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The water—carbon monoxide dimer: new infrared
spectra, ab initio rovibrational energy level
calculations, and an interesting intermolecular
modet

A. J. Barclay,® A. van der Avoird,” A. R. W. McKellar® and N. Moazzen-Ahmadi (2 *®

Bound state rovibrational energy level calculations using a high-level intermolecular potential surface are
reported for H,O-CO and D,O-CO. They predict the ground K = 1 levels to lie about 20 (12) cm™
above K = 0 for H,O-CO (D,0O-CO) in good agreement with past experiments. But the first excited
K = 1 levels are predicted to lie about 3 cm™ below their K = O counterparts in both cases. Line strength
calculations also indicate that mid-infrared transitions from the K = 0 ground state to this seemingly
anomalous excited K = 1 state should be observable. These predictions are strikingly verified by new
spectroscopic measurements covering the C-O stretch region around 2200 cm™* for H,O-CO,
D,0-CO, and HOD-CO, and the O-D stretch region around 2700 cm™? for D,O-CO, HOD-CO, and
DOH-CO. The experiments probe a pulsed supersonic slit jet expansion using tunable infrared quantum
cascade laser or optical parametric oscillator sources. Discrete perturbations in the O-D stretch region
give an experimental lower limit to the binding energy Dy of about 340 cm™ for D,O-CO, as compared
to our calculated value of 368 cm™. Wavefunction plots are presented to help understand the inter-
molecular dynamics of H,O-CO. Coriolis interactions are invoked to explain the seemingly anomalous
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Introduction

The weakly-bound H,O-CO dimer has a planar equilibrium
structure with the heavy atoms (O, C, O) in an approximately
collinear configuration and a hydrogen bond between the water
and the carbon of CO. Proton tunneling, which interchanges
the water H atoms, gives rise to two easily resolved tunneling
states which correspond to distinct nuclear spin modifications
and thus correlate with para- and ortho-water. The magnitude
of the resulting splitting in the ground rotational state is about
0.9 cm ™! for H,0-CO, or about 0.04 cm™* for D,0-CO. For the
mixed isotope species containing HDO, there is of course no
tunneling because the H and D atoms are distinguishable.
Instead, there are two isomers which we can call HOD-CO
(deuteron bound) and DOH-CO (proton bound). The former
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energies of the first excited K = 1 levels.

species has a lower zero-point energy and is thus easier to observe
(the energy difference is estimated to be about 12 cm™")." Due to
the almost linear heavy atom configuration, H,0O-CO has a large
A rotational constant, equal to about 19 ecm " (or 12 cm ™' for
D,0-CO), which means that the K, quantum number is highly
significant (denoted K in the remainder of this paper). High
resolution spectroscopic studies of water-CO were first made by
Yaron et al.,> who measured pure rotational microwave transi-
tions within the K = 0 manifold, and by Bumgarner et al.,> who
measured millimeter wave transitions with K=1 « 0. So far, no
spectra involving higher K values have been detected. There has
been considerable progress in observing mid-infrared rotation-
vibration spectra. Thus Brookes and McKellar' studied the C-O
stretch region (4.7 pm), Oudejans and Miller* the O-H stretch
region (2.7 um), Zhu et al.’ the D,0 bending region (8.5 pm),
and Rivera-Rivera et al.® the H,0 bending region (6.3 pum).
There have been many quantum chemical investigations of
water-CO intermolecular interaction,” " but to our knowledge
only a few high-level ab initio calculations of the global potential
energy surface. Wheatley and Harvey'? computed a seven-
dimensional surface (including CO stretching and water bending)
using extrapolated intermolecular perturbation theory, and used it
to determine second virial coefficients. More recently, Rivera-Rivera
et al.’ reported various five- and six-dimensional potentials,
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beginning with ab initio calculations [CCSD(T)/aug-cc-pVTZ, or
MP2/aug-cc-pVNZ] and then “morphing” for better agreement with
experiment. Finally, Kalugina et al."® computed a five-dimensional
potential at a higher level of theory [CCSD(T)-F12a] and used it to
calculate rotational excitation cross-sections for astrophysical
applications. This potential has since been used for extended
scattering calculations."*

In the theoretical part of the present paper, we use the latter
potential surface™ to make detailed calculations of rotational and
vibration-rotation energy levels for H,O-CO and D,0-CO. The
results agree well with experiment, and are especially useful for
understanding a newly observed intermolecular vibration mode.
In the experimental part of the paper, we study D,0-CO, HOD-CO,
and DOH-CO spectra in the O-D stretch region (3.6 um) for the
first time and extend the previous C-O stretch region results on
H,0-CO, D,O-CO, and HOD-CO to include the K=1 « 0 bands.
More significantly, in both regions we also observe combination
bands involving the intermolecular mode just mentioned, which is
the in-plane CO bend. This mode, which has K =1 and is observed
for H,0-CO, D,0-CO, and HOD-CO, is particularly interesting.
For one thing, it exhibits anomalous isotope shifts for example, the
D,0-CO combination state is only slightly lower in energy than the
H,0-CO state even though their A-values are quite different (as
mentioned above). Although we do not observe the K = 0 level of
the new mode, our calculations, which are well supported by
experiment, show that it lies above the K = 1 level. While similar
inversion of the normal ordering of K states has been observed in
other weakly-bound complexes, it is especially notable here
because H,0-CO is a simple and relatively rigid species (except
of course for the proton tunneling) in which hindered internal
rotation plays no role.

Since it has a planar equilibrium structure, vibrational
modes of water-CO can be classified as either in-plane or out-
of-plane, giving symmetry species A’ or A”, respectively, in the
C; point group. The four possible intramolecular fundamental
vibrations are all A’ (C-O stretch, H,O bend, symmetric O-H
stretch, antisymmetric O-H stretch). The five possible inter-
molecular fundamentals are either A’ (in-plane CO bend, van der
Waals stretch, in-plane water bend) or A” (out-of-plane CO bend,
out-of-plane water bend). The two tunneling components corre-
spond to the two possible relative spin orientations of the H or D
nuclei, aligned or anti-aligned, and in previous spectroscopic studies
they have been labeled as the A and B components."® The ground
state, A, has relative statistical weights 1 (H,0-CO) or 2 (D,0-CO)
while the B state has weights 3 or 1. These tunneling states
correspond to the nuclear spin modifications of the isolated water
molecule: A correlates with para-H,0O and ortho-D,0O, and B with
ortho-H,0 and para-D,0.

Theoretical rovibrational energies and
line strengths

The potential energy surface of Kalugina et al.™ is used here in
order to obtain the best possible ab initio predictions for the
rotational and intermolecular vibrational levels in the ground
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intramolecular state. It has a global minimum with depth
D. = 646.1 cm ™', an intermolecular center-of-mass separation
R of 3.93 A and a planar configuration with 0; = 115.3° and
0, =106.7°. The angles 6, and 6, were defined in the coordinate
system shown in Fig. 1 of ref. 13. Here, we use slightly different
angular coordinates: a set of 4 Euler angles that define the
orientations of the water and CO monomers with respect to a
dimer-fixed frame with its z-axis along the vector R that points
from the center of mass of water to the center of mass of CO,
see Fig. 1. In this frame 0(H,O) is the angle between the two-
fold symmetry axis of H,O (or D,0) and the vector R, and 0(CO)
is the angle between the CO axis and the vector R. The angle ¢
is the dihedral (or torsional) angle between the plane through R
and the H,O symmetry axis and the plane through R and the
CO axis, and y(H,O) is the angle of rotation of H,O or D,O
around its symmetry axis. The equilibrium values are 0(H,0) =
115.3°% 0(CO) = 8.6°, ¢ = 0°, and y(H,0) = 0° for H,O-CO. The
equilibrium angles 0(H,0) = 115.0° and 6(CO) = 8.3° are slightly
different for D,O-CO, because of the shift of the center of mass
of D,0 with respect to H,O. The angles ¢ and y(H,0) being zero
implies that the equilibrium structure of the dimer is planar,
and the small value of (CO) indicates that the CO bond axis is
nearly parallel to the intermolecular axis R. This OH- - -C hydrogen
bonded structure agrees well with experiment.>* There is also an
OH.- - -O-bonded local minimum with a depth of 340.4 cm ™" and a
separation R of 3.70 A. For comparison, some previous ab initio
global minimum energies were D, = 629,"* 622,"" and 650 cm™".°
Bound state H,O-CO rovibrational levels with J = 0 and 1
were calculated in ref. 13, and these calculations are extended
here with J = 2 levels. Furthermore, the H,0-CO potential
surface was re-expressed in the dimer-fixed coordinates of
D,0O-CO and also the rovibrational levels of D,0-CO were
calculated for J = 0, 1 and 2. The method™*" is based on a
computational approach'® developed for weakly bound molecular
dimers with large amplitude internal motions, and is similar to a
close-coupling scattering calculation. The H,O (or D,0) and CO
monomers were considered to be rigid and we used ground
state experimental values for the rotational constants of H,O
(4 =27.8806 cm ', B =9.2778 cm ', C = 14.5216 cm '), D,O
(4 =15.4200 cm ™', B = 4.8453 cm ™', C = 7.2730 cm™ '), and CO
(B = 1.9225 cm™'). Atomic masses are 1.007825 u for H,
2.014102 u for D, 12 u for **C, and 15.994915 u for *°0. The
water rotational levels are labelled by angular momentum j; and
its projections k, and k. along the axes of smallest and largest

Fig. 1 Planar equilibrium structure of H,O-CO with the coordinates
R = 3.93 A = 7.42a,, 0(H,0) = 115.3°, 0(CO) = 8.6°, ¢ = 0°, and y(H,0) =
0°. The definition of these coordinates with respect to a dimer-fixed frame
with its z-axis along the intermolecular axis R is given in the text.
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moments of inertia, respectively. The CO rotational energy levels
are designated by j,. The discrete variable representation grid for the
intermolecular center-of-mass distance R contained 164 equidistant
points ranging from 4.5 to 20a,, and a radial basis of 20 functions
was contracted as in ref. 15. The angular basis was truncated to
J1 < 9andj, < 14 for H,0-CO and toj; < 11 and j, < 14 for
D,0-CO; higher j; values were needed for the latter complex
because the rotational constants of D,O are about half of the
H,O values. Energies are thus converged to about 0.01 cm ™.
The calculations were simplified by using the permutation-
inversion symmetry group G,. The so-called feasible symmetry
operations generating this group are the permutation P;, that
interchanges the two protons in H,0-CO (or deuterons in D,0-CO)
and the overall inversion of the system, E*. States that are even/odd
with respect to Py, correspond to the para/ortho nuclear spin
species. With our dimer-fixed coordinates inversion corresponds
to reflection in the plane of the equilibrium geometry, so that
states with even or odd parity under E* have A’ or A” symmetry.
Our calculated binding energies D, are 315.98 and 368.42 cm™*
for para-H,0-CO and ortho-D,0-CO, respectively, which shows that
the intermolecular rovibrational zero-point energy is almost half of
the well depth D, for D,O-CO and even larger for H,O-CO. The
corresponding ground state energies of ortho-H,0-CO and para-
D,0-CO, —315.16 and —368.39 cm™*, are very similar to those of
para-H,0-CO and ortho-D,0-CO, which demonstrates already that
the internal rotations of the monomers in these complexes are
strongly hindered. The calculated ground state K = 0 tunneling
splittings are 0.795 (H,0-CO) and 0.030 (D,0-CO) cm™". For
comparison, Rivera-Rivera et al.® obtained calculated binding
energies D, around 338 cm ' for H,0-CO and 391 cm™* for
D,0-CO, and estimated'” a value of 355 + 13 cm™* for H,0-CO
based on the Badger-Bauer rule. They also calculated ground state
K = 0 tunneling splittings of 0.83 and 0.04 cm™ ", respectively.
Since transitions connecting the A and B states are quite
strongly forbidden, there are no direct experimental determinations
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of the tunneling splittings. However, the sum of the absolute values
of the splittings in the K= 0 and 1 states can be measured precisely,
and the resulting experimental sums are 1.1130 (H,O-CO) and
0.0676 cm™ ' (D,0-CO).> In previous experimental papers, the K= 0
and 1 splittings were assumed to be equal (and opposite), giving
values of 0.557 (H,0-CO) and 0.034 (D,0-CO) cm™". But as we now
know, calculations give a strong K-dependence, for example from
0.795 (K= 0) to 0.203 cm ™ (K = 1) for H,O-CO. Our calculated sums
of K =0 and 1 splittings are 0.9975 and 0.0493 cm™ ', which
underestimate the true values by about 10% (H,O-CO) or 30%
(D,O-CO). This suggests the following scaled estimates for the true
individual splittings: H,0-CO, 0.875 (K = 0) and 0.238 cm™ " (K = 1);
D,0-CO, 0.041 (K = 0) and 0.026 cm™" (K = 1).

The complete list of calculated levels is given as ESL{ Organizing
these levels into rotational stacks with energies equal to BJ(J + 1)
with B & 0.092 (H,0-CO) or 0.087 cm ™ (D,0-CO) made it straight-
forward to determine K-values for almost every stack of levels, and
the origins of the resulting K-stacks are shown in Table 1 for the A
and B states of H,O- and D,0-CO, with the zero of energy taken as
the lowest bound J = 0 level. (Note however the almost coincident
D,0-CO stacks with origins at about 89.2 cm ™" where the K=1 or 2
labeling was not quite straightforward.) The left-hand side of Table 1
gives vibrational mode assignments. These assignments are fairly
clear for the lowest few K = 0 stacks, aided by the fact that even and
odd parity distinguishes between A" and A” modes. Thus in Table 1
we have: ground state, in-plane CO bend, out-of-plane CO bend, van
der Waals stretch, in-plane bend overtone, etc. However, for K = 1
and especially K = 2, the mode labels become more ambiguous, as
there are large Coriolis interactions which mix vibrational states.
Above about 100 cm™*, even labeling K = 0 levels becomes difficult.
However, we can say that the second calculated K = 0 state with
negative parity, at 125 (H,0-CO) or 114 cm ' (D,0-CO), must
be the out-of-plane H,O bend and/or the combination of the in-
and out-of-plane CO bends. The in-plane water bend is of special
interest since according to Bumgarner et al.® it corresponds to the

Table 1 Calculated intermolecular vibrational levels of H,O-CO and D,O-CO?
H,0-CO D,0-CO

Vibrational mode K A B Line str.” A B Line str.”
Ground state Oe 0.000 0.795 1.0 0.000 0.030 1.0
Ground state 1 19.868 19.666 0.0498 11.618 11.598 0.0332
Ground state 2 57.327 57.456 44.033 44.024
i-p CO bend Oe 51.270 52.501 0.0010 48.409 48.528 0.0009
i-p CO bend 1 49.429 48.544 0.0444 45.432 45.349 0.0530

2 86.619 85.830 61.638 61.726
o-p CO bend of 70.704 68.998 0.0 59.006 58.915 0.0

1 80.551 81.421 0.0033 75.778 75.814 0.0034

2 103.017 104.640 89.233 89.370
vdW stretch Oe 77.807 79.073 0.0005 77.075 77.130 <0.0001
vdW stretch 1 96.531 95.065 <0.0001 89.249 89.005 <0.0001
i-p CO bend overtone? Oe 88.419 89.710 0.0002 84.008 84.340 0.0005

1 108.259 107.160 0.0001 95.223 95.172 0.0002
i-p CO bend + vdW stretch? Oe 111.388 112.935 0.0003 110.050 110.237

1 123.05 123.27 104.260 104.379 <0.0001
i-p + o-p CO bend*” of ? 124.875 114.468 114.265

¢ Calculated origins are given for K = 1 (or 2), defined as in eqn (1). These have 1*B (or 2*B) subtracted from actual calculated J = 1 (or 2) levels,
using B = 0.092 and 0.087 cm ™" for H,0- and D,0-CO, respectively. Only the lowest three K = 2 states are shown. i-p = in-plane; o-p = out-of-plane;
vdW = van der Waals. ? Calculated C-O stretch region relative line strengths for R(0) transitions originating in the ground K = 0 state. ° Or o-p H,O bend.

This journal is © the Owner Societies 2019
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tunneling coordinate. These authors estimated this bending
fundamental to lie around 120 cm ™" in H,0-CO using a simple
one-dimensional tunneling model. But there are a number (at
least five?) of other A’ overtone and combination vibrations in the
100 to 150 cm™ ' range, so the in-plane water bend fundamental
may well be ‘contaminated’ due to anharmonic mixing with these
other modes.

With the calculated wavefunctions we also computed the line
strengths of the transitions from the ground state to various
intermolecular modes in combination with the intramolecular
C-0 or O-H (O-D) stretch states. Since it may be assumed that
the monomer transition moments are only weakly affected by
the noncovalent intermolecular interactions, we constructed a
transition dipole function containing the appropriate monomer
transition dipole moment vector, expressed as a function of the
intermolecular coordinates in the complex. The C-O stretch
dipole vector simply lies along the CO bond axis. The D,O
monomer vibration excited in D,0-CO is the antisymmetric
O-D stretch mode with its transition dipole moment vector in
the plane of D,O perpendicular to its twofold symmetry axis.
Table 1 gives the calculated relative line strengths for R(0)
transitions in the CO stretch region. The O-H or O-D stretch
line strengths (not shown) have similar orders of magnitude.
These line strengths are for transitions originating in the ground
K = 0 state (there is very little population in K = 1 or higher states
in our experiments, where the effective rotational temperature is
about 2.5 K). The strongest transition by far is of course the
fundamental K = 0 « 0 parallel (a-type) band, while the funda-
mental K=1 « 0 perpendicular (b-type) band is at least 20 times
weaker. This is as expected, since the CO monomer is closely
aligned with the a-axis of the complex. Interestingly, the line
strength of the K= 1 « 0 transition to the combination involving
the CO in-plane bend is comparable in strength to the funda-
mental K =1 « 0 band, while the corresponding K=0 < 0 CO
in-plane bend band is much weaker. As we will see below, this
prediction is confirmed by experiment. The in-plane CO bend is
anomalous in that K = 0 is calculated to lie higher in energy than
K =1 by about 3 cm™" for both H,0-CO and D,0-CO. All other
possible combination bands involving intermolecular modes
are calculated to be thousands of times weaker than the K=0 « 0
fundamental, except for the K=1 « 0 band of the out-of-plane CO
bend which is still about 300 times weaker.

Rivera-Rivera et al.® calculated intermolecular vibrational
frequencies for H,0-CO (their Table 13) which can be compared
with our Table 1. Their first mode at 19.73 (A state) and 18.64 cm™*
(B state) was labeled by them as vy “in-plane bend”, but it clearly
must be the ground state K = 1 level, which we calculate at 19.868/
18.871 cm™ ! (relative to the respective K = 0 levels). Their second
mode, labeled v3 “out-of-plane bend”, at 50.57/48.76 cm™ ' must
really be the in-plane bend, which we calculate at 51.270/
51.706 cm ™" for K = 0 and 49.429/47.749 cm ™" for K = 1. Their third
mode, labeled v, “intermolecular stretch” lies at 78.49/78.76 cm™*
and agrees well with our van der Waals stretch at 78.807/
78.278 cm™ . It seems that they missed the out-of-plane bend which
we calculate at 70.704/68.203 cm . (Also, in Tables 4 and 6 of
ref. 6, the titles should say “K=1 « 0” and the A and B column
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headings should be interchanged.) Density functional theory
(DFT) methods have also been used to calculate H,O-CO vibrations.
For example, Lundell and Latajka® report harmonic intermolecular
frequencies ranging from 63 to 413 cm !, and anharmonic
frequencies from 8 to 690 cm™*, but it is difficult for us to see
the value of these results.

Experimental spectra

Spectra were recorded at the University of Calgary as described
previously'®?° using a pulsed supersonic slit jet expansion
probed by a rapid-scan tunable infrared source. In the 4.7 pm
region, the source was a quantum cascade laser, and in the 3.6 pm
region, it was an optical parametric oscillator. The usual expansion
mixtures contained about 0.01% H,O or D,O plus 0.02-0.06% CO
in helium carrier gas with a backing pressure of about 10 atmo-
spheres. Wavenumber calibration was carried out by simultaneously
recording signals from a fixed etalon and a reference gas cell
containing N,O or C,H,. Spectral assignment and simulation
were made using the PGOPHER software.!

We use the following empirical rotational energy expression
to fit the experimental spectra,

E=0+By[J(J+1)— K] — D[J(J+1) — KT £ [(B — C)/4][J(J + 1)].
1)

Here, K = K,, and B,, = (B + C)/2. Each vibrational state and
K-value has its own origin, ¢, and rotational parameters, B,, and
D;. The parameter (B — C) is needed only for K = 1 states. States
with K > 1 have not been observed for water-CO in this or past
studies. We give each K = 1 state its own origin, rather than using
the A rotational parameter, because (as shown above) A is not well-
defined for many excited intermolecular vibrations. The theoretical
K =1 and 2 origins shown above in Table 1 are consistent with this
expression. In our spectroscopic analyses below, ground state
parameters for H,O-CO and D,0-CO were fixed at the values
determined by Bumgarner et al.,? after translating from their system
(using A) to ours (separate parameters for K = 0 and 1). Ground state
parameters for HOD-CO were taken from Yaron et al.,” while those
for DOH-CO were fitted to the present infrared data.

H,0-CO

In the C-O stretch region, the K = 0 < 0 fundamental band
(2154 em ™) of H,0-CO has been studied previously." Here we
also observe new K=1 « 0 bands at about 2173 and 2200 cm ™.
All three bands, shown schematically in Fig. 2, have two
components, arising from the tunneling states A and B with
nuclear spin weights of 1 and 3, respectively. Spectra of the new
K =1 « 0 bands are illustrated on the left-hand side of Fig. 3,
and fitted parameters are listed in Table 2. For consistency, we
include here new parameters for the K = 0 « 0 fundamental
band, which are in good agreement with the previous data.
The first K =1 « 0 band at 2172.2 and 2173.3 cm ™" is the
expected perpendicular component of the C-O stretch funda-
mental, analog of the ground state band observed by Bumgarner
et al’ at 561 and 595 GHz. The present energies of 19.741 or

This journal is © the Owner Societies 2019
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Fig. 2 Calculated lowest vibrational levels of H,O-CO (Table 1). Arrows
indicate the K = 0-0 band and two K = 1-0 bands that are observed for
H,O-CO, D,O-CO, and HOD-CO in the C-O stretch region, and for
D,0O-CO in the O-D stretch-3 region. The K = 1 levels near 20 cm™t
belong to the ground state, and the K = 0 and 1 levels near 50 cm™ are
assigned to the in-plane CO bend mode. Energies in the excited state are

given relative to the vibrational origin of 2153.5942 cm™.

H,0 - CO D,0-CO

" ;‘ .LJJM LLJ.J L J Il jL L l I J] |l I )
. B Ly
Al P M k l

LUEAA ,“M,. , ,||II|A‘H ||.||

2199 2200 2201 2202 2197 2198 2199

T - HHILLLJLL ool l..lulnljl]‘l Lt

A Ll B

L

P N S S

@”]Hll.v LI W O

2171 2172 2173 2174 2165 2166 2167
Wavenumber / cm’!

Fig. 3 Spectra of H,O-CO (left) and D,O-CO (right) in the C-O stretch
region. Lower panels show the K = 1 « 0 fundamental band, and upper
panels show the K = 1 « 0 combination band involving the intermolecular
in-plane CO bending mode. Simulated spectra illustrate the contributions
of the A (blue) and B (red) tunneling components. The K = 0 « O
fundamental bands (not shown) have been studied previously.

18.594 cm ™! (A or B state), relative to the K = 0 fundamental, are
about 0.5% smaller than those in the ground state, 19.834 or
18.721 cm™ ' (see Table 3). But what about the second K=1 « 0
band near 2200 cm™ ', which represents energies of 47.855 or
45.790 cm™ ' (A or B) relative to the K = 0 origins? This is
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obviously the predicted (Table 1) combination band involving
the sum of the intramolecular C-O stretch and intermolecular
in-plane CO bend modes. We were not able to detect the
corresponding combination band with K = 0 « 0, which is
understandable in view of its predicted line strength (Table 1)
which is 44 times weaker.

D,0-CO

In the C-O stretch region, we observed D,0-CO fundamentals
with K=0 « 0 and 1 « 0, plus the combination band with
K=1 « 0, the same three bands for as for H,O-CO. Here the A
and B tunneling components are more closely spaced and have
nuclear spin weights of 6 and 3, respectively. Spectra are shown
on the right hand side of Fig. 3. The K =0 « 0 band had been
studied previously,' while the K=1 « 0 bands are new. But the
energy of the fundamental K = 1 state was actually already
known for the A tunneling component by means of the weak
K =1 « 1 band. The current result confirms this earlier K = 1
analysis,’ extends it to the B component, and provides more
accurate K = 1 parameters.

In the O-D stretch region, there are two possible funda-
mentals, corresponding to the symmetric (v, 2671.645 cm ™)
and antisymmetric (v;, 2787.718 cm™ ') vibrations of D,0O
monomer.?* In D,0-CO we can also think of these vibrations
in terms of free and bound O-D stretches, where the bound
stretch involves the D atom participating in the bond with the C
atom of the CO. The true situation is likely a mixture of these two
pictures. We label the vibrations here as O-D stretch-1 (sym-
metric) and O-D stretch-3 (antisymmetric). We first detected the
O-D stretch-3 K= 0 « 0 fundamental near 2781 cm ™', as well as
the corresponding fundamental and combination K = 1 « 0
bands, as shown in Fig. 4. We subsequently detected the weaker
O-D stretch-1 K=0 « 0 and 1 « 0 fundamentals near 2665 and
2677 cm™*, respectively, as shown in Fig. 5. Note that Oudejans
and Miller* only detected the antisymmetric K = 0 « 0 funda-
mental in their study of H,0-CO in the O-H stretch region. Our
O-D stretch-1 bands are heavily perturbed, whereas the O-D
stretch-3 bands are well-behaved. The perturbations are discrete,
with weaker but still sharp perturbing lines appearing as satel-
lites around the perturbed ones, giving matching patterns in the
P- and R-branches for each upper state Jvalue. It’s a textbook
example of a bright state embedded in a moderately dense
manifold of dark states.

The source of the perturbation is discussed below. Its effects
in the K= 0 « 0 band made it impossible to separately assign A
and B tunneling components. (The ground state B-values for
the A and B components are very similar, so A and B cannot be
distinguished on the basis of combination differences.) To
analyze the K = 0 < 0 band, we fitted the ‘“center of gravity”
of each P- and R-branch line, and thus obtained what we hope
is an approximation of the deperturbed average of A and B.
Although the K =1 « 0 band was very weak, it was possible to
assign A and B components in the P- and R-branches in spite of
the perturbations. The K = 1 « 0 Q-branches are obviously
present around 2676.75-2676.84 cm ™' (see Fig. 5), but they are
also perturbed and remain unassigned in detail.
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Table 2 Fitted spectroscopic parameters for H,O-CO (in cm™)

K o (B+0)2 10* x (B - C) 107 x Dy
A, round state” 0 0.0 [0.09170104] [6.829]
B, ground state® 0 0.0 [0.09174705] [6.810]
A, ground state® 1 [19.8337301] [0.09254137] [8.7107] [8.157]
B, ground state® 1 [18.7207181] [0.09242805] [6.3175] [8.090]
A, C-O stretch 0 2153.5942(1) 0.0912423(59) 6.37(86)
B, C-O stretch 0 2153.6470(1) 0.0912998(45) 7.42(53)
A, C-O stretch 1 2173.3348(1) 0.092156(26) 8.71(18) 6.7(48)
B, C-O stretch 1 2172.2414(1) 0.092109(11) 8.72(12) 11.6(14)
A, C-O stretch combination 1 2201.4490(2) 0.092487(24) 25.32(16) 1.9(41)
B, C-O stretch combination 1 2199.4372(2) 0.092895(15) 7.55(12) 11.4(18)

¢ Ground state parameters from Bumgarner et al.* were fixed in the infrared fits. Additional ground state parameters are, for the A state: §,=1.73 x
10~% em™; for the B state: §,=3.85 x 10 ® em ™', h;=4.20 x 10! em™". The Dy and Hjx parameters from ref. 3 are incorporated into the quoted

(B + C)/2 and D; values for K = 1.

Table 3 Calculated and observed origins of K = 1 states of the fundamental and intermolecular in-plane CO bend vibrations, relative to the respective A

or B state fundamental K = 0 origin (in cm™)?

Ground state theory

Ground state experiment’

C-O stretch experiment ~ O-D stretch-3 experiment”

Fundamental K = 1 H,0-CO  19.868, 18.871
D,0-CO  11.618, 11.568
HOD-CO

In-plane CO bend K=1 H,0-CO  49.429, 47.749
D,0-CO  45.432, 45.319
HOD-CO

19.834, 18.721
11.784, 11.716

19.741, 18.594
11.755, 11.702
18.966

11.386, 11.450

47.855, 45.790
43.638, 43.482
48.096

44.737, 44.825

% The two values given for H,0-CO and D,0-CO are for the A and B tunneling states. 5 For D,0-CO in the O-D stretch-1 state, we obtain an
approximate value of 11.62 cm ™" for the fundamental K = 1 energy, which is an average for the A and B states.

The fitted parameters for D,O-CO are collected in Table 4.
The energies of the D,0O-CO K = 1 states relative to K = 0 are
summarized and compared with H,0-CO and with theory in
Table 3. We note that the fundamental K = 1 state energies in
the C-O stretch region are very similar to those in the ground
state (~11.7 cm '), while those for O-D stretch-3 are somewhat
smaller (~11.4 cm™'). An interesting fact is that the K = 1
combination states for D,0-CO (x 44 cm™ ') are only a bit lower
in energy than those of H,0-CO (x47 cm™ "), a further apparent
anomaly for this state which however agrees well with our
calculations in Table 1. Normally, D,0-CO would be lower by the
difference in A-values (x~7.5 cm™') plus the difference in the
vibrational mode frequency itself, which deuteration should reduce.

HOD-CO

The only previous spectroscopic observations of HOD-CO
involved microwave®? and C-O stretch infrared transitions,®
both limited to K = 0. Here, we repeat the observation of the
C-O stretch K = 0 « 0 band, and also detect the same two
K=1 « 0 bands as seen for H,O- and D,O-CO. In addition, we
observe the fundamental K = 0 « 0 band in the O-D stretch
region, but not the K=1 « 0 bands. Results are shown in Fig. 6
and Table 5. This represents the first observation of K = 1 states
for HOD-CO. The fundamental K = 1 state energy, at 18.966 cm™*
for the C-O stretch region, is close to those of H,O-CO, rather than
D,0-CO, which is as expected since the D atom in HOD-CO lies
close to the a-inertial axis and so has little effect on the A rotational
constant. The combination mode K = 1 state, at 48.096 cm ™ for the
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C-O stretch region, is even higher than those of H,0-CO, another
sign of an isotopic anomaly for this mode.

There is a very weak series located close to the HOD-CO
K =0 « 0band in the O-D stretch region which is only barely
visible in Fig. 6. It can be assigned to the HOD-"*CO isotopologue
on the basis of the observed line spacing, which matches that
expected from the parameters measured by Yaron et al> for this
species. The isotopic shift in the O-D stretch frequency is
—0.055 cm™* (see Table 5). The reason this band was detected
at all is probably because its lines are noticeably sharper than
those of the main band, a sign of reduced predissociation
broadening in HOD-"3CO.

DOH-CO

The only previous spectroscopic observation of DOH-CO was of
the fundamental K = 0 « 0 band in the CO region. From
observed relative line strengths, Brookes and McKellar estimated
its zero-point energy to be 12.4 £ 2.5 cm ' higher than that of
HOD-CO." We observe the same band here, and confirm the exact
rotational numbering given in ref. 1, which had been slightly
uncertain. We also observe (very weakly!) the fundamental K=0 « 0
band in the O-D stretch region, as shown in the upper right-hand
panel of Fig. 6. Since there are no microwave observations of DOH-
CO, we determine the ground and excited state parameters in a
combined fit of the bands in the C-O and O-D regions. The results
in Table 5 agree well with ref. 1 for the ground and excited C-O
stretch states. So far, we do not have any measurement of the K =1
state for DOH-CO, but we can guess that its energy is fairly
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Fig. 4 Spectra of D,O-CO in the O-D stretch-3 region. The lower panel
shows the fundamental K = 0 « O band, the middle panel shows the
fundamental K = 1 « 0 band, and the upper panel shows the combination
K =1 « 0 band. Simulated spectra illustrate the contributions of the
A (blue) and B (red) tunneling components.

similar to that of D,0-CO (12 cm™ '), just as HOD-CO is
similar to H,0-CO (see Table 3).

Discussion
Rotational constants

The changes in rotational constant with vibrational excitation
(alpha values) are a significant aspect of the parameters in
Tables 2, 4 and 5. These are mostly small, but there are still
systematic trends. Excitation of the C-O stretch causes slight
decreases (~0.00004 cm™ ') in (B + C)/2, as already noted in ref. 1.
Excitation of O-D stretch-3 also causes decreases, but they are
mostly even smaller in magnitude. Excitation of K from 0 to 1
causes noticeable increases for both the ground and excited C-O
stretch states, especially for H,0-CO. And finally, excitation of the
K =1 combination band states causes more significant increases in
(B + C)/2, especially for D,O-CO in the excited O-D stretch-3 state
(20.0002 em™"). Since increases in rotational constant correspond
to shorter bond lengths, it is interesting to note that water and CO
actually become more closely bound upon excitation of K from
0 to 1, and especially when accompanied by excitation of the
intermolecular CO in-plane bend mode.

This journal is © the Owner Societies 2019
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Fig. 5 Spectra of D,O-CO in the O-D stretch-1 region. The lower panel
shows the fundamental K = 0 « 0 band, and the upper panel shows the
fundamental K = 1 « 0 band. Both bands are perturbed, such that the A and
B tunneling components cannot be distinguished in the K = 0 « 0 band.

Vibrational shifts

As discussed previously," H,0-CO and D,0-CO undergo sub-
stantial vibrational blue shifts in the C-O stretch region (+10.3
and +11.2 cm ™, respectively). As well, the HOD-CO shift is similar to
that of D,0-CO, and the DOH-CO shift similar to H,O-CO. In the
O-D stretch region, we now find somewhat smaller red shifts for the
O-D stretch-3 and O-D stretch-1 vibrations (—7.1 and —6.4 cm™ ")
relative to the free D,O values.”” The fact that they remain close to
free D,O suggests that the appropriate picture for these modes is
closer to antisymmetric and symmetric O-D stretch, rather than free
and bound stretch. For H,O-CO, a similar red shift was observed for
the O-H stretch-3 vibration (—8.7 cm™").* For HOD-CO and DOH-
CO in the O-D region, we observe vibrational shifts of —14.20 and
+1.72 cm™ ', respectively, relative to free HDO.>* Here the situation is
obviously well described as bound O-D stretch for HOD-CO and free
O-D stretch for DOH-CO.

Perturbations

We have seen above that the O-D stretch-1 bands of D,0-CO
(Fig. 5) show numerous discrete perturbations, in contrast to
the apparently unperturbed O-D stretch-3 (Fig. 4) and C-O
stretch (Fig. 3) bands. At first this is a bit puzzling, since the
nearest perturbing monomer state for O-D stretch-1, which is
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Table 4 Fitted spectroscopic parameters for D,O-CO (in cm™)

K ¢ B+0)2 10* x (B - C) 107 x Dy
A, ground state” 0 0.0 [0.08736800] [6.64]
B, ground state® 0 0.0 [0.08735768] [4.822]
A, ground state® 1 [11.7837644] [0.08747577] [8.5953] [8.91]
B, ground state® 1 [11.7161897] [0.08747506] [8.3641] [8.52]
A, C-O stretch 0 2154.5369(1) 0.0869374(48) 6.81(56)
B, C-O stretch 0 2154.5404(1) 0.0869184(48) 3.98(56)
A, C-O stretch 1 2166.3117(1) 0.0869911(39) 6.62(15) 6.25(89)
B, C-O stretch 1 2166.2426(1) 0.0869904(83) 5.85(30) 5.7(28)
A, C-O stretch combination 1 2198.1745(1) 0.087726(13) 10.601(78) 1.7(21)
B, C-O stretch combination 1 2198.0219(1) 0.087895(15) 9.02(10) 6.3(28)
A, O-D stretch-3 0 2780.6776(1) 0.0872707(70) 4.56(83)
B, O-D stretch-3 0 2780.5988(1) 0.0873298(70) 8.45(83)
A, O-D stretch-3 1 2792.0631(1) 0.0873287(44) 6.64(17) 6.03(97)
B, O-D stretch-3 1 2792.0488(2) 0.0873320(61) 8.00(23) 3.9(16)
A, O-D stretch-3 combination 1 2825.4141(1) 0.089400(13) 10.23(11) 7.6(24)
B, O-D stretch 3 combination 1 2825.4238(1) 0.089720(14) 12.73(16) 26.4(27)
0-D stretch-1° 0 2665.2356(5) 0.0872589(39) —9.5(57)
A, O-D stretch-1 1 2676.885(3) 0.08732(14) [7.0] [6.0]
B, O-D stretch-1 1 2676.836(5) 0.08750(28) [7.0] [6.0]

“ Ground state parameters from Bumgarner et al.’ were fixed in the infrared fits. Additional ground state parameters are, for the A state: H,=7.9 x
1072 em Y hg=19 x 10 " em ™ for the B state: H;=1.59 x 10> cm™". The Djx and Hj, parameters from ref. 3 are 1ncorporated into the quoted

B+ 0)2 and Dy values for K = 1.

b For O-D stretch-1, the K = 0 fit used the centers of gravity of the lines (see text), and should represent a

deperturbed average of A and B components. The O-D stretch-1 K = 1 fits are approximate.

HOD - CO DOH-CO
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Fig. 6 Spectra of HOD-CO and DOH-CO. The left hand panels show the
HOD-CO K = 1 « 0 fundamental (bottom) and K = 1 « 0 combination
bands (top) in the C-O stretch region. The right hand panels show the
HOD-CO (bottom) and DOH-CO (top) K = 0 «+ 0 fundamental bands in
the O-D stretch region. Simulated spectra are in red (there is no tunneling
splitting for these species).

D,0 21, is fairly distant (more than 300 cm ™" lower in energy),
while the nearest perturber for O-D stretch-3, which is O-D
stretch-1, is much closer (<120 cm™"). (To cause discrete
perturbations as observed here, the perturbing state must lie
below the perturbed one.) Evidently, the effective coupling
between 1, and 2v, in D,O-CO is stronger than that between
v3 and v4, which of course is not unreasonable since the latter
pair have different symmetries in the monomer.

Interestingly, the perturbations enable us to determine an
experimental lower limit for the binding energy of D,0-CO. We
observe discrete (sharp) perturbations in the K =1 « 0 O-D

14918 | Phys. Chem. Chem. Phys., 2019, 21, 14911-14922

stretch-1 band around 2677 cm™ " (Fig. 5), which in practice

means that this energy must lie below the threshold for
dissociation of D,O-CO into D,0O in its 21, state and CO in its
ground state. This 2u, dissociation limit* lies at 2336.899 cm ™'
with respect to dissociation into ground state D,O and CO, which in
turn means that the D,O-CO binding energy must be greater than
340 cm ! in the ground state. This experimental value lies comfor-
tably below our calculated binding energy D, of 368.42 cm™ ", but it
does serve to illustrate how high-resolution spectroscopy can give
specific information on the binding energy of a weakly-bound
complex, in favorable circumstances. (Note that if the perturbations
were instead due to CO stretch excitation in D,0-CO, the lower
limit would be 534 cm ™", showing why we can be almost certain
that 2v, is the perturber.)

Calculated wavefunctions

In order to gain a better understanding of the intermolecular
vibrational dynamics of water-CO, we turn to calculated wave-
functions. These wavefunctions depend on the five intermolecular
coordinates defined with respect to a dimer-fixed frame above as
illustrated in Fig. 1. The intermolecular distance R is here given
in atomic units ao, 1a, = 0.529177 A. Each wavefunction is
visualized by means of four contour plots representing different
two-dimensional cuts.

Wavefunctions for the ground J = K = 0 levels of H,0-CO are
shown in Fig. 7. Note that they are almost identical for the A
and B states (para and ortho), except for the phase in the §(H,O) vs.
7(H,0) plots: A is symmetric around y = 90° and B is antisymmetric.
The contours in these plots are concentrated near y(H,O) = 0° and
180°, showing that the CO monomer center of mass is localized in
the plane of the H,O monomer, and also the 0(H,O) vs. 6(CO) plots
show the wavefunctions to be rather well localized around the
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Table 5 Fitted spectroscopic parameters for HOD-CO and DOH-CO (in cm™3

K ¢ B+0)2 10* x (B - C) 107 x D,
HOD-CO ground state * 0 0.0 [0.09097574] [6.04]
HOD-CO C-O stretch 0 2154.4795(1) 0.0905204(49) 7.40(69)”
HOD-CO C-O stretch 1 2173.4453(1) 0.0911901(22) 6.928(87) [7.407]
HOD-CO C-O stretch combination 1 2202.5752(1) 0.0916941(21) 9.632(51) [7.407]
HOD-CO O-D stretch 0 2709.4788(1) 0.0908641(33) 4.74(27)
HOD-"CO O-D stretch” 0 2709.4236(1) 0.0904270(42) [6.047]
DOH-CO ground state 0 0.0 0.088013(13) 5.6(26)
DOH-CO C-O stretch 0 2153.7413(1) 0.087590(13) 5.4(21)
DOH-CO O-D stretch 0 2725.4004(1) 0.087948(13) 2.3(21)

0.09052009, D = 6.04 x 10”7 cm ™. Parameters in square brackets were fixed in the fits.

equilibrium geometry. But the plots of ¢ vs. R and §(CO) show that
the wavefunctions are completely delocalized in the torsional angle,
in other words, that this torsional motion is virtually free and that
the CO axis does not care much whether it points in or out of the
plane of the H,O.

We scanned the potential surface to get a better under-
standing of this torsional motion and to determine the barrier.
When ¢ changes from 0° (the planar equilibrium structure) the
CO monomer aligns more and more parallel to the intermole-
cular axis. That is, the optimum value of §(CO) decreases from
about 8° at equilibrium to 4° when ¢ is increased to 45°, and to
0° when ¢ = 90°. Since CO is then precisely parallel to the
intermolecular axis, the torsional angle has lost its meaning,
just as West and East lose meaning near the North Pole. At
the same time there is an increase of the optimum 6(H,O),
from 115° at equilibrium (¢ = 0°), to 120° at ¢ = 45° and 122° at
¢ =90°, while R increases slightly, from 7.42 to 7.46a,. The barrier
at ¢ = 90°, with 0(H,0) and R relaxed, is less than 12 cm ™', and
the zero-point energy lies far above this. As ¢ increases further
from 90° the system moves back to the equilibrium structure at
¢ =180°, H(CO) = —8° (which is equivalent to ¢ = 0°, §(CO) = 8°).
So this nearly free internal motion along ¢ is clearly not a regular
torsional motion. Of course, this weak ¢ dependence of the
potential energy is an almost inevitable consequence of the very
small value of 0(CO) for all ¢ values.

Wavefunction plots for the lowest H,O-CO K = 1 state (origin
at 19.868 cm™ ') are not shown here because they are very
similar to those for K = 0 in Fig. 7. One small difference is that
the amplitude in the R vs. ¢ plot is slightly more concentrated
close to planarity (¢ = 0).

Plots for the first excited K= 0 and 1 states of H,O-CO are shown
in Fig. 8 for the A state (the B state, not shown, continues to be
similar). The assignment of these states to the in-plane CO bend
vibration is supported by the existence of a node in the 0(CO)
coordinate. This node is slightly tilted in the 9(H,O) direction and
also depends on ¢, which shows that this intermolecular vibration
is a concerted motion. However, the similarity between the K = 0
and 1 plots here is much less close than it is for the ground K = 0
and 1 states, showing that their vibrational characteristics are
different, and helping to explain their anomalous relative energies.

The second excited H,0-CO K = 0 state at 70.704 cm ™ * has
negative parity, so we already know that it involves an out-of-
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Fig. 7 Wavefunction contour plots for the ground K = O state of H,O—
CO. The four upper panels are for the A tunneling component, and the
four lower panels for the B component. The only significant difference
between A and B lies in the relative phase of the two nodes in the 0(H,O)
vs. x(H,0) plots. The angles not shown in the contour plots are fixed at
their equilibrium values and the distance R at 7.50a0.
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Fig. 8 Wavefunction contour plots for the first excited K = O (upper four
panels) and K = 1 (lower four panels) state of H,O—CO. This state is assigned as
the intermolecular in-plane CO bend. The angles not shown in the contour
plots are fixed at their equilibrium values and the distance R at 7.50aq.

plane vibration. The wavefunction plots shown at the top of
Fig. 9 reflect this out-of-plane character by having nodal planes
for ¢ = 0° (and hence ¢ is fixed at 90° for the 0(CO) vs. 0(H,O)
and y(H,O0) vs. 6(H,0) plots). The third excited H,0-CO K = 0
state at 77.807 cm ™" is shown at the bottom of Fig. 9, and the
strong nodal character in the R vs. ¢ plot supports its assignment to
the intermolecular stretching vibration. Looking closely at the 6(CO)
vs. O(H,0) wavefunction plots for this state at 77.807 cm ' and
those for the in-plane CO bend state at 51.270 cm %, we see
some evidence that these two vibrations are slightly mixed with
each other.

The wavefunction plots for the third excited K = 1 state at
96.531 cm ™" (not shown) support its assighment to the K = 1
version of the intermolecular stretching vibration. However,
assignments of the remaining states we investigated up to about

14920 | Phys. Chem. Chem. Phys., 2019, 21, 14911-14922

View Article Online

PCCP
90 90
60 60
7 30 [ P A —
4 o« s 4 ( C:—— 15
o Q- “ \ M
g g ~ ,7,:#) —s
s 0 Pesr——t il s 0 o
8 (s |3 e
(=} ©
£.30 Rty i/ 30 051 »
60+ 60
-90 . -90 .
0 30 60 90 120 150 180 0 30 60 90 120 150 180
//(HZO) (degrees) ¢ (degrees)
180 . v 180 .
N
150+ 150
_120 % 120
8 >
o o
& 90 e 9
bl g,
° 60 L 60
i -
30 30- (c 7
'~
0 0 : |
s 6 7 8 o9 10 11 12 0 30 60 90 120 150 180
R (ag) #(H,0) (degrees)
90 90
60 60
o5
o - o T — 0,5 —————— 1
o g g 2 L5 2
l%i 0 s s 01, 2]
— _ 3
g ~— g =t ————1-
=-30 £-30 =
60 60
-90 -90 7
30 60 90 120 150 180 0 30 60 90 120 150 180
{H,0) (degrees) & (degrees)
180 TR, 180
41| JT]
i e
150 \ I | 150- i
(I[ll5 |
120 [ \ g 120-
m 4
o o
2 \ :
& 90 ! Z 9
s ‘ ‘ ‘ 3
S ~
T 60 i Z 60
&
HE
30 a5 30- & \
[l T & o\
o ol {1 0 [P
5 6 7 8 9 10 11 12 0 30 60 90 120 150 180
R (ay) l'(HZO) (degrees)

Fig. 9 Wavefunction contour plots for the second (upper four panels) and
third (lower four panels) excited K = 0 states of H,O—-CO. These states are
assigned as the intermolecular out-of-plane CO bend and van der Waals
stretch modes, respectively. For the latter state the angles not shown in the
contour plots are fixed at their equilibrium values and the distance R at
7.50a0. The first state has negative parity and has a node at the planar
equilibrium geometry, so the torsional angle ¢ was fixed at 90°.

120 cm ™" are not really clear from their wavefunctions. This
includes the K = 1 state at 80.551 cm ™', whose wavefunctions do
not match very well with the K = 0 out-of-plane CO bend state at
70.704 cm ™" (parity is not a help here since both parities are
present for K > 0 and asymmetry splittings are very small).

Coriolis coupling and the in-plane CO bend mode

As shown in Table 3, our calculations agree well with experi-
ment for the ground and first excited vibrational state K = 1
energies of both H,0-CO and D,0-CO. In fact, agreement for
the excited state (the in-plane CO bend) could be even better
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than shown since the calculation was based on the ground state
intermolecular potential while the experimental values are for
the excited intramolecular C-O and O-D stretch states. There is
also good agreement with regard to line strengths, with the
calculations explaining why the K =1 « 0 in-plane CO bend is
the only observed combination band and that its line strength
is approximately equal to the fundamental K =1 « 0 band.

This good agreement gives us confidence that the calculations
in Table 1 are reliable, and in particular that the K =1 levels of the
intermolecular in-plane CO bend state really do lie below the
K = 0 levels for both H,0-CO and D,0-CO. This situation (K = 1
below K = 0, or II state below X state) is not unprecedented
among weakly-bound complexes. It occurs, for example, for para-
N,—CO in the excited CO stretch state,>* and for water dimer in
some excited intermolecular vibrations.”® These examples often
involve cases of almost free internal rotation, as for N, in N,—CO,
or else cases of complicated tunneling effects and mixed inter-
molecular modes, as for water dimer. But neither the water nor
the CO motions in the complex are even close to free internal
rotations in the present case. Although water-CO is similar in
some respects to water dimer, it is still much simpler and more
nearly rigid. The tunneling motion in water-CO is significant, but
remains a relatively minor effect, especially for D,O-CO. More-
over, the calculations indicate that tunneling is not related to the
ordering of K = 0 and 1 levels, since the tunneling splittings
remain small for the first few excited intermolecular states of
D,0-CO.

The wavefunctions show that an ‘understanding’ (in con-
ventional harmonic mode terms) of water-CO intermolecular
vibrations becomes increasingly difficult as vibrational energy
increases. But is it still possible to better understand the first
few K= 0 and 1 levels? In a conventional planar molecule with a
large A rotational constant, one of the most important effects
for K > 0 levels is the a-type Coriolis interaction, which links
vibrational states of A’ and A” symmetry with an interaction
strength of 2A(K, where ( is the dimensionless Coriolis coupling
parameter whose value can range up to 1. In the present case, we
would expect a large Coriolis coupling between the in-plane and
out-of-plane CO bends, with { approaching unity. Indeed, we
find that a Coriolis interaction of magnitude { ~ 0.8 connecting
the in-plane and out-of-plane CO bends would nicely explain the
calculated positions of the in-plane CO bend K = 1 and 2 levels
of D,0-CO at 45 and 62 cm™ " (Table 1). It would also work for
K = 1 of H,0-CO, but not so well for K = 2. Of course, this
interaction would also push the out-of-plane K = 1 and 2 levels
up by equal amounts, and this does not agree with the calculated
levels. The discrepancy could well be explained by further Coriolis
interactions with higher vibrational states which limit the upward
push on the out-of-plane K > 0 levels. We have not, however, been
able to meaningfully extend this Coriolis analysis to these higher
vibrational states where the situation rapidly becomes complicated.

Thinking of water-CO as a linear, or quasilinear,?® molecule
provides another way of expressing this same Coriolis mixing.
As seen above, the heavy atoms of water-CO are close to being
linear near the equilibrium structure. The wavefunctions show
that the ¢-coordinate ‘“‘torsional” motion of CO in water-CO is
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nearly unhindered. When the CO in-plane bend is excited this
creates angular momentum, which we can think of as the
vibrational angular momentum of an excited bending mode
of a quasilinear molecule. In the present case, this bending
mode is split into in- and out-of-plane components at about 52
and 70 em™* for H,0-CO, or 48 and 59 cm ™! for D,O-CO. The
torsional motion leads to a large internal angular momentum,
and the surprising finding that the in-plane CO bend excited
K = 1 state lies below the corresponding K = 0 state can be
explained by the large first-order Coriolis coupling between this
internal angular momentum and the a-axis overall rotation
angular momentum.

Conclusions

Detailed rovibrational energy level calculations, based on a
recent high-level intermolecular potential surface,'® have been
made for intermolecular modes of H,0-CO and D,0-CO up
to about 120 cm ™" above the ground state, for total angular
momentum J = 0, 1, and 2. In order of increasing energy, the
intermolecular modes can be described as: in-plane CO bend
(51 em™"), out-of-plane CO bend (70 cm™'), van der Waals
stretch (78 cm™"), in-plane CO bend overtone (89 em™"), with
energies as shown for H,0-CO. But above this point, the modes
become increasingly mixed and difficult to label. The calculations
show that the ground state K = 1 levels lie at about 20 cm™* for H,O-
CO or 12 cm ™! for D,O-CO, but that the first excited K = 1 levels lie
about 3 em " below their K = 0 counterparts. Line strength
calculations for infrared bands accompanying intramolecular
fundamentals like the C-O stretch and the O-D stretch predict
the K= 0 « 0 fundamental to be the strongest, with the K=1 « 0
fundamental being roughly 25 times weaker. But the next K=1 « 0
transition to the in-plane CO bend is predicted to have similar
strength to the K=1 « 0 fundamental, even though the K=0 « 0
in-plane CO bend transition is much weaker.

The predicted frequency and line strength of the K=1 « 0
transition to the in-plane CO bend is strikingly verified for H,O-
CO and D,0-CO by new mid-infrared spectroscopic measurements.
These experiments are performed using a pulsed supersonic slit jet
expansion which is probed by a tunable infrared quantum cascade
laser or optical parametric oscillator source. They cover the C-O
stretch region around 2200 cm ™! for H,0-CO, D,0-CO, and HOD-
CO, as well as the O-D stretch region around 2700 cm™ " for D,0-
CO, HOD-CO, and DOH-CO. Observations of discrete perturbations
in the symmetric O-D stretch region enable an experimental lower
limit of about 340 cm™' to be established for D,0-CO, to be
compared with our calculated binding energy of 368 cm™". Wave-
function plots for various states of H,O-CO are examined to help
understand its intermolecular dynamics, and significant Coriolis
interactions are invoked to explain the seemingly anomalous ener-
gies of the first excited K = 0 and 1 levels of H,0O-CO and D,0-CO.
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