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Fully coupled six-dimensional calculations of the water dimer
vibration-rotation-tunneling states with split Wigner pseudospectral
approach. II. Improvements and tests of additional potentials
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The SWPS method is improved by the addition of H.E.G. contractions for generating a more
compact basis. An error in the definition of the internal fragment axis system used in our previous
calculation is described and corrected. Fully coupled 6D~rigid monomers! VRT states are computed
for several new water dimer potential surfaces and compared with experiment and our earlier SWPS
results. This work sets the stage for refinement of such potential surfaces via regression analysis of
VRT spectroscopic data. ©1999 American Institute of Physics.@S0021-9606~99!00413-4#
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I. INTRODUCTION

While intermolecular forces have been studied for ma
years, the field has progressed most rapidly in the past
cade due to advances in both experiment and theory. On
experimental front, microwave and terahertz molecular be
spectrometers have provided detailed high resolution spe
of a large number of weakly bounded clusters. The spe
from these methods serve as an exacting probe of the in
molecular potential energy surface~IPS!, which are the ulti-
mate products of such investigations. Of particular imp
tance are the recent terahertz vibration-rotation-tunne
~VRT! spectra of water clusters1–12 which provide a new
route for formulating model potentials which can descr
the interesting and complex behavior of bulk water. Sim
taneously, a large number of IPS’s have been compute
various levels ofab initio theory; a significant number o
these are water pair potentials. The predictive power of s
potentials is examined by testing their ability to mimic t
properties of bulk water in molecular dynamics simulatio
and the equilibrium structures of small water clusters, a
the structure of bulk ice. However, recent advances in co
putational methods and the ever increasing accessibility
high performance computers have made it possible to ca
late actual spectroscopic observables from these IPS an
direct comparison with experiment. Given this capabili
one would ultimately seek to determine a globally accur
IPS, viz., those able to replicate bulk properties and spe
with quantitative accuracy.

Experimental IPS determinations have proceeded
least squares fits of microwave and IR VRT spectra w
constraints from other available data~multipole moments,
dispersion coefficients, virial coefficients, polarizabilitie
etc.!. The most effective methods for calculating the eige
states of a multidimensional IPS are the variational met

a!Author to whom correspondence should be addressed.
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with anL2 finite basis representation~FBR! and grid meth-
ods such as collocation or the discrete variable representa
~DVR!.

With all FBR approaches it is generally found that
least 10 basis functions per degree of freedom are requ
for spectroscopic accuracy. For the case of two rigid lin
molecules~a 4D system! this entails solving an eigenvalu
problem ofO(N5104). Elrod and Saykally used the FBR
method to determine the 4D IPS of (HCl)2 with rigid
monomers.13 This method scales unpropitiously, however,
Elrod and Saykally found solving the 6D IPS~flexible mono-
mers! to be prohibitive on the basis of CPU time (O(N3))
and memory requirements (O(N2)). Nevertheless, in an im
pressive piece of work, Otholfet al.used the FBR method to
determine a 6D IPS for (NH3)2 by a trial and error compari-
son with measured properties of the dimer~microwave and
terahertz VRT spectra, dipole moments, and nuclear qua
pole splittings!.14,15The expense of the calculation preclud
a rigorous IPS determination via regression analysis, h
ever.

Grid methods, wherein the basis functions are tra
formed into a set of amplitudes associated with a discrete
of points in coordinate space, dramatically simplify th
evaluation of matrix elements of coordinate operators, s
as the potential energy. Collocation16 was employed to de-
termine the 3D~rigid monomers! IPS for Ar•H2O ~Refs. 17,
18! and Ar•NH3.

19 The collocation method engenders a ve
simple computer code and complete generality with resp
to the form of the potential and basis functions but suff
from the instability and inefficiency associated with the no
symmetric dense eigenvalue problem. The discrete varia
representation of Light and co-workers20 improves over col-
location by producing eigenvalue problems that are b
symmetric and sparse. These features are particularly im
tant because this class of problem is amenable to itera
eigensolvers such as Lanczos21 or Arnoldi22 which have lin-
ear scaling both in terms of execution time and storage
6 © 1999 American Institute of Physics
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quirements. In an IPS determination for Ar•OH, Hayes and
co-workers demonstrated a 100-fold increase in speed by
ing DVR vs collocation.23 Bačić and co-workers have re
cently obtained the VRT states of (HCl)2 in a fully coupled
6D DVR calculation with a flexible monomer IPS.24,25 Such
formulations of the DVR require the use of direct produ
basis functions which become extremely large for high
mensional systems.

Prior to the introduction of DVR, Feit and Fleck,26,27and
Kosloff and Kosloff28,29 initiated the split Hamiltonian for-
mulation. This method exploits two different representatio
associated with the Hamiltonian operator. In its original fo
mulation, the kinetic energy was evaluated in the spec
representation~plane waves!, while a grid was used for the
potential. These two representations are equivalent, bein
lated by a unitary transformation. Later, Friesneret al.used a
split representation in a bound state calculation termed
adiabatic pseudospectral~APS! method.30

The split Hamiltonian method has been applied by o
of us ~C.L.! for the computation of the VRT states o
Ar•H2O.31 An important advancement presented in that wo
was the definition of a grid associated with a basis of~non-
direct product! Wigner functions which form a very efficien
basis for such problems. Moreover, the calculation ma
tained the variational principle by using a grid size sign
cantly larger than the spectral representation dimension.
method is referred to as the split Wigner pseudospec
~SWPS! method.

In subsequent work, Leforestieret al. extended the
SWPS to the fully coupled 6D water dimer problem where
they demonstrated the efficiency of the approach by de
mining the VRT states of four well known water potentials32

Unfortunately, an error in the SWPS computer code inv
dated the actual VRT states calculated in that work. In t
paper we describe further improvements in the SW
method and the error in the previous implementation. T
outline of the paper is as follows. In Sec. II, we describe
feasible tunneling motions of the water dimer and how th
are manifested in the microwave and VRT spectra. In S
III, we restate the SWPS method and the improvements
plied to the water dimer and clearly point out the error in t
previous implementation. Section IV investigates the conv
gence properties of SWPS. In Sec. V, we present the ca
lated VRT states of several potentials, both correcting
results of the previous paper and testing additional potent
Section VI presents our conclusions.

II. WATER DIMER DATA

There are a maximum of 16 equivalent structures of
water dimer that can be generated without breaking any
valent bonds. The hydrogen bonding in the dimer rearran
by quantum tunneling along low-energy barrier pathways
the IPS to access the different structures. Permutation o
nuclei gives rise to 8 equivalent structures or versions in
nomenclature of Boneet al.33 Inversion of these structure
through the center of mass generates 8 additional config
tions. If the equilibrium structure contains a plane of sy
metry, as the evidence currently supports, then there are
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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8 distinct versions. The permutation inversion~PI! symmetry
groupG16 is typically used to explain the resulting splitting
in the rovibrational levels.G16 is isomorphic with the
D4h(M ) point group and is consistent with observed VR
dynamics.34

The motion that we term ‘‘acceptor switching’’ has th
lowest energy barrier making it the most facile tunneli
motion on the IPS. This motion allows for the exchange
the protons in the water molecule acting as the H-bond
ceptor. Figure 1 shows the proposed rearrangement path
but the net effect is aC2 rotation of the acceptor about it
symmetry axis. Each rovibrational energy level of the sem
rigid water dimer is split into two as shown in Fig. 2 as
result of this rearrangement.

The next most feasible tunneling motion is identified
‘‘interchange.’’ There are several possible pathways, w
the most likely being the geared rotation shown in Fig. 1.
interchange tunneling, the roles of the individual donor a
acceptor water molecules are reversed. The effect is to
ther split each of the energy levels into three, but to a mu
smaller degree than that of acceptor tunneling. These
tunneling motions resolve all degeneracies in the wa
dimer, inducing a sixfold splitting in parity nondegenera
states.

The final rearrangement identified is ‘‘donor,’’ or ‘‘bi
furcation’’ tunneling, wherein the H-bond donor permutes
protons. The barrier to this motion is relatively high an
produces a small shift of the VRT levels, but causes no f
ther splitting.

The water dimer has been the subject of a large num
of theoretical and experimental studies. High resolut
microwave,35–45terahertz,1,2 and mid-IR~Refs. 12, 46! spec-

FIG. 1. The proposed lowest energy pathways for hydrogen bond rearra
ment.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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6308 J. Chem. Phys., Vol. 110, No. 13, 1 April 1999 Fellers et al.
tra have all been measured. From these investigations
hydrogen bond tunneling dynamics occurring in lowK levels
of the ground state and the first excited acceptor bend
state are well characterized,1,2 and several other intermolecu
lar vibrations have recently been measured and parti
analyzed.47 Several different dynamical methods have
cently been employed to calculate the VRT states co
sponding to a variety of IPS that have been determined
this system. Lewerenz and Watts48 have used QMC to cal
culate the tunneling splittings and intermolecular vibratio
of the RWK2 surface, while Gregory and Clary49 used a
DQMC method to calculate the ground state structure of
RWK2 and ASP surfaces. Althorpe and Clary50 employed
the reversed adiabatic approximation~RAA! to calculate the
ground state tunneling splittings and several intermolec
vibrations, again using RWK2 and ASP in a 5D approxim
tion to the coupled dynamics. A number of ab initio calc
lations have addressed this system~see Ref. 51, and refer
ences therein!, generally calculating the minimum energ
structures with harmonic frequencies and intensities,52–54but
other studies have also investigated tunneling barriers
possible tunneling paths connecting the equival
minima.55,56

III. METHOD OF CALCULATIONS

Although the split Wigner pseudo spectral method h
been described in complete detail,32 the method is summa
rized here to provide a context for explanation of the i
provements made since the previous publications. For
Hamiltonian, we use the Brockset al.57 body fixed rigid ro-
tor formulation

H52
\2

2mAB

]2

]R2 1Hrot
~A!1Hrot

~B!

1V~R,V~A!,V~B!!1
1

2mABR2 $J21 j222j•J%, ~1!

FIG. 2. The experimental splittings.
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where

~1! R is the distance between the centers of mass of the
monomersA andB, andmAB their reduced mass,

~2! Hrot
(a) and ja are, respectively, the rotational Hamiltonia

and angular momentum of the monomera,
~3! j5 jA1 jB is the coupled internal rotational angular m

mentum,
~4! J5 j1 l the total angular momentum~l is the angular

momentum of the monomer centers of mass!,
~5! and V(a)[(w (a),u (a),x (a)) represents the Euler angle

defining the orientation of monomera in the body fixed
axes.

The parameters used in the calculations are given in Tab
The source of the error in the previous paper was in
definition of internal rotational axis on each monomer. In t
former work, we had mistakenly used the typeIr represen-
tation on the monomers’ rotational constants whereas
symmetrized basis formulation, given in Table II, had be
derived forIIr . Here we reorder the monomer axis toIIr in
order to be consistent with the symmetrized basis.

The spectral representation of the basis is written a
direct product of

Banĝ $uSn&,n51,Ns%, ~2!

where theuS& are sine functions.Bang is either an uncoupled
direct product of Wigner functions for each monomer a
the overall dimer

Bunc5$u j A ,kA ,vA& ^ u j B ,kB ,vB& ^ uJ,V,M &% ~3!

TABLE I. Water dimer parameters used in the calculations.

RO–H51.808 846 a.u. /HOH5104.52° mH2O,H2O59.005 25 amu
Bx59.2778 cm21 By527.8806 cm21 Bz514.5216 cm21

TABLE II. Symmetry adapted linear combination vectors for the differe
irreducible representationsG. l is defined asJ1 j A1 j B . This basis assumes
a typeIIr representation of the water monomers. An example of the s
metrization scheme can be found in the work of van Bladelet al. ~Ref. 80!.

uj1 ,V& u j Aj BkAkB ; j V&
uj2 ,V& u j Aj BkAkB ; j V̄&
uj3 ,V& u j Aj BkAkB; j V̄&
uj4 ,V& u j Aj BkAkB; j V&

G u j Aj BkAkB ; j V,G& (kA ,kB) parity

A1
1 j11(21)lj21(21)l1 jj31(21) jj4 ee

A2
1 j12(21)lj21(21)l1 jj32(21) jj4 oe

B1
1 j12(21)lj21(21)l1 jj32(21) jj4 ee

B2
1 j11(21)lj21(21)l1 jj31(21) jj4 oo

E1 j11(21)l1 jj3 oe or eo
j21(21)l1 jj4 oe or eo

A1
2 j11(21)lj22(21)l1 jj32(21) jj4 ee

A2
2 j12(21)lj22(21)l1 jj31(21) jj4 oe

B1
2 j12(21)lj22(21)l1 jj31(21) jj4 ee

B2
2 j11(21)lj22(21)l1 jj32(21) jj4 oo

E2 j12(21)l1 jj3 oe or eo
j22(21)l1 jj4 oe or eo
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. A demonstration of the convergence of the eigenenergies for theJ50 ground state symmetries a
a function of the size of the monomer angular basis set. The above results are from a series of 5D calc
of the ASP-W potential; the radial coordinate was fixed at 5.62 a.u. Energies are in cm21.

Monomer basis size
j max5kmax5vmax 7 8 9 10 11 12

A1
1 21052.097 21054.178 21054.786 21054.942 21054.985 21055.010

B1
1 21048.083 21050.403 21051.063 21051.239 21051.289 21051.312

A2
2 21048.653 21050.761 21051.428 21051.577 21051.620 21051.644

B2
2 21044.803 21047.133 21047.857 21048.023 21048.072 21048.095

E1 21049.784 21051.974 21052.666 21052.832 21052.873 21052.896
E2 21046.744 21048.843 21049.553 21049.722 21049.767 21049.789
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Bcpl5$u j Aj BkAkB ; j V&uJ,V,M &%. ~4!

From the coupled basis, we use theG16 permutation-
inversion symmetry group of the water dimer to symmetr
the basis into the 10 available irreducible representations~Ir-
reps! G’s. The symmetry adapted vectors are constructed

u j Aj BkAkB ; j VG&

5c1
~G!u j Aj BkAkB ; j V&1c2

~G!u j Bj AkBkA ; j V&

1c3
~G!u j Aj Bk̄Ak̄B ; j V̄&1c4

~G!u j Bj Ak̄Bk̄A ; j V&, ~5!

wherek̄[2k,G is the symmetry label, and theci are given
in Table II.

The kinetic energy terms are evaluated in the coupl
spectral basis, where the terms are analytic, and the pote
is evaluated on a grid of six-coordinates~five Euler angles
and one radial coordinate,$u (A),x (A),u (B),x (B), w
5w (A)2(B),R%!. Transformation of the spectral basis onto t
grid and back is accomplished via a series of collocat
matricies and FFT’s. Explicit details of this procedure a
found in our previous publications.31,32

In the original version of the SWP code, the radial p
of the wave functions were described by uncontracted s
functions$uSn&,n51,Np%. Transformation of the sines on t
the grid of radial points$Rp5Rmin1pDR% is accomplished
by a collocation matrix

Upn
~R!5A 2

NR11
sin

npp

NR11
. ~6!

In the usual case, the number of radial points isNp13,
whereNp is the highest order in the sine basis and is ty
cally in the range of 10–13.
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To reduce the required number of DVR points along t
radial coordinate necessary to achieve convergence of
eigenenergies, we contract the elementary sine basis se
use a variation58 of the H.E.G. scheme59,60 to select an opti-
mal set of radial points. The method is as follows.

The full 6D potential is sampled to determine a suitab
1D cut of the potential along the radial coordinate. This
done by sampling the potential at a set ofNp13 evenly
space points alongR and varying the angular degrees of fre
dom until the minimum is found at each pointR. This 1D
potential is referred to asVeff(p). With this potential, we
form a 1D Hamiltonian,

H52
\2

2mAB

]2

]R2 1Veff~p! ~7!

and follow the potential optimized DVR~PO-DVR, a multi-
dimension H.E.G. scheme! procedure of Echave and Clary.58

In practice, when sampling the potential to form the 1
Hamiltonian,Np'13 to afford a reasonably accurate pictu
of the potential and to have enough sine basis functions f
nearly complete contracted basis. Once the new basis f
tions and optimized points are found, only a subset of
points and functions associated with the lowest 1D eigen
ergies are retained for the 6D calculation. The minimum s
of this subset is determined experimentally.

IV. COMPUTATIONAL ASPECTS

In the previous paper, we reported results from conv
gence tests with respect to the size of angular basis. In
discussion we found that for the four potentials previou
investigated, to achieve a convergence of the relative e
gies to at least 0.01 cm21, it was necessary to havej max

>10. Also shown were the general effects on the tunnel
f

8
9

TABLE IV. The convergence of the tunneling splittings and shifts for theJ50 ground state as a function o
monomer basis set size. These data were derived from Table III.

Monomer basis size
j max5kmax5vmax 7 8 9 10 11 12

Acceptor splitting 3.444 3.417 3.358 3.365 3.365 3.366
Lower interchange splitting 4.014 3.775 3.723 3.703 3.696 3.69
Upper interchange splitting 3.850 3.628 3.571 3.554 3.548 3.54
Lower bifurcation shift 2.313 2.204 2.120 2.110 2.112 2.114
Upper bifurcation shift 1.909 1.918 1.875 1.855 1.853 1.855
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8
9

6310 J. Chem. Phys., Vol. 110, No. 13, 1 April 1999 Fellers et al.

Downloaded 18 Ma
TABLE V. The convergence of the tunneling splittings and shifts for theJ50 ground state with a restricted
angular basis withuvmaxu5ukmaxu<jmax512. All other conditions are as presented in Table III.

Monomer basis sizeuvmaxu5ukmaxu 7 8 9 10 11 12

Acceptor splitting 3.056 3.435 3.355 3.367 3.365 3.366
Lower interchange splitting 3.755 3.703 3.698 3.700 3.697 3.69
Upper interchange splitting 3.551 3.564 3.548 3.552 3.549 3.54
Lower bifurcation shift 1.977 2.152 2.108 2.116 2.113 2.114
Upper bifurcation shift 2.045 1.825 1.860 1.855 1.855 1.855
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splittings if we allowedukmax5vmaxu,jmax. What was not
shown, however, was the rate of convergence with respe
the size of the angular basis, which has been added be
Also added are data concerning the convergence of the
ergies with respect to the radial basis.

A. Angular basis

In the description of the monomer basis function
u j a ,ka ,va&, the allowed ranges of the monomer quantu
numbers areuvau< j a , ukau< j a , and 0< j a< j max. The con-
vergence tests consist of increasingj max. In all cases, we
have constrainedvmax5kmax5jmax. The number of quadra
ture points was set so that for theu grid, Nu5 j max13 and for
the x and w grids, Nx5Nw>(2 j max11)12. The inequality
reflects the fact that thex andw grids are handled by FFT’s
which have a restriction on the allowed dimensions~requir-
ing dimensions that are powers of 2, 3, or 5!.

In the tests shown below, we have calculated the eig
states of J50 ground state manifold using the ASP-W
potential61 in a series of 5D runs. In all cases,R was fixed at
5.62 a.u., near the equilibrium geometry, and the constr
of vmax5kmax5jmax was used. The results are presented
Tables III and IV.

In Table III are the absolute energies of the six low
eigenstates. The trends to note are that in increasingj max

from 7 to 12, all the energies have decreased by abo
cm21, and with increasingj max from 11 to 12, the energie
have converged to'60.025 cm21.

When considering the relative energies, as shown
Table IV, the convergence is much faster. By increasingj max

from 7 to 12, the tunneling splittings in theJ50 manifold
have only decreased by 0.3 cm21 or less, and byj max512 we
find that the deviation is on the order of60.001 cm21. We
note that byj max59, the relatives energies have converged
within '60.02 cm21 of the final values. This is important in
regards to computability as the increase ofj max from 9 to 12
represents more than a fourfold increase in memory requ
ments and floating point operations.62

B. Restricted angular basis

To further test the angular convergence, we relaxed thk
and v constraint so thatuvmaxu5ukmaxu<jmax. In a series of
5D calculations, we setj max512 and simultaneously variedk
andv over a range of 7–12. The results for theJ50 split-
tings are presented in Table V. These data show that we
reducevmax andkmax to as much asj max23 with little reduc-
tion in the accuracy of the calculated splittings.
y 2006 to 128.32.220.140. Redistribution subject to A
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C. Radial basis

To test the utility of using the H.E.G. contraction in th
SWP code, we performed a number of calculations both w
and without the contraction to ascertain the effects on b
the tunneling splitting and shifts and the absolute energie
the eigenstates. In the following examples, the ASP-W
tential was used along with an angular basis set (j max5kmax

5vmax) large enough to converge theJ50 tunneling split-
tings to better than 0.01 cm21 ~absolute energies are con
verged to;0.05 cm21!. For all the calculations the samplin
range of the radial points~c.m. to c.m. of the water mono
mers! was 4.3–9.0 a.u.

To quantify the effectiveness of the contraction, we
port the five calculated splittings and shifts in theJ50 VRT
states as well as the absolute energy of theJ50 A1

1 state, or
D0 ~the dissociation energy!.

In the results of Table VI, we show theJ50 states de-
termined without using the HEG contraction. In reducing t
number of radial points from 16 to 7, there is an increase
more than 3 cm21 in the acceptor tunneling splitting repre
senting a nearly 70% change. Both interchange splitti
vary by more than 1 cm21, or around 30%.

In contrast, the effects of the H.E.G. contraction
shown in Table VII, show a marked improvement. When t
number of retained H.E.G. radial points is reduced from
to 4, the acceptor tunneling splitting is reduced by 0.1
cm21, or less than 3%. The lower interchange splitting
increased by 0.035 cm21, a 1% change. The effect on th
upper interchange splitting is smaller still. Likewise, we s
a similar effect on the donor shifts. We note that if the nu
ber of radial points is reduced further to 3, there is a sign
cant increase in the errors. The most likely cause is proba
due to the fact that with 3 points, only 1 radial function
available to solve the 6D Hamiltonian.

TABLE VI. Tunneling splittings and shifts without H.E.G. contraction. Th
sampling range of the potential is 4.3–9.0 a.u. Energies are given in w
numbers.

Radial points 16 13 10 7

Acceptor splitting 4.686 4.717 5.382 7.872
Lower interchange splitting 3.469 3.603 3.689 2.28
Upper interchange splitting 3.483 3.624 3.784 2.39
Lower bifurcation shift 2.131 2.201 2.321 1.981
Upper bifurcation shift 1.904 1.971 2.096 1.699
D0 986.245 984.082 968.069 909.376
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE VII. Tunneling splitting and shifts calculated with H.E.G. contraction scheme. The sampling ran
the potential is 4.3–9.0 a.u. Energies are given in wave numbers.

Radial points 13 10 8 6 4 3

Acceptor splitting 4.670 4.664 4.669 4.682 4.566 3.15
Lower interchange splitting 3.439 3.440 3.441 3.450 3.474 5.49
Upper interchange splitting 3.449 3.449 3.451 3.461 3.458 5.21
Lower bifurcation shift 2.114 2.115 2.115 2.121 2.122 2.94
Upper bifurcation shift 1.887 1.887 1.888 1.894 1.887 2.58
D0 986.584 986.611 986.574 986.418 986.037 986.00
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V. RESULTS

A. Assessing model potentials: ASP, MCY, NEMO,
SW

To identify potentials that can best describe the VR
spectra of the water dimer, we have calculated the low
ergy eigenstates of a number of water pair potentials.
results presented here are the two original ASP potential
Millot and Stone~which we term ASP-W and ASP-S!,61 the
MCY potential of Matsuoka, Clementi, and Yoshimine,63 the
NEMO potential of Karlstro¨m et al.,64 a potential due to Ku-
wajima and Warshel~here after referred to as MCY-KW!,65

and the SW potential due to Wheatley.66 For all the poten-
y 2006 to 128.32.220.140. Redistribution subject to A
n-
e
of

tials investigated, we employed fully coupled 6D calcu
tions over the range ofR54.3– 9.0 a.u. with j max5kmax

5vmax510. We did not extend the angular basis further
increasing the size did not change the quantitative desc
tion of any of the potentials by a noteworthy amount. T
data are presented in Tables VIII, IX, and X, wherein w
have reported the minimum absolute energy for a givenJ,
and the relative energy of the other states relative to
minimum. In Figs. 3–6, are schematics of theJ50 andJ
51 states for the experimental data and these six potent

To give a proper context for the observations of t
tested potentials, Fig. 3 gives a schematic of theJ50 and
e
le, with
TABLE VIII. ASP-W and ASP-S eigenstates. All energies are in cm21. The J quantum number refers to th
overall cluster. The numbers give the energy of the eigenstate relative to the ground state. For examp
ASP-WJ50, the ground state (A1

1) is at2986.61 cm21, the lowestA2
2 state is 4.66 cm21 higher in energy, and

the lowestB2
2 state is 3.45 cm21 above thatA2

2 state or 8.11 cm21 above the ground state.

ASP-W ASP-S

J50 J51 J50 J51

B2
2 17.41

E2 13.13
121.71 A2

2

B1
1 12.48 B1

2 1.52
E1 8.70 E2 0.15

119.04 A1
1 115.24 A1

2

A1
2 6.43 B1

1 11.09 B1
1 18.96

B1
2 0.77 E1 10.10 E1 8.52

113.89 E2 78.57 A1
1 111.17 A1

1

E2 7.35 B2
2 11.91 E2 7.31

A2
2 1.80 E2 8.27 A2

2 0.91
90.31 B2

2 76.64 A2
2 97.91 B2

2

E1 11.45 A1
2 3.38 A1

2 13.10 A1
2 1.63

B1
1 6.15 E2 1.38 E2 0.12 E2 0.63

89.25 A1
1 10.78 B1

2 97.18 B1
2 13.82 B1

2

A2
1 17.26 B1

1 3.38 A2
1 14.19 B1

1 1.63
E1 1.45 E1 1.38 E1 11.85 E1 0.38

83.81 B2
1 10.78 A1

1 93.51 B2
1 13.82 A1

1

A1
2 14.19 A2

1 2.89 B1
1 10.51 A2

1 1.26
E2 3.64 E1 1.00 E1 1.21 E1 0.38

77.24 B1
2 9.92 B2

1 91.82 A1
1 11.79 B2

1

A2
1 8.28 B2

2 2.89 A2
1 6.81 B2

2 1.26
E1 5.33 E2 1.00 E1 3.06 E2 0.38

75.55 B2
1 9.92 A2

2 61.22 B2
1 11.78 A2

2

B2
2 3.45 A2

1 3.44 B2
2 1.53 A2

1 1.53
E2 1.89 E1 1.88 E2 0.95 E1 0.95

4.66 A2
2 4.74 B2

1 10.12 A2
2 10.12 B2

1

B1
1 3.44 A1

2 3.44 B1
1 1.75 A1

2 1.75
E1 2.11 E2 2.11 E1 1.10 E2 1.10

2986.61 A1
1 2986.21 B1

2 2928.36 A1
1 2927.97 B1

2
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Downloaded 18 Ma
TABLE IX. NEMO3 and SW eigenstates.

NEMO3 SW

J50 J51 J50 J51

A1
2 0.74 E2 9.24

E2 0.53 B2
2 2.61

120.45 B1
2 91.99 A2

2

E1 7.12 A2
1 0.33 A2

1 21.21 A1
2 3.69

A2
1 6.62 E1 0.25 E1 20.99 E2 1.65

118.21 B2
1 18.00 B2

2 86.18 B2
1 14.28 B1

2

A2
2 0.30 A1

2 0.35 A1
2 25.43 B1

1 3.69
E2 0.20 E2 0.07 E2 4.74 E1 1.65

112.78 B2
2 16.99 B1

2 80.41 B1
2 14.29 A1

1

B1
1 0.90 B1

1 0.35 B1
1 34.98 A2

1 2.74
E1 0.54 E1 0.07 E1 14.99 E1 0.81

107.61 A1
1 16.99 A1

1 64.89 A1
1 12.80 B2

1

A2
1 0.66 A2

1 0.24 A2
1 20.40 B2

2 2.75
E1 0.45 B2

1 0.02 E1 6.36 E2 0.81
49.57 B2

1 13.43 E1 43.43 B2
1 12.79 A2

2

B2
2 0.33 B2

2 0.24 B2
2 3.00 A2

1 2.99
E1 0.25 A2

2 0.02 E2 1.76 E1 1.75
18.00 A2

2 13.42 E2 11.57 A2
2 11.56 B2

1

B1
1 0.37 A1

2 0.37 B1
1 3.89 A1

2 3.89
E1 0.32 E2 0.32 E1 2.17 E2 2.16

21004.08 A1
1 21003.68 B1

2 21030.49 A1
1 21030.07 B1

2

It
hi
a
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t
th
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d
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ri-
J51 (H2O)2 tunneling splittings derived from experiment.
should be noted that the interchange and acceptor switc
tunneling splittings cannot be measured spectroscopic
due to the fact that some states in (H2O)2 have a zero spin
weight and that transitions across the acceptor switch
components and across the interchange are symmetry fo
den. The splittings presented here were calculated via a fi
the available RF, microwave, and far-infrared spectra to
y 2006 to 128.32.220.140. Redistribution subject to A
ng
lly

g
id-
of
e

local-IAM model of Coudert and Hougen and are presum
to represent a very good estimate of the true splittings.44,67

A quick inspection of the figures makes it immediate
clear that none of the potentials shown here can reprod
the experimental splittings. The ASP-S surface with the S
zȩṡniak dispersion model,68 is the closest of the six teste
here, with an interchange splitting about 2.5 times too la
and an acceptor splitting that is within 10% of the expe
TABLE X. MCY-KW and MCY eigenstates.

MCY-KW MCY

J50 J51 J50 J51

E1 3.28 A1
2 18.20

B1
1 0.23 B1

2 17.93
153.34 A1

1 144.16 E2

B2
2 0.09 E1 0.12 E2 0.24 E1 0.17

A2
2 0.07 A2

1 0.04 B1
1 0.14 A2

1 0.04
143.49 E2 18.81 B2

1 141.44 A1
1 18.74 B2

1

E2 0.10 A1
2 0.14 E2 0.21 E1 4.78

A1
2 0.09 B1

2 0.11 A1
2 0.15 A2

1 0.03
136.81 B1

2 17.92 E2 138.47 B1
2 13.37 B2

1

E1 0.68 B1
1 0.14 E1 0.19 E2 4.78

B1
1 0.09 A1

1 0.11 B1
1 0.07 A1

2 0.03
135.54 A1

1 17.92 E1 130.96 A1
1 13.37 B1

2

E1 0.23 A2
1 0.16 E1 0.31 B1

1 5.16
A2

1 0.06 B2
1 0.13 A2

1 0.08 A1
1 5.12

55.67 B2
1 13.24 E1 57.00 B2

1 13.20 E1

E2 0.12 B2
2 0.15 E2 0.17 A1

2 5.16
B2

2 0.04 A2
2 0.13 B2

2 0.04 B1
2 5.12

18.81 A2
2 13.24 E2 18.74 A2

2 13.19 E2

E1 0.17 E2 0.17 E1 0.22 E2 0.22
B1

1 0.04 A1
2 0.04 B1

1 0.05 A1
2 0.04

21348.86 A1
1 21348.44 B1

2 21344.70 A1
1 21344.28 B1

2
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mental value. The ASP-W surface, which differs from t
ASP-S surface by replacing the dispersion terms with
more exhaustive multipole expansion due to Worm
et al.,69,70 fairs much worse with interchange splittings
times too large and an acceptor splitting that is a factor o
too small. The SW surface, a distributed multipole poten
similar to but less complicated than the ASP potentials, p
duces an acceptor splitting that is about 2 cm21 too large, as
well as interchange splittings that are 5 times larger th
experiment. The NEMO, MCY, and MCY-KW surfaces a
have interchange splittings that are much too small and
ceptor splittings that are 2 times too large. It is interesting
note that although the latter three potentials have very
similar functional forms ~NEMO employs distributed
charges, dipoles, and polarizabilities on all the atomic si
MCY is a simple point charge model fitted to a SCF/
surface; MCY-KW is a reformulation of MCY with an ex
plicit polarizable term added at the oxygens!, their energy
level diagrams are remarkably similar. Also calculated

FIG. 3. Experimental energy level diagram.
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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not shown in this paper are the SPC,71 polarizable SPC,72

RWK2,73 and TIP4P~Ref. 74! potentials which have ground
state splittings nearly identical to MCY.

B. Comparison to other methods

As noted before, the findings presented in the first SW
paper were erroneous due to a subtle error in the definitio
the monomer internal axis system. The correctness of
present implementation of our code has recently been c
firmed by demonstrating quantitative agreement with DV
results of van der Avoird75 and Light76 using the RWK2 and
ASP-W potentials, repectively.

Previously, we had found that Althorpe and Clary
DVR reverse adiabatic approximation~RAA! ~Ref. 50! to be
less than adequate in calculating the ground state tunne
splittings and attributed the deficiency to the fact that in
RAA scheme, the radial coordinate is decoupled from
angular coordinates. This is in direct contrast to the SW
algorithm where all coordinates are fully coupled. Reexam
nation of the RAA results in comparison to our present c
culations, however, show that the RAA data are reasona
close to the fully coupled 6D calculations. The absolute
ergies of the ASP-S potential from the RAA code, for e
ample, are within 3 cm21, and the tunneling splittings devi
ate on the order of 0.2 cm21. This is in quite good
agreement, especially in light of the fact that in the RA
report only three radial points were sampled and the ang
basis was severely truncated toj max58 andkmax54.

C. The intermolecular vibrations

The low energy intermolecular vibrations have been
vestigated in several papers both withab initio and empirical
potentials. Reimers and Watts reported the normal-mode
anharmonic corrected frequencies for the RWK2 poten
and provide a pictorial description of the six low frequen
modes which are reproduced in Fig. 7.52 They determine that
the ordering of the modes, starting with the lowest energy
n12, an A9 donor torsion of the free hydrogen,n8 , an A8
wag of the acceptor, andn11, anA9 acceptor twist.

To examine the lowest~below 150 cm21! excited inter-
molecular vibrations, calculated bands are presented in T
XI. For comparison, we have included the values from
work of Reimers and Watts. To assign the vibrational sy
metry from the data, we note that in the absence of tunnel
the appropriate PI symmetry group isCs(M ), where the al-
lowed statesA8 and A9. When all tunneling motions are
allowed ~without the breaking of any chemical bonds!, the
group is thenG16. The correlation fromCs(M ) to G16 for
the evenJ states is

GA85A1
1

% E1
% B1

1
% A2

2
% E2

% B2
2 ,

GA95B1
2

% E2
% A1

2
% B2

1
% E1

% A2
1 .

To produce the appropriate correlation for the oddJ states,
theA8 andA9 labels are exchanged. The band origins of t
excited VRT states are formed by pairing the interchan
triplets for a given symmetry and determining the midpo
of this pair. As an example, to find the band origin of t
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. Energy level diagrams for the ASP potential
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lowestA9 for the ASP-W data, Table VIII shows that there
an B2

1/E1/A2
1 interchange triplet at 75.55 cm21, and its

companionB1
2/E2/A1

2 interchange triplet at 77.24 cm21.
The band origin of the firstA9 vibration would then be 76.40
cm21. If more than one pairing was available, we chose
pair that produced the smallest acceptor tunneling split
based upon the observation that most of the potentials o
estimate the ground state value. As the eigenvectors were
computed in this work, we are not currently able to spec
the nature of these vibrations.

We see that the ordering of theA8 or A9 symmetry of
the first three modes is the same as calculated by Reim
and Watts, however, their normal-mode frequencies
higher by as much as a factor of 2. Also, the acceptor t
neling splitting varies dramatically between potentials. T
splitting in the lowestA9 band, for example, is a mere 1.
cm21 on the ASP-W surface and increases to 36 cm21 with
ASP-S, and is greater than 80 cm21 on the MCY and
MCY-KW surfaces. Similarly, the acceptor splitting in th
lowestA8 band varies between 0.9 cm21 on ASP-W to 27.1
cm21 on SW.

VI. DISCUSSION

The 6D SWPS results presented here, and corrected
the errors present in our previous treatment, demonstrate
both the RAA and DQMC methods can produce results t
are qualitatively accurate. These methods can therefore
applied as a fast method of accessing the numerous w
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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potentials that exist in the literature. To achieve quantitat
accuracy, however, it is necessary to have a fully coupled
treatment of the Hamiltonian. With recent improvements
the SWPS code, and a reasonably sized basis set, it
feasible to use the SWPS code as the primary method
characterizing the VRT dynamics on 6D potentials. As
example of the computational time required, with a basis
j max59 and 6 radial points, the SWPS code can fully co
verge the lowest three eigenstates of all ten symmetries
J50 andJ51 in less than 23 h on an IBM RS/6000 590

An important conclusion presented before, viz., th
none of the potentials examined thus far exhibit an acce
able agreement with experiment, still holds. Most of the p
tentials that we have explored greatly overestimate the
ceptor tunneling splitting and underestimate the dono
acceptor interchange splitting in the ground state. The m
rigorous ASP and SW potentials fare best in this respect,
still fall far short of achieving spectroscopic accuracy.
particular, the two ASP potentials, which differ only in the
treatment of the dispersion forces, demonstrate that mod
ab initio methods are still limited in their ability to rigor
ously describe the water dimer pair potential. It is nota
that none of the potentials have a dissociation energy (D0)
that agrees with the best available experimental measurem
of 1250 cm21 (3.5960.5 kcal/mol).77 D0’s of the MCY and
MCY-KW surfaces are approximately 0.3 kcal/mol to
strong where as the others are too weakly bound by ab
0.7–0.9 kcal/mol. However, we note that the present ca
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 5. Energy level diagrams for the NEMO3 and SW
potentials.

FIG. 6. Energy level diagrams for the MCY-KW an
MCY potentials.
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lations employ rigid monomer, and relaxation of the co
straint will affect this conclusion. Such effects are curren
under study.

A more striking manifestation of the deficiencies
these potentials is the disparity in the description of exci
vibrational states. As shown in Table XI, the apparent ord
ing of the three lowest excited states of all the tested po
tials ~except MCY! agree with the harmonic frequencies ca
culated from RWK2 as well as with the results from
number of other potentials andab initio calculations.54,78

There are, however, dramatic variations in the calculated
neling splittings spanning several orders of magnitude. I
not clear why there is little qualitative agreement betwe
the investigated potentials but a clue may be found in
recent work of Millot et al.78 where they performed an ex
tensive search for stationary points on 14 water potentials
that report, the authors determined a number of first or
saddle points on the various potentials~the first order saddle
points correspond to transition state structures of the
sumed hydrogen bond rearrangement tunneling pathw!
and compared them to supermolecule ab initio calculati
of Smith et al. ~SSPSR! ~Ref. 55! and Wales.56

This study shows, quite dramatically, that none of the
potentials are able to qualitatively reproduce the station
point structures and energetics found by SSPSR or Wale
fact, the set of ASP surfaces@ASP-W ~Ref. 61!, ASP-W2
~Ref. 78!, and ASP-W4~Ref. 78!, which we collectively re-
fer to as ASP# all show more transition state structures th
SSPSR suggesting a greater number of rearrangement
ways than the three detailed in Sec. II. This feature of
ASP surfaces is particularly striking in light of the comple

FIG. 7. Normal modes with harmonic frequencies for the water dim
(H2O)2 from Reimers and Watts~Ref. 52!.
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ity of the ASP functional form ~distributed multipole
analysis79! and the level ofab initio theory used to determine
its parameters~MP2 or multireference CI!.

At first glance, one may take the SSPSR or Wales res
as being a more accurate representation of the water d
IPS. However, it has been shown in that work55 that the
details of the surface are sensitive to the level of theory
size of the basis set. Additionally, the basis set superposi
error ~BSSE! has a large orientation dependence. BSSE
be estimated by the counterpoise method~CP! but presently
cannot be included in a gradient search for stationary po
thus questioning the extent to which one should use
SSPSR results in characterizing the hydrogen bond r
rangement dynamics of the water dimer.

In contrast, ASP is determined via a perturbativeab ini-
tio method, IMPT,79 which eliminates the BSSE problem. I
the case where the H2O monomer properties can be d
scribed completely and accurately~i.e., charge distribution,
polarizability, and dispersion!, ASP should be able to de
scribe the true water dimer IPS with unprecedented accur
This limit is not realized, however, since some properti
viz., dispersion and associated damping functions, are d
cult to measure or calculate. In addition, since the monom
properties are fitted to spherical harmonic expansions o
nite order, the resultant surface may have defects~e.g.,
dimples on a smooth surface! that can lead to the discover

r

TABLE XI. The three lowest energy intermolecular modes of the wa
dimer for the six potentials investigated. The method for assigning the s
metry is explained in the text.

Vib. symmetry Band origin Acceptor splittingc

A9 219 ¯

Reimers and Wattsa A8 169 ¯

A9 115 ¯

A9 98.85 30.25
ASP~W! A8 89.78 0.88

A9 76.40 1.92

A9 102.34 17.66
ASP~S! A8 94.87 6.09

A9 79.20 35.96

A9 123.65 10.88
NEMO A8 110.20 5.17

A9 85.01 70.88

A9 104.06 18.94
SW A8 78.44 27.10

A9 61.88 36.98

A9 154.78 9.22
MCY-KW A8 139.52 7.95

A9 96.24 81.14

¯ ¯ ¯

MCYb
¯ ¯ ¯

A9 97.74 81.47

aHarmonic frequencies for the RWK2 potential~Ref. 52!. Tunneling split-
tings were not reported in this work.

bThe second and third band origin could not be determined because
required interchange pairs did not appear below 150 cm21.

cAcceptor tunneling splittings are determined by the difference of the low
energy eigenstates for each interchange triplet.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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of false stationary points and give a misleading picture of
hydrogen bond rearrangement dynamics.

Most water potentials andab initio theory agree on the
ground state equilibrium structure of the dimer but the ran
of the estimated equilibrium binding energy (De) is disturb-
ingly wide ~ca. 24.3 to 25.9 kcal/mol!. From examination
of the article of Millotet al.78 and our calculated VRT states
it is evident that most of the details of the dimer IPS are s
in question. A natural path to solving this problem is to d
termine a new potential by least squares inversion of V
data.
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