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We report a new full-dimensional potential energy surface (PES) for the water dimer, based on
fitting energies at roughly 30 000 configurations obtained with the coupled-cluster single and
double, and perturbative treatment of triple excitations method using an augmented, correlation
consistent, polarized triple zeta basis set. A global dipole moment surface based on Mgller-Plesset
perturbation theory results at these configurations is also reported. The PES is used in rigorous
quantum calculations of intermolecular vibrational frequencies, tunneling splittings, and rotational
constants for (H,O), and (D,0),, using the rigid monomer approximation. Agreement with
experiment is excellent and is at the highest level reported to date. The validity of this
approximation is examined by comparing tunneling barriers within that model with those from fully
relaxed calculations. © 2008 American Institute of Physics. [DOI: 10.1063/1.2822115]

I. INTRODUCTION

The water dimer is of central importance as a key build-
ing block for models of liquid water and ice. In its own right
it is of fundamental interest as it exhibits large-amplitude,
internal hydrogen bond rearrangements. High-resolution mi-
crowave and far-infrared spectroscopy has determined the
tunneling splittings associated with these rearrangements.179
These provide vital and challenging data for theorists to un-
derstand and reproduce with high-quality potentials for the
dimer and realistic quantum calculations of the tunneling us-
ing such potentials. There has been great progress in realiz-
ing this goal 1recently.10 Here, we report additional and sig-
nificant progress in this effort.

Previously, three of us (X.H., B.B., and J.B.) reported a
full-dimensional global potential energy surface (PES) for
(H,0), based on roughly 20 000 ab initio energies using the
CCSD(T) method with an aug-cc-pVTZ basis."" The proper-
ties of this PES were extensively reviewed and shown to be
quite accurate compared to previous ab initio calculations
done at all known stationary points. Here, we report a new
potential energy surface and dipole moment surface (DMS)
that is based on an additional 10 000 configurations which
significantly improve the accuracy of the previous PES at
energies below 10 000 cm™" above the global minimum. We
label this new potential as “HBB” where “HBB” refers to
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three of the authors, Huang, Braams, and Bowman, and the
previous one as “HBBO0.” The potential (like the previous
one) is manifestly invariant with respect to all permutations
of like nuclei. The properties of this new PES and DMS are
presented. The PES is used in six-dimensional (6D), rigid
monomer calculations of the vibration-rotation-tunneling
(VRT) levels of (H,0), and (D,0), using the code devel-
oped by Groenenboom et al. 2 The VRT levels are compared
to results from high-resolution teraherz spectroscopy, and ex-
cellent agreement is found.

The paper is organized as follows. The construction and
properties of the new HBB PES are presented in the next
section, followed by a brief description of the methods used
to calculate the low-lying VRT states of (H,0), and (D,0),
in Sec. III. The results of those calculations using the HBB
PES are discussed and compared with experiment in the sec-
ond part of that section. The discussion includes some com-
ments on the possible effects of nonrigidity. A brief summary
and conclusions are given in Sec. I'V.

Il. AB INITIO POTENTIAL ENERGY SURFACE

The HBB PES is a fit to roughly 30 000 ab initio ener-
gies obtained with the coupled-cluster method including
singles and doubles and a perturbative correction for triples
[CCSD(T)] using an aug-cc-pVTZ basis as implemented in
MOLPRO." Of these 30 000 energies roughly 20 000 were
used in our previous HBBO PES." The distribution of those
20 000 energies was described in detail previously. In brief
fourteen OO distances were selected from 4 to 100 bohrs,
with eight distances between 4 and 6 bohrs, four between 8
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FIG. 1. (Color online) Total number of ab initio points and root mean square
fitting error as a function of energy up to E,,., relative to the global
minimum.

and 15 bohrs, and finally one at 50 bohrs and one at
100 bohrs. At each OO distance, between 300 and 2000
monomer geometries were selected for a total of 15 000 con-
figurations. Roughly 3000 additional data points were gener-
ated at configurations where the energy is less than
2000 cm™! (relative to the minimum on the fit) and then 1800
additional energies were done to yield a PES that gave a
stable quantum diffusion Monte Carlo (DMC) zero-point en-
ergy (ZPE) in full dimensionality. The final data set for this
previous PES consisted of 19 805 energies.

In the present work an additional 10 227 configurations
were incorporated to improve the description of the potential
at energies below 10000 cm™!. These additional energies
were selected from a large set of geometries generated in
vibrational configuration interaction and DMC calculations.
The distribution of these energies is nearly uniform in the
range of 0—10 000 cm™'. As in the previous work, the stan-
dard counterpoise correction was applied to approximately
correct the basis-set-superposition error, even though the cor-
rection is relatively small, i.e., of the order of 10—60 cm™!.
Of the 30 082 configurations 5235 are below 2000 cm™! and
19 754 are below 10 000 cm™.

The ab initio energies were fit using linear least squares
in terms of a special set of polynomials as described previ-
ously and in detail in our application to the PES for the
protonated water dimer, H*(H,0),." In brief the fit is per-
formed in terms of the 15 variables x,-j=e"if" 3 for the main
polynomial, denoted by p, and y;;=e™"i/r;; for the two-body
short-range polynomial, denoted by ¢, and where r;; is the
ijth internuclear distance. The polynomial p is of total degree
7 and g is a quartic. The polynomial p is expanded on a basis
in which each element is invariant under the complete per-
mutation symmetry group of the molecule. The basis is trun-
cated at total degree 7 and is complete for polynomials up to
that total degree. The expansion coefficients are determined
by a weighted least squares fit to the ab initio data, and the
weight of a data point with energy E relative to the global
minimum was (E,/(Ey+E))* with E, set to 0.01 hartree. In
total, there are 5227 terms in the expression for the PES.

The fitted potential energy surface describes dissociation
to two monomers and does so with full permutational sym-

J. Chem. Phys. 128, 034312 (2008)

metry. The energies of interest in the present study are much
below what is required for dissociation of a H,O monomer
or for hydrogen exchange between the two monomers. Nev-
ertheless, the complete permutational symmetry is a correct
property of the physical potential, and by building this prop-
erty into the basis we achieve a significant economy in the
size of the basis.

The fitting rms error as a function of the energy cutoff is
shown in Fig. 1. As seen, at 2000, 6000, 10 000, 20 000 and
40000 cm™!, the errors are 2.0, 5.8, 11.7, 25.4, and
83.0 cm™!, respectively. To test the accuracy of the fit beyond
the analysis of the rms fitting error, we checked the predic-
tive accuracy of the fit by comparing it to additional ab initio
energies not included in the fit. These were done for 16 val-
ues of the O-O stretch, and the rms error is 11 cm™!; for 21
points along free O—H bond stretches and the rms error is
22 cm™!; for randomly generated geometries from DMC
walkers for 49 points below 8 000 cm~! and the rms error is
9.8 cm™!; and 34 cm™! for 48 points between 8000 and
25000 cm™!. (Note that these rms errors for predictions are
roughly a factor of 2 smaller than for the HBBO potential.“)

Now we present a number of properties of the HBB
PES. Ten fully relaxed stationary points were located, and
the energies, geometries, and harmonic frequencies are given
in Tables I and II. Compared to previous work,'" the barrier
heights of SP2-SP10 differ by only 0—5 cm™!. Changes of
the monomer equilibrium geometry are less than 0.0001 A
and 0.06°, while most intermonomer parameters change by
0.002-0.010 A for ro_o and 0°-2° for angles. For monomer
bending and OH stretch modes the harmonic frequencies
vary by 0—4 cm™!. For intermonomer normal mode frequen-
cies, 5-16 cm™! differences are found for rocking/wagging
and OO stretches; these intermolecular frequencies changed
more as they are more sensitive to small changes in the PES.
Thus, the level of agreement between HBB and the bench-
mark single-point calculations of Tschumper et al.” remains
about the same or is slightly improved compared to HBBO."

The HBB PES dissociates to two equivalent H,O mol-
ecules with dissociation energy D, of 1665.82 cm™
(19.9 kJ/mol). This value compares well with the bench-
mark ab initio value of 21.0 kJ/mol."> The H,0 equilibrium
properties are as follows: roy=0.9615 A, ZHOH=104.2°
and the barrier to linearity is 11116 cm™ with rgy
=0.9381 A. Harmonic frequencies are 1642, 3810, and
3921 cm™! and the “exact” vibrational ZPE and correspond-
ing fundamentals are 4615, 1595, 3638, and 3737 cm™!, re-
spectively. The DMC ZPE is 9856 =3 cm™! and, thus, D, is
1040 cm™ for (H,0),, i.e., 12.44 kJ/mol. This value is
slightly below the value of D, 12.93 kJ/mol, obtained from
the VRT(ASP-W) potential fitted to the measured VRT
levels.'® The zero-point averaged structure of (H,0), is as
follows: roo=3.03+0.02 A, the bridging oy of the donor is
0.990 A, the donor free rqy is 0.985 A, the acceptor roy is
0.987 10%, and the ZHOH=104.0°. A discussion of previous
calculations of the dissociation properties of (H,0), was
given in Ref. 11 and so is not repeated here.

As the 6D exact quantum computations were run with
water monomer geometries fixed at the isolated monomer
equilibrium geometry it is of interest to compare the geom-
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etries and energies of the fully relaxed barriers with rigid
monomer barriers, obtained with constrained optimizations.
These are given in Table III where it is seen that the rigid
monomer barriers agree very well with the fully relaxed
ones. We will discuss the small differences in more detail
after the results of the tunneling splitting calculations are
presented in the next section.

Finally, we note that the permutationally invariant dipole
moment surface reported previously has been updated using
the larger data set MP2/aug-cc-pVTZ dipole values. As pre-
viously, the new DMS dissociates correctly to the monomer
DMS. Total fitting rms errors along x-, y-, and z-dipole com-
ponents are 0.016, 0.009, and 0.009 a.u., respectively. The
error along the x direction is bigger just because we have
aligned the O-O axis along the x axis. Comparing to the
previous DMS, the fitting accuracy is improved by 20%.
Dipole moments on ten characteristic SP structures have
been checked (see Table I). Changes of dipole moments on
ten SPs are only 0.0-0.1%, compared with those reported
previously.“ The values of the MP2-based DMS at the
(H,0), global minimum and the H,O monomer equilibrium
geometry are 1.02 and 0.729 a.u., respectively, slightly
smaller than the benchmark values of 1.06 and 0.757 a.u. of
Tschumper et al."” To obtain the vibrationally averaged di-
pole moment rigorously is nontrivial. We have estimated this
based on a DMC calculation and obtain 1.07 a.u. with an
uncertainly of roughly +0.01 a.u.

lll. VIBRATION-ROTATION TUNNELING SPECTRUM
OF THE WATER DIMER

Without breaking any of the chemical bonds, the water
dimer has access to eight equally deep minima in the global
potential energy surface that correspond to eight equivalent
equilibrium structures related by interchanging identical nu-
clei. These interchange operations are called “feasible” be-
cause they become possible by quantum mechanical tunnel-
ing through the energy barriers between the equivalent
minima, which leads to observable splittings in the spectrum.
Combined with inversion, they generate the permutation-
inversion (PI) symmetry group G of the water dimer. The
VRT levels of this dimer, split by tunneling, are commonly
labeled with the irreducible representations (irreps) A, By,
A5, By, and E* of G4 Our computation of these VRT levels
of the water dimer involves a fully coupled treatment in all
six intermolecular degrees of freedom, similar to a coupled-
channel scattering calculation.'? The monomers are frozen at
their calculated isolated molecule equilibrium geometry. It
was demonstrated in several papers that the resulting water
dimer VRT levels, through a comparison with the high accu-
racy experimental data available,'” provide an extremely
sensitive test of water pair potentials. Here, we apply this test
to the ab initio HBB potential described in this paper, as well
as to its predecessor HBBO."

The formalism is explained in detail in Ref. 12. An an-
gular basis of symmetric rotor functions Dfr’lf is used for the
internal rotation of each of the monomers A and B; it was
truncated at maximum values of j, and jz equal to 11 for
H,O dimer and 12 for D,O dimer. It was found'? that the

Downloaded 03 Feb 2008 to 144.82.100.66. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



034312-4

Huang et al.

TABLE II. (H,0), harmonic frequencies (cm™) of ten stationary points (SP) on the HBB potential.

J. Chem. Phys. 128, 034312 (2008)

SP Intermonomer normal modes Intramonomer normal modes

CsMin 123 137 142 177 344 600 1646 1665 3736 3806 3892 3912
SP2 91i 125 160 166 378 493 1647 1671 3747 3808 3896 3914
SP3 153i 761 110 161 353 437 1644 1669 3762 3815 3898 3924
SP4 128i 113 148 184 356 549 1640 1647 3784 3795 3902 3905
SP5 120i 58 99 159 325 482 1634 1657 3795 3795 3909 3912
SP6 1311 81i 761 154 366 386 1634 1655 3798 3803 3913 3921
SP7 203i 62i 131 159 267 412 1638 1654 3803 3817 3908 3914
SP8 227i 162i 125i 80 247 358 1652 1653 3805 3812 3904 3910
SP9 220i 50 121 159 203 417 1638 1659 3804 3821 3904 3916
SP10 2381 1781 87 96 162 327 1642 1660 3802 3828 3913 3918

VRT levels were sufficiently well converged at these values
to reliably extract even the smallest tunneling splittings.
Symmetric rotor functions D%; were also used for the over-
all rotation of the complex with quantum numbers J, the total
angular momentum of the complex, M, the projection of this
angular momentum on a space-fixed axis, and K, the projec-
tion on the dimer z axis. The latter axis coincides with the
vector R that points from the center of mass of monomer A
to that of monomer B. The quantum numbers J and M are
exact quantum numbers. Also, K becomes a good quantum
number because we neglected the off-diagonal Coriolis cou-
pling between the internal angular momenta j,, jz and the
overall angular momentum J; this coupling leads only to a
minute asymmetry doubling of the water dimer levels. For
the radial coordinate R, the length of the vector R, we used a
discrete variable representation (DVR) with three contracted
DVR functions obtained by using a one-dimensional radial
cut through the equilibrium geometry in the six-dimensional
potential surface, see Ref. 12. It was checked!” that this ra-
dial basis, although small, gives well converged results. The
adaptation of the basis to the different irreps of the PI group
G considerably simplifies the calculations.

The quantities that we use to characterize the spectra are
the same as used by the experimentalists and are defined in
Refs. 6-9. For K=0, the origins o; and o, are the average
energies of the J=0 levels of A] and B symmetries and of
A5 and B, symmetries, respectively. The end-over-end rota-
tional constant B+ C for K=0 was obtained as the difference
between levels with J=1 and J=0. For K> 0, the levels oc-

cur in degenerate pairs, Ay, B] and A5, By, due to our
neglect of the off-diagonal Coriolis coupling. The origins o,
and 0, were obtained from averaging the A7 and B levels
and the A and B, levels, respectively. Then, according to the
convention used by experimentalists, the origins were calcu-
lated from the levels with the lowest value of J (=K) by
subtraction of (B+C)K/2. The value of B+C for K=1 was
obtained from the difference between K=1 levels with J=2
and J=1. The much larger rotational constant A for rotation
about the prolate axis (nearly coinciding with the vector R)
was obtained as the difference between the K=1 and K=0
averages (0;+0,)/2.

The largest tunneling splitting, denoted by a(K), is the
so-called acceptor splitting, which is strongly K dependent. It
is caused by an interchange of the two hydrogen atoms of the
hydrogen bond acceptor monomer. The two corresponding
minima in the potential surface are separated by the lowest
energy barrier in the potential surface, saddle point SP2 in
Tables I-III. The splitting a(K) can be extracted from the
(calculated or measured) spectra as the energy difference be-
tween the origins o, and o,. The interchange splittings, de-
noted by i, and i,, correspond to the interchange of the donor
and acceptor molecules. The barrier that separates the two
corresponding minima in the potential surface is saddle point
SP4 in Tables I-III. These tunneling splittings can be ex-
tracted from the spectra as well: i; is the difference between
the B, and A; levels and i, is the difference between the B
and A, levels. The E* levels that are slightly shifted with

TABLE 1III. Rigid monomer (RM) energy and barrier heights and intermonomer geometry (A, deg) of ten stationary points found on the HBB potential. Fully

relaxed barriers from Table I are also given for ease of comparison.

Fully RM RM

SP relaxed Energy barrier Ro,u, £0,H,0, £ H50,0, £ H;0,0, T0,H,0,H, T0,H,0,H, 70,H,0,H,
CsMin 0.0 9.1 0.0 1.9850 171.97 109.75 109.75 180.00 123.01 —123.01
SP2 161.4 168.6 159.5 2.0054 168.26 103.30 127.06 158.67 169.76 50.09
SP3 198.5 207.6 198.5 2.0107 167.26 111.05 144.75 180.00 180.00 0.00
SP4 244.0 251.8 2427 2.3015 115.15 130.22 47.05 —-132.39 110.35 180.00
SP5 329.3 338.0 328.9 2.3103 112.28 144.86 49.32 —153.45 —-118.79 —-167.61
SP6 348.1 358.1 349.0 2.3167 109.95 155.41 51.19 180.00 180.00 180.00
SP7 603.0 631.4 622.3 3.2769 65.21 53.68 53.68 180.00 —-101.61 101.61
SP8 1181.8 1192.4 1183.3 3.1275 92.41 70.72 70.72 —63.29 180.00 66.54
SP9 590.2 625.1 616.0 2.5658 110.69 127.89 127.89 0.00 -90.00 90.00
SP10 898.3 925.8 916.7 2.7160 111.67 127.89 127.89 0.00 0.00 180.0
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TABLE IV. VRT levels, tunneling splittings, and rotational constants (in cm™") of (H,0), calculated with the
HBBO potential in Ref. 11 and with the HBB potential in the present paper on the first and second rows,
respectively. The numbers in parentheses are experimental values from Refs. 2, 3, and 7-9. The assigment of the
intermolecular vibrations is given in Ref. 27. When it deviates from the earlier assignment according to Ref. 7,

the latter is added in square brackets.

0, 0," a

i i B+C A

Ground state (A”)

K=0 0.00 13.47 13.47 0.837 0.722 0.4117
0.00 13.33 13.33 0.745 0.641 0.4113
(0.00) (11.18) ® (0.752) (0.651) 0.4112)
K=1 15.73 12.58 3.16 0.783 0.589 0.4116 7.42
15.73 12.51 3.22 0.691 0.519 0.4112 7.46
(14.39) (11.66) (b) (0.705) (0.541) (0.4108) (7.44)
Donor torsion (A”)
K=0 113.22 59.31 5391 7.033 2.707 0.4149
116.10 60.77 55.33 6.356 2.383 0.4139
(64.52) (2.54)
K=1 84.65 91.08 6.43 1.349 3.809 0.4136 1.61
85.87 92.68 6.81 1.039 3.318 0.4124 0.84
(87.75) (1.110) (0.4083)
Acceptor wag (A")
K=0 106.96 107.41 0.45 4.838 0.029 0.4116
107.00 106.13 0.87 3.915 0.005 0.4110
(107.93) (108.89) (0.96) (2.951) (0.017) (0.4094)
K=1 106.49 120.85 14.36 6.075 4.295 0.4128 6.49
106.87 121.24 14.37 5.514 3.530 0.4123 7.50
(109.98) (123.56) (13.58) (5.238) (3.412) (0.4122) (8.08)
Acceptor twist (A”)
K=0 129.54 113.55 15.99 1.358 9.753 0.4122
130.34 116.34 14.00 1.115 9.668 0.4117
(120.19) (9.393) (0.4138)
K=1 139.70 133.23 6.48 4.427 5.552 0.4119 14.93
141.32 135.23 6.09 4.285 5.657 0.4116 14.94
Donor torsion overtone (A’) [in-plane bend]
K=0 124.86 148.70 23.84 9.151 1.608 0.4091
127.09 147.79 20.70 8.927 1.275 0.4078
(153.62) (1.877)
K=1 150.77 147.89 2.87 1.713 2.518 0.4055 12.55
149.88 147.10 2.78 1.449 1.676 0.4034 11.05
Stretch (A')
K=0 142.00 182.20 40.20 2.554 19.604 0.4093
140.16 183.84 43.67 2.719 19.173 0.4088

“Since the experimental values of 0, were given relative to the ground state value of 0,, we added the estimated
ground state acceptor splitting a(K=0)=11.18 cm™" (Ref. 12) to all experimental values.
bAcceptor splitting a(K=0)+a(K=1)=16.63 and 16.55cm™" (calculated) and 13.92 cm™' (experimental).

respect to the average energies of the A| and B levels and
the A; and B, levels by bifurcation tunneling through bar-
rier SP9 have not been calculated.

The properties of the states with K=0 and K=1 calcu-
lated on the HBBO and HBB potentials are listed and com-
pared with the available experimental data in Tables IV and
V for H,O dimer and D,O dimer, respectively. The dissocia-
tion energies Dy for the H,O rigid monomer dimer are 996.6
and 998.0 cm™! for the HBBO potential and the present HBB

potential, respectively. For D,O dimer, they are 1136.3 and
1137.8 cm™, respectively. The D, values of these potentials
with the monomers frozen at their equilibrium geometries
are 1655.9 and 1656.0 cm™!. The D,, value may be compared
with that from full 12-dimensional (12D) DMC calculations,
which for the HBB potential is 1040 cm™' for H,O dimer.
Harmonic calculations show that part of this binding energy
is caused by a lowering of the monomer zero-point energy.
The harmonic monomer ZPE in the H,O dimer is
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TABLE V. VRT levels, tunneling splittings, and rotational constants (in cm™') of (D,0), calculated with the
HBBO potential in Ref. 11 and with the HBB potential in the present paper on the first and second rows,
respectively. The numbers in parentheses are experimental values from Refs. 1, 4-6, 8, and 9.

a
0, 0, a

i i B+C A

Ground state (A”)

K=0 0.00 2.41 2.41 0.0485 0.0445 0.3711
0.00 2.37 2.37 0.0397 0.0364 0.3708
(0.00) (1.77) (1.77) (0.0391) (0.0361) (0.3622)
K=1 5.77 5.01 0.76 0.0443 0.0402 0.3711 4.19
5.75 4.99 0.76 0.0362 0.0327 0.3708 4.19
(5.36) (4.74) (0.62) (0.0359) (0.0331) (0.3621) (4.17)
Donor torsion (A”)
K=0 73.79 54.57 19.22 0.418 0.223 0.3710
75.58 55.88 19.70 0.301 0.174 0.3700
(75.38) (59.59) (15.81) (0.328) (0.203) (0.3622)
K=1 64.03 68.18 4.15 0.137 0.290 0.3700 1.92
65.22 69.54 431 0.095 0.223 0.3691 1.65
(68.27) (71.81) (3.54) (0.132) (0.257) (0.3600) (2.56)
Acceptor wag (A")
K=0 79.75 81.72 1.97 0.174 0.146 0.3701
78.95 80.38 1.44 0.145 0.110 0.3698
(82.64) (84.40) (1.77) (0.131) (0.112) (0.3603)
K=1 81.94 87.10 5.16 0.556 0.244 0.3709 3.79
81.95 86.23 4.27 0.419 0.181 0.3705 443
(85.57) (89.56) (4.00) (0.398) (0.168) (0.3592) (4.05)
Acceptor twist (A”)
K=0 88.44 84.90 3.55 0.449 0918 0.3719
90.33 87.55 2.78 0.460 0.847 0.3717
(92.91) (90.37) (2.54) (0.432) (0.443) (0.3665)
K=1 94.73 91.42 3.30 0.499 0.699 0.3720 6.41
96.17 93.82 2.35 0.504 0.651 0.3718 6.06
Donor torsion overtone (A’) (in-plane bend)
K=0 96.88 129.37 32.49 0.950 1.786 0.3702
98.72 129.92 31.20 0.758 1.150 0.3686
(104.24) (0.783) (0.3632)
K=1 121.41 113.33 8.08 0.672 0.005 0.3711 4.25
122.78 114.42 8.36 0.451 0.028 0.3701 4.29
Donor torsion+acceptor wag combination (A”)
K=0 129.58 135.41 5.83 0.043 1.507 0.3710
129.30 136.10 6.80 0.001 1.165 0.3702
Stretch (A')
K=0 130.28 140.93 10.66 3.082 2.159 0.3708
131.30 141.75 10.46 1.971 2.166 0.3677

“Since the experimental values of 0, were given relative to the ground state value of 0,, we added the experi-
mental estimate (Ref. 5) for the ground state acceptor splitting a(K=0)=53 GHz=1.7679 cm™' to all experi-

mental values.

9328.8 cm™!, while in the free monomers it is 9373.5 cm™',

so the harmonic estimate of the monomer contribution to D,
is 44.7 cm™!. This lowering of the monomer ZPE is domi-
nated by the large redshift of the OH stretch frequency of the
hydrogen bonded donor OH group: 74 cm™! in the harmonic
calculations. Obviously, the monomer contribution to D, is
absent from the (variational) 6D calculations with frozen
monomers and D, is decreased by about 9 cm~! by freezing

the monomers. Taking these differences into account shows
that the numbers from the DMC and variational calculations
are consistent.

The ground state tunneling levels of H,O dimer and D,O
dimer calculated with the HBB potential are shown and com-
pared with measured values in Figs. 2 and 3, respectively.
The levels (origins o, and 0,) corresponding to the intermo-
lecular vibrations of H,O dimer and D,O dimer are shown in
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FIG. 2. (Color online) Ground state VRT levels of the H,O dimer (in cm™")
from converged calculations with the HBB ab initio potential, in comparison
with experimental data (Refs. 2, 3, and 7) (lower numbers). The energies are
drawn to scale.

Figs. 4 and 5, respectively. An overview of the quality of the
VRT levels from the HBBO and HBB potentials, relative to
the experimental data, is given in Table VI. We may con-
clude that, for both potentials, the agreement with the experi-
mental data is very good, and also that the HBB potential is
still a substantial improvement over HBBO. The only quan-
tity that is not well represented by both potentials is the
acceptor splitting ag+a;. Calculations on the effects of
monomer flexibility'®° have shown that this quantity a(0)
+a(1) decreases when the H,O monomers are relaxed. It is
striking in this respect, see Table VI, that the other pure ab
initio potential that gives very good agreement with the ex-
perimental data, the 6D CC-pol potential,m’”’21 gives practi-
cally the same deviation from experiment for a(0)+a(1) as
the HBBO and HBB potentials. It is most probable that all of
these potentials have reached the “rigid monomer limit” of
the acceptor splitting. The other quantities appear to be much
less sensitive to making the monomers flexible and their
agreement with experiment is about equally good for all of
the three potentials. There is one property for which the HBB
potential performs by far the best: the interchange splittings
i; and i,. We discuss this point in more detail below.

For comparison, we also included in Table VI another
recent ab initio potential, the TTM2.1 potential.22 The VRT
levels from this 12D potential, applied in 6D calculations

J. Chem. Phys. 128, 034312 (2008)

Acceptor tunneling

a(K=0) a(K=1) a(K=2)

2.37 0.76 172
1.77 0.62 1.31

(ab initio)
(experiment)

00265 . _
- 00270 BiA
Rotational constants Bt E
+' -
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EE
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i
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FIG. 3. (Color online) Ground state VRT levels of the D,O dimer (in cm™")
calculated from the HBB ab initio potential, in comparison with experimen-
tal data (Refs. 1 and 4-6) (lower numbers). The energies are drawn to scale,
except for the small interchange splittings which are enlarged by a factor of
10.

with rigid monomers at their equilibrium geometry just as for
the HBB potential, deviate much more from the experimental
data than for the CC-pol, HBBO, and HBB potentials. Fur-
thermore, we show results from the best of the family of 6D
VRT(ASP-W) potentials, the VRT(ASP-W)III potential.>
These potentials are based on ab initio calculations, while a
number of the parameters in the analytic representation of
the ab initio points were reoptimized by a fit of the VRT
levels calculated for the D,O dimer to the experimental data.
It is remarkable that the best pure ab initio potentials to date,
the HBB and CC-pol potentials, give results in better agree-
ment with the experimental data than the VRT(ASP-W)III
potential that was fitted to this data. Except for the acceptor
splitting, of course, which—for the reason given in the pre-
vious paragraph—has not much to do with the quality of the
potential, but rather with the fact that the monomers were
frozen. We did not include the earlier ab initio potentials in
our comparison, nor did we list any results obtained from the
multitude of empirical potentials developed for simulations
of liquid water. From such comparisons, discussed in Refs.
10, 17, and 21, it becomes clear that the empirical liquid
water potentials are not at all capable of producing a water
dimer VRT spectrum of reasonable quality. This is mostly
because they are “effective” pair potentials that account im-
plicitly for the important many-body forces in liquid water
and ice. Furthermore, one can say that the accuracy of the
older ab initio potentials is of a much lower level than that of
the HBBO, HBB, and CC-pol potentials. Somewhat of an
exception are the SAPT-5s (Ref. 24) and SDFT (Ref. 25)

Downloaded 03 Feb 2008 to 144.82.100.66. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



034312-8 Huang et al.
calculated  experiment calculated  experiment
K=0 K=0 K=1 K=1
160
2
140 - DT AT ]
-===2
120 - ol 2 - < 2
AW AW
2 1
AW 1
100 —
DT g DT
—<_D_T__1 2L
~ 80
1S
[&]
=i 5 D
60—
40—
20—
2 g ey =1
~ @s —~ GS GS GS
o= 1 1

FIG. 4. (Color online) VRT levels of the H,O dimer corresponding to the
intermolecular vibrations, calculated from the HBB potential, in comparison
with experimental data (Ref. 7). The levels 1 and 2 are the origins, 0, and 0,,
of the A|,E|,B, and A,,E,,B, levels, respectively. The abbreviations GS,
DT, AW, and AT denote the ground state (A’), donor torsion (A”), acceptor
wag (A'), and acceptor twist (A”) modes, following Refs. 7 and 27. Solid
lines refer to A’ symmetry, dashed lines to A” symmetry, with respect to the
point group C; of the equilibrium structure. Experimental levels not shown
have not been measured to date.

potentials, but even they are not of the same class as the
HBBO, HBB, and CC-pol potentials.

Finally, let us discuss the amazingly good quality of the
interchange splittings i; and i, obtained from the HBB po-
tential. The donor-acceptor interchange process in the water
dimer is hindered by a barrier in the potential surface that
corresponds to saddle point SP4, see Tables I-III. The ex-
tremely good agreement with experiment for i; and i, indi-
cates that the HBB potential describes this barrier very accu-
rately. We may compare it to the CC-pol potential, which
apart from i; and i,, gives VRT levels of about the same
quality as HBB. In the analytic representation of the CC-pol
potential, special attention was given to obtaining the correct
long range behavior, while its analytic form was chosen such
that it is not too expensive in molecular dynamics calcula-
tions of liquid water. Both properties are essential for simu-
lations of liquid water, but as a result of the latter property,
the number of fit parameters was kept rather limited and the
numerical accuracy of the fit is definitely lower than for the
fit of HBBO and HBB. Other aspects are important as well,
though. Since the monomers were frozen in the 6D calcula-
tion of the dimer VRT levels, one may wonder what is the
effect of relaxing the monomer geometries on the barriers
through which the various tunneling processes occur. First,

J. Chem. Phys. 128, 034312 (2008)
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FIG. 5. (Color online) VRT levels of the D,O dimer corresponding to the
intermolecular vibrations, calculated from the HBB potential, in comparison
with experimental data (Ref. 6). All symbols are explained in Fig. 4, except
for DT? which denotes the donor torsion overtone (A’) (Ref. 27). In Ref. 7
this mode was referred to as in-plane bend.

there is a direct effect: the barrier heights in the full 12D
potential surface are not the same as in the 6D rigid mono-

TABLE VI. Root mean square relative percentage errors in various proper-
ties of H,O and D,O dimers from calculations with different potentials,
compared with experimental data from Refs. 8 and 9 and references therein.
The following properties are used in this analysis: ground state rotational
constants A and B+ C, ground state tunneling splittings a(0)+a(1) (acceptor
switch), i; and i, (donor-acceptor interchange), and frequencies of the inter-
molecular vibrations DT, AW, AT, and DT? for K=0.

Rotational Vibrational
Potential constants a(0)+a(l) i,y frequencies
H,O dimer
TTM2.1* 16 82 67 12
VRT(ASP-W)III° 6.6 0.1 55 6.9
CC-pol° 2.1 19 5.8 43
HBBO! 0.2 19 11 47
HBB 0.05 19 1.1 3.6
D,0 dimer
VRT(ASP-W)II° 22 11 64 45
CC-pol° 3.6 34 14 4.1
HBBO? 1.8 33 24 5.7
HBB 1.7 31 12 4.5

“References 10 and 22.
PReferences 8, 9, and 23.
“References 10, 17, and 21.
dReference 11.
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mer potential. It turns out, however, see Table III, that this
effect is a minor one because the global minimum in the
potential surface (or rather, the eight equivalent minima) is
(are) lowered by relaxing the monomer geometries by about
the same amount as the saddle points SP2 and SP4. A more
important effect originates from the intramolecular vibra-
tions. From harmonic calculations, see Table II, it is esti-
mated that the SP2 barrier is effectively raised from
161.4 to 174.6 cm™, i.e., by 8%, by adding the monomer
ZPEs calculated at the SP2 saddle point and at the minimum.
This rise of the SP2 barrier partly explains why the acceptor
tunneling splittings a(K) will decrease when the monomers
are made flexible. However, it should be mentioned that it is
not just the height of the barrier that is important, also its
shape and the amount of coupling between the different de-
grees of freedom are both important factors. For the SP4
barrier relevant for interchange tunneling, the effect of add-
ing the monomer ZPE is considerably smaller: the harmonic
estimate gives an increase of the barrier from
244.0 to 251.4 cm™, ie., by 3%. Given that this effect is not
completely negligible, however, it is remarkable that the
HBB potential gives such accurate values of i; and i, in 6D
rigid monomer calculations. Since the agreement with ex-
periment is equally good for (H,0), and (D,0),, it seems
that the monomer vibrations do not play a role in the inter-
change tunneling splittings.

IV. SUMMARY AND CONCLUSIONS

We presented a full-dimensional global potential energy
surface for the water dimer based on fitting roughly 30 000
electronic energies. These were obtained using the CCSD(T)
method with an aug-cc-pVTZ basis. A corresponding dipole
moment surface was also reported at the MP2 level of theory.
These surfaces are both manifestly invariant with respect to
all permutations of like atoms and both dissociate correctly
to the monomer limit. Properties of these surfaces, especially
the PES, were presented. Barriers to internal hydrogen bond
rearrangements were presented for the fully relaxed potential
and for the rigid monomer 6D case and found to be quite
similar. This provides additional confidence in the reality of
rigorous quantum calculations of intermolecular vibrational
energies, tunneling splittings, and rotation constants done in
the rigid monomer model, which were reported using this
new PES, as well as with a previously published potential.
Agreement with experiment obtained using the new PES was
shown to be excellent and of the highest level reported to
date. The remaining differences, in particular for the acceptor
tunneling splitting, are ascribed mainly to the rigid monomer
approximation made in the calculation of the water dimer
VRT states, rather than to deficiencies in the PES. Additional
calculations of the intramolecular vibrational energies and IR
spectrum are underway26 and work to build a model for wa-
ter based on this PES is being planned.
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