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ABSTRACT

Vibrationally excited levels of the H,O molecule are currently detected in various environments of the interstellar medium (ISM),
and collisional data for H,O, including vibration with the main colliders of the ISM, are needed. The present study focuses
on the bending relaxation of H,O by collision with H when taking bending—rotation coupling explicitly into account with the
rigid-bender close-coupling (RB-CC) method. With this aim, a new four-dimensional potential energy surface including the H,O
bending mode is developed from a large grid of ab initio energies computed using a high level of theory. For purely rotational
transitions, our RB-CC rates show very good agreement with rigid-rotor calculations performed using our new potential energy
surface (PES) and with those available in the literature. Calculations for pure rotational transitions inside the excited bending
level v, = 1 of H,O are performed and compared with their equivalents inside v, = 0. Vibrational quenching of H,O is also
calculated and found to be much more efficient through collision with H rather than with He.

Key words: astrochemistry — molecular data—molecular processes — scattering.

1 INTRODUCTION

H,O is the third most abundant interstellar molecule. It is detected
in astrophysical environments as diverse as star-forming regions,
evolved stars, or extragalactic sources, where water masers inside the
fundamental vibrational level of H,O have been observed for many
years (see table 6 of Gray et al. 2016). Inside the first excited bending
state of H,O, two pure rotational lines showing weak emission have
already been detected by Menten & Melnick (1989) and the 1,o — 1¢;
line was the first strong maser transition of this type to be discovered
in 1995 (Menten & Young 1995). Since then, several other very
high energy transitions involving excited bending levels of water
have been discovered (Hunter et al. 2007; Hirota, Kim & Honma
2016; Baudry et al. 2018), mostly in the extended atmosphere and
envelope of evolved O-rich stars of our Galaxy. These transitions
are predominantly collisionally pumped (Nesterenok 2015). Also,
collisional excitation rates for transitions between the H,O ground
state and vibrationally excited states and for collisions within the
excited states are needed to model vibrational excitation of H,O in
circumstellar envelopes. Many rigid-rotor calculations are available
for inelastic collisions of water with He, H,, e~, or H, and Daniel
et al. (2014) found that the rates for He, H,, and H are very different
and cannot be deduced from each other in a simple way.

In several recent theoretical studies, vibrationally inelastic colli-
sions of HO with H, (Stoecklin et al. 2019), He (Stoecklin et al.
2021), and e~ (Ayouz et al. 2021) were also considered for the first
time. In the present work, we complement these data by studying
the bending relaxation of H,O by collision with H atoms. This
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collision is reactive: H + H,O —H, + OH, and was the subject
of many theoretical studies (Jiang, Xie & Guo 2011; Fu & Zhang
2013; McCarver & Hinde 2021). It is, however, endothermic by
0.64 eV and its activation barrier was found to be 0.84 eV. Also, this
system can safely be considered to be inelastic for the lower excited
bending levels of H,O and for collision energies below 5000 cm™!
(Van Dishoeck, Herbst & Neufeld 2013).

The only set of inelastic rate coefficients available for this system
in the BASECOL database (Dubernet et al. 2013) was calculated
by Daniel et al. (2014) and concerns only pure rotational transitions
inside the fundamental vibrational level. In the present work, we
calculate a new four-dimensional (4D) potential energy surface (PES)
including bending and use the rigid-bender close-coupling (RB-CC)
method to study water bending relaxation resulting from its collisions
with H atoms, along the lines of our previous studies dedicated to the
collisions of H,O with H, (Stoecklin et al. 2019) and He (Stoecklin
et al. 2021).

This work is organized as follows. The calculations and fitting of
the 4D PES, as well as the main steps of the RB-CC calculations,
are presented in Section 2. In Section 3, the results for the PES and
dynamics are discussed, while in Section 4 a few concluding remarks
are made.

2 METHODS

2.1 Potential energy surface

Several good quality non-reactive PESs for the H,O + H complex
are available and could, in principle, be used. However, they were
all calculated for a rigid-rotor configuration of H,O. This is the case
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interactions, using
CP™(H,0-H)
_ 2a(H)a(H,0)CP* (H-H)C*(H,0-H,0)
"~ @2(H)CP®(H,0-H,0) + @*(H,0)CP*(H-H)’
(3)

Figure 1. Coordinates for collisions of H,O with H. The frame origin is the
centre of mass of H,O, which is in the XoZ plane.

for the very recent PES of McCarver & Hinde (2021) and the PES
used by (Daniel et al. 2014) to perform dynamics calculations, which
were originally developed by Dagdigian & Alexander (2013). Here,
anew 4D PES V(y, R, 0, ¢) including bending motion is required to
study collisional bending relaxation, which is presented below.

The H,0O molecule is situated in the XoZ plane of the coordinate
system represented in Fig. 1. The H,O centre of mass is the origin
of the frame and the oxygen atom is on the positive side of the z-
axis, while the bending angle y is bisected by the z-axis. On the same
figure are also represented the intermolecular vector Rconnecting the
H,O centre of mass to the H atom, the modulus of which is denoted
R, 0 the angle between the z axis and the intermolecular vector R,
and ¢ the azimuthal angle. The OH bond distance was fixed at 0.957
A (Valiron et al. 2008).

The ab initio energies were computed at the UCCSD(T)-F12a
level of theory using the aug-cc-pVTZ basis set (Dunning 1989).
All calculations were performed with the MOLPRO package (Werner
et al. 2012), and the basis-set superposition error was corrected with
the counterpoise procedure (Boys & Bernardi 1970). In total, 15428
ab initio energies were computed. The grid included seven values of
bending angle y ranging from 70° to 140°, 29 values of R between
1.3 and 10 A, 19 values of 6 in the (0, 180)° interval, and four values
of ¢ in steps of 30° in the (0, 90)° interval.

6 18
V. R.0.0)=> > Viuly. R)P"(cos0) cos(me). (1)
m=0 I=m

The analytical form (1) of the intermolecular potential expanded
in the usual Green basis set is then obtained by fitting this grid of
points using the reproducing-kernel Hilbert-space method of Ho &
Rabitz (1996), following the procedure detailed in our previous work
dedicated to the H-H,O system (Stoecklin et al. 2021). The short-
and long-range parts of the PES are fitted independently and then
assembled using a switching function, while only even values of m
are used in (1), as a result of the C,, symmetry of the H,O molecule.

In order to check the quality of the fitted long-range part, we
compared it with the experimental value of the usual following
analytical form (Hou et al. 2016):

C6(65 (/7)

Uy, = RS

(2)

30 values of R in the interval [5.5,14] A were used to least-squares
fit the isotropic contribution Vyy of our PES term. This leads to a
PES value of CE®S = 18.98 au, which includes both the induction
and dispersion contributions. The experimental dispersion value is
obtained from known values (Stone 2016) for H,O-H,O and H-H

where the electric dipole polarizabilities of the two monomers are
a@(H) = 0.667 A3 (Miller & Bederson 1978) and @(H,0) = 1.47 A3,
(Stone 2016), while C?iS(HZO—Hzo) = 45.4 au (Smith et al. 2012)
and C?*(H—H) = 6.499 au (Mitroy & Bromley 2005).

One obtains C2*(H-H,0) = 16.90 au, which is about 90 per cent
of CEES. The induction contribution is obtained from Ma, Zeng & Li
(2014):

M =< ;le_lzo > a(H).

Using the experimental estimate (up,0 = 1.857D: Shostak, Eben-
stein & Muenter 1991) of the electric dipole moment of H,O, one
obtains C[™ = 2.4 au. The global experimental value of Cs = 19.3 au
is then in very good agreement with the PES value.

2.2 Dynamics

Both rigid asymmetric top (RAST-CC) and rigid-bender (RB-CC)
close-coupling calculations were performed using our new PES and
the NEWMAT code (Stoecklin et al. 2019). The RB-CC method in-
cludes the bending—rotation coupling explicitly for a bent (Stoecklin
etal. 2019, 2021) or linear (Denis-Alpizar et al. 2013; Stoecklin et al.
2013; Al Mogren et al. 2014; Denis-Alpizar, Stoecklin & Halvick
2014, 2015; Stoecklin, Denis-Alpizar & Halvick 2015) triatomic
molecule colliding with an atom.

The H,O basis set included ten values of the water rotational quan-
tum number j and two bending levels for the RB-CC calculations,
leading to a maximum energy of 3994 cm™! for the rovibrational
basis set. Scattering calculations were performed separately for
the ortho and para states of H,O for collision energies up to
5000 cm™~'. The state-selected bending relaxation cross-sections are
fitted using power laws in the [500, 5000] cm™! interval and the
resulting coefficients are used to compute bending relaxation rates
above 500 K. Excited stretching modes of H,O are not taken
into account in the present work. The resulting error is expected
to be very small, while taking place only for the highest ener-
gies.

The maximum propagation distance was 30ay, and convergence
was checked as a function of propagator step size. Partial waves up to
total angular momentum J = 65 were included in the calculations to
achieve a 1073 relative criterion for convergence of the state-selected
quenching cross-section as a function of the maximal value of the
total angular momentum quantum number J. This is in contrast with
the He-H,O system, for which J = 125 was needed to reach the
same convergence criterion because of the differences in relative
masses.

3 RESULTS

3.1 4D PES

The fitted and ab initio energies are in quite satisfactory agreement.
The root-mean-square deviation in cm~' (RMSD) is equal to
3.19 x 1073 for negative energies and 2.94 x 1072 for positive
energies between 0 and 5000 cm™!.
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Table 1. Comparison between our results and those available in the
literature for the equilibrium geometries and energies of the H-H,O
complex. (R is reported in A, 6 and ¢ in degrees, and energy in cm ).

PES (R, 0, 9) Ein (cm™")

This work (3.41, 122.53, 0) —59.58

McCarver & Hinde (2021) (3.41, 122.25,0) —61.3
Dagdigian & Alexander (2013) (3.41, 119.04, 0) —61.0
Zhang, Sabelli & Buch (1991) (3.325, 127.74, 0) —534+6

The global minimum of the PES, —59.58 cm™', is obtained for
the averaged (Valiron et al. 2008) bending angle y = 104.4° and is
associated with a bent configuration (R = 3.41 A, 6 = 122.53°,
¢ = 0°) of the H,O-H complex. These features are compared
with those obtained by other teams in Table 1, where the present
geometry of the complex appears to be very close to that obtained
by Dagdigian & Alexander (2013) or in the very recent study of
McCarver & Hinde (2021). The binding energy of the complex is
also seen to be very close to the one obtained by these authors. It is,
however, slightly smaller, as a result of our choice of using a slightly
smaller basis set in order to be able to compute the large grid of
points needed to describe the bending motion.

It is also interesting to compare these results with those obtained
for the related He—H, O complex (Stoecklin et al. 2021). The binding
energy for H,O-H is twice as large that of H;O-He (—34.55 cm™!),
while the Jacobi angle of the complex is also larger than that of
H,O-He (0 = 76.43°).

Fig. 2 shows contour plots of the H-H,O PES for different values
of y and ¢. The H,O-H PES is seen to exhibit a stronger dependence
on the bending angle y.

This point is illustrated further in Fig. 3, showing the comparison
of several PES radial expansion coefficients V;,(R) for H,O + H and
H,0O + He (Stoecklin et al. 2021). The anisotropic terms show a clear
dependence on the bending angle, which is much more pronounced
in the case of H,O + H. This fact, combined with the larger value
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Figure 3. Variation of selected Vy,, radial coefficients as a function of R for
three different values of bending angle. The H,O + H and H,O + He PESs
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Figure 4. State-to-state rate coefficients induced by collision with H for the
two initial states 4,3 and 413 of H,O. The final rotational state is indicated on
each curve. The continuous lines are our results, while the symbols are the
values of Daniel et al. (2014) given in the Basecol database (Dubernet et al.
2013).

of the binding energy of the complex, is expected to favour coupling
between bending and rotation and then to increase the efficiency of
vibrational quenching.

3.2 Dynamics

3.2.1 Rotational transitions inside the fundamental bending level

Rigid-rotor calculations

RAST-CC calculations are performed inside the fundamental H,O
bending state and compared with those of the Basecol (Dubernet et al.
2013) data base. The Basecol data were calculated by Daniel et al.
(2014) using the PES of Dagdigian & Alexander (2013). An example
of a comparison between our results and those of Daniel et al. (2014)
is shown in Fig. 4 for transitions issued from the 4¢3 or 45 levels. The
relative average difference between our results and those of Daniel
et al. (2014) ranges from 5-40 per cent, as a result of the differences
between the two PESs.

Rigid-rotor versus rigid-bender calculations

RB-CC calculations are compared with the present RAST-CC
results in Fig. 5. The two kinds of calculation are in excellent agree-
ment above 1 cm™!, demonstrating that the rigid-rotor approximation
safely describes rotational transitions inside the same bending level.

4429

107 10° 10
E(cm_1)

Figure 5. Comparison between the state-to-state RB-CC (dashed lines) and
RAST-CC (continuous lines) rotational cross-sections starting from the (v =
0, 303) and (v = 0, 3;3) levels of HyO colliding with H. The top and bottom
panels are dedicated to para and ortho transitions, respectively.

3.2.2 Rotational transitions inside two different bending levels

General behaviour

State-to-state rotational cross-sections inside the bending levels
vy =0and v, = 1 are shown in Fig. 6 for transitions from the 33 and
33 levels of H,O. The curves associated with the same rotational
transitions are very similar inside each of these two bending levels.
The shapes of some of the resonances are only seen to differ slightly.

Fig. 6 also shows two examples of state-to-state cross-sections for
rotational transitions inside v, = 1, differing from their counterparts
inside v, = 0. These are the cases of the 393 — 2,; and 33 — 2
transitions.

As discussed in our previous work (Stoecklin et al. 2021), this
results from the coupling between bending and rotation, which makes
the order of the states differ inside different bending levels. This is
the case for the 2,9 para state, which is below the 33 level inside
v, = 0, while the opposite applies inside v, = 1. A similar situation
is found for the 25, and 303 ortho levels. Furthermore, highly excited
rotational states in v = 0 may also be interspersed between rotational
levelsinv =1 (e.g. v; =0, 94 wWith vy =1, 0pp and v, =1, 1y; in
the para case, and v, = 0, 963 with v, = 1, 1; and v, = 1,1} in the
ortho levels). Therefore, some rotational cross-sections inside v, =
0 cannot be deduced from experimental measurements inside v, =
1 as is very often done.

Comparison with He-H,O

In order to be able to perform comparisons with the He-H,O
system, in Fig. 6 we represented the same rotational transitions as

MNRAS 514, 4426-4432 (2022)
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E(cm™)

Figure 6. RB-CC rotational cross-sections starting from the 33 and 3;3
levels of H>O colliding with H. Continuous and dashed lines are respectively
associated with transitions inside v = 0 and v, = 1. The para and ortho
transitions are presented respectively in the higher an lower panels.

seen in fig. 5 of our previous work (Stoecklin et al. 2021). At first
sight, the magnitudes of the cross-sections appear to be very similar
for the two systems. A more careful comparison of the corresponding
state-to-state rate coefficients was performed by (Daniel et al. 2014),
who concluded that globally they are of the same order of magnitude.
The well depth of H-H,O is roughly double that of He—H,O and one
might expect rotational coupling to be more efficient for this system.
This effect, however, is cancelled by the smaller relative mass of
H-H,O, which is only a fourth of that of He—H,O.

3.2.3 Rotational transitions between two different bending levels

General behaviour

A first interesting feature of vibrational quenching is illustrated in
Figs 7 and 8 where RB-CC cross-sections for each of the j =0, 1, 2
and j = 3, 4 multiplets belonging to the first excited bending level v,
=1 of H,O are presented.

For lower values of j, the vibrational quenching cross-section in-
side a multiplet does not vary much as a function of the initial
rotational energy, while it increases monotonically for the highest
values of j represented, suggesting that coupling between bending
and rotation is efficiently at play. The ortho and para levels that are
closest in energy are also seen to give almost the same vibrational
cross-sections as noticed previously for the He—H, O collision. This
suggests that, if one is interested only in vibrational quenching-
rate coefficients, it is sufficient for a given value of j to perform

MNRAS 514, 4426-4432 (2022)
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Figure 7. RB-CC cross-sections for the bending relaxation of HyO (va,j =
0, 1) (lower panel) and H,O (v2, j = 2) (upper panel) induced by collision
with H. The initial state rotational state is indicated by the values of j KaKc.

calculations for the symmetry leading to the largest number of states.
In other words, for even or odd values of j one needs to perform
calculations only for the para or ortho symmetry of H, O, respectively.

The j-selected quenching-rate coefficients are represented in
Fig. 9, where the global Boltzmann-averaged quenching-rate co-
efficient is also reported.

The ratio of the j-selected vibrational quenching-rate coefficients
divided by that of the j = 0 state is also represented for j = 1,
2, 3, 4 in the upper panel of the same figure as a function of
temperature. This figure clearly shows three regimes. At very low
temperature, the long range of the PES is controlling the collision
and is not strong enough to favour the coupling between bending
and rotation. As a result, vibrational quenching is most efficient for
Jj = 2 and decreases for higher values of j. At higher intermediate
temperature, the well is at play and the efficiency of bending
relaxation increases monotonically with the rotational excitation
as a result of the coupling between bending and rotation. The
coupling efficiency reaches a maximum at about 150, 200, and
220 K, respectively, for j = 2, 3, and 4, before decreasing when
the temperature keeps increasing. These maxima were obtained for
lower temperatures in the case of He—H,O, as a result of the smaller
value of the well depth for this system. For higher temperatures, the
mechanism is more complicated, as it involves the repulsive part of
the PES.

Comparison with He-H,O

From the comparison of Fig. 9 with the corresponding Fig. 7 for
the He—H,O system (Stoecklin et al. 2021), we see that vibrational
quenching of H,O is about three orders of magnitude larger for
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Figure 8. RB-CC cross-sections for the bending relaxation of HyO (v,,j =
4) (lower panel) and HyO (v2, j = 3) (upper panel) induced by collision with
H. The initial state rotational state is indicated by the values of K4Kc.

collisions with H than for He, for the whole range of temperatures.
Vibrational quenching of H,O is then more efficient with H than
with He, in contrast with rotational quenching, which is of the same
order of magnitude for the two systems. This may be attributed to
the more attractive potential of the H-H, O system, the well depth of
which is double that of He—-H,O. Such an effect which was found to
be important for the vibrational quenching of ionic molecules. The
issues discussed by Stoecklin et al. (2016) also seem to be at play
here, as discussed in Section 3.1.

4 SUMMARY

A quantum study of the bending relaxation of H,O by collision
with H was presented. With this aim, a new 4D PES including the
bending of H,O was first developed. The collisional dynamics was
then investigated by comparing rigid-rotor and rigid-bender close-
coupling calculations, which include the bending degree of freedom.
As expected, they are found to be in excellent agreement above
1 cm™! for rotational transitions inside the same bending level.
Rotational transitions inside the same bending level are therefore
safely described by using the rigid-rotor approximation, provided a
rigid-rotor PES calculated for this peculiar bending level is used.
Our results were also compared with equivalent rigid-rotor data
available in the Basecol database. The relative difference between
our results and those of Daniel et al. (2014) ranges between 5 and
40 per cent, as a result of both differences between the two PESs and
the rotational basis set used for the dynamics by Daniel et al. (2014).

4431
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Figure 9. Comparison of the Boltzmann-averaged (denoted Bo) and state-
selected RB-CC vibrational quenching-rate coefficients of H,O (v, = 1,
j=0,1,2,3,4) induced by collision with H. The initial rotational state is
indicated by the values of j. The higher panel shows the ratio of the j-selected
vibrational quenching-rate coefficients divided by that of the j = O state as a
function of temperature forj = 1, 2, 3, 4.

We find, in agreement with these authors, that the magnitudes of
the state-to-state rotationally inelastic rate coefficients are globally
of the same order as those of He-H,O. This is in contrast with
the bending relaxation of H,O, which is found to be about three
orders of magnitude larger for collisions with H than for those with
He for the whole range of temperatures considered in the present
work. This result is attributed to the deeper well of the H-H,O
PES, which is expected to favour coupling between bending and
rotation. We confirm the result noted in our previous work dedicated
to He-H,O that the ortho and para levels closest in energy give
almost the same vibrational cross-sections. This suggests that, at
least for these two systems, it is sufficient, for each value of j, to
perform calculations for the symmetry leading to the largest number
of states. In other words, for even or odd values of j, one needs to
perform calculations only for the para or ortho symmetry of H,O,
respectively.

Above 30 K, the efficiency of H,O collisional bending relaxation
is also found to increase with rotational excitation as a result of the
coupling between bending and rotation, and to reach a maximum
between 100 and 200 K, depending on the initial value of j.
Conversely, the coupling efficiency appears to be less efficient at
low and high temperatures, as the dynamics in these regions is not
controlled by the well.
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