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Abstract

We have calculated cross-sections and rate constants for the title reaction by using the quasiclassical trajectory

method and a recently reported two-valued energy-switching potential energy surface for the water molecule. By

varying the amplitude and rate of decay of a local Gaussian term which controls the appearance of a barrier along the

C2v minimum energy pro®le, an attempt has been made to answer the title issue. A comparison of the calculated rate

constants with the available experimental data suggests that the barrier, if existing, lies below the energy of the reac-

tants, and separates the small van der Waals well from the deep chemical one at short distances. Ó 2000 Elsevier

Science B.V. All rights reserved.

1. Introduction

The title reaction plays a fundamental role in
combustion chemistry, and is one of the most
important in atmospheric chemistry since it leads
to hydroxyl radicals which are known to control
the upper boundary of the ozone layer. It is
therefore not surprising that it has been much
studied over the years both theoretically and ex-
perimentally. In particular, the reaction dynamics
on the ground electronic state potential energy
surface has been investigated by both classical
trajectory [1±5] and quantum dynamics methods
[6±8]. Although it involves in principle ®ve di�er-
ent potential energy surfaces (which correlate with

the electronic states of the reactants), the domi-
nant process is believed to occur on the ground
singlet surface H2O� ~X 1A0�, at least for low colli-
sion energies Etr6 10 kJ molÿ1. This is known to
have a deep minimum associated with the stable
water molecule which is well characterized from
vibrational±rotational spectroscopy [9]. Another
aspect of relevance for the title reaction is the fact
that it is believed to occur predominantly without
an activation barrier and passes via a short lived
complex. However, some evidence [10] has been
gathered about the possibility that a very small
barrier (<10 K or so) may exist along the C2v path
for insertion of O(1D) into H2. Although the ex-
pectations were that such a barrier plays no sig-
ni®cant role on the reactivity under thermal and
near thermal conditions, a test analysis of this is-
sue has not yet been carried out. Of course, in the
absence of an activation barrier, one expects that
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long range forces play an important role in the
dynamics of the title reaction at low translational
energies. Thus, in addition to such a conjectured
barrier, the potential energy surface must describe
properly both the deep well of H2O and the sub-
tleties of the O(1D)±H2 long range interaction if
one aims to obtain accurate values of the dynamics
and kinetics properties for the title reaction.

A two-valued potential energy surface which
aims to reach such a level of reliability has recently
been proposed by one of the authors [11] using the
energy switching [12] (ES) method. It turns out
that some recalibration of its parameters has been
found [13] to be necessary as it will be further
elaborated below. Brie¯y, this two-valued ES po-
tential energy surface (hereafter referred to as
ES-2v I) has been obtained by merging smoothly
the realistic Murrell et al. [14] (MCMG) form of
the many-body expansion [15] (MBE) type (which
has been suitably modi®ed [11] to include long
range dispersion forces) with an accurate polyno-
mial-type expansion proposed by Polyanski et al.
[16] (which is known to provide a very accurate
spectroscopic representation of the potential well).
Thus, it will be interesting to use the lowest sheet
of the recalibrated two-valued ES potential energy
surfaces (labeled ES-2v II and ES-2v III) to carry
out test dynamics calculations for the title reac-
tion. We should emphasize that the H2O potential
energy surface has a multivalued character due to
the 1R±1P conical intersection between the two
lowest potential energy surfaces of A0 (i.e., ~X 1A0

and ~B 1A0) and A00 symmetry. In fact, ab initio
calculations [14,17,18] even suggest the existence
of additional crossings and avoided crossings. In
the present work, we have also carried out high-
level ab initio calculations of the ground potential
energy surface to reveal the possible existence of
barriers along the C2v and C1v paths.

Although a multistate dynamics study is in
principle required to obtain accurate cross-sections
and rate constants, it seems warranted to investi-
gate the role of the conjectured potential energy
barrier on the dynamics and kinetics of the title
reaction under the assumption of electronic adi-
abaticity. In fact, most O�1D� �H2 dynamics
calculations carried out to date have been done
under such an assumption, including our own [2]

which have been based on the single-valued ES
potential energy surface (ES-SV) of [12]. More-
over, the good agreement between the di�erential
cross-sections obtained from the quasiclassical
trajectory (QCT) calculations and the experimen-
tally determined state-resolved ones at low colli-
sion energies, Etr6 10 kJ molÿ1, bears witness that
the title reaction is consistent with an adiabatic
mechanism over a single potential energy surface.
Another goal of this work is to discuss the tem-
perature dependence of the rate constant, which is
experimentally rather uncertain [19±22]. It should
be noted that quantum scattering studies [6±8]
indicate that, except for relatively small e�ects,
QCT results should be realistic. We further ob-
serve that calculations have also been reported
based on multivalued potential energy surfaces,
e.g., [23±29].

The structure of the Letter is as follows. In
Section 2, we summarize the basic features of the
ES-2v I potential energy surface for H2O, and its
recalibrated forms ES-2v II and ES-2v III. Section
3 provides a description of new ab initio results for
the minimum energy paths along C2v and C1v ge-
ometries. The QCT calculations are reported in
Section 4, and discussed in Section 5. Some con-
clusions are in Section 6.

2. Potential energy surfaces

The original two-valued ES potential energy
surface for H2O (ES-2v I) has been described in
detail elsewhere [11], and hence we emphasize here
only its major topographical features. Brie¯y, it
reproduces accurately (1 cmÿ1 or so) the vibra-
tional levels of the water molecule, and dissociates
correctly at all asymptotic channels referring to
ground-state H2O. In addition, it shows a barrier
of a few Kelvin along the minimum energy path
for C2v insertion of O(1D) into H2. Such a barrier
has been built into the ES-2v I potential energy
surface by properly choosing the parameters ~B
and ~b in a local three-body Gaussian term ([11,
Eq. (31)]). It has the form

VB � ~B exp

"
ÿ ~b

X3

i�1

Ri

ÿ ÿ Rb
i

�2

#
; �1�
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where ~B and ~b are adjustable parameters, and Rb
i

�i � 1 to 3� de®nes the location of the barrier.
Thus, ~B and ~b have been originally calibrated [11]
from the only requirement that the height of the
C2v insertion barrier should be �10 K and posi-
tioned at Rb

1 � Rb
2 � 3:91105a0, Rb

3 � 1:42288a0.
Since [11] was oriented toward methodological
aspects of the ES method, no dynamics study has
then been carried out to assert the implications of
such a barrier. This is a major goal of the present
work.

In the following we focus on two variants of the
ES-2v I potential energy surface which have been
obtained by recalibrating the parameters ~B and ~b
in Eq. (1) such as to reproduce from QCT calcu-
lations the experimental value of the thermal rate
constant at T � 300 K [22]: k � �1:2� 0:1��
10ÿ10 cm3 moleculeÿ1 sÿ1. Since this provides only
one piece of input data and there are two adjust-
able parameters, these have been ®xed by looking
to other attributes of the ®tted surfaces, namely
the relative location of the C2v and C1v curves for
O(1D) approaching an equilibrium H2 molecule.
The numerical values of the parameters ~B and ~b
are for both of them given in Table 1. Although
ES-2v II has been numerically de®ned in [13], its
topographical features will be characterized here in
more detail.

Figs. 1 and 2 show the ES-2v II and ES-2v III
energy pro®les for the C2v and C1v geometries.
Also shown are the ab initio points from our own
calculations. As seen from Fig. 1, the ES-2v II
potential energy surface displays a small C2v bar-
rier for insertion of O(1D) into H2 although in
contrast to ES-2v I, such a barrier lies now below
the classical threshold energy for dissociation.
However, as pointed out above and as follows
from Fig. 2, their major di�erence lies in the fact
that in the ES-2v III surface the C1v curve for
O(1D) attacking equilibrium H2 has a small barrier

and lies above the corresponding curve for C2v

attack. Such a result is in qualitative accord with
previous ab initio calculations [30] and our own
ones, although there are di�erences concerning the
magnitude and positioning of the barrier crest.
Also apparent from these ®gures is the fact that
the ES-2v II potential energy surface is in some-
what better agreement with the ab initio calcula-
tions for C2v geometries then for C1v ones.

At the present time, there are two high quality
ab initio surfaces for H2O: reproducing kernel
Hilbert space interpolation method (RKHS) [1,26]

Table 1

Numerical values of the coe�cients in Eq. (1) for the ES

surfaces

ES II ES III

~B=Eh )0.01167 )0.009728
~b=aÿ2

0 0.264 1.2

Fig. 1. Energy vs distance plot of the C2v minimum energy re-

action path: - � - � - � - ES-2v I; ±±±±±± ES-2v II; - - - - - - ES-2v

III. The insert magni®es its long range part.

Fig. 2. Same as in Fig. 1 but for the C1v attack of O(1D) to H2

molecule.
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and Dobbyn and Knowles (DK) [31]. Tests of the
accuracy of the ground-state RKHS surface show
that such an interpolation is globally good up to
0:3 kcal molÿ1. It exhibits no barrier for C2v ge-
ometries but for the C1v reaction path there is a
barrier of about 0:7 kcal molÿ1. Although, the
RKHS surface reproduces the experimental reac-
tion exothermicity very well ()1.86 vs )1.84 eV), it
underestimates the H2O well depth (7.18 vs
7.28 eV). This circumstance could produce some
in¯uence on the dynamics of the title reaction. The
more recent DK ground-state potential energy
surface has been based on calculations employing
a larger electronic basis set and reference con®g-
urations than those used for the RKHS surface. It
is more accurate at least in terms of reproducing
the energetics, in particular the H2O well depth
(7.29 eV). However, their published ab initio
points cover only a very restricted region of in-
teratomic distances.

3. Ab initio calculations

We have carried out ab initio calculations for
both the C2v and C1v minimum energy paths. The
optimized geometries were obtained at FVCAS
level, while energies along the minimum energy
paths were calculated at MRCI level including the
Davidson correction. The cc-pVQZ and aug-cc-
pVQZ basis sets of Dunning [32] have been em-
ployed. All calculations were carried out using the
MOLPRO package [33], with the results being
shown in Figs. 1 and 2. For C2v geometries, using

the cc-pVQZ basis set, the calculations predict a
small barrier which disappears when using the
aug-cc-pVQZ basis set. These results are in good
agreement with those of Walch and Harding
[30] and Ho et al. [1]. For C1v geometries, an
appealing feature is the existence of a
small (' 0:4 kcal molÿ1) barrier located at RHH �
1:40 a0;RO±HH � 4:0a0, which can be compared
with other ab initio data (' 0:7 kcal molÿ1) [1,30].
For the O�1D� �H2�X 1R�g � dissociation energy, we
obtained 7.20 eV which compares with the experi-
mental value of 7.28 eV. Overall, the agreement with
the ES surfaces is satisfactory for the C2v optimized
path. For C1v geometries, the discrepancy is larger
but should have little relevance for low energy dy-
namics especially if a barrier is involved.

4. Trajectory calculations

Table 2 provides a summary of the QCT cal-
culations carried out in the present work using the
ES-2v II and ES-2v III potential energy surfaces
[12] for H2O described in Section 2 (the calcula-
tions for ES-2v I unreasonably underestimate the
rate constant at 300 K, probably due to the pres-
ence of a barrier above the dissociation limit for
C2v geometries, and hence are not given for brev-
ity). Batches of 500 trajectories have been calcu-
lated for each of the six translational energies over
the range 0:16Etr=kcal molÿ16 12. Note that this
number of trajectories is su�cient to yield reactive
cross-sections which are typically converged within
a few percent. Since the initial rotational quantum

Table 2

A summary of the trajectory calculations: translational energy �kcal molÿ1�, maximum impact parameter (�A), and reactive

cross-section (�A2)

Etr ES-2v II ES-2v III

bmax rr � Drr bmax rr � Drr

0.1 4.97 54:41� 1:59 4.10 32:99� 1:14

0.5 4.23 38:40� 1:17 4.13 32:01� 1:17

2.0 3.70 23:71� 0:96 3.44 29:36� 0:68

4.0 3.38 16:83� 0:80 3.38 30:08� 0:59

8.0 2.85 15:03� 0:57 3.39 27:09� 0:70

12.0 2.54 14:12� 0:61 3.07 21:78� 0:70
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number is believed to play only a minor role in the
kinetics of the title reaction, we have ®xed it as
before [2] at j � 1.

5. Results and discussion

Table 2 shows the calculated cross-sections rr

which have been ®tted to the form

rr � rr
cap � rr

th; �2�
where rr

cap and rr
th are the cross-sections associ-

ated with a capture-type mechanism and one in
which there is a threshold energy for reaction.
Thus,

rr
cap � bEÿm

tr �3�

while to de®ne rr
th we have used the form

rr
th � c�Etr ÿ E0

tr�n exp
�ÿ d�Etr ÿ E0

tr�
�
; Etr > E0

tr;

�4�

rr
th � 0; Etr6E0

tr; �5�
where b, c, d, m, and n are least-squares parame-
ters. Note that the threshold energy E0

tr has been
taken as zero, and hence there is room for a cap-
ture-type mechanism at very low translational
energies. Speci®cally, for the ES-2v II potential
energy surface, the absence of a barrier for any
approaching direction of the oxygen atom to H2

suggests that a physically meaningful ®t can be
obtained by assuming simply a capture mechanism
[34]. Thus, rr � rr

cap, with the calculated least-
squares parameters being b � 29:9546 �A2

�kcal molÿ1�m and m � 0:3132. A graphical repre-
sentation of the resulting ®t together with the
calculated cross-sections is presented in Fig. 3. In
turn, for the ES-2v III surface, the complete form of
Eq. (2) is better justi®ed. The adjustable parameters
have then been calculated to be b � 29:2006 �A2

�kcal molÿ1�m, m � 0:0831, c � 0:8173 �A
2

�kcal molÿ1�ÿn
, d � 0:8129 kcalÿ1 mol, and

n � 3:5072. The calculated cross-sections and ®tted
curve are also given in Fig. 3. Although the above
®ve-parameter ®t rests on the six uncertain numbers
of Table 2, we believe that it has no spurious fea-

tures. Thus, our calculated cross-sections for
ES-2v II and ES-2v III show distinct patterns
between each other, although in the case of ES-2v
II they look qualitatively similar to those ob-
tained using the single-valued ES potential energy
surface [2]. Since both ES potential energy sur-
faces have the proper long range behavior, we
believe that they provide a realistic description of
the rr at low translational energies for which a
capture mechanism should dominate. Of course,
this pattern is less apparent in the ES-2v III case,
since there are two competing mechanisms at
play. However, for ultra-low collisional energies,
the molecule has time to reorient as the atom
approaches it and hence capture should prevail.
Conversely, at high collisional energies, there is
no time for the atom to choose the optimum path
and an over-barrier type mechanism should be
expected since a barrier exists for certain atom±
diatom orientations. Additionally, the excited
potential energy surfaces 2 1A0 and 1 1A00 may play
some role in the dynamics. Also indicated in
Fig. 3 is the experimental global cross-section of
Koppe et al. [20] which has been obtained by
using `superthermal' O(1D) atoms generated
by photolysis of N2O at 193 nm; for a critical
assessment, see [2].

Fig. 4 shows the calculated rate constant for the
title reaction which is obtained by substituting
Eq. (2) in the usual expression for the rate constant:

Fig. 3. Cross-sections vs translational energy for the title re-

action. Key for symbols: 
, this work ES-2v II; �, this work

ES-2v III;�, (exp.) [20].
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k�T � � g
8kBT
pl

� �1=2

bC�2
(

ÿ m��kBT �ÿm

� c
C�n� 1��kBT �n
�1� dkBT �n�2

� �n
�
� 1� � Etr�1� dkBT �

kBT

�
� exp

�
ÿ Etr

kBT

�)
; �6�

where g � 1=5 accounts for the electronic degen-
eracy of O�1D� �H2�X 1R�g �, kB the Boltzmann
constant, l the O±H2 reduced mass, and C�� � �� is
the gamma function. Also shown in Fig. 4 are
previous theoretical [1] and experimental results.
These include the measurements by Talukdar et al.
[22] and the recommended data by Atkinson et al.
[19]; their value is 1:1�10ÿ10 cm3 moleculeÿ1 sÿ1,
with a reliability of D logk��0:1 at 298 K. Al-
though not strictly comparable with our thermal-
ized results (see [2]), we also mention the absolute
nonthermal rate constant �2:7�0:6�10ÿ10cm3

moleculeÿ1 sÿ1� reported by Koppe et al. [20].
Moreover, we identify in Fig. 4 by a vertical error bar
the range 1:2±1:3�0:2�10ÿ10 cm3 moleculeÿ1 sÿ1;
this falls over the value reported by Talukdar et al.
[22], and has been suggested by Ho et al. [1] to

encompass the best estimates for k�T�300K�. For
clarity, all error bars referring to the other data have
been omitted. The notable feature from Fig. 4 is
therefore the fact that our recalibrated ES-2v sur-
faces reproduce the best available experimental
value at 300 K but show somewhat di�erent rates of
increase as a function of temperature. The rate
constant for the ES-2v III surface shows a more
strong temperature dependence than that obtained
with the ES-2v II surface. This is due to the second
contribution in Eq. (6) which accounts for the over-
barrier mechanism. For further comparisons, the
reader is referred to [2].

Our results seem also to indirectly support that
for low energies (Etr6 10 kJ molÿ1) the prevalent
mechanism for reaction is through C2v insertion of
O(1D) into H2 rather than by abstraction. How-
ever, at higher energies, recent cross-molecular
beam experiments by Che and Liu [35] and tra-
jectory studies [1,23,26] suggest that it is likely that
more than one reaction pathway is involved. We
further observe that existence of a barrier for re-
action is incompatible (at least at the classical level
of dynamics) with a capture-type mechanism at
low energies. This seems also incompatible with
the measured weak temperature dependence of
k�T �. From the theoretical point of view, the rel-
ative positioning of the C1v and C2v curves for the
ES-2v II potential energy surface seem to con¯ict
with the ab initio energies of Walch and Harding
[30] and ours, which favor ES-2v III. Note that the
Walch and Harding [30] and our own calculations
show the C1v curve lying above the C2v energy
pro®le, with the former displaying a small barrier
at relatively short distances. However, such a
barrier is absent in the ab initio calculations of Li
et al. [10], which show instead a small minimum
for C1v geometries at R � 6:2a0. Thus, the fact the
energy barrier along the C1v curve of ES-2v III is
only 0:1 kcal molÿ1 and appears earlier in the en-
trance channel seems to provide a realistic com-
promise between the ab initio predictions. Given
the above uncertainty about the most favorable
reaction path, and the fact that the dynamics may
®nally require the inclusion of quantum e�ects
(including nonadiabatic ones), it is di�cult to say
which ES potential energy surface should be pre-
ferred. Since ES-2v II shows a ¯atter variation of

Fig. 4. Rate constant vs temperature for the title reaction. Key

for the experimental data: � and vertical solid error bar, [22];

horizontal dash±dot line, [19]. Also shown by the long-dashed

vertical error bar is the recommended [1] error bar at

T � 298 K. Key for theoretical data: ±±±±±± ES-2v II; - - - - ES-

2v III. For further comparisons, the reader is referred to [2] and

references therein.
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k�T � vs T in accordance with the recommended
data it is probably more reliable for dynamics and
kinetics studies.

6. Conclusions

The QCT calculations reported in this work
using two variants of a recently proposed two-
valued ES H2O potential energy surface [12] have
been shown to provide an excellent representation
of the O(1D)+H2 rate constant at room tempera-
ture. This was achieved by slightly decreasing the
tiny barrier located along the C2v insertion path
such that its crest lied below the classical energy of
the reactants. We conjecture that this fact may still
be compatible with the recent observation [1] that
O(1D) atoms may not react with H2 at ultra-low
temperatures. In fact, an answer to this must take
into account any possibility of vibrational stabili-
zation due to di�erences in zero-point energy at
the reactants and at the barrier. In [1], it is pro-
posed an alternative explanation for the absence of
reactivity taking into account many-body e�ects.
Clearly, quantum dynamics calculations would be
welcome to test our hypothesis. A more detailed
dynamics study by looking to subtle attributes
such as di�erential cross-sections and vector
properties would also be useful. Moreover, high
level ab initio calculations could help to clarify the
issue concerning the relative positioning of the C2v

and C1v energy pro®les discussed in the text.
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