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The authors report accurate quantum dynamics calculations for the title reaction on the three lowest electronic
state potentials. The adiabatic pathway on the ground electronic state (11A′) of H2O has a complex-forming
mechanism, manifested by rotationally hot and vibrationally cold OH products with a nearly forward-backward
symmetric angular distribution. As energy increases, the adiabatic pathway via the 11A′′ state and nonadiabatic
pathway via the 21A′ state become significant. The former has an abstraction mechanism and produces an
exclusively backward differential cross section. On the other hand, the latter has essentially the same dynamic
signatures of the ground-state pathway. The inclusion of the two excited-state pathways is necessary to
quantitatively reproduce the observed rise in the integral cross section at high energies and the increasingly
backward bias in the differential cross section. It is also found that the inclusion of the excited-state dynamics,
particularly the nonadiabatic 21A′ pathway, greatly improves the agreement with the measured rate constant.

1. Introduction

The exoergic reaction between the excited oxygen atom,
O(1D), and hydrogen molecule is known to play an important
role in many gas phase processes in the atmosphere1 and in
combustion.2 For these reasons, it has been extensively studied.3

It is well-established that the interaction between O(1D) and
H2(X1Σg

+) results in five singlet states.4-7 In particular, a Σ state,
a doubly degenerate Π state, and a doubly degenerate ∆ state
in linearity give rise to three 1A′ and two 1A′′ states in Cs

symmetry. Among them, only three are relevant to the title
reaction because the ∆ doublet is strongly repulsive. As shown
in Figure 1, the ground electronic state (11A′) of H2O correlates
adiabatically from the O(1D) + H2(X1Σg

+) reactant channel to
the OH(X2Π) + H(2S) product channel via a barrierless insertion
pathway.4,6 Indeed, the corresponding reactive process is
considered as a prototype for insertion reactions, which, unlike
a direct abstraction reaction such as the H + H2 reaction, is
dominated by a long-lived reaction intermediate supported by
the deep H2O potential well.3,8-11 Such a complex-forming
mechanism manifests itself by vibrationally cold and rotationally
hot products as well as a forward-backward symmetric
differential cross section (DCS), as suggested by the statistical
theory.12,13

In addition to the reaction pathway on the ground 11A′ state,
there are two other pathways via excited electronic states of
the H2O system, as shown in Figure 1. The first is an adiabatic
pathway on the 11A′′ state potential energy surface (PES), which
also correlates with the OH(X2Π) + H(2S) product channel.
Unlike the 11A′ state, however, the 11A′′ PES has no potential
well and is dominated by an abstraction barrier of approximately
0.1 eV (2.3 kcal/mol) near the entrance channel.5-7 As a result,
the dynamics on the 11A′′ state PES is direct and fast, in sharp
contrast with the complex-forming reaction on the ground 11A′
state PES. Its dynamical signatures, such as an asymmetric DCS,
are thus easily identifiable.

Finally, there is a nonadiabatic pathway via the excited 21A′
state, which correlates adiabatically with the excited product
channel (OH(A2Σ+) + H(2S)), as shown in Figure 1. Its
contribution to the title reaction stems from nonadiabatic
transitions through a conical intersection to the lower 11A′ state.
Interestingly, the 21A′ state also has a collinear barrier of ∼0.1
eV near the entrance channel,6,7 because it and the 11A′′ state
form a doubly degenerate Π state in linearity. The contribution
of this nonadiabatic pathway cannot be easily determined
experimentally because the curve crossing occurs early in the
reaction path immediately after the barrier, and the dynamics
is thus quite similar to that on the ground electronic state. For
this reason, theoretical analysis is essential to delineate its
contribution to the reaction.

Since both excited states have small barriers, the reaction
pathway via the ground electronic state (11A′) dominates at low
energies. Indeed, such a picture is consistent with the lack of
strong temperature dependence of the rate constant.14-17 The
dominance of the complex-forming mechanism at low collision
energies was further confirmed by experimental observations
of a near forward-backward symmetric DCS, a highly excited
product rotational distribution, and a monotonically decaying
product vibrational distribution.18-29 Numerous theoretical stud-
ies have been reported on the adiabatic insertion reaction on
the 11A′ state, and the agreement with the low-energy experi-
mental data is generally satisfactory.20,22,24,29-43 Very recently,
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Figure 1. Schematic potential energy surfaces for the three reaction
pathways. The circle indicates the conical intersection between the two
1A′ states.
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we have reported state-resolved quantum mechanical DCS for
the 11A′ state reaction over a large energy range.44

On the other hand, recent experimental studies have suggested
that the participation of excited states becomes non-negligible
above 0.1 eV of collision energy. The evidence includes a rising
integral cross section (ICS), a buildup of a backward bias in
the DCS, and vibrational excited OH products at higher collision
energies.20,22,27,40,45-51 Theoretical studies, including surface-
hopping quasi-classical trajectory (QCT) calculations51-56 and
limited quantum mechanical studies,37,40,56-60 offered support
for this conjecture concerning the participation of the excited
states. However, the conventional QCT approach is not expected
to provide quantitatively accurate results due to its arbitrariness
in treating the quantum effects. Indeed, significant discrepancies
have been reported between the calculated and measured ICSs.59

In addition, the surface hopping model for treating nonadiabatic
transitions is still not universally proven, and the inclusion of
excited states in QCT calculations did not lead to a quantitative
agreement with experimental data.40,54,56 On the other hand,
quantum dynamical studies of the nonadiabatic excited-state
pathway either were limited to J ) 0,58,60 or used dynamical
simplifications, such as the coupled-state approximation.59

Furthermore, no state-to-state attribute has been calculated for
the nonadiabatic reaction pathway, although quantum mechan-
ical reaction probabilities37 and cross sections40,41,56 have been
reported for the adiabatic 11A′′ pathway, which is much easier
to treat quantum mechanically.

Given the importance of this prototypic system, a uniformly
accurate treatment of all three reaction pathways is highly
desired to provide a quantitative understanding of the title
reaction. In this publication, we report a definitive quantum
mechanical characterization of the reaction dynamics for this
reaction, including all three pathways. Such an endeavor is
highly desired because of the presence of quantum effects, such
as tunneling, zero-point energy, resonances, and nonadiabatic
transitions. However, the quantum dynamical calculations
involving the ground 11A′ state and the coupled excited 21A′
state present a considerable challenge because of the large basis
needed to cover the deep H2O well and the large number of
partial waves due to the barrierless pathway. Nonadiabatic
transitions further compound the difficulties. To overcome these
obstacles, our quantum dynamical calculations were performed
using an efficient and accurate Chebyshev propagator61,62 with
no dynamic approximations. State-to-state reaction probabilities,
excitation functions, integral and differential cross sections, and
rateconstantwereobtainedonthehighlyaccurateDobbyn-Knowles
(DK) PESs,6,7 which include all three lowest-lying singlet
electronic states of H2O as well as the nonadiabatic coupling
between the two 1A′ states. As shown below, the quantum
mechanical calculations yielded quantitative agreement with
experimental measurements, underscoring substantial improve-
ments over previous theoretical models. These results not only
provide a deeper understanding of the reaction dynamics but
also serve as a benchmark for more approximate treatments of
the dynamics. This paper is organized as follows. The next
section (Section 2) outlines theoretical methods for calculating
both ICS and DCS. The results are presented and discussed in
Section 3. Concluding remarks are given in Section 4.

2. Theory

A.. Adiabatic and Nonadiabatic Quantum Dynamics. The
Chebyshev wave packet method61,62 was used to investigate both
the adiabatic and nonadiabatic quantum dynamics of the title
reaction.Sincethedetailsof thismethodarewell-documented,44,63,64

only a brief outline is given here. Essentially, initial Gaussian
wave packets associated with a prespecified reactant internal
state were propagated using the Chebyshev three-term recursion
relation, which entails the multiplication of the Hamiltonian
matrix onto the Chebyshev wave packet vector. Projections onto
product internal states were then made in the product channel,
and scattering attributes were extracted. This approach is similar
to the real wave packet method of Gray and Balint-Kurti.65

For adiabatic dynamics on the 11A′ or 11A′′ state, the
Hamiltonian for the title reaction can be expressed in the product
Jacobi coordinates (R, r, γ) as follows (p ) 1):

where µR and µr are the corresponding reduced masses for the
radial Jacobi coordinates, and V(R, r, γ) is the PES of the
corresponding electronic state. The OH product was ap-
proximated as a closed-shell species by ignoring its electronic
and spin angular momenta. Hence, the square of the orbital
angular momentum operator, l̂2 can be further expressed as

in which Ĵ and ĵ are, respectively, the total and diatomic angular
momentum operators with Ĵz and ĵz as their projections onto
the body-fixed (BF) z-axis; namely, the R vector. Ĵ+(Ĵ-) and
ĵ+(ĵ-) are the corresponding raising (lowering) operators. As in
our recent work,44 the Coriolis coupling derived from the last
two terms in eq 2, which is known to be important for the title
reaction,38 was fully accounted for. It should be noted that the
11A′ pathway actually couples with the excited 21A′ state. In
this work, however, this nonadiabatic coupling was ignored,
and the dynamics was treated as adiabatic.

The 21A′ electronic state contributes to the reaction via a
nonadiabatic interaction with the ground 11A′ state near the
conical intersection. The corresponding Hamiltonian is given
in a diabatic representation:

where the same kinetic energy operator (KEO) in eq 1 was used.
The diagonal terms in the DK potential matrix6,7 represent the
diabatic PESs for the Σ and Π states, respectively, and the off-
diagonal term, VΣΠ, represents the nonadiabatic coupling.
Diagonalization of the 2 × 2 diabatic PES matrix yielded two
adiabatic PESs for the 11A′ and 21A′ states. The corresponding
wave packet was decomposed accordingly into two components:

and the calculation of the action of the Hamiltonian, ĤΨ, is
straightforward:

Ĥ ) T̂ + V(R, r, γ) ) - 1
2µR

∂
2

∂R2
-

1
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+ ĵ2

2µrr
2
+ l̂2

2µRR2
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) (3)

Ψ ) (ψΣ
ψΠ

) (4)
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The Hamiltonian and wave packet were discretized in a mixed
representation, consisting of a direct product discrete variable
representation for the two radial degrees of freedom (R, r) and
a finite basis representation for the angular degrees of freedom.66

Actions of the radial KEOs onto the wave packet were efficiently
evaluated using the fast sine-Fourier transform (sine-FFT)
method.67 On the other hand, a parity-adapted basis was used
for the angular degrees of freedom,

where |jΩ〉 ≡ ΘjΩ(γ, 0) are normalized associate Legendre
functions with the Condon-Shortley phase convention,68 and
|JΩ〉 ) �[(2J + 1)/(8π2)]1/2DΩ,0

J* represents the overall rotation,
where DΩ,M

J is the Wigner rotation matrix.69 The parity adapta-
tion reduced the basis size almost by half as the helicity quantum
number (i.e. the projection of J and j onto the BF z-axis, Ω) is
restricted to be non-negative. On this basis, the rotational KEOs
in eq 2 are either diagonal or tridiagonal, and thus, actions of
these terms onto the wave packet can be evaluated in a
straightforward manner.

To calculate the action of the potential energy operator, the
following pseudospectral transformation was used to convert
the wave packet from the angular FBR to a grid:70,71

where � denotes the index of the Gauss-Legendre quadrature
points for the internal (Jacobi) angular coordinate and w� is the
corresponding weight.

B. Differential and Integral Cross Sections. The state-to-
state S-matrix elements are the building blocks of all observable
scattering attributes. In this work, they were extracted from the
Chebyshev wave packet using a method proposed by us
recently.64 In addition to the vibrational (υ) and rotational (j)
quantum numbers, an additional quantum number is needed to
specify the asymptotic quantum states, which could be either
the orbital angular momentum quantum number, l, or the helicity
quantum number, Ω. The former was used in this work, and
thus, the state-to-state S-matrix elements are denoted as
Sυfjflfrυijili

Jp (E). This l-labeled S-matrix can be easily transformed
to the Ω-labeled one as

where the transformation matrix is given by72

with 〈 ..,..|..〉 denoting the Clebsch-Gordan coefficients.69

The state-to-state differential cross section (DCS) was
calculated using the following formula:72

where

where θ is the center of mass scattering angle and dΩfΩi
J (θ) is a

reduced rotation matrix element.69

The state-to-state integral cross section (ICS) was obtained
as follows:

where, kυiji
2 ) 2µR(E - Eυiji) and Eυiji is the rovibrational internal

energy of the initial reactant state.
C. Total Reaction Cross Section and Rate Constant. The

calculation of state-to-state S-matrix elements is very expensive
computationally. If the total reaction cross section is the only
desired attribute, it can be obtained much less expensively using
a flux method.73,74 To save computational time, we limited
S-matrix calculations to low-J partial waves, which allowed the
convergence of the DCS up to about 0.15 eV of collision energy.
The flux method was used to calculate total reaction probabilities
for high-J partial waves, which allowed the total reactive ICS
to converge at a higher collision energy of 0.34 eV. The results
of the two types of calculations have been compared at certain
intermediate J values, and they agreed very well with each other.

There are some differences between the implementations of
the two methods. For example, the product (H-OH) Jacobi
coordinates were used in the S-matrix calculations to facilitate
projections to the product internal states, whereas the reactant
(O-H2) Jacobi coordinates were used in the flux calculations.
The permutation symmetry in H2 allows additional savings in
the latter approach. In addition, the flux calculations required a
smaller grid because no final state needs be resolved.

The initial state-specified rate constant can be obtained by
Boltzmann-averaging the corresponding ICS over the collision
energy (Ec):

where kB is the Boltzmann constant, T is temperature, and f )
1/5 is the electronic degeneracy factor of the reactant channel.

ĤΨ ) ((T̂ + VΣ)ψΣ + VΣΠψΠ

(T̂ + VΠ)ψΠ + VΣΠψΣ
) (5)
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Finally, the contributions from all three electronic states were
summed together to obtain the final results for the scattering
attributes, such as the DCS, ICS, and rate constant.

3. Results and Discussion

The S-matrix calculations were carried out for all three
reaction pathways to converge the initial state (υi ) ji ) 0)
specified and final state resolved DCSs up to 0.15 eV of collision
energy. The DCSs for the reactive scattering on the 11A′ ground
electronic state have already been reported for the first 31 (J )
0-30) partial waves in our previous work.44 For the 11A′′ and
21A′ pathways, 21 (J ) 0-20) and 31 (J ) 0-30) partial waves,
respectively, were needed to converge the DCSs in the same
collision energy range. The numerical parameters used for the
21A′ nonadiabatic scattering dynamics were identical to those
used in previous work for the 11A′ pathway (see Table 1 of ref
44). For the 11A′′ calculations, a slightly larger basis size was
chosen to converge some very small state-to-state attributes.
The numbers if grid points for both radial Jacobi coordinates,
R and r, were increased to 199, while the angular basis was
increased to 120 (jmax ) 119). On the other hand, only 5000
Chebyshev propagation steps were required for this pathway
due to its fast abstraction dynamics.

To obtain the rate constant at higher temperatures, we have
augmented the S-matrix calculations at low J values with the
less expensive flux calculations of the total reaction probabilities
at higher J values. In particular, we carried out additional flux
calculations for higher partial waves (J ) 31-40) for the 11A′
pathway, which allowed the convergence of the total ICS up to
∼0.34 eV of collision energy and the rate constant up to ∼500
K. Similarly, total reaction probabilities for the 11A′′ and 21A′
pathways were obtained using the same flux approach with J
) 21-40 and 31-40 partial waves, respectively, which allowed
the same level of convergence. The numerical parameters used
in the flux calculations are summarized in Table 1. Interestingly,
in the nonadiabatic dynamical calculations, we had to move the
position of the dividing surface in the flux calculation to a much
larger O-H distance, rf ) 7.9 a0, from rf ) 4.9 a0 used in the
single surface dynamics calculations,44 to converge the prob-
abilities, indicating the nonadiabatic interaction is quite strong.

A. Total Reaction Probability, Integral Cross Section, and
Rate Constant. In Figure 2, the total reaction probabilities for
several selected partial waves were displayed for three reaction
pathways. As the figure shows, the reaction is dominated by
the adiabatic 11A′ pathway, but contributions from the other
two excited electronic pathways are nonzero. Even at low

collision energies, the nonadiabatic 21A′ reaction probabilities
are nonnegligible. On the other hand, the adiabatic 11A′′ pathway
starts to contribute only above ∼0.1 eV of collision energy,
due apparently to the entrance channel potential barrier. The
contributions of the excited electronic states increase sharply
with increasing collision energy.

Due to the barrierless reaction path of the ground 11A′ state,
its J ) 0 probability shows no threshold. However, a threshold
begins to emerge for nonzero J values and increases with J due
to the centrifugal potential energy barrier. In addition, the energy
dependence of the probabilities shows oscillatory structure, due
apparently to metastable resonances supported by the deep H2O
well. However, these resonance features are quite broad,
indicating relatively long lifetimes, as observed in earlier
calculations.30,35,43

For the 11A′′ pathway, the total reaction probabilities show
strikingly different characteristics from those on the ground 11A′
state. The J ) 0 reaction probability has a nonzero threshold,
and the probability increases smoothly with energy. This is due
to the fact that this electronic state is dominated by a collinear
reaction path with a small potential barrier in the entrance
channel. As a result, the reaction has an appreciable probability
only above the barrier. For high J values, the threshold increases
to higher energies as the barrier is raised by the centrifugal term.

The characteristics of the 21A′ reaction pathway are some-
where between the two extremes. The energy dependence of
the total reaction probabilities is oscillatory and generally
increases with energy. Despite the potential barrier on the 21A′
state PES, the J ) 0 shows no threshold. This is because the
reaction takes place via nonadiabatic transitions to the 11A′ state,
which has a barrierless pathway. The 21A′ threshold for higher
J values follows closely with that of the 11A′ state.

The energy dependence of the total ICS is displayed in Figure
3 and compared with experimental and other theoretical results.
As expected, the ICS is dominated by the ground 11A′ state
pathway in the entire energy range. However, contributions from
the two excited-state pathways are quite significant, particularly
at high collision energies. These contributions are responsible
for the unusual energy dependence of the total ICS, which first
decreases with the collision energy until reaching a minimum
at about 0.09 eV and then slowly increases. The breakdown of
contributions from the three pathways clearly indicates that the
rising of the ICS at higher energies stems from the excited
electronic pathways, because the ICS from the adiabatic 11A′
pathway is a monotonic decaying function of the collision
energy. This is consistent with the trend observed by Liu and

TABLE 1: Numerical Parameters Used in the Direct Total Probability Calculations Using a Flux Methoda

11A′ and 11A′′ 21A′

grid/basis range and size R ∈ (10- 16, 14)(NR ) 224) R ∈ (10- 16, 14)(NR ) 224)
r ∈ (0.5, 8.0)(Nr ) 63) r ∈ (0.5, 11.0)(Nr ) 89)
even j from 0 to jmax ) 48 even j from 0 to jmax ) 54
(Nγ ) 25 over γ ∈ (0, 90°)) (Nγ ) 28 over γ ∈ (0, 90°))

damping e- 0.002×(R - 11)2
for R > 11 e- 0.002×(R - 11)2

for R > 11
e- 0.005×(r - 5)2

for r > 5 e- 0.005×(r - 8)2
for r > 8

) 1 otherwise ) 1 otherwise
initial wave packet R0 ) 9.0 same as left
(e- ((R - R0)/δ)2/2cos(k0R)) E0 ) (p2k0

2)/(2 µ) ) 0.4 eV
δ ) 0.15

spectral control energy cut of 0.5 hartree (PES and each rotational kinetic energy
term)

same as left

position where the flux calculated rflux ) 4.9 rflux ) 7.9
propagation steps 15k for 11A′ and 5k for 11A′′ 20k

a Atomic units used unless specified explicitly; R, r, γ stand for the reactant Jacobi coordinates.
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his co-workers.46,49 Quantitatively, the measured ICS for p-H2

is compared in Figure 3 with our ji ) 0 results, and the
agreement is almost perfect. This represents a substantial
improvement of the previous QCT results of Gray et al.59 (not
shown), which underestimated the experimental curve. This
improvement highlights the necessity of a quantum mechanical
description of the title reaction.

In the same figure, the ICS obtained in this work is also
compared with previous theoretical results. The agreement with
the time-independent quantum mechanical (TIQM) work of
Honvault and Launay39 in the adiabatic 11A′ channel is quite

good, as shown. An equally good agreement was found for the
11A′′ pathway (not shown in the figure).41 These agreements
reaffirm the accuracy of our calculations. The comparison with
the QCT results of Gray et al.59 on the adiabatic 11A′′ pathway
indicates that the quantum mechanical ICS is much larger than
the QCT result near the threshold energies while agreeing
reasonably well at higher energies. At the lowest energy point
(0.13 eV), the quantum mechanical ICS (1.99 Å2) is almost twice
that of the QCT value (1.01 Å2). This deviation, which has been
noted before,75 can almost certainly be attributed to tunneling
effects, which were not accounted for in the QCT treatment.
Finally, the contribution of the nonadiabatic 21A′ pathway
obtained from our quantum calculations is compared in the same
figure with the trajectory surface hopping (TSH) results of Gray
et al.59 Overall, the agreement is quite reasonable, and it validates
the TSH model for treating the nonadiabatic dynamics in this
system. Quantitatively, however, the TSH data underestimate
the quantum ICS at low collision energies but overestimate at
high collision energies.

In the lower panel of Figure 3, contributions of the three
reaction pathways to the rate constant were displayed. Again,
they show the dominance of the 11A′ ground adiabatic pathway
in the title reaction. Between the two excited states, the
contribution from the 21A′ nonadiabatic dynamics is far larger
than the contribution from the adiabatic 11A′′ pathway. This is
due to the fact that the former has no threshold in the ICS,
whereas the latter has a significant threshold. After including
the excited-state contributions, the rate constant shows a near
perfect agreement with experimental measurements,15,17 further
demonstrating the importance of excited-state dynamics. It is
also clear from the figure that the rate constant depends only
weakly on temperature.

In Figure 4, the percentage contributions of three pathways
are displayed for both the total ICS (upper panel) and rate
constant (lower panel). The figure confirms again the dominance
of the ground 11A′ state reaction pathway. At low energies, the
11A′ pathway has a ∼90% contribution to the total ICS, but it
slowly decreases with the energy. On the other hand, the excited-
state pathways become more and more important, contributing
to the ICS as much as 40% (∼20% for each state) at the highest
collision energy investigated. The contribution of the 11A′′
pathway to the rate constant is negligibly small, although this
state has a competitive contribution to the ICS at energies above
its threshold. This is because the rate constant is largely
determined by the cross section at low energies. However, the
contribution of this state is expected to increase at higher
temperatures. The nonadiabatic 21A′ pathway has a ∼10%
contribution to the rate constant over the temperature range
reported, and it has a mild temperature dependence.

B. State-to-State Integral Cross Section. In Figure 5, the
product vibrational-state-resolved ICSs and their energy de-
pendences are displayed for all three reaction pathways. They
were obtained by summing state-to-state ICSs over all open
rotational channels in a given vibrational manifold. The vibra-
tionally resolved ICSs of the dominant 11A′ pathway have no
threshold and decrease monotonically with the collision before
leveling off. The vibrational distribution is typically cold,
characterized by a monotonically decaying population with the
vibrational quantum number. These features derive from the
insertion mechanism, for which the decay of the intermediate
is largely statistical.

The vibrationally resolved ICSs in the adiabatic 11A′′ pathway
behave completely differently. The ICSs all have significant
thresholds and increase rapidly and smoothly with the collision

Figure 2. Total reaction probabilities for J ) 0, 10, 20, and 30 partial
waves for the adiabatic 11A′ (red solid lines), the adiabatic 11A′′ (green
dashed lines), and nonadiabatic 21A′ (blue dotted lines) reaction
pathways, respectively.

Figure 3. Energy dependence of total integral cross sections (upper
panel) and temperature dependence of rate constants (lower panel). In
the upper panel, our wave packet (WP) results are compared with the
time-independent quantum mechanical (TIQM) results of Honvault and
Launay39 on the adiabatic 11A′ pathway (open squares) and the QCT
results of Gray et al.59 for the adiabatic 11A′′ pathway and for the
nonadiabatic 21A′ pathway (closed and open circles, respectively). The
experimental data of Lee and Liu49 are given in a red dotted line.
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energy. Most strikingly, the vibrational distribution is highly
inverted, with the largest population in the highest accessible
vibrational (υf ) 3, 4) states. These features indicate clearly
that the reaction is governed by the abstraction mechanism in
which the incoming oxygen collides with H2 near the collinear
configuration. As a result, the departing OH product possesses
a large amount of vibrational energy.

The vibrational distribution in the nonadiabatic 21A′ pathway
resembles that in the adiabatic 11A′ pathway. This is particularly
true at lower energies. At higher energies, however, all the
vibrational states have nearly equal populations. At some
energies, there is even some population inversion in the
vibrational distribution. The reaction mechanism of the 21A′
pathway is more complicated than the other two adiabatic
pathways, since the reaction can take place only through
nonadiabatic transitions to the 11A′ state. At lower energies,
most nonadiabatic transitions presumably take place near the
entrance channel, and the reaction is primarily insertion-like.
At higher energies, nonadiabatic transitions may occur after
some time on the excited state, which could result in some
signature of the abstraction mechanism.

In Figure 6, the calculated vibrational distribution at 0.056
eV is compared with the experimental measurement of Yang
and co-workers.25,41 The agreement is excellent. The inclusion
of contributions from all the relevant pathways does not change
the agreement in a significant way. As a result, this good
agreement is essentially a reflection of the accuracy of the single-
state quantum dynamics.39,44

In Figure 7, the product rotational state distributions for all
the vibrational channels are compared with the experimental
data at 0.056 eV.25,41 The agreement is again very good,
confirming the dominance of the insertion mechanism at this
energy. In particular, the OH rotation is highly excited in all

the vibrational manifolds, topping near the highest energetically
accessible rotational states. As shown in the figure, the 11A′′
pathway is not quite open yet at this energy, and the contribution
from the nonadiabatic 21A′ pathway is also quite small.

It should be noted that some of the minor discrepancies in
Figure 7 could be due to the approximate treatment of the spin
and orbital angular momenta of the products. As shown by
Alexander et al.,76 the inclusion of these angular momenta as
well as their couplings could result in slightly different product
distributions.

The product rotational state distributions at higher collision
energies (0.10 and 0.15 eV) are displayed in Figure 8. The
overall shape of these distributions is similar to those shown in
Figure 7, except they peak at higher rotational states because
of the availability of extra energy. As shown in the figure, the
rotational state distributions for the 11A′′ pathway are much less
excited, due apparently to its collinear abstraction mechanism.

Figure 4. Percentage contributions of the three reaction pathways to
the ICS (upper panel) and to the rate constant (lower panel).

Figure 5. Total and individual product vibrational state distributions
for the three reaction pathways and their dependence on the collision
energy.

Figure 6. Comparison of the calculated and measured OH vibrational
state distributions at the collision energy of 0.056 eV. The experimental
data25,41 have been normalized to the calculated distribution.
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They are typically Gaussian-shaped and peak at lower rotational
states. The rotational state distributions for the 21A′ pathway
are similar to those for the 11A′ pathway. Overall, the impact
of the two excited-state pathways on the rotational state
distribution is quite small. The only exception is in the highest
vibrational states (υf ) 3, 4), where the rotational state
distributions are overwhelmingly from the 11A′′ pathway.

C. Differential Cross Section. The DCSs, particularly the
state-resolved DCSs, contain the most detailed information on
the reaction mechanism and dynamics. Here, we focus on the
total DCS because internal-state-resolved DCSs (not shown here)
behave in a similar fashion except for more pronounced
oscillations. In Figure 9, three-dimensional maps of the total
DCSs are displayed as a function of both the center-of-mass
scattering angle and collision energy for the three different
reaction pathways. It is clear that the dominant 11A′ pathway
yields a near forward-backward symmetric DCS in all energies.
This behavior stems from the insertion mechanism in which
the reaction intermediate lives sufficiently long to lose its
memory. The nonadiabatic 21A′ pathway also results in a near
forward-backward symmetric DCS, due largely to the fact that
nonadiabatic transitions to the 11A′ state PES occur in the
entrance channel. On the other hand, the DCS for the 11A′′
pathway is strikingly different. Indeed, the product angular
distribution is almost exclusively confined to the backward
hemisphere at all collision energies, consistent with the direct
abstraction mechanism on this excited state. These observations
are consistent with earlier theoretical studies of the title reaction
based on the QCT approach.51,54,56 It is interesting to note that
the DCSs of these two A′ pathways are very sensitive to the
collision energy, whereas that of the A′′ pathway is a smooth
function of Ec.

To quantify the contributions of the three reaction pathways,
we plot in Figure 10 the total DCS in three collision energies
with the individual contributions. At the lowest collision energy
(0.056 eV), contributions from the excited-state pathways are
minimal and the DCS is almost solely from the ground state
11A′ pathway. Because of its complex-forming nature, the DCS
is clearly forward-backward symmetric. In the same figure,
the experimental DCS25,41 is also included. The overall agree-
ment between the calculated and measured DCSs is reasonable,
although the sharp peaks at the extremal angles of the calculated
angular distribution are absent from the experimental data. This
is likely due to the limitations in the experimental resolution.29

There are also some oscillations in the calculated DCS,
presumably stemming from quantum interference. Oscillations
are commonly seen in quantum mechanical DCSs39 but absent
in those obtained by QCT calculations.41,54,56

At higher collision energies (0.10 and 0.15 eV), contributions
of the excited-state pathways to the total DCS become increas-
ingly important. While the nonadiabatic 21A′ pathway generally
raises the DCS at all scattering angles, it does not change the
polarity of the angular distribution. On the other hand, the
adiabatic 11A′′ pathway increases the bias toward the backward
scattering direction, due apparently to its abstraction mechanism.
The bias increases with the collision energy, stemming from
the increasing weight of the adiabatic 11A′′ pathway. This
observation is in good accord with the experimental observa-
tions22 and previous QCT results on this reaction,51,54,56 thus
confirming the interpretation that the observed backward
propensity is due to the participation of the excited-state
abstraction pathway.45,47,48

Figure 7. Comparison of the calculated and measured OH rotational
state distributions at the collision energy of 0.056 eV. The experimental
data25,41 have been normalized to the calculated distributions. Figure 8. Calculated product rotational state distributions at 0.10 and

0.15 eV of collision energies.
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4. Conclusions

The title reaction provides an interesting prototype for
studying scattering dynamics through multiple pathways with
different reaction mechanisms. In particular, the barrierless 11A′
adiabatic pathway is of a complex-forming nature, whereas the
adiabatic 11A′′ pathway has an abstraction mechanism with a
small barrier in the entrance channel. Finally, the nonadiabatic
21A′ pathway accesses the product channel via nonadiabatic
transitions to the ground 11A′ state. Given the involvement of
two hydrogen atoms, the dynamics is certainly of quantum
mechanical nature. As a result, an accurate quantum mechanical
characterization of all the relevant reaction pathways is highly
valuable for a definitive elucidation of the reaction dynamics.

In this work, we report accurate quantum mechanical studies
of all three reaction channels using the ab initio potential energy
surfaces of Dobbyn and Knowles. The quantum dynamics was
characterized by efficient wave packet methods based on the
Chebyshev propagator. The calculation results provided an
accurate account on the contributions of the three reaction
pathways to the overall reaction and their dependence on the
collision energy. They confirmed the conjecture that the reaction
is dominated by the 11A′ pathway throughout the energy range
studied here. However, it is found that the nonadiabatic 21A′
pathway also makes non-negligible contributions in almost all
energies. Beyond the linear barrier of 0.1 eV, the two excited-
state pathways become increasingly important. At the highest

collision energy investigated in this work (0.3 eV), as much as
40% of the ICS comes from the two excited-state pathways.
The participation of these excited-state pathways leads to a rise
of the ICS with the collision energy, in quantitative agreement
with the experimental observations of Liu and co-workers.

Our quantum dynamic results further showed that the
dominant 11A′ pathway is of insertion type, which yields
rotationally hot and vibrational cold OH products with a nearly
forward-backward symmetric angular distribution. On the other
hand, the abstraction reaction in the 11A′′ pathway results in
products with an inverted vibrational state distribution and low
rotational excitation. In addition, its product angular distribution
is confined in the backward hemisphere. Hence, the involvement
of excited-state pathways can be detected in various measurable
scattering attributes. In particular, the 11A′′ abstraction pathway
leads to an increasingly backward-biased DCS as the collision
energy increases, which deviates from the forward-backward
symmetry characteristic of the insertion reaction in the 11A′′
pathway. This propensity is consistent with experimental
observations of several groups. In addition, the 11A′′ pathway
is also responsible for much cooler rotational state distributions
in the highly excited vibrational states of the OH product. On
the other hand, the effects of the 21A′ pathway are mostly
hidden, since its dynamic signature is essentially the same as
the 11A′ pathway.

For the rate constant up to 500 K, the 11A′ pathway also
dominates. However, the inclusion of the excited-state pathways
is shown to significantly improve the agreement with experi-
mental data. Interestingly, the contribution of the 11A′′ pathway
is much smaller than that of the 21A′ pathway because the latter
has no reaction threshold.

Our quantum mechanical results also uncovered quantitative
discrepancies in the QCT results stemming from the neglect of
quantum effects. In particular, the QCT ICS for the 11A′′
pathway is found to substantially underestimate the quantum
results, due apparently to tunneling over the small potential
barrier in the entrance channel. On the other hand, the trajectory
surface hopping results based on QCT are also shown to deviate
from our quantum results, although the overall trend is well-
reproduced. These observations underscore the necessity of an
accurate quantum mechanical characterization of the reaction.

To summarize, the work reported here represents the most
elaborate theoretical effort to date aimed at an accurate
elucidation of the reaction dynamics in the prototypical reaction.
The overall agreement with all available experimental data is
excellent, underscoring the accuracy of the DK potentials and
the quantum dynamics. Valuable insights are also gained from
the dynamical studies on the participation of various reaction
pathways, particularly the nonadiabatic 21A′ pathway that has
so far defied an accurate quantum mechanical study. Although

Figure 9. Three-dimensional plots of the DCSs from the three reaction pathways as a function of both the scattering angle and collision energy.

Figure 10. Total DCS and individual contributions from the three
reaction pathways at three collision energies. The experimental data at
0.056 eV25,41 have been normalized to the calculated DCS.
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there are still many interesting issues to be addressed, our
understanding of the reaction dynamics in this complex-forming
reaction has reached an unprecedented level.
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