of potentials.
The new ASP-W2 and ASP-W4 potentials give values of the

second virial coefficientB(T) that are close to experiment in
the range 373-973K when first-order quantum corrections are
included. The quantum corrections are substantial, amounting
to 10-15% of the classical value at 373 K, 20-25% at 323 K,
and 30-35% at 273 K, and about 90% of the corrections arise
from rotational degrees of freedom. The virial coefficient is
by no means a complete test of a potential energy surface and
in particular has nothing to tell us about many-body effects,
but this agreement is encouraging. Other polarizable water
potentials from the literature do not perform as well; in fact
only one of them is really successful in reproducingB(T),
namely, the potential due to Kozack and Jordan,23 which was
fitted specifically to reproduceB(T), although the NCC poten-
tial,18 based on ab initio calculations, is also good in this respect.
The recent potential by Mas et al.88 also performs very well,
and in view of the uncertainty in the experimental values it is
not possible to discriminate between their potential and ours
on the basis of the virial coefficient.

Figure 6. Dimer energy (kJ mol-1) vs center of mass separationR
(Å) for the linear (l), planar cyclic (p), and bifurcated (b) dimers for
three potentials. Each curve is drawn starting at the stationary point of
the potential energy surface and varying the distanceR between the
centers of mass without changing the orientations of the molecules.
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Many more tests are required to check the quality of a
potential. For example, it is known from molecular dynamics
simulations that the Kozack-Jordan potential does not repro-
duce the liquid structure correctly at 300 K23 and that the
Niesar-Corongiu-Clementi one gives the wrong pressure.18

The ASP-W potential has given good results for the tunnelling
splittings in the water dimer spectrum,89,90but the new potentials
have not yet been tested in this way. Spectroscopic results are
now available for the small water clusters up to (H2O)6, and
these will provide another valuable test-bed for water potentials,
since they will explore the validity of the many-body description.
Comparisons between the predictions of the ASP-W2 and ASP-
W4 potentials and ab initio calculations for water clusters up
to the pentamer show that they are in excellent agreement in
general.91

We consider that the success of our potentials shows the value
of the approach that we have adopted: that is, to work within
a perturbation-theory framework, and to use the best available
ab initio method to evaluate each contribution to the poten-
tial. This approach helps to clarify the limitations in each con-
tribution to the potential and to identify ways of overcoming
them.
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