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Interaction of H2O with CO: potential energy
surface, bound states and scattering calculations†

Y. N. Kalugina, ‡a A. Faure, *b A. van der Avoird,c K. Walkerd and F. Lique d

Collisions between H2O and CO play a crucial role in the gaseous component of comets and

protoplanetary disks. We present here a five-dimensional potential energy surface (PES) for the H2O–CO

collisional complex. Ab initio calculations were carried out using the explicitly-correlated closed-shell

single- and double-excitation coupled cluster approach with the non-iterative perturbative treatment of

triple excitations [CCSD(T)-F12a] method with the augmented correlation-consistent aug-cc-pVTZ basis

sets. The most stable configuration of the complex, where the carbon atom of CO is pointing towards

the OH bond of water, has a binding energy De = 646.1 cm�1. The end-over-end rotational constant of

the H2O–CO complex was extracted from bound state calculations and it was found to be B0 = 0.0916 cm�1,

in excellent agreement with experimental measurements. Finally, cross sections for the rotational excitation of

CO by H2O are computed for s-wave (J = 0) scattering at the full close-coupling level of theory. These results

will serve as a benchmark for future studies.

1 Introduction

In low density environments such as the interstellar medium
(ISM) or the coma of comets, the population of the molecular
energy levels is generally not in local thermodynamical equilibrium
(LTE) with the gas temperature. This is due to the low frequency of
collisions which cannot maintain such an equilibrium. The inter-
pretation of spectral line formation in astrophysical objects thus
requires collisional (de)excitation rate coefficients. Despite recent
progress in measuring state-to-state collisional cross sections and
rate coefficients, astrophysical models rely heavily on theoretical
estimates. Theoretical values can now be obtained for polyatomic
molecules colliding with atoms or light diatomic perturbers like H2

molecules, at the full quantum (time-independent) close-coupling
level of theory. Furthermore, accuracy can nowadays be inferred by
comparing calculations directly with state-to-state experimental
data. Comparison between theory and experiment was made
recently for rotational energy transfer in the CO molecule, which
is the second most abundant astrophysical molecule after H2.

Excellent agreement, within 30% or better, was observed in
CO–He rate coefficients down to Tkin = 15 K by Carty et al.1 and
in CO–H2 cross sections down to Ecol = 4 cm�1 by Chefdeville et al.2

In the ISM, the dominant collisional partners are H2 and He
and, in photon-dominated regions, H and free electrons. For
these colliders, many theoretical data are now available for the
most common and abundant interstellar molecules. The largest
molecule studied so far is methyl formate (HCOOCH3) for
which rotational rate coefficients were computed in the range
5–30 K by Faure et al.3 Helium was employed as a substitute
for H2, owing to the computational cost of close-coupling
calculations for such a heavy molecule. Most of the excitation
data are available through the Observatoire de Paris database
BASECOL4 (http://basecol.obspm.fr) and the Leiden database
LAMDA5 (http://home.strw.leidenuniv.nl/Bmoldata). For a recent
review on molecular collisions in the ISM, we refer the interested
reader to the article by Roueff and Lique.6

In the coma of comets and in protoplanetary disks, new
colliding partners enter the game. Thus, in comets, molecules
are excited by (in addition to solar photons) free electrons and
by H2O molecules which are the most abundant species in the
coma. Electron-impact excitation of molecules and molecular
ions has been widely studied both theoretically and experimentally
(see Tennyson7 for a review). In contrast, there is virtually no
data for H2O–molecule collisions. As a result, cometary models
usually rely on geometrical cross sections8 or, alternatively, to
cross sections derived from spectral line shape parameters.9

Only for self-collisions of water, i.e. H2O–H2O collisions, there
exists approximate quantum,10 semiclassical11 and mixed quantum/
classical12 calculations. In protoplanetary and debris disks, H2O and

a Department of Optics and Spectroscopy, Tomsk State University, 36 Lenin av.,

Tomsk 634050, Russia. E-mail: kalugina@phys.tsu.ru
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CO (and their photodissociation products) are the dominant
colliders if the gas originates from ices in planetesimals.13

In the present work, we investigate the collisions between
H2O and CO, the two most abundant molecules in cometary
and planetesimal ices. The first step in the computation of
collisional rate coefficients is the determination of an accurate
global potential energy surface (PES). The H2O–CO van der
Waals system is a prototype for water-bearing complexes
because it is of both fundamental and application interest.
Experimentally the H2O–CO complex has been studied using
microwave and infrared spectroscopy.14–17 These experiments
allowed the equilibrium structure of the dimer to be derived.
The experimental work has also motivated some theoretical
investigations which mainly focused on modeling the minimum
energy structures.18–22 A reasonable agreement was generally
found between theory and experiment, with theoretical and
semi-empirical estimates for the intermolecular bond energy
De B 8 kJ mol�1.

To our knowledge, however, the only global H2O–CO PES
was computed by Wheatley and Harvey23 using extrapolated
intermolecular perturbation theory. This seven-dimensional
PES includes the effects of stretching of the CO molecule and
bending of the water molecule. In this work, a new five-dimensional
H2O–CO PES is computed, at a higher level of ab initio theory, using
vibrationally averaged molecular geometries. This PES is employed
to compute the bound states and the dissociation energy of
the H2O–CO complex and some preliminary quantum scattering
calculations are presented. Section 2 presents the H2O–CO PES
calculations. Section 3 describes the bound states calculations
and Section 4 presents the first scattering calculations on the
title system. Concluding remarks are drawn in Section 5.

2 Potential energy surface

In the present work, the body-fixed coordinate system presented
in Fig. 1 was used. The center of coordinates coincides with the
center of mass of the H2O molecule with the z1-axis being the
symmetry axis. In the H2O molecule, the two OH bonds lie in
the x1z1-plane. The intermolecular vector R connects the centres
of mass of the H2O and CO molecules. The y1 and j1 angles
define the rotation of vector R relative to the H2O molecule
(body-fixed frame 1). The rotation of the CO molecule relative to
frame 2, which is parallel to the body-fixed frame 1, is defined by
y2 and j2 angles. Thus, the mutual orientation of the H2O and CO
molecules is described by a set of 4 angles (y1,j1,y2,j2).

The ab initio calculations were performed for rigid interacting
molecules with geometrical structures corresponding to the
ground vibrational state: rOH = 1.844a0, +(HOH) = 104.431 24

and rCO = 2.137a0.25 It was previously shown for other systems26

that the use of ground vibrational state geometry gives a better
description of the intermolecular potential than the use of the
equilibrium geometry.

Ab initio calculations of the PES of the H2O–CO complex
being in its ground electronic state were carried out at the
explicitly correlated coupled cluster with single, double and

perturbative triple excitations [CCSD(T)-F12a]27 level of theory
with an augmented correlation-consistent triple zeta (aVTZ)
basis set28 using the MOLPRO 2010 package.29 The exponent
b in the correlation factor F12 was set to 1.3. The standard
auxiliary basis sets and density fitting functions30,31 (CABS(OptRI)
basis sets) were used during the calculations. For the interaction
potential V(R,y1,j1,y2,j2) the basis set superposition error (BSSE)
correction was taken into account using the Boys and Bernardi
counterpoise scheme:32

V(R,y1,j1,y2,j2) = EH2O�CO(R,y1,j1,y2,j2) � EH2O(R,y1,j1,y2,j2)

� ECO(R,y1,j1,y2,j2), (1)

where the energies of H2O and CO monomers are calculated in
a full basis of the complex.

The F12 triple energy correction in MOLPRO is taken into
account not directly but using a scaling term27 which leads to a
slight size inconsistency. The size inconsistency problem was
overcome by subtracting from V(R,y1,j1,y2,j2) the asymptotic
interaction energy at R = 1000a0 which is 0.21 cm�1 for all
relative orientations.

The performance of the CCSD(T)-F12a method is presented
in Fig. 2. For comparison, we show the results obtained using
the standard CCSD(T) method with different basis sets, includ-
ing results extrapolated to the Complete Basis Set (CBS) limit
(extrapolation scheme of Peterson et al.33). It is seen from the
figure that the closest results to the reference CCSD(T)/CBS
method are obtained using CCSD(T)-F12a and CCSD(T)-F12b
calculations with an aVTZ basis set. Thus, as already found for
other collisional systems,34 the CCSD(T)-F12a/aVTZ method
provides results of accuracy similar to those obtained with the
CCSD(T)/CBS approach with a much more favorable CPU time.

The potential energy calculations were carried out for a large
random grid of angular orientations, i.e. for each value of the
intermolecular separation R the energies of 3000 mutual orien-
tations were calculated. The R-distances were varied from 4.5
to 30a0 giving 31 radial grid points for each angular orientation.
Irregular random angular grids are particularly well adapted to

Fig. 1 Coordinate system of the H2O–CO collisional system.
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many dimensional problems as any tensorial product of a
one dimensional grid grows exponentially with the number of
degrees of freedom (here 4). In addition, random grids allow
an estimate of the accuracy of each expansion coefficient,
as discussed by Rist and Faure.35

The analytical expansion for an asymmetric-top-linear
molecule system can be written as:

V(R,y1,j1,y2,j2) =
P

vl1m1l2l(R)tl1m1l2l(y1,j1,y2,j2), (2)

where the five body-fixed coordinates (R,y1,j1,y2,j2) are defined
in Fig. 1 and where the functions tl1m1l2l(y1,j1,y2,j2) are explicitly
given in Phillips et al.36 and Valiron et al.37 The indices l1, m1, l2

and l refer to the tensor rank of the dependence of the interaction
potential on the H2O orientation, the CO orientation, and the
collisional vector orientation, respectively. As explained in Phillips
et al.,36 a phased sum over �m1 guarantees that the angular
functions are symmetric with respect to reflection across the H2O
molecule x1z1-plane. In the rigid-rotor approximation, the C2v

symmetry of H2O further requires that m1 is a multiple of 2. We
included all anisotropies up to l1 = 9, l2 = 9, and l = 18, resulting
in 2125 expansion functions. We then selected only significant
terms using a Monte Carlo error estimator (defined in Rist and

Faure35), resulting in a final set of 233 expansion functions with
anisotropies up to l1 = 9, l2 = 9, and l = 12. The root mean square
(rms) residual was found to be lower than 1 cm�1 in the long-
range and minimum regions of the interaction potential
(R 4 6.25a0). In both regions, the mean error on the expansion
coefficients vl1m1l2l(R) was found to be smaller than 0.7 cm�1.
A cubic spline radial interpolation of these coefficients was
finally employed over the whole intermolecular distance range
(R = 4.5–30a0) and it was smoothly extrapolated (using
exponential and power laws at short- and long-range, respectively)
in order to provide continuous radial expansion coefficients
adapted to the bound states and the scattering calculations
presented below.

The global minimum (Fig. 3) of the 5D fitted PES corre-
sponds to the structure with y1 = 115.31, j1 = 01, y2 = 106.71,
j2 = 01 and R = 7.42a0 with DE = �646.1 cm�1 (�7.73 kJ mol�1).
This minimum energy is in good agreement, although deeper,
with the previously computed binding energies DE =�7.52 kJ mol�1

and �7.44 kJ mol�1 from Wheatley and Harvey23 and Budzák
et al.,22 respectively. In this configuration the CO molecule lies in
the plane of the OH bond of the H2O molecule (x1z1-plane) with the
carbon atom pointing to the H atom of the water molecule.

Fig. 2 Potential energy cuts of the 5D H2O–CO PES for selected angular orientations (y1,j1,y2,j2). Energy is in cm�1.
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In Fig. 4 we present contour plots of our 5D PES of the H2O–CO
complex. According to the results of the gas-phase experiments,
there is a weak hydrogen bond that is formed between the carbon
atom and one hydrogen atom of water with a separation of
4.55a0.14 In the present study, it was found to be 4.46a0, in
good agreement with the experimental estimate and in perfect
agreement with the recent theoretical work of Budzák et al.22

(CCSD(T)/aug-cc-pVTZ optimisation). Fig. 4 (upper right panel)
also shows two minima: one global and one local (y2 = 761,
j2 = 1801 with DE = �314 cm�1). These stable configurations
are also in a good agreement with the configurations optimised at
the CCSD(T)/aug-cc-pVTZ level of theory.22

The expansion coefficients of eqn (2) are listed in the ESI.†
A Fortran routine computing the analytical potential function is
also provided there.

3 Bound states

The method used to calculate the rovibrational levels of
H2O–CO is described in ref. 38, where it was applied to H2O–H2.
It is based on a general computational method39 developed for
weakly bound molecular dimers with large amplitude internal
motions, and is similar to a close-coupling scattering approach.
For all details on the form of the Hamiltonian and the basis in
body-fixed (BF) coordinates, etc., we refer to ref. 38 and 39. H2O
is an asymmetric rotor; we used the ground state experimental
values for its rotational constants: A0 = 27.8806 cm�1,
B0 = 14.5216 cm�1, C0 = 9.2778 cm�1,40 and the value
B0 = 1.92253 cm�1 for CO.41 The atomic masses are 1.007825 u
for H, 12 u for 12C, and 15.994915 u for 16O. The rotational energy
levels of H2O are labeled by three quantum numbers: the angular

momentum j1 and the pseudo-quantum numbers ka and kc which
correspond to the projection of j1 along the axis of the smallest
and largest moments of inertia, respectively. The rotational energy
levels of CO are designated by j2. The grid in the discrete variable
representation (DVR) for the intermolecular center-of-mass
distance R contained 164 equidistant points ranging from
R = 4.5 to 20a0. We used a radial basis of 20 functions contracted
in the same way as in ref. 38. The angular basis of symmetric rotor
functions—Wigner D-functions42—and spherical harmonics for
the hindered rotations of H2O and CO, respectively, was truncated
to internal rotor quantum numbers j1 r 12 and j2 r 15. These
values are sufficient to converge the bound levels of the complex
to about 0.01 cm�1, but the energy differences between the levels
are converged much more accurately. Also the overall rotation of
the dimer was described with Wigner D-functions.

The permutation-inversion (PI) or molecular symmetry43

group G4 � C2v(M) of H2O–CO is the same as for H2O–Ne.44

The irreducible representations (irreps) of this symmetry group
are A1

+, A2
+, A1

�, and A2
� with nuclear spin statistical weights43

of 1, 3, 1, and 3, respectively. The rovibrational wave functions
of A1

+ and A1
� symmetry (para) contain H2O monomer func-

tions with even k1, while those of A2
+ and A2

� symmetry (ortho)
contain basis functions with odd k1. The quantum number k1 is
the projection of the H2O monomer angular momentum j1

on its twofold symmetry axis. The total angular momentum
J and the parity p = �1 under inversion (corresponding to the �
superscripts of the irreps) are exact quantum numbers. Often
one uses the spectroscopic parity e, which is related to the
inversion parity by p = e(�1)J, and follows the convention to
label states of even/odd spectroscopic parity by e/f. An approxi-
mate quantum number important to characterize the nature of
the rovibrational states is the projection K of the total angular
momentum J on the intermolecular axis R. The absolute value
of K is commonly used as a label and states with K 4 0 are
distinguished by their parity e/f. States with K = 0 are called
S states, states with K = 1 are P states. Calculations have been
performed for J values of 0 and 1, for all symmetries.

We found that the ground state of para-H2O–CO has J = K = 0,
parity e, and its energy is �315.98 cm�1 relative to the separated
para-H2O [rotational quantum numbers ( j1,ka,kc) = (0,0,0)] and
CO ( j2= 0) monomers. Hence, the dissociation energy of the
para-H2O–CO complex is D0 = 315.98 cm�1. The ground state
of ortho-H2O–CO also has J = K = 0, parity e, and its energy is
�315.19 cm�1. This energy is higher by only 0.79 cm�1 than the
ground state energy of para-H2O–CO, which indicates that the
internal rotation of H2O in the complex is strongly hindered. This
is confirmed by the analysis of the rovibrational wave functions
of the complex, which shows that the rotational states of the H2O
monomer are strongly mixed. The same conclusion, strongly
hindered internal rotation, holds for the CO monomer. Since
the ground state of the ortho-H2O monomer has rotational
quantum numbers ( j1,ka,kc) = (1,0,1) and energy 23.80 cm�1,
the dissociation energy of ortho-H2O–CO is D0= 338.99 cm�1.
Hence, the strongly hindered rotation in the complex makes
ortho-H2O–CO significantly more stable than para-H2O–CO. From
these numbers it also follows that about half of the binding

Fig. 3 Configuration of the H2O–CO complex corresponding to the
global minimum.
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energy De = 646.1 cm�1 goes into the zero-point energy associated
with the intermolecular vibrations and internal rotations.

From the energy difference between the J = 1 and J = 0 levels
with K = 0 we can extract the end-over-end rotational constant
B0 of the complex. We find practically the same B0 value of
0.0916 cm�1 for para-H2O–CO and ortho-H2O–CO, which agrees
very well with the experimental value of 0.0917 cm�1.17 This
value of B0 corresponds to an average van der Waals bond
length R0 = 7.75a0, not much larger than the equilibrium bond
length Re = 7.42a0, another confirmation of our conclusion that
the H2O–CO complex is relatively rigid.

Our results for J = 1 show also the occurrence of a low-lying
P(K = 1) state with two components e and f in both para-
H2O–CO and ortho-H2O–CO. In para-H2O–CO it lies at
19.96 cm�1, and in ortho-H2O–CO it lies at 18.96 cm�1, relative
to the corresponding S(K = 0) states with J = 0. The f�e
splittings are only 0.0008 and 0.0006 cm�1 for para and ortho,
respectively. It follows from our wave function analysis that the
S - P excitation mainly affects the rotational distribution of
the H2O fragment in the complex.

4 Scattering calculations

We now focus on the collisional excitation of the rotational
states of CO due to collisions with H2O. Considering the large
well depth in the H2O–CO PES (646.1 cm�1) and the relatively
small rotational constant of CO (1.92253 cm�1), we anticipate
that quantum close-coupling or even coupled-states calcula-
tions will be challenging in terms of both memory and CPU
time. Here, we only perform preliminary calculations to
investigate the feasibility of converged quantum scattering
calculations and we do not intend to produce collisional rate
coefficients. Hence, calculations were restricted to the total
angular momentum J = 0 (

-

J =
-

j1 +
-

j2 +
-

L, where
-

L is the relative
angular momentum) and to low total energies (Etot r
100 cm�1). Such results should be useful for future use of
approximate methods such as the coupled-states approximation,45

the quasiclassical46 and mixed quantum/classical12 approaches or
the statistical model.47 Another full quantum mechanical alterna-
tive is the Multiconfiguration Time Dependent Hartree (MCTDH)
method.48,49

Fig. 4 Potential energy cuts of the 5D H2O–CO PES: two coordinates are changing while the others are fixed at their equilibrium values. Energy is in cm�1.
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As inelastic (nonreactive) collisions cannot interconvert
the ortho- and para-forms of H2O, the calculations were done
separately for each nuclear spin modification. We used the
quantum close-coupling formalism for collisions of an asym-
metric top rigid rotor and a linear rigid rotor, as described in
Phillips et al.50 All scattering calculations were performed with
the OpenMP extension§ of version 14 of the MOLSCAT code.51

The coupled differential equations were solved using the hybrid
modified log-derivative Airy propagator from 3 to 200a0 with a
STEP parameter of 20 or larger. To test for convergence, only
the first partial wave with total angular momentum J = 0
(s-wave) was computed for a total energy Etot = 100 cm�1. The
rotational basis for H2O and CO began at 5 and the highest
rotational levels considered were j1 = 9 for H2O and j2 = 20 for
CO. The water energy levels were described using the effective
Hamiltonian of Kyrö,52 as in previous scattering studies (see
Daniel et al.53 and references therein). The rotational constant of
CO was fixed at its experimental value B0(CO) = 1.92253 cm�1,
as in the bound states calculations. The reduced mass of the
collisional system is mred = 10.960 u.

In the following, both colliders lie initially in their ground
rotational state: j2 = 0 for CO and ( j1,ka,kc) = (0,0,0) for para-
H2O. The convergence pattern as a function of the basis set is
plotted in Fig. 5 for the inelastic transition j2 = 0 - 1 in CO
(elastic in H2O). It is observed that the convergence is slow and
better than 5% only for j1 = 8 and j2 = 16, corresponding to more
than 6600 levels.¶ For J = 0, this basis set involves 3620 coupled
channels (about half the numbers of levels) but for J 4 0 the
number of coupled channels largely exceeds 10 000 and the
calculations become prohibitive both from a memory and
computer time prospective.8 As an example, the calculation
for j1 = 8, j2 = 16 and J = 10 would involve more than 56 000
coupled channels, requiring 3 TB of memory.

A standard method to reduce the number of coupled channels
is to limit the basis functions to rotational energies (H2O plus CO)
less than a threshold EMAX. This parameter should be typically
larger than the sum of the total energy (here 100 cm�1) and the
potential well depth (here 646.1 cm�1). Limiting the basis set to
levels below EMAX = 1000 cm�1 was found to affect the cross
sections by 10–20% on average while decreasing the computing
time by a factor of B6 at Etot = 100 cm�1. The convergence pattern
with the limited basis set is shown in Fig. 6. As expected, it is very
similar to the full calculation but the number of levels decreases
substantially. Thus, for j1 = 8 and j2 = 16, the number of levels is
reduced from 6673 to 3356. However, the calculation for j1 = 8,
j2 = 16 and J = 10 would still involve more than 26 000 coupled
channels, requiring more than 650 GB of memory.

An alternative to diminish the computational cost of the
scattering calculations is to use the coupled-states approximation
which neglects the off-diagonal part of the Coriolis coupling.

In this approximation, the number of coupled channels is
drastically reduced for J 4 0. However, coupled-states
calculations were found to be inaccurate by large factors
(up to a factor of 10) at the low energies investigated here
(Etot r 100 cm�1). Their accuracy, on the other hand, is
expected to improve at higher energies.

Fig. 5 Convergence of the cross section j2 = 0 - 1 in CO at total energy
Etot = 100 cm�1 for full close-coupling calculations. Only the partial wave
J = 0 is included. The H2O molecule remains in its ground para-state
( j1,ka,kc) = (0,0,0). The total number of levels is indicated for j2 = 11, 15, 16,
18 and 20.

Fig. 6 Convergence of the cross section j2 = 0 - 1 in CO at total
energy Etot = 100 cm�1 for close-coupling calculations with basis func-
tions limited to EMAX = 1000 cm�1. Only the partial wave J = 0
is included. The H2O molecule remains in its ground para-state
( j1,ka,kc) = (0,0,0). The total number of levels is indicated for j2 = 11, 15,
16, 18 and 20.

§ See http://ipag.osug.fr/Bfaurea/molscat/index.html.
¶ Here the number of levels corresponds to all angular couplings between j

-

1 and
j
-

2.
8 Memory and CPU requirements scale as the square and the cube of the number
of channels, respectively.
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As a result, the H2O–CO scattering calculations are found to
be not feasible at the full quantum time-independent level
if high-accuracy is required. Approximate solutions however
exist, at the quantum, classical, mixed quantum/classical and
statistical levels (see references above). In order to provide
benchmark cross sections for future comparisons, close-
coupling calculations using the converged basis set j1 = 8 and
j2 = 16 (with Emax = 1000 cm�1) were performed at total energies in
the range of 3–100 cm�1. The cross sections for the ground-state
transitions j2 = 0 - 1 and j2 = 0 - 2 in CO (elastic in H2O) are
shown in Fig. 7 and 8.

We first observe the different thresholds of the two transi-
tions at 3.845 and 11.54 cm�1, respectively. In the low energy
regime investigated here, the cross sections display many
narrow resonances of both shape (or orbiting) and Feshbach
(or closed-channel) types. Approximate treatments will not be
able to reproduce these purely quantum effects. However, after
a summation over all partial waves and, especially, after a
thermal average over collisional energy to produce the rate
coefficients, the effect of these resonances is expected to be
negligible. The transition j2 = 0 - 1 is found to have larger
cross sections than the transition j2 = 0 - 2 with a partial
inelastic cross section for j2 = 0 - 1 of a few 0.01 Å2 on average
in this energy regime. We note that these resonances are
expected to extend up to several hundreds of wavenumbers
due to the large well depth of the H2O–CO complex. Close-
coupling calculations are currently underway for higher partial
waves (J = 1,2, etc.) and larger total energies. These benchmark
calculations will be compared to approximate methods in a
future study.

5 Conclusion

We have computed a new, rigid-rotor, PES for the H2O–CO
dimer. This molecular complex is of great importance both
from the fundamental and application point of view. In particular,
H2O and CO are the dominant species in the coma of comets.
Ab initio calculations were performed at the CCSD(T)-F12a/aVTZ
level of theory which provides results close to the CBS limit,
i.e. with an accuracy of the order of 1 cm�1. Such precision is
required to make a meaningful comparison with modern spectro-
scopic and scattering experiments. The accurately fitted 5D PES
shows a global minimum at �646.1 cm�1 (�7.73 kJ mol�1).
In this configuration, the CO molecule lies in the water plane
with the carbon atom pointing towards the H atom of the
H2O molecule, in agreement with microwave and infrared
experiments. Bound states calculations based on this PES were
performed using a close-coupling approach. The ground-state
energies of the para-H2O–CO and ortho-H2O–CO complexes are
very similar (�315.98 cm�1 and �315.19 cm�1, respectively),
reflecting that the internal rotation of the monomers in the
complex is strongly hindered. The corresponding dissociation
energies are D0 = 315.98 cm�1 and D0 = 338.99 cm�1,
respectively. The end-over-end rotational constant B0 of the
complex was also extracted (B0 = 0.0916 cm�1) and found to
agree very well with the experimental value. Preliminary scattering
calculations were also presented for the rotational excitation of
CO( j2 = 0) by ground-state para-H2O at total energies lower than
100 cm�1. Due to the computational cost of the close-coupling
calculations, whose convergence is slowed down by the large well
depth of the PES, only s-wave (J = 0) scattering calculations were
carried out. As expected, the cross sections are dominated by
a dense forest of resonances. These calculations will serve as a
benchmark for future comparisons with alternative and cheaper
methods such as classical, mixed quantum/classical and statistical
theories.

Fig. 7 Partial cross section for the transition j2 = 0 - 1 in CO (elastic
in H2O) as a function of the collision energy. Only the partial wave J = 0
is included.

Fig. 8 Partial cross section for the transition j2 = 0 - 2 in CO (elastic in H2O)
as a function of the collision energy. Only the partial wave J = 0 is included.
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