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All bound rovibrational levels of the H2O–H2 dimer are calculated for total angular momentum
J = 0–5 on two recent intermolecular potential surfaces reported by Valiron et al. [J. Chem. Phys.
129, 134306 (2008)] and Hodges et al. [J. Chem. Phys. 120, 710 (2004)] obtained through ab initio
calculations. The method used handles correctly the large amplitude internal motions in this complex;
it involves a discrete variable representation of the intermolecular distance coordinate R and a basis
of coupled free rotor wave functions for the hindered internal rotations and the overall rotation of
the dimer. The basis is adapted to the permutation symmetry associated with the para/ortho (p/o)
nature of both H2O and H2 as well as to inversion symmetry. Dimers containing oH2 are more
strongly bound than dimers with pH2, as expected, with dissociation energies D0 of 33.57, 36.63,
53.60, and 59.04 cm−1for pH2O–pH2, oH2O–pH2, pH2O–oH2, and oH2O–oH2, respectively, on the
potential of Valiron et al. that corresponds to a binding energy De of 235.14 cm−1. Rovibrational
wave functions are computed as well and the nature of the bound states in the four different dimer
species is discussed. Converged rovibrational levels on both potentials agree well with the high-
resolution spectrum reported by Weida and Nesbitt [J. Chem. Phys. 110, 156 (1999)]; the hindered
internal rotor model that was used to interpret this spectrum is qualitatively correct. © 2011 American
Institute of Physics. [doi:10.1063/1.3533232]

I. INTRODUCTION

Collisions between water, H2O, which is a predominant
molecular species in interstellar clouds, and H2, the most
abundant molecule in the universe, play a critical role in im-
portant astrophysical phenomena.1–4 One such phenomenon,
for example, involves the formation of the so-called H2O
masers, whereby the combination of long path lengths and
inverted H2O internal state distributions in regions of star
formation yields intense, amplified spontaneous emission on
rotational lines of H2O.5, 6 How such highly nonequilibrium
rotational distributions of H2O are formed is still not clear,
but one putative mechanism is that this internal excitation is
formed by collisions of hot H2 gas outflows in star forma-
tion regions with H2O in the interstellar medium.3 Essential
to any first principles understanding of such maser formation
processes will clearly be a detailed knowledge of the underly-
ing bimolecular collision dynamics, which in turn requires a
rigorously accurate understanding of the H2O–H2 intermolec-
ular potential.2, 7, 8

A second example from astrophysics is the recombina-
tion of H atoms to form H2 on icy interstellar dust grains.2, 7

This represents a critical step in balancing photofragmenta-
tion with molecule reformation in the interstellar medium,
which requires an understanding of the large amplitude quan-
tum mechanics of how the newly formed H2 interacts with
and ultimately dissociates from the H2O ice surface itself. In-
deed, the dynamics of such H2–H2O ice grain species rep-
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resents internally excited, quasibound levels of the weakly
bound H2O–H2 complex. This highlights another key area in
which a quantitatively benchmarked intermolecular potential
for H2O–H2 plays a critically important role.

As yet another example of terrestrial as well as interstel-
lar relevance, there have been some recent measurements by
Dick et al. on the temperature collisional broadening9 of the
rotational lines of H2O by H2.4, 10 These studies exploit high
resolution millimeter wave absorption spectroscopy of H2O
in a cold H2 gas chamber, where the accessible temperatures
range from 20 to 200 K. By detailed least squares fits of
these THz transitions to a pressure broadened line shape,
they infer the quantum state resolved pressure broadening
coefficient for collisions of H2O with He and H2 as a function
of temperature. The broadening coefficients with He exhibit
only a simple and modest dependence on temperature. How-
ever, the trend for collisions of H2O with H2 as the colliding
gas is qualitatively different: it exhibits an inverse power
law rise for Tcell from 200 K down to 50 K, followed by an
entirely unexpected, precipitous drop in the broadening rate
below 50 K, with this behavior reiterated in all six rotational
transitions studied. These results are currently somewhat
controversial,11, 12 but if they are borne out by further ex-
perimental confirmation, this would be strong indication
of novel collisional dynamics between H2O and H2 at low
temperatures. This speaks to the importance of having high
quality ab initio potential surfaces for H2O–H2 collisional
interactions, which in turn must be rigorously tested by
benchmarking against accurate experimental data. Specif-
ically, the thrust of this paper is to facilitate a direct
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comparison of fully converged energy levels from quantum
dynamical calculations on high quality ab initio potential
surfaces against the known energy level structure obtained
from high resolution spectroscopy of the weakly bound
H2O–H2 complex.

Though there is much in the interstellar medium to mo-
tivate exploration into such fascinating collisional energy
transfer dynamical phenomena, the H2O–H2 complex is both
interesting and challenging in its own right in our world of
chemical physics. For example, the quantum dynamics of
large amplitude rearrangement of nuclei within the three atom
(e.g., O + H2) and four atom (e.g., H + H2O) systems have
only recently become possible in full dimensionality. How-
ever, this first required multiple years of efforts to (i) calculate
high quality ab initio potential surfaces, (ii) find suitably effi-
cient analytical representations of these potentials as well as
(iii) develop sufficiently powerful quantum mechanical tools
for accurately predicting energy level structures and large am-
plitude motion in such quantum states. Critical to this process
has been the availability of high quality experimental data for
rigorously testing the accuracy of such predicted surfaces, for
example, from cluster, crossed molecular beam, photofrag-
mentation, or photodetachment studies.

One important step up in complexity arises from the in-
termolecular dynamics of 5 atom systems (e.g., four H atoms
+ one heavy O atom), which currently represent a state-of-
the-art frontier for both theory and experiment. As a case of
particular relevance to interstellar chemistry, we tackle the
weakly bound 5 atom H2O–H2 complex. Even under reduced
dimensionality constraints associated with the covalently in-
tact HOH and HH bonds, this is a challenging problem, re-
quiring both (i) a high quality ab initio potential energy sur-
face as well as (ii) the tools for extraction of quantum state
energy levels on such a surface. Crucial to this work, there-
fore, has been the ab initio computation of interaction ener-
gies by a number of groups, which provide a first glimpse
of the weakly bonded interaction.13–15 Specifically, there are
multiple global and local minima, one corresponding to a
hydrogen-bonded structure with the H2 being called the “pro-
ton donor” (in which the H2 axis points along the C2v axis
of H2O) as well as two “proton acceptor” sites (at which a
OH points into the H2 bond). Of special relevance to the cal-
culations in this paper has been the recent development of a
high level ab initio surface by Valiron et al.,16 which maps out
the potential in full dimensionality (9D) as a function of all
internal degrees of freedom. Furthermore, this 9D potential
has been suitably averaged over quantum motion associated
with the high frequency stretching and bending degrees of
freedom, yielding a high quality 5D potential energy surface
explicitly tailored to a given intramolecular H2O(v1, v2, v3)
and H2(v) vibrational state. This potential has already been
used in classical and quantum scattering calculations of ro-
tationally and vibrationally inelastic H2O–H2 collision cross
sections17–21 and collisional line broadening.22 In conjunc-
tion with sophisticated large basis set variational methods de-
signed for obtaining quantum energy levels of weakly bound
complexes, it permits us to obtain detailed predictions of in-
termolecular rovibrational energy levels for H2O–H2. Finally,
these results in turn can be compared with previous experi-

mental results from Weida and Nesbitt on rovibrationally re-
solved diode laser spectroscopy of this weakly bound com-
plex in the HOH bending region.23

The first complete 5D potential for H2O–H2 computed in
1992 by Zhang et al.15 turned out to be not so accurate by
comparison with potential reported by Valiron et al.16 The
potential computed in 2004 by Hodges et al.24 with rigid
monomers in their vibrationally averaged geometries rather
closely resembles the 5D ground state vibrationally averaged
potential reported by Valiron et al. We found it worthwhile to
compute the rovibrational energy levels of the complex also
on the potential reported by Hodges et al.

The organization of this paper is as follows. Section II
outlines the computational method, the two potential surfaces
used, and the symmetry properties applied to simplify the cal-
culations and in the comparison of the results with the experi-
mental data. In Sec. III, we present and discuss our results and
compare them with the high-resolution spectroscopic data by
Weida and Nesbitt.23 Section IV summarizes our conclusions.

II. COMPUTATIONAL METHOD, POTENTIAL
SURFACE, AND SYMMETRY

A. Method

The method used in the calculation of the rovibrational
levels of H2O–H2 is similar to the method developed for the
water dimer; it is described in detail in Ref. 25. It starts from
the Hamiltonian of a rotating dimer consisting of two rigid
monomers, expressed in body-fixed (BF) dimer coordinates,26

H = TA + TB + 1

2μAB R2

×
[
−¯2 ∂

∂ R
R2 ∂

∂ R
+ J 2 + j2

AB − 2jAB · J
]

+ V (R, βA, γA, βB, α). (1)

The H2O and H2 monomers are labeled A and B, respectively.
The BF frame has its z-axis along the vector R that points
from the center of mass of A to that of B. The coordinate R
is the length of this vector and (�,�) are the polar angles of
R with respect to a space-fixed (SF) frame. The Euler angles
ωA ≡ (αA, βA, γA) define the orientation of H2O with respect
to the BF frame, ωB ≡ (βB, αB) are the polar angles of the
H2 axis relative to this frame. The planar reference geome-
try with angles ωA = (0, 0, 0) and ωB = (0, 0) is shown in
Fig. 1(a); it lies in the xz-plane. This structure corresponds
to the global minimum in the potential surface used, see
Sec. II B. The potential V (R, βA, γA, βB, α) depends on the
dihedral angle α = αB − αA, while (�,�, αA) are the overall
rotation angles of the complex.

The operator J represents the total angular momentum,
jAB = jA + jB is the sum of the monomer angular momenta,
and μAB = mH2OmH2/(mH2O + mH2 ) is the dimer reduced
mass. The components of the angular momentum operators
in Eq. (1) are defined relative to the BF frame. The monomer
kinetic energy operators for H2O and H2 are given by

TA = Ax
(

jMF
Ax

)2 + Ay
(

jMF
Ay

)2 + Az
(

jMF
Az

)2
(2)
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(a) (b)

FIG. 1. (a) Planar equilibrium geometry of H2O–H2 with C2v symme-
try. Distance between the centers of mass Re = 5.82 a0, binding energy
De = 235.14 cm−1. (b) Metastable structure of H2O-H2 with βA = 119◦,
γA = 0◦, βB = 90◦, α = 90◦, Re = 6.07 a0, and De = 199.40 cm−1.

and

TB = B j2
B . (3)

The parameters Ax , Ay, Az are the rotational constants of
H2O and B is the rotational constant of H2. The super-
script MF (molecule-fixed) implies that x , y, and z refer
to the components of jA along the principal axes of the
H2O monomer. We use the ground state experimental values
for the rotational constants, i.e., Ax = A0 = 27.8806 cm−1,
Ay = C0 = 9.2778 cm−1, and Az = B0 = 14.5216 cm−1 for
H2O (Ref. 27) and B = B0 = 59.3398 cm−1 for H2.28 The
atomic masses are 1.007 825 u for H and 15.994 915 u
for O.

The basis in which the eigenstates of the Hamiltonian are
computed is

|n, jA, kA, jB, jAB, K ; J, M〉

= χn(R)

[
(2 jA + 1)(2 jB + 1)(2J + 1)

128π4

]1/2

×
∑

m Am B

D( jA)
m AkA

(ωA)∗C jB m B (ωB)

×〈 jAm A; jBm B | jAB K 〉 D(J )
M K (�,�, 0)∗. (4)

The radial basis functions χn(R) are computed by a sinc func-
tion discrete variable representation (DVR) (Refs. 29 and 30)
on an equidistant grid of 96 points in the range from R = 4
to 26 a0. At first, a one-dimensional radial Schrödinger equa-
tion was solved with a potential V0(R) that is a cut of the full
five-dimensional potential surface through the minimum at
angles (βA, γA, βB, α) = (0, 0, 0, 0). This potential has only
four bound states, however, and we need a complete set of
radial basis functions, so we constructed an alternative radial
potential

Veff(R) = V0(R) + ζ R (5)

by adding a linear potential with slope ζ . The choice of the pa-
rameter ζ was guided by minimizing the energy of the lower
rovibrational states in full five-dimensional calculations with
the lowest ten eigenfunctions χn(R) of the radial Hamilto-
nian with the potential Veff(R). The selected value is ζ = 10−4

atomic units = 21.947 cm−1/a0. In the final calculations we
used 20 basis functions χn(R) obtained from the radial eigen-
value equation with this optimized parameter.

The angular basis functions are coupled products of
symmetric rotor functions—Wigner functions D( j)

mk(α, β, γ )∗

(Ref. 31)—and (Racah normalized) spherical harmonics
C jm(β, α). It is the same as the basis used in earlier work on
the NH3 dimer,32–34 the water dimer,25, 35–38 and the benzene
dimer,39 except for the replacement of the symmetric rotor
functions by spherical harmonics for the H2 monomer B. The
expression 〈 jAm A; jBm B | jAB K 〉 is a Clebsch–Gordan cou-
pling coefficient.31 The quantum numbers J and M are exact
quantum numbers and are fixed.

The kinetic energy operator is diagonal in this basis, ex-
cept for the monomer asymmetric rotor terms for H2O, cf. Eq.
(2), and the small off-diagonal Coriolis coupling terms in the
operator 2jAB · J, see Ref. 32. In contrast with some of the
earlier work on the water dimer25, 35, 36, 38 these off-diagonal
Coriolis coupling terms were explicitly included. This implies
that the angular momentum projection K on the dimer axis R
is not an exact quantum number.

The potential is expanded in the same type of angular
functions as used in the basis in Eq. (4). Since the potential is
invariant under overall rotation only functions with J = 0 are
needed to expand it. The potential is written as

V (R, ωA, ωB) =
∑

L A K A L B L

vL A K A L B L (R) AL A K A L B L (ωA, ωB)

(6)

with expansion functions

AL A K A L B L (ωA, ωB) = (−1)L A+L B+L
∑

MA MB

(
L A L B L

MA MB 0

)

× D(L A)
MA K A

(ωA)�CL B MB (ωB) (7)

and coefficients

vL A K A L B L (R) = (2L A + 1)(2L B + 1)(2L + 1)

16π2

×〈AL A K A L B L (ωA, ωB)|V (R, ωA, ωB)〉. (8)

With this expansion all angular matrix elements of the poten-
tial over the basis in Eq. (4) can be expressed in terms of 3- j
and 9- j symbols.25

Tests of the convergence of the bound energy levels in
full 5D calculations showed that the increase of jAmax from 8
to 10 and of jBmax from 6 to 8 lowers the bound energy levels
by about 10−7 to 10−5 cm−1. The levels of dimers with oH2O
and oH2 are the most sensitive, which is not surprising since
they require basis functions with odd kA and jB that are effec-
tively truncated at maximum values of 7 and 5 when jAmax = 8
and jBmax = 6, for instance. In the final calculations we chose
jAmax = 10 for H2O and jBmax = 8 for H2. The error intro-
duced by using a contracted radial basis of 15 functions χn(R)
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instead of the full DVR grid was found to be about 10−4 cm−1;
in the final calculations we included 20 contracted radial ba-
sis functions. The radial grid had to be extended to the rather
large R value of 26 a0 in order to also converge bound states
close to the dissociation limit. The dimension of the Hamilto-
nian matrices with the symmetry-adapted basis for 0 ≤ J ≤ 5
ranges from about 20 000 to more than 160 000. The lowest
20 eigenvalues and eigenvectors of these matrices were ob-
tained by means of the iterative algorithm of Davidson.40

B. Potential surface

A potential surface that includes all nine internal degrees
of freedom of H2O–H2 was calculated ab initio by Valiron
et al.16 with the use of the CCSD(T)-R12 method (coupled-
cluster with singles, doubles, and perturbative triples, explic-
itly correlated). In the same paper they also presented a 5D
potential surface that includes only the five intermolecular de-
grees of freedom. The 5D potential was obtained by averaging
the 9D potential over the ground state vibrational wave func-
tions of H2O and H2. The global minimum in this potential
corresponds to the planar geometry depicted in Fig. 1(a). Ac-
cording to Ref. 16 a local minimum occurs for the non-planar
geometry shown in Fig. 1(b). Both of these geometries may be
considered as hydrogen bonded: in Fig. 1(a) the H2 monomer
is the donor and H2O the acceptor and in Fig. 1(b) H2O is the
donor and H2 the acceptor.

Figure 2 shows a two-dimensional cut of the 5D potential
for planar geometries as a function of the orientations of the
H2O symmetry axis and the H2 bond axis. At each angular
point the energy was minimized by optimizing R. This cut
passes through the global minimum. Starting from the global
minimum in Fig. 1(a) there is a narrow valley that slowly rises
toward a planar geometry which resembles the local minimum
in Fig. 1(b), except that the dihedral angle α = 0, whereas it
is 90◦ at the local minimum. As one will see below, the bound
state wave functions tend to follow this valley, even though
the intermolecular zero point vibrational energy is so high that
they become strongly delocalized.

Valiron et al.16 expressed their 5D potential in the form
of an expansion,

V (R, θ, φ, θ ′, φ′) =
∑

l1m1l2l

vl1m1l2l(R)t l1m1l2l (θ, φ, θ ′, φ′). (9)

The expansion functions are

t l1m1l2l (θ, φ, θ ′, φ′)

= αl1m1l2l(1 + δm10)−1
∑
r1r2

(
l1 l2 l
r1 r2 r

)
Yl2r2 (θ ′, φ′) Ylr (θ, φ)

× [
δm1r1 + (−1)l1+m1+l2+lδ−m1r1

]
(10)

with the normalization factor

αl1m1l2l = [
2(1 + δm10)−1(2l1 + 1)−1

]−1/2
(11)

and m1 ≥ 0. Their coordinates are defined relative to a frame
fixed to the H2O monomer with the origin at the H2O cen-
ter of mass, the z-axis along the twofold symmetry axis with
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FIG. 2. (a) Cut of the 5D potential surface (in cm−1) for planar geometries
(γA = 0 and α = 0) and R optimized to find the energy minimum for all
angles. Panel (b) shows the optimized values of R (in a0).

O at positive z, and the molecule lying in the xz-plane. The
coordinates (θ, φ) are the polar angles of the intermolecular
vector R and (θ ′, φ′) are the polar angles of the H2 axis. The
coefficients in the expansion of Eq. (9) were obtained by least
squares fitting to a number of ab initio calculated interaction
energies. They were cubic spline interpolated as functions of
R from R = 3 to 15 a0 and extrapolated to a larger R with the
correct asymptotic R−n behavior.16 Only 149 expansion coef-
ficients vl1m1l2l(R) were needed to produce an accurate repre-
sentation of the potential.

The angular coordinates of the potential in Eqs. (9) and
(10) are different from the angular coordinates that describe
the orientations of the monomers in our BF frame. In our BF
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frame the orientation of the H2O monomer is given by the
Euler angles (αA, βA, γA) and the inverse Euler rotation over
these angles rotates it back to the orientation that it has in the
H2O fixed frame of Valiron et al. It follows easily that the
polar angles (θ, φ) of R in the latter frame are equal to
the angles (−βA,−γA) or, equivalently, (βA, π − γA) in our
BF frame. With the explicit use of the inverse Euler rotation
matrix also the angles (θ ′, φ′) can be expressed in terms of our
Euler angles (αA, βA, γA) and (αB, βB). Then, the potential
can be calculated in terms of our angular coordinates.

It is also possible, however, to derive directly the rela-
tion between the expansion functions in Eq. (10) and those in
Eq. (7). We show this by starting with the expansion functions
in general SF coordinates, see Ref. 32,

AL A K A L B L
(
ωSF

A , ωSF
B ,�,�

)
= (−1)L A+L B+L

∑
MA MB M

(
L A L B L
MA MB M

)

× D(L A)
MA K A

(
ωSF

A

)�
CL B MB

(
ωSF

B

)
CL M (�,�). (12)

The angles ωSF
A and ωSF

B define the orientations of the
monomers with respect to the SF frame. The potential is a
scalar function and, hence, the expansion functions are cou-
pled to a scalar. In other words, as written above, we use cou-
pled angular basis functions with J = 0 in the expansion of
the potential. Therefore, any frame rotation leaves the form of
the expansion functions unaltered and the functions in differ-
ent frames are simply obtained by substitution of the angular
coordinates for each frame. In our BF frame the monomer an-
gles are (ωA, ωB) ≡ (ωBF

A , ωBF
B ) and the polar angles (�,�)

of the vector R are (0, 0). Use of the relation CL M (0, 0) = δM0

produces the expansion functions of Eq. (7). In the H2O fixed
frame the angles ωA are (0, 0, 0), the angles ωB are (θ ′, φ′),
and the polar angles (�,�) of R were called (θ, φ). Then one
can use that D(L A)

MA K A
(0, 0, 0) = δMA K A , which yields the expan-

sion functions in the H2O fixed frame

(−1)L A+L B+L
∑
MB M

(
L A L B L

K A MB M

)
CL B MB (θ ′, φ′) CL M (θ, φ).

(13)

Comparing this with Eq. (10) and taking into account the
different normalizations of the spherical harmonics Clm and
Ylm , one finds the relation between our expansion coefficients
in Eq. (6) and those in Eq. (9) that define the potential of
Valiron et al.,

vL A K A L B L (R) =
{

(−1)l1+l2+l fl1m1l2l vl1m1l2l(R), for K A ≥ 0

(−1)m1 fl1m1l2l vl1−m1l2l (R), for K A < 0

(14)

with factors

fl1m1l2l = [(2l1 + 1)(2l2 + 1)(2l + 1)(1 + δm10)/2]1/2

4π
(15)

and L A = l1, K A = ±m1, L B = l2, L = l.
Another potential for H2O–H2 that includes all five in-

termolecular degrees of freedom was calculated by Hodges

et al.24 with the use of scaled perturbation theory. This poten-
tial is not very different from the 5D ground state averaged
potential of Valiron et al. It also has a global and a local min-
imum for dimer structures similar to those in Figs. 1(a) and
1(b). The binding energy De is slightly larger, 241.18 cm−1

at Re = 5.77 a0 against 235.14 cm−1 at Re = 5.82 a0 for the
potential of Valiron et al., while the depth of the local mini-
mum is 214.48 cm−1 at R = 5.96 a0 and βA = 117◦ instead
of 199.40 cm−1 at R = 6.07 a0 and βA = 119◦.

Before we can use this potential to calculate the rovibra-
tional states of H2O–H2, it must be transformed to center-
of-mass coordinates—Hodges et al. placed the H2O ori-
gin on the O atom—and expanded according to Eq. (6).
The angular integrals in the expansion coefficients given by
Eq. (8) were evaluated numerically for each value of R by
Gauss–Legendre quadrature for the angles βA, βB and Gauss–
Chebysev quadrature for the angles γA, α. All expansion co-
efficients vL A K A L B L (R) up to maximum L A, L B values of 12,
6 and L = 18 were included. The quadrature grid contained
13 points for βA, 7 points for βB , and 26 points for γA and for
α. This expansion of the potential of Hodges et al. represents
it around the global and local minima with an accuracy better
than 0.01 cm−1, in the long range the relative accuracy is even
better, and in the repulsive region at R = 4.5 a0 the expansion
differs from the original potential by about 1%. Most of the
results in Sec. III were obtained with the potential reported
by Valiron et al. because we believe its quality is somewhat
higher; some results obtained with the potential reported by
Hodges et al. are given for comparison.

C. Symmetry

The permutation–inversion (PI) or molecular symmetry
group41 of the H2O–H2 dimer with rigid monomers is iso-
morphic with the point group D2h and may be denoted as
G8 ≡ D2h(M). It is generated by the permutation P12 that in-
terchanges the H nuclei in H2O, the permutation P34 that in-
terchanges the H nuclei in H2, and inversion E∗. Inversion has
the following effect on the basis defined in Eq. (4),

E∗|n, jA, kA, jB, jAB, K ; J, M〉
= (−1) jA+ jB− jAB+kA+J |n, jA,−kA, jB, jAB,−K ; J, M〉.

(16)

Basis functions with even/odd values of kA are even/odd un-
der the permutation P12, basis functions with even/odd val-
ues of jB are even/odd under P34. Irreducible representations
(irreps) of G8 that are even and odd under P34 are labeled
A and B, respectively, and irreps that are even or odd un-
der P12 get the subscript 1 or 2. The superscript +/− de-
notes the even/odd parity under E∗. We adapted the basis to
the irreps of G8 and performed calculations for each irrep
separately, which yields a substantial reduction of the com-
puter time needed. Table I shows the relation between the
G8 irreps and the quantum numbers kA, which determines
the para/ortho (p/o) H2O nature of the states, and jB , which
determines whether the states belong to para or ortho H2.
The corresponding nuclear spin statistical weights are also
listed. In our analysis of the rovibrational states we found it
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TABLE I. Irreducible representations of G8, quantum numbers kA and jB

relevant for symmetry, para/ortho (p/o) nature of the monomers in H2O–H2,
and nuclear spin statistical weights.

irrep kA H2O jB H2 Weight
A+

1 even p even p 1

A−
1 even p even p 1

A+
2 odd o even p 3

A−
2 odd o even p 3

B+
1 even p odd o 3

B−
1 even p odd o 3

B+
2 odd o odd o 9

B−
2 odd o odd o 9

convenient to use the spectroscopic parity ε, which is related
to the parity p = ±1 under E∗ as p = ε(−1)J . We follow
the convention to label states of even/odd spectroscopic parity
by e/ f .

The equilibrium structure of H2O–H2 has point group
symmetry C2v , see Fig. 1(a). The isomorphic PI group G4 ≡
C2v (M) is generated by P12 and E∗. The twofold rotation C2

in C2v maps onto the permutation P12, the reflection σv in
the xz plane of the equilibrium geometry maps onto E∗, and
the reflection σ ′

v ≡ σyz maps onto P∗
12. This implies that there

are two equivalent global minima in the potential related by
the permutation P34. Level splittings by tunneling between
the two minima are not experimentally observable, however,
because the states with even jB that are even under P34 be-
long to complexes with pH2 monomers, while the states with
odd jB that are odd under P34 belong to complexes with oH2

monomers. The oH2O–H2 states with odd kA basis functions
starting from jA = 1, kA = ±1 may be considered as being
excited in the H2O hindered internal rotation or bend mode.

The local minimum structure of H2O–H2 has point group
symmetry Cs , see Fig. 1(b), of order two. Hence, there are
four equivalent local minima in the potential surface. The four
equivalent local minimum structures are interchanged by P12

and P34, the reflection σ in Cs corresponds to the operation
P∗

34 in the PI group G8.

III. RESULTS, COMPARISON WITH EXPERIMENT

A. Energy levels

Tables II–V show the energy levels calculated for
J = 0–5. They contain all bound levels for these values of J ;
blank entries in the tables imply that the corresponding states
are not bound. Although K is not an exact quantum number
one can see in these tables that many states can be labeled with
specific (approximate) K values. States with K = 0, K = 1,
and K = 2 are called �, �, and �, respectively. Since we did
not find any bound levels with K values higher than 2, we
omitted basis functions with K higher than 3 from the calcu-
lations for J = 4 and 5. Tests for J = 3 in which we omitted
the basis functions with K = 3 show that such a restriction of
the basis causes negligibly small errors if the lowest K omit-
ted from the basis exceeds the highest K value of the bound
states by at least 2. The percentage of �, �, or � character

TABLE II. Rovibrational levels of pH2O–pH2 (in cm−1), dissociation limit
0, D0 = 33.57 cm−1. All states have more than 99% � character. The parity
e/ f is the spectroscopic parity.

�(K = 0)
parity J = 0 J = 1 J = 2 J = 3 J = 4 J = 5

e –33.5663 –32.1841 –29.4334 –25.3431 –19.9596 –13.3528
e –2.0615 –1.3979 –0.1628

of a state was obtained by summation of the squared eigen-
vector components with a given K over all other basis set la-
bels. In addition we extracted effective m A and m B values for
each K = m A + m B from the eigenvectors by transforming
the coefficients of the coupled basis functions in Eq. (4) to an
uncoupled product basis labeled by m A and m B .

In Table II one observes that only � states of spectro-
scopic parity e are bound for pH2O–pH2. The dissociation
energy D0 = 33.57 cm−1 is much smaller than the binding
energy De = 235.14 cm−1. Thus, the zero-point energy due
to the intermolecular vibrations is a large fraction of the bind-
ing energy. As one will see below, the corresponding ground
state wave function is strongly delocalized. This is, of course,
a consequence of the small mass and large rotational constant
of H2, but also the rotational constants of H2O are relatively
large compared to those of most molecules. Just one excited
intermolecular vibrational state is bound for pH2O–pH2, al-
though barely and only for J ≤ 2. When looking at the wave
functions, below, it becomes clear that it is the intermolecular
stretch mode that is excited. The end-over-end rotational con-
stant B of the complex that can be extracted from the ground
state levels for J = 0–3 is 0.6923 cm−1, see Table VI. The
value of B for the excited state is much smaller. Obviously
the excited state is much more diffuse, which is not surprising
since it is stretch excited and close to dissociation.

For oH2O–pH2 more states are bound, see Table III, of
both parities e and f . The ground state of this species has
� character. Since oH2O and pH2O have different nuclear
spin states and the monomer nuclear spins are conserved at
the time scale of the experiment the ground state oH2O–pH2

dimer dissociates into oH2O with jA = 1, kA = ±1 and en-
ergy 23.7994 cm−1 and ground state pH2. The corresponding
dissociation energy D0 is 36.63 cm−1, slightly higher than
for pH2O–pH2. The projection m A of the monomer angu-
lar momentum jA on the intermolecular axis R is (approx-
imately) 0 and also the total angular momentum projection
K = m A + m B equals 0. About 6 cm−1 above the � ground
state there is a � state with K = 1. From the contributions
m A and m B of the individual monomers to the K = 1 value
we conclude that m A is approximately 1 in this � state, while
m B is nearly 0. This is naturally related to the jA = 1 and
jB = 0 nature of the oH2O and pH2 monomers from which
this dimer is formed. The � levels occur in pairs, of e and
f parities. In our calculations the parity splittings originate
from off-diagonal Coriolis terms in the Hamiltonian that cou-
ple the K = 1 levels with K = 0 levels. If one considers the
dimer as a (prolate) near-symmetric rigid rotor this splitting
is the asymmetry doubling. One can see in Table III that K
becomes more strongly mixed for some of the excited states.
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TABLE III. Rovibrational levels of oH2O–pH2 (in cm−1), dissociation limit 23.7994 cm−1, and D0 = 36.63 cm−1. In parentheses the � or � character; if
not indicated it is higher than 99%.

�(K = 0)

parity J = 0 J = 1 J = 2 J = 3 J = 4 J = 5

e –12.8342 –12.0554 (91%) –10.2452 (81%) –7.2284 (74%) –2.9472 (69%) 2.5914 (65%)
e 21.9456 21.8911 (60%) 22.5298 (55%) 23.7161 (51%)
f 15.6570 17.3393 (97%) 20.6180 (91%)

�(K = 1)

parity J = 1 J = 2 J = 3 J = 4 J = 5
e –5.4371 (91%) –1.7436 (81%) 3.4203 (74%) 9.8971 (69%) 17.5393 (66%)
e 7.3546 10.1354 14.2761 19.7355
e 23.6188 (62%)

f –6.0622 –3.3522 0.6738 5.9645 12.4420
f 6.9922 (97%) 9.1140 (91%) 12.3878 (86%) 16.8523 (81%) 22.5087 (76%)
f 22.9665

The amount of mixing depends on the occurrence of K = 0
and K = 1 levels near to each other.

The number of bound levels for pH2O–oH2 is about the
same as for oH2O–pH2, cf. Tables IV and III. Again, the
ground state has � character. The ground state pH2O–oH2

dimer dissociates into ground state ( jA = 0) pH2O and oH2

with jB = 1, energy 118.6796 cm−1, and its dissociation en-
ergy D0 with respect to this asymptotic limit is 53.60 cm−1.
This value of D0 is substantially higher than for oH2O–pH2

and pH2O–pH2. The lowest � state is now about 15 cm−1

higher than the � ground state. All of this indicates that the
H2 monomer likes to align itself parallel to the intermolecu-
lar axis R, rather than perpendicular to it (as it is in the �

state) or in a near-spherically averaged orientation (as it is in
the dimers with pH2). This provides the most attractive con-
figuration of the H2O dipole and the (positive) H2 quadrupole
and yields the strongest hydrogen bond with H2 as the donor
and H2O as the acceptor. The e– f parity splitting (asymmetry
doubling) of all � states in pH2O–oH2 is considerably smaller
than in oH2O–pH2.

Table V shows that oH2O–oH2 has by far the largest
number of bound states of all species. Also the dissocia-
tion energy D0 of 59.04 cm−1 with respect to the asymp-
totic energy of 23.7994 + 118.6796 = 142.4790 cm−1 of
( jA = 1, kA = ±1) oH2O and ( jB = 1) oH2 is the highest.
This is, of course, related with the fact that both monomers
in their ortho states with jA = 1 and jB = 1 can be aligned
and adopt the most favorable structure. Also the occurrence
of � states with K = m A + m B = 2 can thus be understood;
we checked that these correspond to projection angular mo-
menta m A = 1 and m B = 1 of both monomers. Another fea-
ture by which this species is different from all others is that
the ground state has �(K = 1) rather than �(K = 0) charac-
ter. In this � state it is the oH2O monomer that has m A = 1,
while the oH2 monomer has m B = 0. Again, this can be un-
derstood by looking at the average orientations of oH2O in its
rotational state with jA = 1, |kA| = 1, |m A| = 1 and of oH2

in its rotational state with jB = 1, m B = 0. We already men-
tioned that the oH2 monomer is mostly aligned along the bond
axis R when m B = 0. The orientation of the oH2O monomer

TABLE IV. Rovibrational levels of pH2O–oH2 (in cm−1), dissociation limit 118.6796 cm−1, and D0 = 53.60 cm−1. In parentheses the � or � character; if
not indicated it is higher than 99%.

�(K = 0)

parity J = 0 J = 1 J = 2 J = 3 J = 4 J = 5
e 65.0833 66.4978 69.3176 (99%) 73.5235 (97%) 79.0850 (96%) 85.9577 (94%)
e 110.1147 111.0995 (99%) 112.9661 (95%) 115.4595 (84%) 118.3203 (72%)
e 115.3347 116.6230 (96%)
f 117.9550

�(K = 1)

parity J = 1 J = 2 J = 3 J = 4 J = 5
e 80.3777 83.1115 (99%) 87.1880 (97%) 92.5775 (95%) 99.2384 (93%)
e 111.6557 (98%) 113.9738 (92%) 117.4065 (81%)
e 117.8067 (97%)

f 80.4185 83.2321 87.4239 92.9571 99.7776
f 111.5848 (98%) 113.8156 (94%) 117.1048 (92%)
f 117.5606 (91%) 118.6543 (72%)
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TABLE V. Rovibrational levels of oH2O–oH2 (in cm−1), dissociation limit 142.4790 cm−1, and D0 = 59.04 cm−1. In parentheses the �, �, or � character;
if not indicated it is higher than 99%.

�(K = 0)

parity J = 0 J = 1 J = 2 J = 3 J = 4 J = 5
e 93.8950 95.5183 (98%) 98.7206 (95%) 103.4183 (91%) 109.4759 (83%) 116.6567 (65%)
e 114.4237 115.6019 (98%) 117.9706 (95%) 121.5421 (91%) 126.3138 (87%) 132.2530 (84%)
e 137.6869 138.7024 (94%) 140.5341 (91%)
e 141.1963 142.2179 (95%)

f 98.5952 99.0473 (56%) 100.9904 (52%) 104.3059 (49%)a 108.9712 (48%) 114.9522 (47%)
f 122.7973 124.1109 (97%) 126.7074 (83%) 130.5620 (63%) 135.6276 (43%) 141.6444 (17%)b

f 129.3100 130.5609 133.0475 (97%) 136.7088 (94%) 141.2724 (86%)
f 140.9848 141.8469 (92%)

�(K = 1)

parity J = 1 J = 2 J = 3 J = 4 J = 5
e 83.4343 (98%) 85.8061 (95%) 89.3986 (91%) 94.2288 (87%) 100.2968 (84%)
e 100.2101 102.7943 (97%) 106.6991 (94%) 111.9808 (87%) 118.7763 (72%)
e 126.4860 (98%) 129.5227 (89%) 133.7155 (78%) 138.2653 (62%)
e 134.8039 (93%) 136.0663 (85%) 138.2846 (78%) 142.0035 (71%)
e 139.2761 (96%) 140.5045 (89%) 142.3795 (77%)

f 83.6637 86.4672 (99%) 90.6518 (97%) 96.1914 (96%) 103.0494 (93%)
f 101.1095 (56%) 104.4018 (50%) 108.8434 (45%)c 114.3668 (40%) 120.9185 (36%)
f 126.3829 (97%) 129.2727 (85%) 133.4666 (74%) 138.7797 (63%)
f 135.1471 136.9126 (97%) 139.4872 (91%)
f 139.1112 (92%) 140.1035 (79%) 141.7550 (72%)

�(K = 2)

parity J = 2 J = 3 J = 4 J = 5
e 110.8898 (98%) 115.0583 (95%) 120.5295 (92%) 127.2321 (88%)
e 127.0808 (93%) 130.9751 (86%) 136.0087 (74%) 141.1748 (25%)d

e 142.2767 (86%)

f 110.9238 (97%) 115.2160 (92%) 120.9540 (84%) 128.0912 (75%)
f 127.1051 (86%) 131.0660 (70%) 136.2688 (53%)
f 142.2422 (86%)

aFor J ≥ 3 this state gets dominant � character: 50%, 51%, 52% for J = 3, 4, 5, respectively.
bFor J = 5 this state gets dominant � character: 51%.
cFor J ≥ 3 this state gets dominant � character: 48%, 46%, 43% for J = 3, 4, 5, respectively.
dFor J = 5 this state gets dominant � character: 57%.

is more difficult to visualize, but it is clear that the rotational
angular momentum vector jA of oH2O with jA = 1, |kA| = 1
is nearly parallel to its C2 symmetry axis. The vector jA, and
therefore also the C2 axis of H2O, is best aligned with the BF
z-axis R when |m A| = 1. Hence, the rotational state of oH2

with jA = 1, |kA| = 1, |m A| = 1 provides the most favorable
orientation for the oH2O monomer to act as the acceptor in
the hydrogen bond with (aligned) H2. The lowest � state
is higher than the ground � state by about 10 cm−1 and
the � state is higher by about 27 cm−1. It is interesting
that our conclusion that in oH2O–oH2 the � state is the
ground state and the lowest � state is higher in energy
was already predicted from a simple model by Weida and
Nesbitt.23

Table VI lists the rotational constants of H2O–H2 that can
be extracted from the levels calculated for J = 0–3 by fitting
them in the same way as the experimentally determined lev-
els in Ref. 23. As a brief reminder of this analysis procedure,
a single � ← � band was observed and assigned to pH2O–
oH2, whereas two bands out of the same lower state (� ← �

and � ← �) were observed for the oH2O–oH2 species. The
lack of experimental evidence for either oH2O–pH2 or pH2O–
pH2 complexes with pH2 was attributed to differential stabi-
lization of the oH2 versus pH2 dimers, which from detailed
balance considerations leads to exponentially different equi-
librium constants at the low temperatures of a supersonic ex-
pansion. The 11 cm−1 proximity between the two upper states
for the oH2O–oH2 species suggested the importance of signif-
icant Coriolis interactions. This was taken into account via
a simple 2 × 2 Hamiltonian in the unperturbed �,� state
basis,

H =
(

E (J )
� β

√
J (J + 1)

β
√

J (J + 1) E (J )
�

)
, (17)

where β
√

J (J + 1) represents the rotationally induced cou-
pling between a �(K = 0) and �(K = 1) state. E (J )

� and E (J )
�

are each given by appropriate unperturbed rotational energy
level expressions in J (J + 1), while E� and E� are the
level origins. Furthermore, as the predicted �(K = 0) and
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TABLE VI. Rotational and distortion constants B and D, � − � energy gap, and Coriolis coupling constant β (in cm−1) from fits to the energy levels for
J = 0–3 (see text). For the dimers with oH2O the lowest � and � levels are fit simultaneously with the inclusion of Coriolis coupling.

Valiron et al. potential Hodges et al. potential

B D E� − E� β B D E� − E� β

pH2O–pH2 � 0.6923 5.89 × 10−4 0.7103 5.91 × 10−4

oH2O–pH2 � 0.6940 0.7170
� 0.6719 6.12 1.349 0.6876 8.24 1.382

pH2O–oH2 � 0.7085 3.94 × 10−4 0.7171 3.87 × 10−4

oH2O–oH2 � 0.7024 2.31 × 10−4 0.7156 1.80 × 10−4

� 0.7013 10.36 × 10−4 –10.93 1.156 0.7171 11.72 × 10−4 –10.06 1.158

�(K = 1) energy gap is comparable for oH2O–pH2 and
oH2O–oH2, we apply an identical Coriolis analysis to the
theoretical predictions for both of these complexes, as
summarized in Table VI. These fits to the theoretical data offer
several interesting insights into the internal rotor dynamics.
For example, the Coriolis coupling constants β obtained can
be compared with predictions in the simple free rotor limit. In
this limit the monomer angular momenta jAand jB , their pro-
jections m A and m B on the intermolecular axis R, and the pro-
jection kA of jA on the H2O monomer z-axis are good quan-
tum numbers. Let us remind the reader that K = m A + m B .
The Coriolis coupling term −2(jA + jB) · J/(2μAB R2) in the
Hamiltonian of Eq. (1) couples the �(K = 0) and �(K = 1)
levels through the shift operators,

− jA± J± − jB± J±
2μAB R2

. (18)

The first term shifts m A and K by ±1 and yields coupling
matrix elements

−
〈
χn′ (R)

∣∣∣∣ 1

2μAB R2

∣∣∣∣χn(R)

〉

×
√

jA( jA + 1) − m A(m A ± 1)
√

J (J + 1) − K (K ± 1)

(19)

between primitive uncoupled dimer basis functions with j ′
A

= jA, k ′
A = kA, j ′

B = jB , m ′
A = m A ± 1, m ′

B = m B , and K ′

= K ± 1. Similarly, the second term shifts m B and K . In the
free internal rotor limit the radial and angular motions are de-
coupled, the R-dependent factor in the Coriolis coupling op-
erator can be averaged over the radial wave function, and the
radial matrix element in Eq. (19) can be replaced by the end-
over-end rotational constant of the dimer B = 〈1/(2μAB R2)〉.

As discussed above, the ground �(K = 0) state of
oH2O–pH2 is dominated by internal rotor basis functions
with jA = 1, kA = ±1, m A = 0, and jB = m B = 0. The low-
est �(K = 1) state has similar approximate quantum num-
bers, except for m A and K which are ±1. Substition of
these values into Eq. (19) shows that, in the free internal ro-
tor limit, the coupling matrix element between normalized
parity-adapted wave functions of the � and � states becomes
−2B

√
J (J + 1), i.e., the Coriolis coupling constant equals

2B. The values of B for oH2O–pH2 are about 0.68 cm−1,
which yields 2B = 1.36 cm−1. The Coriolis coupling con-

stant β of 1.35 cm−1 from the combined fit of the � and �

levels calculated for J = 0–3 is very close to this value. So
me may conclude that oH2O–pH2 dimers behave close to the
free internal rotor limit. It should be mentioned, however, that
the error of the fit is relatively large in this case.

For oH2O–oH2 the approximate internal rotor quan-
tum numbers of the ground �(K = 1) state are jA = 1, kA

= ±1, m A = ±1, jB = 1, and m B = 0. The approximate
quantum numbers of the lowest � state are similar, except
that m A = K = 0. The free internal rotor limit with these val-
ues of the quantum numbers again yields a Coriolis coupling
constant of 2B. The value of B is about 0.70 cm−1 in this
case, which gives 2B = 1.40 cm−1, while the fit of the cal-
culated dimer levels yields a Coriolis coupling constant β of
1.16 cm−1. So, the actual value is nearly 20% smaller than
the free internal rotor value, which indicates that the inter-
nal rotations in oH2O–oH2 are more strongly hindered than in
oH2O–pH2.

The energy levels calculated with the potential of Hodges
et al. are similar to those in Tables II–V. The wells in this
potential are slightly deeper than in the potential of Valiron
et al. and the rovibrational states are slightly lower in en-
ergy. This is reflected by the dissociation energies D0, which
are 36.11 cm−1 for pH2O–pH2, 40.43 cm−1 for oH2O–pH2,
57.07 cm−1 for pH2O–oH2, and 62.71 cm−1 for oH2O–oH2,
i.e., about 7% higher than with the potential of Valiron et al.
For some of the higher states with energies not far below the
dissociation limit this implies that they remain bound up to a
higher J value than the levels in Tables II–V. Furthermore,
it implies that there exists a (barely) bound �(K = 2) state
also for pH2O–oH2. The end-over-end rotational constants B
are slightly larger than with the potential of Valiron et al., see
Table VI, in accordance with the somewhat smaller equilib-
rium distance Re in the potential of Hodges et al.

B. Wave functions

The character of the various bound states of the differ-
ent nuclear spin species can be determined by looking at
their wave functions. Wave function plots also give insight
in the nature of the excited intermolecular vibrations. The
ground state J = 0 wave function of pH2O–pH2 plotted as
a function of R at the equilibrium angles ωA = (0, 0, 0) and
ωB = (0, 0) has a maximum near R = 6.3 a0. Angular plots

Downloaded 29 Jan 2011 to 131.174.224.195. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



044314-10 A. van der Avoird and D. J. Nesbitt J. Chem. Phys. 134, 044314 (2011)

pH2O-pH2 ground Σ state

0 30 60 90 120 150 180
0

30

60

90

120

150

180

β
H

2
O

 (degrees)

β
β

β
β

H
2 (

de
gr

ee
s)

0.04

0.04

0.05

0.05

0.05

0.06

0.06

0.06

0.07

0.07

0.07

0.08

0.08

oH2O-pH2 ground Σ state

0 30 60 90 120 150 180
0

30

60

90

120

150

180

β
H

2
O

 (degrees)

H
2 (

de
gr

ee
s) 0.01

0.01

0.02

0.02

0.03 0.
03

0.04

0.
04

0.05

0.
05

0.06

0.06

0.07

0.07

0.08

0.08

0.08

0.09

0.09

0.09

0.1

0.1

0.11

0.12

0.13

0

0

pH2O-oH2 ground Σ state

0 30 60 90 120 150 180
0

30

60

90

120

150

180

β
H2O

 (degrees)

H
2 (

de
gr

ee
s)

−0.2

−0
.1

5

−
0.

1

−0.05

0.05
0.1

0.15
0.2

0

oH2O-oH2 lowest Σ state

0 30 60 90 120 150 180
0

30

60

90

120

150

180

β
H

2
O

 (degrees)

H
2 (

de
gr

ee
s)

−0.15

−0.1

−0.05

0.
05

0.05

0.1

0.15

0.2

0

0

FIG. 3. Wave functions for J = 0, planar geometries, R = 6.30 a0.

of the J = 0 wave functions at this R value for planar ge-
ometries are shown in Fig. 3. In these angular plots one can
nicely see the different characteristics of the wave functions
for para/ortho H2O and para/ortho H2 monomers. All these
wave functions are for J = 0, so they all belong to � states
with K = 0. The ground state wave function of pH2O–pH2

does not have any nodes. It is strongly delocalized, but still
one can see clearly that it has its largest amplitude in the val-
ley of the potential surface, cf. Fig. 2, that gradually rises
from the global minimum in the direction of the local min-
imum. For oH2O–pH2 the wave function contains only func-
tions with odd kA and must have nodes at βA = 0◦ and 180◦.

This restriction on the wave function pushes its maximum
away from βA = 0◦ to a point further up into the potential
valley. The wave function of pH2O–oH2 contains only func-
tions with odd jB and must change sign between βB = 0◦ and
180◦. For βA = 0◦ and 180◦ this implies that this wave func-
tion must have a node at βB = 90◦, as one can see. In Fig. 3
one can also see that this symmetry restriction tends to push
the wave function of pH2O–oH2 away from the higher part
of the potential valley toward the global minimum. The wave
function of oH2O–oH2 must both have a node at βA = 0◦ and
180◦ and change sign between βB = 0◦ and 180◦. In the cor-
responding panel of Fig. 3 this is clearly visible.
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FIG. 4. Wave functions for J = 0 and 1, planar geometries, R = 6.30 a0.

A radial cut of the wave function of the second (barely)
bound state of pH2O–pH2 for J = 0 shows that it has as a
node in R, so this state is radially excited. This implies that the
intermolecular stretch has a fundamental frequency of 31.5
cm−1. The same holds for the lowest excited J = 0 parity e
bound states of oH2O–pH2 and pH2O–oH2; the corresponding
stretch frequencies are 34.8 and 45.0 cm−1, respectively. The
ratio of these three stretch frequencies is well in line with the
dissociation energies D0 of the three dimer species, which are
33.57, 36.63, and 53.60 cm−1, in the same order. For oH2O–
oH2 the situation is more complicated; all three excited states
of parity e for J = 0 have a radial node. The second excited

state seems to be mostly stretch excited, since it has consider-
able amplitude both inside and outside of the node. The first
excited state has only little amplitude outside the radial node,
and the third excited state has only small amplitude inside.
If we consider the second excited state as the stretch funda-
mental the corresponding stretch frequency is 43.8 cm−1, but
it is clear that in oH2O–oH2 the radial excitations are more
strongly mixed with excitations in the angular coordinates.

We saw in Tables II–V that H2O–H2 dimers except for
pH2O–pH2 also have bound states of � character, i.e., with
approximately K = 1. For oH2O–oH2 the ground state is of
� type. Figure 4 shows the J = 1 wave functions of the
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FIG. 5. Wave functions of lowest � states for J = 0, nonplanar geometries
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lowest � states for the three nuclear spin species that pos-
sess bound � states and the second J = 0 � state for pH2O–
pH2. As discussed above, the latter is stretch excited and it is
illustrated in the upper left panel of Fig. 4 that it does not have
a node in the angular coordinates. There is some arbitrariness
in the plots of J = 1 wave functions since they depend on
the overall rotation angles (�,�, αA). We chose M = 0 and
� = 90◦, αA = 0◦, since the real part of the overall rotation
wave function with (J, M, K ) = (1, 0, 1) has its maximum
amplitude at these angles and does not depend on �. The con-
tour plots of the � states in Fig. 4 show typical differences
with the corresponding plots in Fig. 3 for the � states. One
may notice, in particular, that the angles βA or βB where the
nodal planes in the wave functions meet the edges of the con-
tour plots are typically shifted by 90◦ for the � states relative
to the � states. Again, one may observe that the amount of
localization of the wave functions and the geometries where
they have their maximum amplitudes are determined to some
extent by the nodal plane structure imposed by the symmetry.
This illustrates that the change of the overall rotation quan-
tum number K from 0 to 1 significantly affects the (hindered)
internal rotations of the monomers.

In order to get an idea of the amplitude of the bound
state wave functions in the region of the nonplanar metastable
structure displayed in Fig. 1(b), we show plots (in Fig. 5) of
the same wave functions as in Fig. 3 for geometries that start
from a planar structure with the same coordinates βA = 119◦,
γA = 0◦, βB = 90◦ as the metastable geometry. The system is
planar when α = 0◦ and arrives at the local minimum in the
potential when α = 90◦. One observes that the wave func-
tions of pH2 complexes have considerable amplitude at the
local minimum, slightly higher than at the corresponding pla-
nar structure and not much lower than the amplitude at their
maximum, cf. Fig. 3. The amplitudes of the wave functions of

oH2 complexes are substantially smaller in this region due to
the neighborhood of a nodal plane. One can see in Fig. 5 that
this nodal plane actually passes through the local minimum at
α = 90◦, as it must because of symmetry requirements. This
does not imply, however, that the presence of a relatively deep
local minimum is less important for the properties of the oH2

complexes.
Wave functions of spectroscopic parity f have a nodal

plane for planar geometries, including the equilibrium geom-
etry. For this reason the f states with K = 0 may be consid-
ered as excited out-of-plane intermolecular vibrations, but it
should be realized that they have rather low energies and look
more like hindered rotations. As already mentioned, the e/ f
parity doublets for K > 0 are split by (off-diagonal) Corio-
lis coupling between the internal and overall rotations of the
dimer but may also be considered as asymmetry doublets if
we regard the dimer as a prolate near-symmetric rotor.

C. Comparison with experiment

A high resolution spectrum of the H2O–H2 complex
was measured in the region of the ν2 bend origin of H2O
at 1594.7 cm−1.23 In scans from 1582 to 1622 cm−1 three
bands were observed which were all assigned to transitions
in the two dimer species containing oH2. The band be-
tween 1589 and 1603 cm−1 corresponds to � ← � transi-
tions in pH2O–oH2 and the band between 1590 and 1594
cm−1 corresponds to � ← � transitions in oH2O–oH2. The
end-over-end rotational and distortion constants extracted
from the rotationally resolved band for pH2O–oH2 are B
= 0.7182 cm−1, D = 3.57 × 10−4 cm−1, and H = −8.9
× 10−7 cm−1. From a fit of the levels calculated for J = 0 to
5 we obtain B = 0.7080 cm−1, D = 3.75 × 10−4 cm−1, and
H = −10.4 × 10−7 cm−1, in very good agreement with the
experimental data. The fact that even the distortion constants
agree so well implies in particular that the long range part of
the potential surface of Valiron et al. is accurate.

The band between 1590 and 1594 cm−1 assigned to the
� ← � transitions in oH2O–oH2 shows e/ f parity splittings
that are inconsistent with a semirigid rotor behavior of the
complex. Hence, the transitions in this band were analyzed23

with the aid of a model that includes the hindered internal
rotations. In such a model the parity splittings between the
� levels of parity e/ f are due to Coriolis coupling of the �

states to nearby � states, as in our calculations. Also � ← �

transitions in combination with the ν2 monomer transitions
were predicted on the basis of this model and were actually
found at frequencies between 1603 and 1622 cm−1. An anal-
ysis of all the experimental data gave rotational constants B
of 0.7055 and 0.7113 cm−1 for the � and � states, respec-
tively. From the same type of analysis of our levels calcu-
lated with the potential of Valiron et al. we obtain 0.7013 and
0.7024 cm−1. The observed energy difference between the
lowest � and � energy levels in oH2O–oH2 is 10.55 cm−1,
while our calculations yield 10.93 cm−1. Thus, our calcula-
tions not only reproduce the correct ordering of the � and �

states in oH2O–oH2 but also the energy gap between them
is very realistic, which in turn depends sensitively on the
anisotropy of the potential surface. Also the Coriolis coupling
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constant of the � and � levels could be extracted: the mea-
sured data yield 1.166 cm−1 and we calculated 1.156 cm−1. A
fit of the levels calculated with the potential of Hodges et al.
gave rotational constants B of 0.7171 and 0.7156 cm−1 for the
� and � states, respectively, an energy gap of 10.06 cm−1

between those states, and a Coriolis coupling constant of
1.158 cm−1. Obviously, the agreement between our calcula-
tions with both potentials and experiment is very good, which
implies that both the potential surfaces of Valiron et al.16 and
of Hodges et al.24 are accurate.

IV. CONCLUSIONS

This paper describes the calculation of the rovibrational
states of the H2O–H2 dimer on two recently developed 5D
intermolecular potential surfaces obtained through high level
ab initio calculations. The variational method employed in-
volves a discrete variable representation of the intermolecular
distance R and a basis of coupled free rotor wave functions
for the hindered internal rotations and the overall rotation of
the dimer. The basis is adapted to the permutation symme-
try associated with the para/ortho (p/o) nature of both H2O
and H2 as well as to inversion symmetry. All bound rovibra-
tional levels of the four different nuclear spin species: pH2O–
pH2, oH2O–pH2, pH2O–oH2, and oH2O–oH2, are computed
for both parities and J = 0–5.

We found that a large fraction of the binding energy De,
which is 235.14 cm−1 in the potential of Valiron et al.,16 goes
into the intermolecular vibrational zero-point energy: the dis-
sociation energies D0 on this potential are only 33.57, 36.63,
53.60, and 59.04 cm−1 for pH2O–pH2, oH2O–pH2, pH2O–
oH2, and oH2O–oH2, respectively. Wave functions, which are
also calculated, show that the complex is very floppy and that
the intermolecular vibrations are more like hindered internal
rotations. Still, they show a marked preference of the sys-
tem to explore the low energy region of the potential that ex-
tends from the hydrogen-bonded structure at the global mini-
mum geometry, with the H2 monomer as the donor and H2O
as the acceptor, to the only slightly less stable local mini-
mum geometries, which are hydrogen-bonded with H2O as
the donor and with H2 as the acceptor. The observation that or-
tho monomers lead to stronger binding than para monomers is
not surprising, but in excellent confirmation of experiment.23

Specifically, pH2O and pH2 can only orient themselves un-
der the influence of the anisotropic interaction potential when
their j = 0 ground states mix with excited rotational states.
By way of contrast, however, both oH2O and oH2 have de-
generate j = 1 ground states in which the monomers can be
aligned even without any mixing. Especially for pH2 with its
large rotational constant of nearly 60 cm−1 and lowest excited
state with j = 2, this leads to a much smaller value of D0 than
for oH2. The ground state wave functions indeed show that
the monomers want to orient themselves as much as they can
for the given nuclear spin species, such that the dimer resem-
bles the most stable hydrogen-bonded structure with C2v sym-
metry. The wave functions have considerable amplitude also
at the higher lying local minima, however.

All four species have a bound excited intermolecular
stretch state, with fundamental frequencies that are not much

lower than the dissociation energies. The species that include
at least one ortho monomer also have excited hindered inter-
nal rotor states of different �, �, and � character, i.e., with
K = 0, 1, and 2. The ground state is �, except for oH2O–oH2

where it is of � type. Also the greater stability of the � state
in oH2O–oH2 can be explained by considering the optimum
orientations of the monomers, as discussed above.

The converged rovibrational levels can be compared with
the high-resolution spectrum of the H2O–H2 dimer measured
by Weida and Nesbitt.23 Three bands were observed in this
spectrum, in the range of the H2O monomer bend mode; all
transitions were assigned to pH2O–oH2 and oH2O–oH2. The
data that could be extracted from the measured spectrum and
compared with our calculated energy levels are the rotational
and distortion constants of both species and, for oH2O–oH2,
the energy gap between the � and � states that are mixed by
Coriolis coupling, as well as the coupling constant. We find
good agreement with experiment for all of these data for the
levels calculated on the potential of Valiron et al.,16 which
confirms that this potential is accurate. Also for the levels cal-
culated on the somewhat older potential of Hodges et al.24

we get good agreement, which is perhaps not so surprising
since the two potentials are quite similar. The advantage of
the potential of Valiron et al. is that it is 9D and includes also
the coupling between the inter- and intramolecular degrees
of freedom. The 5D potential that we used was obtained by
averaging the 9D potential over the ground state vibrational
wave functions of the H2O and H2 monomers. It can also be
averaged over excited vibrational states of the monomers and
can be used in calculations on dimers that are excited both in
the intramolecular and intermolecular modes. Finally, we may
conclude from our calculations that the hindered internal rotor
model used by Weida and Nesbitt23 to interpret their experi-
mental spectrum, although simplified, is qualitatively correct.
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