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Accurate counterpoise-corrected SCF+MP2 total and partitioned interaction energies are reported at ten
stationary points on the water-dimer potential energy surface. For further analysis, separate energy components
were obtained using symmetry-adapted perturbation theory (SAPT). An interaction optimized basis set (IOM)
of 136 functions was employed. At the global equilibrium geometry the binding energy for this basis is 1 kJ
mol�1 less than the value at the basis set limit, but the relative energies at the remaining stationary geometries
are much more precise. The new IOM data have been used to test the quality of several water–water potentials
including SIBFA, ASP-W4, TAP, SAPT-5s and SAPT-5st. Focussing on the relative energies with respect to
that of the global minimum, the r.m.s. deviations from the IOM data are found to vary from 0.4 to 3.5 kJ
mol�1, those of the SAPT-5s(t) potentials being much the smallest. Inspection of the separate components of the
SAPT-5s(t) potentials shows, however, that their components do not properly reflect the physics of the
interaction, due to shortcomings in the chosen functional forms. It is suggested that a combination of successful
ingredients of the various potentials may yield a water potential that is fairly simple, transferable to larger water
clusters and yet more accurate than those currently available.

1. Introduction

More analytical potentials have probably been developed for
water than for any other system and, as we will show, the accu-
racy of some recent potentials is remarkable. Nevertheless,
there is still room for improvement. Let us first analyze the
present situation.
The long range part of the potentials is usually modelled

using monomer properties. These are now known very pre-
cisely, and the absolute and relative errors in this part of the
potential can be kept very small. The short range part is much
less well known. This is where the wavefunctions of different
molecules overlap significantly, giving rise to penetration terms
in the long-range components of the interaction energy, as well
as to exchange energies arising from the Pauli principle. To
guide model development in this region, some authors use
water dimer ab initio interaction energies or components
thereof. Other authors resort to the use of experimental data
such as spectral information or virial coefficients.
Clearly there is a large variety of design strategies, and the

need arises to compare the quality of potentials in someobjective
manner. It was recognized by Millot and Stone1 that the set of
stationary points on the water dimer potential energy surface
constitutes a convenient benchmark for such comparisons,
and they employed the ten stationary points identified in
SCF+MPn calculations by Smith et al.2 for this purpose. These
show a variety of O–H� � �O contacts: open, cyclic, bifurcated,
andmultiply hydrogen bonded. All structures represent minima
along the R coordinate which separates the molecules, and so

provide information on the short-range overlap effects.Whether
we are dealing with the global minimum (Hessian indexN ¼ 0),
a saddle point (N ¼ 1) or ahigher order stationary point is deter-
mined entirely by the mutual orientations of the molecules and
so the anisotropy of the short-range effects is sampled as well.
The structures 2, 4 and 9, which are the saddle points on the

surface, govern the dynamical processes in a dimer as well as in
larger water clusters. They characterize the lowest-energy
paths for interconversions among the eight equivalent N ¼ 0
structures and their barrier heights determine the relative ease
of these interconversions.2 Tunneling processes occur along
these paths, giving rise to the tunneling splittings observed in
recent years in the rotational–vibrational-tunneling (VRT)
spectra of the dimer3 and this information can be used to tune
a potential if one desires to describe such spectra accurately.
Since the value of kT at room temperature corresponds to 2.5

kJmol�1 it seems reasonable to require that the errors in relative
energies produced by analytical model potentials do not exceed
1 kJ mol�1. In extensive comparisons of a large number of ana-
lytical potentials with Smith’s data, Millot and coworkers4

found errors in most of the then available potentials much lar-
ger than this. Indeed, the number of stationary points and their
Hessian indices differed for some model potentials and even
the potentials derived on the basis of ab initio calculations were
not consistent with each other. It was not clear whether the
potentials or the ab initio calculations were to blame for the
discrepancies. Three different basis sets were used in Smith’s
ab initio work, but only the smaller two (viz. 6-31+G(d,p)
and 6-31+G(2d,2p)) were applied at all ten geometries. In
the latter calculations the basis set superposition error (BSSE)
was not corrected for, even though the (presumably smaller)
BSSE in the third and largest basis set was found to affect the
energy differences between different stationary points. Thus
this study was not systematic enough to provide a reliable set
of relative energies for the stationary points.4,5
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Our aims in the present study are as follows. The first is to
present more accurate SCF+MP2 ab initio interaction ener-
gies at Smith’s geometries. In addition, to analyze the weak
and strong points of the analytical potentials we present accu-
rate ab initio results for separate components of the interaction
energy. Unlike the total energies, these separate energy compo-
nents may depend strongly upon the precise geometries used
for the various stationary points, and this was the reason for
using a fixed set of geometries (viz. those of Smith et al.) rather
than the optimum stationary geometries corresponding to a
given potential model.
Next, on the basis of these data we assess the accuracy of

some recent water–water potentials, most of which were not
covered in the study by Millot et al., viz. SIBFA,6–8 ASP-
W4,4 SW,5 TAP,9 VRT-ASPW,10 SAPT-5s11 and SAPT-
5st.12 The ab initio results that we present employed Mooij’s
interaction optimized basis set labelled IOM. Its composition
is O: 5s3p3d2f1g; H: 2s2p. This basis was chosen for a variety
of reasons. Firstly, this basis was optimized by Mooij et al.9 for
the methanol dimer and then used to derive the TAP potential.
Hence, by comparing the TAP data and the IOM ab initio data
for the water dimer we have a direct check of the accuracy and
the transferability of the TAP model. Secondly, a comparison
of water dimer binding energies at the global minimum for a
series of basis sets of increasing accuracy showed9 that the
IOM results are of the same accuracy as those obtained using
the cc-pVQZ and the aug-cc-pVTZ basis sets, which are signif-
icantly larger than IOM. In particular, all three basis sets yield
SCF interaction energies within 0.2 kJ mol�1 from the Har-
tree–Fock limit, and all three yield MP2 interaction energies
that are about 1.0 kJ mol�1 above the MP2-limit, the most
important shortcoming of these sets being that they underesti-
mate the dispersion part of the MP2 energy by about 10%.
Since this underestimation will occur for all orientations the
relative energies of the stationary points will be little affected
by this error. We return to this point in section 3 where we will
show that the average error in MP2/IOM relative energies
compared to the best ab initio data currently available13,14 is
only 0.2 kJ mol�1. We conclude that the IOM results are ade-
quate as a reference to test the quality of analytical model
potentials. Finally, the small size of the IOM basis was an
advantage in subsequent work14 in which we performed coun-
terpoise-corrected SCF+MP2 geometry optimizations for the
water dimer stationary points.
After completion of the present study, Burnham and

Xantheas15 published a paper which complements our work.
These authors compared some analytical water–water poten-
tials, including the ASP potentials, to MP2 ab initio energies
in the aug-cc-pVTZ basis. This was done by mapping the opti-
mal energies and structures for dimers restricted to Cs , C2 , Ci

or C2v symmetry as a function of the intermolecular O–O
separation. The ASP family of potentials was found to fit the
ab initio data best. Their ab initio results at the stationary
points within each symmetry will be compared to the present
data in section 3.

2. Ab initio methods employed in this work

Geometries for the stationary points 1–10 (cf. Fig. 1) were
taken from Smith et al.2 However, instead of using their opti-
mized monomer geometries, which differ for each stationary
point, fixed experimental monomer geomtries were used
throughout (OH 0.9572 Å and HOH 104.52�). The same
choice is usually made in defining the analytical potentials.
Cartesian coordinates defining the present geometries are
available as ESI.y
In discussing our results we employ the following notations.

Starting the dimer SCF calculation from monomer SCF wave-
functions one obtains the zeroth iteration Heitler–London
total dimer energy. Subtracting the monomer energies from

this one obtains the Heitler–London interaction energy DEHL.
This may be partitioned into a coulomb and an exchange
repulsion part by separately calculating the electrostatic energy
Ecoul between the monomer SCF charge distributions:

DEHL ¼ Ecoul þ Eexch

Next, iterating the dimer to self-consistency one obtains the
delocalization energy DEdeloc which may be partitioned in
induction and charge transfer parts according to

DEdeloc ¼ Eind þ Ect

by separately calculating an induction energy Eind .
The total SCF interaction energy is then

DESCF ¼ DEHL þ DEdeloc

Treating electron correlation at the MP2 level gives an extra
interaction energy, DEMP2, which includes a dispersion energy,
Edisp , as well as correlation corrections to all previous terms
(Ecoul , Eexch , Eind and Ect). The final total interaction energy
becomes DESCF +MP2 or DE for short.
The SAPT calculations on the separate components of the

energy yield results such as E12
pol;resp, where the superscripts

refer to the order of this term in the intermolecular potential
and in the intramolecular fluctuation potential, respectively.
The subscript ‘pol ’ refers to the coulomb term and ‘resp ’
indicates that monomer orbital relaxation is taken into
account.16,17

Various additional choices have to be made in actual
ab initio calculations of the above quantities. In the present
work the monomer wavefunctions needed to partition DE SCF

to an Heitler–London part and a delocalization part were
obtained using the full basis set of the dimer (‘DCBS’). This
has the advantage that DEHL is closer to the basis set limit than

Fig. 1 Sketch of the ten water dimer stationary geometries as deter-
mined by Smith et al.2
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when the monomers employ only their own basis set.18 More-
over, by starting from DCBS descriptions, no BSSE enters
DEHL or DEdeloc, and no BSSE correction is necessary. The cal-
culation of DEMP2 likewise employs monomer MP2 energies in
DCBS, and again no BSSE correction is necessary. That is, we
employ the counterpoise method which we denote by the label
CP. In a few cases we have, in addition, generated interaction
energies uncorrected for BSSE (‘noCP’). Here the monomer
energies were calculated using their own basis set only.
The present calculations were carried out using the ATMOL

system of programs,19 including its local extensions SERVEC
for vector manipulations20 and INTACAT for MP2 and
E20

disp dispersion energy calculations21 (cf. section 6). The TUR-
TLE program22 was used to calculate the ESMMO

ind induction
energies of section 7. The SAPT96 program23 was used to eval-
uate the SCF level and correlated components of the inter-
action energy. Except where noted otherwise, basis sets with
five d, seven f, nine g sets of polarization functions were
employed and no frozen-core options were invoked.

3. Ab initio results at the stationary geometries

The ab initio results computed in this work are summarized in
Table 1. We started by recalculating Smith’s 6-31+G(d,p) data
using the present geometrical choices. The total DEs are given
in column 2. As in Smith et al., these data are not corrected for
BSSE (noCP). To remedy this, we provide the corresponding
counterpoise corrected data in column 3 (CP). To show the
role of using a slightly larger basis set we quote in column
4 the results obtained by Smith et al. at the MP4/6-
31+G(2d,2p) level (no counterpoise). (No MP2 results were
reported for this basis set, but the difference between DEMP4

and DEMP2 is small for the water dimer). Finally, in columns
5–8 we give the total DE for the IOM basis set, as well as some
partitioned energies that we will need in later sections. For
completeness, column 9 lists the correlation contribution
Ecorr

SAPT to the SAPT interaction energy Eint ¼ DE SCF+Ecorr
SAPT

as it is provided by the SAPT96 program.
The energy at the global minimum is significantly different in

columns 2–5. However, for most applications in which one
employs analytical model potentials only relative energies are
important. We therefore focus on the relative energies with
respect to that of the global minimum, i.e. in each column
we take the energy of the global minimum as reference

energy. Root mean square deviations (rmsd) between the
relative energies in a given column and those in the IOM col-
umn are given in the lower lines of Table 1.
The results confirm that Smith’s data are not precise

enough. Although the rmsd is reduced by applying the coun-
terpoise method (column 3) or by using a larger set of polariza-
tion functions (column 4) the resulting rmsd of 1.1 kJ mol�1

are still not good enough to use these energies as a reference
for testing model potentials, because, as we will show below,
some of the newer model potentials are at least as accurate.
The high accuracy of some recent water–water models raises

the question whether the present MP2/IOM data are accurate
enough to assess the quality of these models. In Table 2 we
therefore compare the MP2/IOM data to the best ab initio
data that were available to us. The data are partly taken from
a forthcoming paper on the geometries of the water dimer sta-
tionary points,14 since this paper reports IOM results and
‘best ’ results at the same geometries. In addition to total DE
at geometry 1, calculated by a variety of methods, Table 2 lists
relative energies at geometries 2–10, taking the DE at geometry
1 as reference. Columns 2 and 3 show CP and noCP MP2
energies in the IOM basis set, using geometries optimized at
the CP MP2/IOM level of theory.14 The latter geometries
were also used in column 4, which shows the results of
MP2-R12 calculations, and in column 5 which lists the ‘best
ab initio ’ data from ref. 14, based on a combination of the
MP2-R12 data and CCSD(T) results in the IOM basis set.
Similar ‘best ab initio ’ data (but at differently optimized geo-
metries) have recently been reported by Tschumper et al.13 and
these are shown in column 6. The table concludes with the
noCP MP2/aug-cc-pVTZ results recently obtained by Burn-
ham and Xantheas.15

Let us first consider our choice to use the counterpoise pro-
cedure for calculating MP2 interaction energies when using the
IOM basis set. There is evidence that CP and noCP MP2 inter-
action energies calculated for hydrogen-bonded systems in the
aug-cc-pVXZ (X ¼ TZ through 6Z) series of basis sets lie
about equally far from the MP2 complete basis set (CBS)
limit.24 Taking the agreement with CBS as the criterion of
accuracy it was concluded that removal of BSSE by applying
the counterpoise principle does not bring about an increase
of accuracy and so may as well be omitted in this class of appli-
cations. This conclusion was reinforced by the observation that
for the aug-cc-pVDZ basis, the smallest member of the series,
the noCP result is often markedly closer to CBS than the CP
result.

Table 1 Ab initio SCF+MPn interaction energies (kJ mol�1) in several basis sets at the ten stationary points of the water dimer;a the rmsd and

maximum deviations given in the lower lines refer to the relative energies for geometries 2–10, using the entry for geometry 1 as reference

MP2 MP2 MP4 MP2
Partitioning of MP2(IOM)

6-31+G(d,p) noCP 6-31+G(d,p) CP 6-31+G(2d,2p) noCP IOM CP DEHL DEdeloc DEMP2 Ecorr
SAPT

b

1 �25.97 �19.53 �22.42 �19.51 �5.40 �9.56 �4.55 �4.96

2 �23.26 �17.53 �19.62 �17.53 �5.30 �8.11 �4.12 �4.49

3 �23.19 �17.71 �19.32 �17.42 �5.63 �7.85 �3.94 �4.28

4 �21.00 �17.07 �18.24 �16.50 �6.36 �4.69 �5.45 �5.87

5 �19.71 �16.22 �16.90 �15.66 �6.22 �4.04 �5.40 �5.62

6 �19.58 �16.27 �16.69 �15.53 �6.41 �3.81 �5.31 �5.49

7 �17.16 �12.80 �14.72 �12.29 �6.24 �2.31 �3.75 �4.75

8 � 7.45 � 4.40 � 6.73 �4.61 �2.46 �0.53 �1.63 �2.45

9 �19.06 �13.49 �14.93 �11.40 �5.58 �2.82 �2.99 �4.07

10 �13.83 �10.20 �10.54 �8.10 �4.76 �1.63 �1.71 �2.56

Rmsd (rel) 2.0 1.1 1.1 [0.0]

Max. dev. 3.6 2.1 1.8 [0.0]

a The MP4 results are frozen-core data taken from ref. 2. They refer to the geometries as determined by Smith et al. All other entries were

calculated in the present work, correlating all electrons and employing fixed monomer geometries as described in the text.
b Ecorr

SAPT ¼ e1pol;CCSD + e1exch(CCSD)+ tE22
ind +

tE22
exch�ind +E20

disp +E20
exch;disp + e2disp(2).
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Turning now to the present calculations, and taking the
MP2-R12 results in column 4 to represent the MP2 CBS limit
one notes that the CP MP2/IOM result at the global minimum
(column 3, line 1) lies 0.9 kJ mol�1 above the CBS limit while
the noCP result (column 2, line 1) lies as much as 2.4 kJ mol�1

below it. Thus for the IOM basis set the interaction energy is
distinctly improved by applying the counterpoise procedure.
A second (and more fundamental) reason for using CP-cor-

rected interaction energies in the present paper is that, accord-
ing to the counterpoise theorem,25 they precisely represent the
physics of the interaction, as rendered by the method and basis
set that one employs and so they offer a more rigorous basis
for judging the physics as described by an analytical model
potential than interaction energies contaminated by BSSE.
The advantages of using counterpoise-corrected data become

even more apparent when one looks at the relative interaction
energies at geometries 2–10 which, after all, are the key data in
this paper. Comparing the CP-corrected MP2 relative energies
for the IOM basis set (column 3) to the MP2-R12 results in
column 4 one notes a striking agreement. The rmsd between
these energies is only 0.3 kJ mol�1, and the maximum devia-
tion is only 0.6 kJ mol�1. These errors are smaller, as we shall
see, than the errors in the analytical potentials that we want to
examine. On the other hand, the errors between the noCP
IOM results (column 2) and the MP2-R12 data are about three
times larger (rmsd ¼ 1.0 kJ mol�1 and max. deviation 1.6 kJ
mol�1) so these noCP data are about as poor as Smith’s noCP
MP4 data quoted in Table 1.
Comparing the CP IOM MP2 data (column 3) to the ‘best

ab initio ’ results from ref. 14 (column 5) one might have
expected some deterioration of the agreement, since there is
no reason why MP2 results should be uniformly close to data
based on CCSD(T) results. However, the agreement actually
becomes slightly better (rmsd ¼ 0.2 kJ mol�1, max. deviation
0.3 kJ mol�1). Very similar errors are noted when comparing
with the ‘best ab initio ’ data reported by Tschumper et al.13

(column 6). We conclude that our use of CP MP2/IOM data
as benchmark data at Smith’s geometries is justified.
An alternative set of benchmark data could have been the

SAPT total interaction energies Eint which became available
in the later stages of this work. These differ from the MP2/
IOM DE by the differences between columns 8 and 9 of Table
1. The differences resemble the change that occurs when going
from MP2 to CCSD(T) (cf.Table 2 columns 4 and 5), confirm-
ing the view11 that the high-level SAPT results in Table 1, col-
umn 9 are roughly of MP4 quality. However, such an
improvement in the correlation level without simultaneously

increasing the quality of the basis actually deteriorates the
agreement with ‘best ’ ab initio such as those in columns 5
and 6 of Table 2 and so this alternative was not considered
further.
The final column of Table 2 shows the relative energies at

geometries 4, 5 and 9 which were recently obtained in noCP
MP2/aug-cc-pVTZ calculations by Burnham and Xantheas.15

Keeping in mind that geometrical differences prevent us from
making a rigorous comparison one may tentatively conclude
that these results are somewhat closer to the MP2-R12 data
than the noCP data for the IOM basis set, but not as close
as the CP IOM data. It may well be that for the aug-cc-pVTZ
basis too, even though its BSSE is less than for the IOM basis,
the accuracy of relative energies is markedly improved when
the data are counterpoise corrected. Evidence for this comes
from the study of Xantheas et al.24 on the structures and
energies of water clusters. They reported MP2 CBS relative
energies for the cage, book and ring structures of the water
hexamer, relative to that of the prism structure, of 0.03, 0.25
and 1.0 kcal mol�1, respectively. The corresponding results
for the aug-cc-pVTZ basis were mediocre (0.11, 0.47 and
1.57, respectively) when noCP data were used, but the CP data
were accurate (0.10, 0.28 and 1.03 ). The CP aug-cc pVDZ
relative energies were also accurate (0.13, 0.26 and 0.95 kcal
mol�1, respectively) while the noCP relative energies were
poor. The basic reason for these CP data performing so well
is probably that in comparing relative energies of different
equilibrium structures or higher-order stationary points of a
given system one is comparing the energies of structures which
have similar dispersion energies. While underestimation of the
dispersion energy is often one of the main errors in the MP2
interaction energy, this error will tend to cancel in calculating
relative energies and so these may be quite accurate provided
that BSSE (which apparently varies more randomly) is elimi-
nated. Similar conclusions have been reached in a recent study
of the barrier to rotation in the C2H4� � �SO2 complex.26

4. Model potentials considered

Of the many available water–water model potentials, several
were already compared in Millot et al.4 Of these, we here
included only the ASP-W4 potential, which was among the
best in their comparison. In addition we tested the SIBFA
and SW potentials as well as some more recent ones. A brief
description of the characteristics of these potentials is as
follows.

Table 2 Comparison of the ab initioMP2 interaction energies (kJ mol�1) in the IOM basis set at the ten stationary points of the water dimer to the

best ab initio results available. For geometries 2–10 the energies relative to those at geometry 1 are shown, and the rmsd refer to these energies only;

high-level optimized geometries were used, as discussed in the papers quoted

MP2 IOM noCP MP2 IOM CP MP2-R12 Best ab initio CP Best ab initio noCP MP2 aug-cc-pVTZ noCP

Ref. 14 Ref. 14 Ref. 14 Ref. 14 Ref. 13 Ref. 15

1 �22.93 �19.66 �20.52 �20.65 �20.88 �21.67a

2 2.28 1.98 2.09 2.18 2.17 –

3 2.50 2.15 2.26 2.37 2.37 –

4 3.72 2.96 2.95 3.10 2.93 3.47

5 4.60 3.84 3.86 3.95 3.98 3.69

6 4.69 3.99 3.99 4.14 4.16 –

7 9.23 7.82 8.12 7.78 7.59 –

8 16.55 14.67 15.26 14.87 14.94 –

9 9.42 7.72 8.05 7.72 7.48 8.37

10 13.32 11.27 11.75 11.47 11.34 –

Rmsd (rel) 1.0b 0.3b , 0.2c , 0.2d

Max.dev. 1.6b 0.6b , 0.2c , 0.3d

a The corresponding CP corrected result is �19.71 kJ mol�1.24 b Deviations from the MP2-R12 data in column 4. c Deviations from the best

ab initio data in column 5. d Deviations from the best ab initio data in column 6.
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SIBFA, ‘Sum of interactions between fragments ab initio
computed’. This is an all-atom transferable potential that
has been parametrized for several types of atoms by fitting
on ab initio (mostly SCF) energies. It was first presented in
19866 and has been repeatedly refined in recent years.7,8 The
SIBFA model has been applied to numerous H-bonded com-
plexes and generally provides equilibrium geometries and equi-
librium binding energies in good agreement with the
corresponding ab initio data.
ASP, ‘Anisotropic site potential ’. This is a family of water–

water potentials fitted on ab initio dimer energies. It was first
presented in 19921 and refined more recently. We considered
the most accurate version, ASP-W4.4 The ASP-W4 model
has been shown to yield equilibrium geometries and binding
energies for water clusters in good agreement with ab initio
data.27 We also tested the VRT-ASPW potential. This is a var-
iant of ASP-W4 in which the repulsion term was tuned to fit
the water dimer VRT spectrum.28

SW, ‘Systematic potential for water ’. This is one of the ‘ sys-
tematic ’ potentials proposed by Wheatley.5 Their aim is to
achieve good accuracy while relying as little as possible on
dimer ab initio energies.
TAP, ‘Transferable ab initio intermolecular potential ’. This

all-atom potential was derived by Mooij et al.9 by fitting to
methanol dimer and trimer ab initio data. The TAP model
has successfully been applied in the ‘ab initio ’ prediction of
the crystal structures of alcohols and saccharides.29 We here
employ only the O and H parameters of this potential, in com-
bination with MP2 atomic multipole moments specifically
derived for water, as described in ref. 9.
SAPT-5s(t), ‘Symmetry adapted perturbation theory poten-

tial with five distinct sites per molecule ’. The SAPT-5s poten-
tial11 was fitted on over 2000 water dimer energies calculated
by SAPT theory. Vibrationally averaged monomer geometries
were employed. This leads to a slight increase in the interaction
energies, but we expect the relative energies at the stationary
points to be insensitive to this. In the tuned version SAPT-
5st the repulsion term was empirically adapted to fit the water
dimer far-IR VRT spectrum.12

In each of these models, the interaction energy is a sum of
several components

DE ¼ Ecoul þ Erep þ Eind þ Ect þ Edisp

In the ASP-W4 and the SIBFA potentials each term is fitted
separately, but in the TAP, SW, and the SAPT-5s(t) potentials
the charge transfer effects are absorbed in the repulsion term.
The size of the repulsion term is fixed by fitting to the total
ab initio DE for TAP and SAPT5s(t) and to second virial coef-
ficients for SW. In SAPT-5s(t) the induction and dispersion
terms are fitted together as ‘ long-range’ ¼ Eind+Edisp . There
are numerous further differences between the models, for

instance in the number of sites employed and in the quality
of the ab initio data used in the fitting procedure. Some of these
differences will be considered in more detail in the following
sections, where we compare the separate energy components
of the various models to suitable ab initio counterparts. Har-
tree–Fock level ab initio descriptions and correlated ab initio
descriptions (calculated using SAPT) were generated for this
purpose.

5. Coulomb energy

The first four columns of Table 3 list some ab initio coulomb
energy results that may serve to judge the quality of the cou-
lomb models in columns 5–8. The first column shows the Ecoul

results obtained by Gresh from partitioned SCF calculations
using the CEP 4–31G(2d) basis set.30 In the terminology of
SAPT, these are E10

pol values. The monomers were described
using their own basis set (‘MCBS’). The next column has
E10

pol values as well, but here the IOM basis was employed,
and the monomer SCF wavefunctions were obtained using
the full dimer basis (‘DCBS’). (The use of DCBS orbitals is
the preferred choice in SAPT ab initio calculations and we
adopted it for all other SAPT calculations as well.) The third
column includes a correction for intramolecular correlation
(viz. E12

pol;resp +E13
pol;resp) which leads to a description of the cou-

lomb energy compatible with supermolecular calculations at
the MP3 level of theory.31 Similarly, column 4 lists higher-level
correlated results compatible with CCSD supermolecular cal-
culations. In basis IOM, going from the SCF level to the cor-
related MP2 level the monomer dipole moment is reduced
from 0.780 to 0.735 a.u. This reduces the dipole–dipole compo-
nent of the MP3 coulomb energy by 12%, which is about +2 kJ
mol�1 at the global minimum (geometry 1). The ab initio
results in columns 2 and 3 show a difference of only about 1
kJ mol�1 for this geometry. This may indicate that in addition
to the dipole change there is an increase of the intermolecular
overlap at the correlated level causing an increase in the
attractive penetration component of Ecoul (cf. ref. 16). This is
plausible since the first-order exchange energy, which also
depends on intermolecular overlap, increases significantly
when intramolecular correlation is accounted for (cf. Table
7, columns 8 and 9).
In Fig. 2 the various model coulomb energies are plotted

versus the ab initio results of column 4. Since the ASP-W4,
TAP and SIBFA models do not allow for penetration effects,
no rigorous agreement with the ab initio energies is to be
expected. Nevertheless, the correlation coefficients between
these model data and all four ab initio columns are high (linear
correlation coefficients r ¼ 0.997 or higher. We employ trend
lines that pass through the origin). If the multipole component

Table 3 Coulomb energies Ecoul (kJ mol�1) for the model potentials at the ten stationary points of the water dimer compared to SCF and corre-

lated ab initio data calculated using SAPT

Ab initioa Ab initiob Ab initioc Ab initiod SIBFA TAP ASP-W4 SAPT-5s(t)

�32.87 �34.71 �33.81 �33.57 �28.07 �26.26 �27.19 �14.42

�27.28 �29.63 �28.51 �28.14 �23.01 �21.75 �22.42 �12.95

�26.40 �28.90 �27.62 �27.17 �22.13 �21.02 �21.61 �13.12

�27.49 �28.66 �28.17 �28.03 �23.01 �21.19 �21.85 �22.06

�24.10 �24.99 �24.17 �23.80 �20.04 �18.44 �19.37 �21.32

�23.05 �23.79 �22.77 �22.29 �19.04 �17.52 �18.52 �21.53

�19.92 �20.65 �20.60 �20.77 �16.44 �15.20 �15.57 �19.24

�5.77 �6.25 �6.33 �6.47 �5.06 �4.45 � 4.70 �10.06

�19.00 �20.82 �20.22 �20.12 �15.69 �14.31 �15.78 �13.91

�11.13 �12.32 �11.56 �11.28 �9.46 � 8.34 �9.56 �10.16

a E10
pol calculated using the CEP4-31G(2d) basis set (MCBS).30 b E10

pol calculated using the IOM basis set (DCBS). c E1
pol ¼ E10

pol +

E12
pol;resp +E13

pol;resp calculated using the IOM basis set (DCBS). d E10
pol ¼ E10

pol + e1pol;CCSD calculated using the IOM basis set (DCBS).
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of the models carries very small errors the high r-values would
imply that the penetration component in the ab initio results is
roughly proportional to the multipole component for these ten
geometries, but in the absence of rigorous ways to assess the
multipole results we cannot exclude other explanations, such
as fortuitous cancellations of errors. The differences between
the three model columns are in keeping with the differences
between the dipole moments of the various models. The
SIBFA model is based on SCF moments, whereas correlated
moments are used in TAP and ASP-W4. Thus, as expected,
at geometry 1 the TAP result lies about 2 kJ mol�1 above
SIBFA. Likewise, the ASP-W4 dipole value (0.765 a.u.) is
higher than the TAP moment which rationalizes that the
ASP-W4 model coulomb energies lie generally in between the
TAP and SIBFA values. Thus the three models behave as
expected, suggesting that the coulomb part of these models
(using sets of multipoles at a number of sites) was adequate.
The TAP model, using multipoles up to the quadrupole at
atomic sites only, is the simplest to use in practice.
The penetration contribution to the coulomb energy is not

accounted for in these three models. Comparing the SIBFA
model result to the ab initio Ecoul value of column 1, or the
TAP model energies to the MP3-level ab initio energies in col-
umn 3, one notes that the penetration energy is always attrac-
tive (by up to 5 or 6 kJ mol�1) for the present geometries (cf.
Wheatley5). Thus, the penetration contribution to the coulomb
interaction is too large to ignore. The present models take it
into account by absorbing it in the repulsion term of the
model.
The SAPT-5s coulomb results show a large spread. The

modeling of the coulomb term in this potential differs from
that of the other potentials by the presence of damping factors
that were included to account for penetration effects. Since the
penetration energy is attractive for the present geometries one
would expect the damping to make the SAPT-5s coulomb
energies more negative than those of the other models, which
are not damped. The results show, however, that for some geo-
metries (and especially those with short O� � �H contacts, such
as 1, 2 and 3) the SAPT-5s coulomb energy is actually much
less attractive. The anomaly may partly be due to the fact that
the damping parameters were optimized in a global fit of all

adjustable parameters of the SAPT-5s model on the total
ab initio SAPT interaction energy, rather than in a fit using
only the ab initio coulomb energies. However, the anomaly
seems primarily due to the fact that in the SAPT-5s(t) model
for Ecoul all atom–atom contributions are reduced by the
damping algorithm. Consequently, the H� � �H and O� � �O
atom–atom repulsions become less repulsive, which is qualita-
tively correct. On the other hand, the H� � �O atom–
atom attractions are reduced as well. This is qualitatively
wrong since charge-overlap effects will actually increase such
attractions at the distances under consideration.32 Thus
whereas the somewhat similar damping recipe that was used
in developing the SAPT-pp potential33 led to a good fit to
the SAPT-theory coulomb energy, which includes penetration
effects, it seems that to account for penetration effects in the
SAPT-5s(t) site–site coulomb model a more refined damping
scheme than the one used here is called for. We should empha-
size that the erroneous Ecoul behaviour does not affect the
quality of the SAPT-5s(t) model total energy since, as we will
show, the flexible form assumed for the SAPT-5s(t) repulsion
term is capable of compensating errors in the other terms of
the potential.

6. Dispersion energy

Using SAPT theory together with the IOM basis set we have
calculated several ab initio dispersion energy results that may
serve to judge the quality of the dispersion models. A selection
of these data is shown in the first four columns of Table 4. The
first column shows E20

disp results. The molecular orbitals
employed were the monomer MCBS occupied and virtual
SCF MOs. The next column also shows E20

disp results, but here
(and in the next two columns) DCBS monomer orbitals were
employed. The change from MCBS to DCBS introduces
charge-transfer contributions that are seen to increase the dis-
persion energy by some 20%. Most of this change is quenched
when one adds the E20

exch disp term (column 3). The first three
columns give progressively more complete descriptions of the
dispersion energy that is present in a supermolecular MP2 cal-
culation. Finally, the fourth column includes the e2disp(2) term
that allows for the effect of intramolecular correlation on the
dispersion energy. The e2disp(2) term is seen to increase the dis-
persion attraction by 15–20%, depending on the stationary
point considered. Exchange effects may reduce this, but the
corresponding exchange correction has not yet been implemen-
ted in the SAPT program. Column 4 provides a description of
dispersion energy roughly equivalent with that of the MP4
supermolecular approach.

Fig. 2 Model versus ab initio coulomb energies of the water dimer at
the stationary points determined by Smith et al. The ab initio energies
are the SAPT results from column 4 of Table 3, which include the
effects of intramolecular correlation at the CCSD level. Of the analyti-
cal models only the SAPT-5s(t) model allows for charge penetration
effects.

Table 4 Dispersion energies Edisp(kJ mol�1) of the SIBFA, TAP and

ASP-W4 models at the ten stationary points of the water dimer; the

first four columns list selected ab initio dispersion energy results calcu-

lated using SAPT theory and the IOM basis set

Ab initioa Ab initiob Ab initioc Ab initiod SIBFA TAP ASP-W4

�8.68 �10.35 �8.49 �10.20 �7.66 �7.93 �9.39

�7.98 �9.37 �7.82 �9.26 �6.99 �7.41 �8.35

�7.86 �9.18 �7.70 �9.07 �6.90 �7.35 �8.10

�8.42 �9.96 �8.37 �9.82 �7.11 �8.08 �9.66

�8.13 �9.41 �8.09 �9.26 �6.90 �8.15 �9.27

�8.06 �9.25 �8.03 �9.09 �6.90 �8.21 �9.08

�6.50 �7.78 �6.57 �8.02 �5.44 �5.94 �8.40

�2.73 �3.24 �2.87 �3.73 �2.76 �2.36 �3.93

�6.24 �7.55 �6.32 �7.74 �5.15 �5.47 �7.81

�4.23 �4.98 �4.32 �5.29 �3.77 �3.73 �5.25

a E20
disp(MCBS). b E20

disp(DCBS). c E20
disp +E20

exch disp (DCBS). d E20
disp +

E20
exch disp + e2disp (2) (DCBS).

1174 Phys. Chem. Chem. Phys., 2003, 5, 1169–1180



To visualize the trends in the data, in Fig. 3 the model dis-
persion terms are compared to the ab initio results of column 4
of Table 4. Since the TAP model was originally fitted to E20

disp
(MCBS) energies for methanol dimer in the IOM basis set, it is
satisfying that of the present ab initio options the TAP
model agrees best with the E20

disp (MCBS) values (Table 4, col-
umn 1). The correlation coefficient is 0.986, but the TAP
values are about 6% too small. This may be due to a lack
of transferability from methanol to water or it may point to
a systematic underestimation by the TAP model of the disper-
sion energy at the rather short separations we consider here.
Another shortcoming of the TAP model is that it fails to
reproduce the trend in the dispersion energies for geometries
4, 5 and 6. Whereas TAP has only one C6 term for each
atom–atom pair, the SIBFA model has C6 , C8 and C10 disper-
sion terms. This should increase its reliability when comparing
structures with different intermolecular distances. Like the
TAP model, the SIBFA model was fitted on E20

disp (MCBS) dis-
persion energies and SIBFA too agrees best with the present
E20

disp (MCBS) ab initio data (column 1, Table 4). The SIBFA
model underestimates these energies by more than 10%, prob-
ably because it was derived for data that used a doubly polar-
ized basis less complete than IOM, but it performs better for
geometries 4, 5 and 6, and its correlation coefficient r is as
high as 0.992.
Unlike the TAP and SIBFA models, which are all-atom

models, the ASP-W4 dispersion model employs a large set
of Cn/R

n terms referring to a single site in each molecule.
The highly-correlated large-basis Cn coefficients of Wormer
and Hettema34 were used with some minor modifications.
As a result, the ASP-W4 model gives considerably more dis-
persion energy than the TAP and SIBFA models. Moreover,
the ASP-W4 show a better correlation with the correlated
ab initio data in column 4 of Table 4 than with the lower
level data in columns 1–3. However, the ASP-W4 data do not
follow the column 4 ab initio data very closely (r ¼ 0.975).
In particular, the ASP-W4 energies for geometries 1, 2
and 3 are too small, while those for 7 and 8 are rather large.
These discrepancies were already noted by Millot and
Stone.1 They thought the damping model to be responsible
for this, but the discrepancies may also be due to the use
of a single-site model.

The SAPT-5s(t) potentials do not have a separate dispersion
term, and so could not be included in this comparison.

7. Induction energy

The last three columns of Table 5 show selected results for the
induction energy taken from our SAPT calculations using the
IOM basis set. As before, DCBS molecular orbitals were used,
which implies that charge transfer contributions are included.
Thus, these data are unsuitable as a reference for the model
potentials since the latter are designed to treat local polariza-
tion effects only. We nevertheless included the SAPT data since
they were available anyway and since they allow some relevant
observations to be made. Firstly, the uncorrelated results
including exchange effects (column 6) should correspond to
the DEdeloc values of Table 1, but one notes that SAPT ser-
iously underestimates these energies. This behaviour has been
documented previously.17 It arises from the way that exchange
effects are treated in SAPT. Now, by using MCBS instead of
DCBS molecular orbitals it is possible to generate SAPT
induction energies that treat local effects only, and this might
have been a way to obtain reference data suitable for our
present purpose. However, a comparison of previously
reported35,36 MCBS water dimer induction energies with the
SMMO results presented below suggests that at the MCBS
level, too, the induction energies would be underestimated.
We have therefore not explored this option further.
The second observation is that the intramolecular correla-

tion correction (included in column 7) is not small. It tends
to increase the induction energy at all ten geometries. This is
contrary to what one expects for the long range (see below),
so it points to some (as yet unidentified) short-range attraction
mechanism at the correlated level. Possible candidates might
be increases of penetration effects and of charge-transfer effects
at the correlated level.
In view of the above considerations we looked for an alter-

native ab initio description of the induction energy in which
molecules polarize each other, but charge transfer is prevented.
Moreover, we need a method that applies antisymmetrization
from the outset. We adopted Cullen’s Strictly Monomer Mole-
cular Orbital (SMMO) method37 for this purpose. In this SCF
method, charge transfer is prevented since the molecules are
allowed to employ only their own basis set when being polar-
ized by the other molecules. This requires an approach in
which the MOs of the molecules are not orthogonal to each
other. In principle the prevention of charge transfer is not rig-
orous, since the use of truly complete basis sets on the indivi-
dual molecules would allow SMMO to recover the full SCF
interaction energy of the complex. However, in practice (for

Fig. 3 Model versus ab initio dispersion energies for water dimer. The
ab initio energies are the SAPT results from column 4 of Table 4, which
include exchange effects as well as the effect of intramolecular correla-
tion.

Table 5 Induction energies (kJ mol�1) for the SIBFA, TAP and ASP-

W4 models at the ten stationary points compared to various ab initio

results (using the IOM basis set)

Ab initioa SIBFA TAP ASP-W4 Ab initiob Ab initioc Ab initiod

�5.31 �4.85 �4.81 �4.04 �12.26 �5.56 �6.42

�4.76 �3.89 �3.96 �3.53 �10.03 �4.85 �5.52

�4.68 �3.31 �3.76 �3.40 �9.56 �4.73 �5.35

�2.70 �2.22 �2.28 �2.28 �8.39 �2.92 �3.47

�2.43 �2.26 �2.05 �2.19 �6.55 �2.64 �3.04

�2.33 �1.88 �1.94 �2.16 �5.85 �2.52 �2.86

�1.37 �0.92 �1.21 �1.27 �5.46 �1.42 �1.82

�0.35 �0.25 �0.41 �0.37 �1.41 �0.40 �0.55

�1.89 �1.30 �2.04 �1.92 �5.45 �1.83 �2.23

�1.19 �0.84 �1.37 �1.26 �2.83 �1.19 �1.44

a SMMO theory (see text). b E20
ind;resp (DCBS). c E20

ind;resp +E20
exch�ind;resp

(DCBS). d E20
ind;resp +E20

exch�ind;resp +
tE22

ind +
tE22

exch�ind (DCBS).
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conventional, atom-centred basis sets) the SMMO energy
readily converges to a numerically well-defined limit less nega-
tive than the full SCF dimer energy when enlarging the basis
set,38 because atom-centered basis functions are unsuitable
for describing wavefunction details at a neighbouring mole-
cule. We therefore identify the difference between the SMMO
and Heitler–London total energy with the induction energy
ESMMO

ind . The SMMO description of the polarization process
is more complete than that of related methods such as the
restricted variational space (RVS) method39 because it includes
the higher-order interactions between the induced moments.
Although SMMO is an SCF method, its induction energies
for water dimer should (in the long range) be numerically simi-
lar to those in correlated descriptions because here, as it hap-
pens, correlation reduces the dipole field F by 7% and enlarges
the average polarizability a by 14% so the leading 1

2(aF
2) long-

range induction terms are little affected. Our SMMO calcula-
tions employed the IOM basis set, which should give results
close to the basis set limit for this component.
The ASP-W4 and SIBFA induction models were designed

using polarizabilities obtained from monomer calculations
and the interaction is damped by a factor based on ab initio
(antisymmetrized) perturbation theory or SCF induction
energy data. The SIBFA model has anisotropic dipole polariz-
abilities on the charge centres of the localized MOs, while in
ASP-W4 there are several anisotropic polarizabilities, located
on a single site in the molecule. The SIBFA model is defined
at the SCF level, whereas ASP-W4 uses experimental as well
as correlated quantities. To allow for higher-order induction
effects, the SIBFA and ASP-W4 induction energies are
obtained in an iterative fashion.
In the TAP model there is one isotropic dipole-polarizability

at each atom. The size of these polarizabilities was found by
fitting the model (which also included a damping factor) to
the non-additivities of the SCF delocalization energies in a
set of methanol trimers. The fit was surprisingly accurate
(rmsd 0.2 kJ mol�1), confirming40 that a simple induction
model can give an accurate description of the energy non-addi-
tivity of larger clusters of polar molecules. Conversely, it has
not yet been verified whether this model gives a reasonable
description of dimer induction energies as well. By construc-
tion, the TAP atomic dipole polarizabilities are effective polar-
izabilities, which allow for some higher-order induction effects.
For this reason it would be inappropriate to apply the TAP
induction model in an iterative fashion.
The results of the model potentials are shown in Table 5 and

they are plotted against the ESMMO
ind data in Fig. 4. The model

potentials reproduce the ab initio results reasonably well, the r-
factors being 0.981, 0.986 and 0.970 for SIBFA, TAP and
ASP-W4, respectively. The largest discrepancies with the ab
initio data occur for the first three geometries. These have
near-linear hydrogen bonds and short H-bond distances, and
the results suggest that all models (and especially the single-site
ASP-W4 model) have difficulty in accounting for the resulting
field inhomogeneity. The errors in the models are not alar-
mingly large in the present system where induction gives only
a modest contribution to the total interaction energy. However
in clusters the relative importance of the induction energy may
be much larger as a result of non-additivity. There remains a
need for induction models that perform better in the short-
range region.

8. Charge transfer energy

The ESMMO
ind energy accounts only for the local polarization

part of the full SCF delocalization energy. The remainder is
due to polarization involving orbitals on the other molecule,
so it represents the charge-transfer component of DE deloc

Ect ¼ DEdeloc � ESMMO
ind

Our ab initio Ect values in the IOM basis set are shown in the
first column of Table 6. In agreement with earlier observa-
tions,39 Ect is about as large as ESMMO

ind for all ten geometries
studied here. It is too large to ignore. Since Ect is known to
decrease exponentially with distance, the TAP and SAPT-
5s(t) authors chose to account for Ect by including it in the
repulsion term of the model. On the other hand, SIBFA and
ASP-W4 have an explicit Ect term. The SIBFA model is
very detailed and its results are in good agreement with the
ab initio results, with differences smaller than 0.4 kJ mol�1.
The ASP-W4 results are systematically too small. This prob-
ably indicates that the perturbation estimates of Ect that were
used to fit this model were too small compared to the present
ab initio data.

9. Long-range term

Instead of separate induction and dispersion terms, the SAPT-
5s(t) models have a combined term labelled ‘ long range’.
These long-range energies are compared to the corresponding

Fig. 4 Model versus ab initio induction energies for water dimer. The
ab initio energies were calculated using the SMMO method in the IOM
basis set.

Table 6 Charge transfer energies Ect (kJ mol�1) for the ten stationary

points obtained in the SIBFA and ASP-W4 models compared to the

charge-transfer component of the SCF delocalization energy (using

the IOM basis set)

Ab initioa SIBFA ASP-W4

�4.25 �3.85 �2.70

�3.35 �3.35 �2.21

�3.17 �3.35 �2.11

�1.99 �1.76 �1.40

�1.61 �1.51 �1.32

�1.48 �1.46 �1.28

�0.94 �0.84 �0.81

�0.18 �0.17 �0.16

�0.93 �1.30 �0.84

�0.44 �0.71 �0.43

a Ect ¼ DE deloc�ESMMO
ind .
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ab initio and model results in Fig. 5. As expected from the pre-
vious discussions, the SIBFA, ASP-W4 and TAP models clo-
sely follow the ab initio data. By contrast, the SAPT results
are completely different, with deviations of up to 20 kJ mol�1.
. Some of the long-range ‘attractions ’ are even repulsive.
The SAPT-5s(t) long-range model was fitted on data at rela-

tively long R. This does not guarantee that the model is also
valid at short R. The main problem is that the simple (isotro-
pic) form of the atom–atom contributions in the model cannot
cope with the different anisotropies of the induction and dis-
persion terms. This leads to fitting coefficients for the O� � �H
atom pairs which are unphysical, such as a positive C6 value.
This explains the anomalous results for the long-range term
such as the too small attractions obtained for geometries

1–3, since these are dominated by their short O� � �H contacts.
As in the case of the coulomb term, the anomaly in the SAPT-
5s(t) long-range term does not affect the quality of the overall
SAPT-5s(t) potential because the errors were compensated by
adjusting the repulsion term in the final fitting step.

10. Repulsion energy

Two different approaches have been used to model the terms
that cause the short-range repulsion. In SIBFA and ASP-W4
one models the overlap-dependent part Erep of the Heitler–
London first-order interaction energy:

Erep ¼ DEHL � Ecoul ð1Þ

here DEHL is calculated from Hartree–Fock monomer wave-
functions, while Ecoul is the (multipolar) coulomb term of the
SIBFA or ASP-W4 model. Thus, in addition to the first-order
exchange repulsion the quantity Erep implicitly allows for the
penetration part of the coulomb interaction energy.
The TAP and SAPT-5s(t) models are based on the view that

there are several additional overlap-dependent terms that
ought to be taken into account (unless the model already con-
siders them explicitly) such as the exchange-dispersion term,
the correlation correction to the first-order exchange energy
and the charge-transfer energy. It is difficult to develop convin-
cing models for each of these separately. Moreover, the various
long-range terms that are explicitly included in a model are
usually somewhat uncertain at short range. Hence in these
models one defines the ‘ repulsion’ energy as the difference that
remains between the total ab initio interaction energy DE and
the coulomb, induction and dispersion terms already present
in the model:

Erep ¼ DE � Ecoul � Eind � Edisp ð2Þ

and the Erep term in the model is fitted to a set of these ab initio
Erep values.
A selection of Erep results is shown in Table 7. Column 1

shows the ab initio/SIBFA repulsion data calculated according
to eqn. (1). Column 2 is the SIBFA model fitted to these data.
Column 3 gives the Erep term of the ASP-W4 model. The
SIBFA model was developed for the data shown in column 1.
A good fit might have been expected, but especially for geome-
tries 4, 5 and 6 the model fails to reproduce the ab initio data.
The ASP-W4 repulsion energies correlate much better
(r ¼ 0.993) with the ab initio data, but the slope is larger. This
may partly be due to the better basis set used in the ASP-W4
modelling, for this is known to increase the exchange repulsion.
Column 4 of Table 7 shows the ab initio/TAP repulsion data

according to eqn. (2). The TAP model (which was fitted on

Fig. 5 Model versus ab initio ‘ long range’ energies for water dimer.
The SIBFA, TAP and ASP-W4 data represent the sum of the corre-
sponding induction and dispersion data shown in Tables 4 and 5.
The ab initio energies were calculated as the sum of the induction
and dispersion ab initio data in the first columns of these Tables.

Table 7 Repulsion terms (kJ mol�1) of various model potentials at the ten stationary points compared to the corresponding ab initio repulsion

energies as defined in the text. The last two columns list first-order exchange repulsion terms calculated using SAPT (DCBS)

Ab initioa SIBFA ASP-W4 Ab initiob TAP SAPT-5s SAPT-5st E10
exch E1

exch
c

21.50 21.38 23.89 19.49 19.04 30.01 29.30 29.03 34.00

17.57 17.99 20.70 15.59 15.59 26.46 26.39 24.13 28.08

16.69 17.70 20.23 14.71 14.93 26.13 26.12 23.09 26.78

15.14 18.45 18.10 15.05 15.22 7.17 7.31 22.12 25.99

12.97 16.57 15.95 12.98 14.31 �0.87 �0.69 18.64 21.48

12.09 16.74 15.66 12.14 14.04 �4.44 �4.32 17.24 19.68

8.62 9.67 10.91 10.06 8.13 6.06 6.43 14.33 18.11

1.75 1.88 2.46 2.61 1.46 15.49 15.91 3.78 5.43

9.41 9.29 11.29 10.42 7.09 5.73 5.82 15.14 18.51

4.36 4.56 5.58 5.34 3.49 9.23 8.94 7.53 9.48

a Erep ¼ DEHL�Ecoul (SIBFA). DEHL was obtained in the CEP4-31G(2d) basis.30 b Erep ¼ DESCF+MP2(IOM)� (Ecoul+Eind+Edisp , taken from

the TAP potential). c E1
exch ¼ E10

exch + e1exch(CCSD).
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such data for methanol) reproduces these data fairly well (col-
umn 5) but since the repulsion energies are very large, the
absolute errors are not small. The largest discrepancies occur
for geometries that were not present in the methanol data
set, such as 9 and 10. It is worth noting that the ASP-W4
model actually correlates better with the ab initio/TAP data
(r ¼ 0.984) than the TAP potential itself (r ¼ 0.959), even
though the ASP model was not optimized for this kind of data.
The SAPT-5s(t) repulsion results in columns 6 and 7 are seen
to be completely different. This is because these were fitted to
eqn. (2) data based on SAPT-5s(t) components. By construc-
tion, the success of the Erep fit determines the final quality of
the model, and it is in this way, as we shall see in the next sec-
tion, that the SAPT-5s(t) models, by using a very flexible fit of
eqn. (2), succeed in getting a good representation of the total
ab initio interaction energy, in spite of their very poor represen-
tation of the coulomb, induction and dispersion terms. The
resulting SAPT-5s(t) repulsion energies have no physical
meaning, because they are heavily contaminated by error cor-
rections. The repulsions even become attractive for geometries
5 and 6.
Conversely, for SIBFA and ASP-W4 no such error correc-

tion takes place and, moreover, the terms which are not expli-
citly modelled enter the final fitting error in their entirity. Both
models have an explicit charge-transfer term, and SIBFA
moreover has an exchange-dispersion term, but other overlap
dependent terms, which may be large as well, are still missing.
Notably, according to the SAPT exchange-repulsion energies
in columns 8 and 9 of Table 7 the correlation correction to
the first-order exchange repulsion is as large as +5.0 kJ mol�1

for geometry 1. We have quoted the latter SAPT results in
order to complete the documentation of the present SAPT
results and because they show that the correlation correction
to the exchange energy is as large as 15–40% of the SCF-level
exchange term E10

exch. This suggests, as mentioned before, that
intermolecular overlap effects are enhanced at the correlated
level.

11. Quality of the total interaction energies

The results for the total interaction energies are shown in
Table 8 (Fig. 6 and 7). Rmsds between the model potentials
and the MP2/IOM data are shown in Table 9. These were cal-
culated in two different ways. Those in column 1 are based on
the deviations in the relative total energies using the energy of
the global minimum as reference. The rmsds in column 2 are
calculated from deviations in the relative total energies taking
the mean total energy as reference. In the latter rmsds the
errors at the ten geometries are treated on an equal footing.
Conversely, the rmsds of column 1 are a better measure of
the error in the barrier heights for isomerizations on the water

dimer potential energy surface. The rmsds in column 1 are lar-
ger than those in column 2 for most potentials and it depends
on the application which of the two is the more relevant error
measure. The rmsds vary from 0.37 to 3.47 kJ mol�1. The best
results are obtained for the SAPT-5s(t) potentials. These
reproduce the present ab initio (relative) energies very well,
even though they were fitted to SAPT energies on water dimer
in another basis set. Among the next best results are those of
the TAP potential, even though it was developed for methanol
rather than for water. This ranking reflects the fact that the
SAPT-5s(t) and TAP potentials fit their Erep in such a way that
shortcomings in the model are compensated to some extent,
depending on the flexibility of the Erep fit function. The very
small rmsd value obtained in the SAPT 5s potential shows that
their Erep is well suited for this purpose. In the SAPT-5st
potential the Erep term was tuned to the water dimer far-IR
VRT spectrum to reproduce the tunnel splittings. These are
governed by particular relative energies, viz. those of 2, 4
and 9, but the tuning somewhat spoils the overall rmsd, as
reported in Table 9. The much simpler Erep model of the
TAP potential is clearly less successful and the aim of keeping
the errors smaller than 1 kJ mol�1 is not met by this potential.
The SIBFA and ASP-W4 models lack a final compensating

fit, so the rmsds reflect the shortcomings of the fits of the indi-
vidual terms as well as the terms that are missing altogether. In
ASP-W4 the final error is mainly due to the errors in the induc-
tion and dispersion energies, which were described using sin-
gle-site models. In SIBFA most of the separate terms were
modelled very well, and the poor overall rmsd is caused by
the large errors in the Erep fit.
The ASP-W4 potential gives a poor representation of the

VRT water dimer spectrum, because the crucial relative ener-
gies are poorly represented. This was rectified to some extent
in the VRT-ASPW version, leading to better overall rmsd
values in Table 9.
Judging by its rmsd values the SW potential is of better qual-

ity than ASP-W4. Individual components were not available
for this potential, but it is possible that the single-site models
for induction and dispersion, as in the case of ASP-W4, affect
the quality adversely.

12. Conclusions

1. Counterpoise corrected SCF+MP2 interaction energies
have been computed in the IOM basis set at ten stationary
geometries of the water dimer. Compared to the most accurate
data currently available the r.m.s. error of the IOM data was
found to be only about 0.3 kJ mol�1 (that is, for DEs relative
to DE at the global minimum). Thus the IOM data are of suffi-
cient accuracy to use them as reference in a test of the quality

Table 8 Total interaction energies (kJ mol�1) for several model

potentials at the ten stationary points compared to the ab initio

DESCF+MP2 in the IOM basis set

Ab initio TAP

ASP-

W4

VRT

(ASP-W) SW SIBFA

SAPT-

5s

SAPT-

5st

�19.51 �19.96 �19.43 �20.30 �19.8 �23.05 �20.08 �20.79

�17.53 �17.52 �15.82 �17.88 �17.5 �19.29 �18.32 �18.39

�17.42 �17.21 �14.99 �17.39 �17.2 �17.99 �18.34 �18.35

�16.50 �16.33 �17.10 �17.42 �18.5 �15.69 �17.87 �17.73

�15.66 �14.32 �16.20 �16.27 �17.7 �14.14 �16.85 �16.67

�15.53 �13.64 �15.38 �15.35 �17.5 �12.55 �16.82 �16.70

�12.29 �14.23 �15.15 �14.96 �15.6 �13.98 �12.79 �12.42

�4.61 �5.75 �6.72 �6.50 �6.8 �6.40 �4.97 �4.55

�11.40 �14.73 �15.05 �15.71 �15.7 �14.10 �12.08 �12.00

�8.10 �9.94 �10.92 �10.90 �11.2 �10.21 �9.42 �9.71

Table 9 Rmsds in relative total energies (kJ mol�1) for a number of

water–water potentials, taking the DESCF+MP2 results in the IOM basis

set as reference; maximum deviations are given in parentheses

Ab initio or model potential Rmsda Rmsd(mean)b

MP2/6-31+G(d,p) 1.95 (3.61) 1.39 (2.50)

Idem, but CP corrected 1.06 (2.08) 0.81 (1.44)

SAPT-5s 0.51 (0.75) 0.37 (0.54)

SAPT-5st 0.67 (1.34) 0.52 (0.94)

TAP 1.59 (2.88) 1.58 (2.82)

VRT-ASPW 1.60 (3.52) 1.46 (2.90)

ASP-W4 2.23 (3.73) 2.02 (3.25)

SW (data taken from ref. 5) 2.26 (4.01) 1.50 (2.41)

SIBFA (data from ref. 30) 3.47 (6.52) 2.05 (3.86)

a Using the total interaction energy for geometry 1 as reference.
b Using the mean interaction energy for geometries 1–10 as reference.
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of analytical water–water potentials. Note that for most appli-
cations where such potentials are used it is relative energies
that are important.
2. The quality of some recent analytical water–water poten-

tial functions has been tested by comparing their individual
components as well as their relative total DEs to the IOM data.
In some cases the ab initio data were reproduced surprisingly
well. The SAPT-5s(t) potentials gave the best fit to the relative
total DEs (e.g. SAPT-5s, rmsd 0.5 kJ mol�1). Some defects
were identified in the individual coulomb and long-range terms
of these potentials, but clearly the very flexible form of the
repulsion term used in the final fitting was able to compensate
for these problems. Other potentials (viz. SIBFA, TAP
and ASP-W4) were successful in fitting one or more of the
separate components, i.e. in fitting (part of) the physics of

the interaction, but the error in the total relative DEs was
larger (1.6–3.5 kJ mol�1). The remaining potentials (i.e. SW,
VRT-ASPW) had similar errors in their total DEs.
There are several possible causes for the larger error in these

cases. The ab initio data used in deriving the SIBFA and ASP-
W4 potentials were most probably less accurate than the IOM
data used in the present test. Moreover, neither SIBFA nor
ASP-W4 has a final fitting step to the total DE which could
have compensated for lingering errors in these potential
models. The TAP model has such a final step, and was devel-
oped using IOM ab initio energies, but it was developed for
methanol dimer and trimer data, and except for the multipole
description of the water monomer the methanol TAP model
was tranferred to water without any adjustment. In short, all
of these models can probably be somewhat improved by per-
forming a reoptimization using the IOM water data. However,
it seems likely that some error would remain even then, due to
intrinsic limitations of these models.
3. An important aspect of a potential model is its transfer-

ability, i.e. the degree to which it can be used on related sys-
tems without changes in the model. Water dimer models that
reproduce the values of dimer binding energies but not the
underlying physical mechanisms can be used to describe the
pair interactions in a larger water cluster, but they will not
recover the pronounced many-body non-additivity ener-
gies of such systems, unless explicit non-additivity terms are
added to the model. Such models are therefore not transfer-
able to larger water clusters. As illustrated in the present
work, the SAPT-5s(t) models are in this class. Now, water
cluster energy non-additivities have been shown to arise pri-
marily from the non-pairwise additivity of the induction
energy. The physics involved is that one should add the
polarizing fields due to all other molecules before the induc-
tion energy is evaluated. The remaining water models do
have such an induction model and will therefore recover
some of the non-additivity effects in larger water clusters.
Since in the present work we studied dimer interactions only,
we cannot judge the quality of the various models on this
aspect. The ASP-W4 and SIBFA models have been explicitly
tested on larger water clusters, and were found to reproduce
the non-additivity effects on energies and geometries ade-
quately.27,41 Conversely, the TAP model was designed to
reproduce trimer non-additivities and here a remaining ques-
tion was how well this model describes the two-body induc-
tion term. The present calculations have shown TAP to be
adequate in this respect.
4. Should errors of a few kJ mol�1 in total DEs be consid-

ered small or large? This clearly depends on the application
envisaged for a particular potential. In most biological applica-
tions one would like the error in the potential to be small com-
pared to kT at room temperature, i.e. smaller than 1 kJ mol�1.
None of the transferable potentials actually achieves such
accuracy. However, the discussion in previous sections sug-
gests that an improved water–water potential could be
assembled by combining the most successful elements of the
SIBFA, ASP-W4 and TAP potentials. The coulomb term
could be taken from TAP, since it is the simpler of the three
versions, and yet very accurate. None of the three induction
components is entirely satisfactory. It would be nice if the sim-
plicity of the TAP model (atom–atom terms only) could be
retained, but it is necessary to account for inhomogeneity of
the inducing field and, moreover, an iterative process is needed
to allow for higher-order induction effects. For the dispersion
term the form of the SIBFA model seems adequate, but it will
have to be refitted on more accurate ab initio data. For the
repulsion term we advocate the anisotropic ASP-W4 model.
One would hope that this model (or slight extensions of it) is
flexible enough to provide an accurate final fit of the kind
applied in the TAP and SAPT-5s(t) fitting procedures. One
could also include explicit terms for some of the larger missing

Fig. 6 Selected model versus ab initio total interaction energies at the
water dimer stationary points. The ab initio energies are MP2 CP-cor-
rected supermolecule interaction energies in the IOM basis set.

Fig. 7 Further model versus ab initio total interaction energies at the
water dimer stationary points. The ab initio energies are MP2 CP-cor-
rected supermolecule interaction energies in the IOM basis set.

Phys. Chem. Chem. Phys., 2003, 5, 1169–1180 1179



terms, such as the charge-transfer term, for which the SIBFA
model is adequate.
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