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We present accurate quantum calculations of the integral cross section and rate constant for the H+ O2 f
OH + O combustion reaction on a recently developed ab initio potential energy surface using parallelized
time-dependent and Chebyshev wavepacket methods. Partial wave contributions up toJ ) 70 were computed
with full Coriolis coupling, which enabled us to obtain the initial state-specified integral cross sections up to
2.0 eV of the collision energy and thermal rate constants up to 3000 K. The integral cross sections show a
large reaction threshold due to the quantum endothermicity of the reaction, and they monotonically increase
with the collision energy. As a result, the temperature dependence of the rate constant is of the Arrhenius
type. In addition, it was found that reactivity is enhanced by reactant vibrational excitation. The calculated
thermal rate constant shows a significant improvement over that obtained on the DMBE IV potential, but it
still underestimates the experimental consensus.

I. Introduction

The H + O2 f HO + O reaction is considered to be the
single most important reaction in combustion chemistry due to
its pivotal role in the chain-branching ignition in the oxidation
of hydrogen and most hydrocarbons.1 This reaction and its
reverse are thought to proceed adiabatically on the ground
electronic state potential energy surface (PES) of HO2(X̃2A′′),
which is dominated by a deep HO2 well (∼2.38 eV from the H
+ O2 asymptote). The reaction path has no intrinsic barrier other
than the endothermicity of∼0.7 eV.2 The large endothermicity
results in low reactivity, which coupled with the radical nature
of the products makes experimental measurements very difficult.

A key quantity studied in this work is the thermal rate constant
for the H+ O2 reaction. Because of its importance in modeling
ignition and flame propagation, experimental measurements of
the rate constant have been reported in several temperature
ranges by many groups,3-6 and the results have been sum-
marized in several reviews.7,8 On the theoretical side, the
rate constant has been calculated using the transition-state
theory9-11 and other statistical methods,12,13approximate quan-
tum approaches,14-18 as well as quasi-classical trajectory (QCT)
methods.11,19-24 Among them, the quantitative accuracy of the
QCT method is questionable, particularly at low temperatures,

although it helped to shed much light on the reaction dynamics.
This is because the QCT results depend sensitively on how the
zero-point energy (ZPE) is handled,25,26which becomes impor-
tant when reactive trajectories possess less vibrational energy
than the product ZPE. On the other hand, statistical methods
also need validation because of the nonstatistical behaviors of
this system observed in QCT10,11,27,28and quantum calcula-
tions.29

It is instructive to point out that the quantum reaction
threshold of the title reaction is about 0.23 eV above the classical
one, thanks to the large ZPE of the OH product. For this and
other reasons, the reaction dynamics should be treated quantum
mechanically if an unambiguous characterization is to be
achieved. However, an exact quantum dynamic calculation of
the system is very challenging because of the large number of
quantum states supported by the HO2 well, and because of the
dominance of long-lived resonances above the reaction
threshold.30-32 These difficulties are further exacerbated by the
floppiness of the HO2 intermediate complex, which renders the
commonly used centrifugal sudden (CS) approximation33,34 or
the J-shifting model35 inaccurate.36,37 Until now, only a few
quantum calculations have been carried out with full Coriolis
coupling,36-40 and none have reported the rate constant. In
addition, nonadiabatic effects might play a role in strong
interaction regions41 as well as in the dissociation asymp-
totes.42,43 The inclusion of the nonadiabatic couplings further
adds to the complexity of the treatment.

Besides the thermal rate constant, several measurements of
the integral cross section (ICS) for the title reaction have been
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reported.39,44-46 Unfortunately, inconsistencies were found due
apparently to the experimental difficulties associated with the
low reactivity. For instance, it has been claimed that a sharp
increase of ICS occurs near the collision energy of 1.8 eV.44,46

However, this feature could be verified by neither a latter
experiment39 nor theory.26,38,40The most recent theory-experi-
ment comparison showed that the quantum ICS was significantly
lower than the experimental data, and the discrepancy was
attributed to the inaccuracies of the PES used in the calculation.39

An important factor in the accurate characterization of the
title reaction is the PES. Much effort has been devoted to the
development of a global PES for the HO2(X̃2A′′) system from
ab initio data.12,21,22,28,47-53 Among the existing PESs, the double
many-body expansion (DMBE) IV PES of Varandas and co-
workers28 has enjoyed widespread popularity in the past
decade,10,11,16,17,26,30,32,36-38,40,54,55thanks to its reasonable and
balanced representation of the global properties of the PES.
However, the accuracy of the DMBE PES has recently been
questioned by several authors.10,12,18,21,39Given the fact that only
a relatively small number of ab initio points were included, there
is much room for improvement.

In an effort to advance our understanding of the HO2 system,
Xu, Xie, Zhang, Lin, and Guo (XXZLG) have, in 2005, reported
a new PES for HO2(X̃2A′′) based on∼15000 symmetry-unique
ab initio points obtained using the Davidson corrected internally
contracted multireference configuration interaction method
(icMRCI+Q) with a large (aug-cc-pVQZ) basis set.56 Subse-
quently, the ab initio points have also been fit to analytic forms
using the reproducing kernel Hilbert space method.57 The high
quality of the XXZLG PES is manifested by a dramatically
improved agreement with experimental vibrational frequencies,
from errors of roughly 100 cm-1 on the DMBE IV PES to less
than 10 cm-1 on the new XXZLG PES.56 Recent calculations
on the new XXZLG PES have also uncovered many significant
differences in spectroscopic58,59and dynamic attributes60,61with
the DMBE PES. Specifically, ourJ ) 0 reactive scattering
calculations for the title reaction60 revealed that the direct
channel identified on the DMBE IV PES, responsible for the
elevated reaction probability aboveEc ) 1.2 eV,30,36 is likely
an artifact. These findings underscore the inadequacy of the
semiempirical DMBE IV PES in dynamic studies and call for
a reexamination of the reaction dynamics.

Toward that goal, we have recently reported preliminary
results29 on both the differential cross section (DCS) and ICS
for the title reaction on the new XXZLG PES.56 The state-
resolved DCSs were obtained just above the reaction threshold,
using a time-independent quantum method.62 The dominance
of both the forward and backward scattering peaks supports the
notion that a long-lived reaction intermediate is involved. On
the other hand, the ICS, obtained using a wavepacket method,
increases monotonically with the collision energy above the
reaction threshold, showing a near complete washout of the
sharp resonance features in the reaction probabilities. However,
the ICS was only reported up to the collision energy of 1.0 eV
because the partial waves aboveJ ) 50 were not computed. In
this article, we extended our earlier work by reporting the
calculation of the ICS up to 2.0 eV withJmax ) 70 and the rate
constant up to 3000 K. In addition, we examined the influence
of reactant rotational and vibrational excitation on the reactivity.
The dynamic calculations were carried out on the XXZLG PES
using a two different but fully Coriolis-coupled wavepacket
methods. Such a study is highly desirable because it not only
directly tests the accuracy of the PES but also provides a
valuable benchmark for approximate methods. This publication

is organized as follows. In section II, the fundamental theory
and numerical aspects are briefly outlined. In section III, results
are presented and discussed, and conclusions are summarized
in section IV.

II. Theory

Our dynamic studies ignored the electronic and spin angular
momenta of both the reactants and products and all nonadiabatic
couplings, including those among the fine structure states of
the reactants and products. Following our recent work,29 we
used the reactant (H+ O2) Jacobi coordinates (R,r,γ) in the
calculations. Such a coordinate system allows the adaptation
of the exchange symmetry between the two oxygen atoms,
cutting the grid/basis size by half. The Hamiltonian is expressed
in atomic units as

wherer andRare, respectively, the diatomic (O-O) and atom-
diatom (H-O2) distances, withµr andµR as the corresponding
reduced masses;ĵ denotes the diatomic rotational angular
momentum operator andl̂ the orbital angular momentum
operator. We can further expressl̂2 as

in which Ĵ andĵ are, respectively, the total and diatomic angular
momentum operators withĴz and ĵz as their projections onto
the body-fixed (BF)z axis and Ĵ+(Ĵ-) and ĵ+ (ĵ-) are the
corresponding raising (lowering) operators. Here, the BFzaxis
is chosen to coincide with theRB vector (R-embedding). The
last two terms in eq 2, which are ignored in the CS approxima-
tion, represent the Coriolis coupling.33,34 Because of the flop-
piness of the HO2 system, the Coriolis terms were treated exactly
in our calculations, allowing the scrambling of the helicity states.
As a result, no dynamical approximation was introduced for
the Hamiltonian in eq 1. In this work,V(R,r,γ) is a spline fit of
the recently modified XXZLG data set.57

Two wavepacket methods have been used in our calculations.
The first is the time-dependent method based on the split-
operator propagator. Since this method has been widely used
in studying reaction dynamics,63 including complex-forming
reactions,30,64 we concentrate here on the other wavepacket
method based on the Chebyshev propagator.65 To that end, the
initial wavepacket (|ψ0〉) was propagated using the modified
Chebyshev recursion relation66,67

where|ψ1〉 ) DĤnorm|ψ0〉. The normalized Hamiltonian,Ĥnorm

) (Ĥ - H+)/H-, was defined in terms of the spectral width
and mean of the Hamiltonian,H( ) (Hmax ( Hmin)/2, with Hmax

(Hmin) as the upper (lower) spectral bound.68 The damping term
(D) was introduced to enforce outgoing boundary conditions

Since the Chebyshev wavepacket propagation bears many
similarities with time propagation,69,70 it has been advanced by
several authors for studying reaction dynamics.66,67,71-74 Like
the time-dependent approach,63 reaction probabilities can be
obtained at all energy points with a single propagation. The
Chebyshev approach is considered to be more accurate because

Ĥ ) - 1
2µR

∂
2

∂R2
- 1

2µr

∂
2

∂r2
+ ĵ 2

2µrr
2

+ l̂ 2

2µRR2
+ V(R,r,γ) (1)

l̂2 ≡ (Ĵ - ĵ)2 ) Ĵ2 + ĵ2 - 2Ĵz ĵ z - Ĵ+ ĵ- - Ĵ- ĵ+ (2)

|ψk+1〉 ) D(2Ĥnorm|ψk〉 - D|ψk-1〉) k g1 (3)

D(x) ) {1 for x e xd

e-dx(x-xd)2 for x > xd
(x ) R,r) (4)
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it avoids the interpolation errors in approximating the expo-
nential time propagator.68 Another advantage of the Chebyshev
wavepacket method is that real arithmetic can be used, as long
as the initial wavepacket is chosen to be a real function.70

To propagate the wavepacket, the Hamiltonian was discretized
using a mixed FBR/DVR (finite basis representation/discrete
variable representation)75 scheme. ForRandr, equidistant grids
were defined and labeled byR1 andR2. For the angular degrees
of freedom, the following parity (p)-adapted BF-FBR was used
as described in our earlier work76

where |jΩ〉 ≡ ΘjΩ(γ,0) are normalized associate Legendre
functions with the Condon-Shortley phase convention77 and

|JΩ〉 ) x((2J+1)/8π2)DΩ,0
J /

represents the overall rotation,
whereDΩ,M

J is the Wigner rotation matrix.78 The projection of
J and j onto thez axis in the BF frame,Ω, is thus restricted to
be non-negative. To summarize, the wavepacket with a total
angular momentumJ and parityp was expressed as

To evaluate the action of the kinetic energy operators (KEOs),
we took advantage of the pseudospectral transformation between
FBR and DVR. For example, the action of the first two KEO
terms in eq 1 was calculated using fast sine Fourier transform
(sine FFT). Since the third KEO term in eq 1 is diagonal in the
BF-FBR, as shown below, its calculation is straightforward

The fourth KEO term in eq 1 could also be calculated using
BF-FBR, where the operator is tri-diagonal

whereλjm
( ) xj(j+1)-m(m(1).

However, a drawback of the BF-FBR is that the spectral range
is unmanageable when the corresponding rotational energy
constant becomes very large, which happens nearR ≈ 0. To
circumvent this problem, the wavepacket in the BF-FBR|jΩ;Jp〉
was first transformed to the space-fixed (SF) frame FBR|jl ;Jp〉
using the following formula63

where (:::) denotes the 3-j symbol. Because the fourth KEO
term is diagonal in the SF-FBR, the spectral range can be easily
controlled by truncating the rotational energy. After applying
the truncated rotational KEOs, the wave function was trans-
formed back to the original BF-FBR. The computational
efficiency was little effected using this scheme, compared to
the direct calculation using eq 8.

Finally, the wavepacket was transformed to a grid where the
action of the potential energy operator (the fifth term in eq 1)

is diagonal. In this case, the angular DVR was defined by the
angular Gauss-Legendre quadrature points associated with
rotational basis|jΩ〉. The angular DVR and FBR are related
through a pseudospectral transform79,80

whereâ denotes the index of the Gauss-Legendre quadrature
points for the Jacobi angular coordinate andwâ is the corre-
sponding weight.

In this work, the initial wavepacket was chosen as a product
of a well-defined rovibrational eigenfunction|æυiji〉 of O2, a one-
dimensional Gaussian-shaped wavepacket along the translational
coordinate (g(R) ) Ne-(R-Ri)2/2δ2 cos k0R), and a SF angular
momentum eigenstate in the coupled representation (|JMjili〉)

wherek0, Ri, and δ are its mean momentum, mean position,
and width, respectively, andN is the normalization constant.

The total reaction probabilities were obtained by calculating
the outgoing flux at a reasonably larger using the following
expression81,82

wherer ) rf defines the dividing surface in the product channel
and θ ≡ arccos((E - H+)/H-). ai(E) is the energy amplitude
given by ai(E) ) 〈ix(µRki/2π)Rhli

(2)(kiR)|g(R)〉,73 wherehli
(2)-

(kiR) is the spherical Hankel function of the second kind.83 The
use of the Hankel function instead of the plane wave function
allowed us to place the initial wavepacket at a sufficiently small
R without worrying about the long-range centrifugal energy, as
long as the interaction potential was zero. This approach has
been successfully applied to a number of complex-forming
reactions.76,84

The initial state (υij i) specified ICS is then obtained by a
partial wave summation overJ and an average overli () |J -
ji|, ...,J + ji) of initial state (υijili)-specified reaction probabilities

where kυij i

2 ) 2µREc, Ec is the collision energy,f is the
electronic degeneracy factor which is 1/3 for the title reaction,
and Pυij il i

J (E) is the initial state (υij il i)-specified total reaction
probability for the partial waveJ, obtained from eq 12. For the
convenience of discussion in the next section, we introduce the
partial cross section defined as below

The ICS defined in eq 13 can thus be expressed as

Tjâ
(Ω) ) xwâ ΘjΩ(γâ) (10)
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∂
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|jΩ;Jp〉 )
(2 + 2δΩ,0)

-1/2(|JΩ〉|jΩ〉 + p(-1)J|J - Ω〉|j - Ω〉) (5)

|ψJp〉 ) ∑
R1R2jΩ

ΨR1R2jΩ
Jp |R1〉|R2〉|jΩ;Jp〉 (6)

〈j′Ω′;Jp|ĵ2|jΩ;Jp〉 ) j(j + 1)δj′,jδΩ′,Ω (7)

〈j′Ω′;Jp| l̂2|jΩ;Jp〉 ) [J(J + 1) + j(j + 1) - 2Ω2]δj′,jδΩ′,Ω -

[(1 + δΩ′,0)(1 + δΩ,0)]
-1/2{λJΩ

+ λjΩ
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Integration of the ICS over the collision energy with the
Boltzmann weight led to the initial state-specified rate constant
as given by

wherekB is the Boltzmann constant andT is temperature. The
thermal rate constant can then be obtained by the Boltzmann
average over various initial states.

III. Results and Discussion

A. Details of Calculations.We report here accurate quantum
mechanical results of the ICSs and rate constants for the title
reaction for various initial states, namely, (υi ) 0,ji ) 1), (υi )
0,ji ) 0), (υi ) 1,ji ) 0), and (υi ) 2,ji ) 0). It should be noted
that ji ) 0 represents an unphysical state because of the spin
symmetry of O2, but it was included to help us to understand
the influence of reactant internal excitation on reactivity. Note
that the calculation of the ICS forj i ) 0 reduces the
computational costs to 1/3 of that forji ) 1, where three initial
wavepackets corresponding toli ) |J - 1|,J,|J + 1| are needed.

The quantum calculations were rather challenging primarily
due to the requirement of a large basis/grid and a large number
of partial waves. Specifically, partial waves up toJmax ) 50
were needed to converge the ICS up toEc ) 1.0 eV, andJmax

) 70 was needed forEc ) 2.0 eV. These high-J partial waves
require extensive computational resources. To facilitate the
calculations, we parallelized the Chebyshev wavepacket propa-
gation using OpenMP, primarily for the matrix-vector multi-
plication. Linear scaling up to 16 nodes was achieved on a
shared-memory IBM P5 machine at the High Performance
Computing Center at University of New Mexico. Similar
parallelization schemes were used for the time-dependent
wavepacket propagation.

To determine the optimal numerical parameters, we carried
out extensive convergence tests with theJ ) 0 Hamiltonian
for the initial state of O2(υi ) 0,ji ) 1). The chosen parameters
were employed forJ > 0 calculations and for other initial states
as well. For theji ) 0 initial states, however, the even
permutation symmetry and even rotational states were taken
instead of odd symmetry and odd states for theji ) 1 state.
The final parameters are summarized as follows:NR ) 79 over
R ∈ (0.1,9.5)a0; Nr ) 167 overr ∈ (0.5,9.1)a0; j ) 1,3, ..., 79
(or ) 0, 2, 4, ..., 78 for theji ) 0 initial states) andNγ ) 40
over γ ∈ (0,90°); Ri ) 6.0a0, k0

2/2µR ) 0.8eV, andδ ) 0.2a0

for the initial wavepacket;Rd ) 7.0a0 and dR ) 0.01a0
-2 for

damping alongR; rd ) 7.1a0 anddr ) 0.01a0
-2 for the damping

alongr; rf ) 7.0a0 for the dividing surface; and energy cut-offs
of 0.2 Hartree for the PES and each KEO term. Finally, all
allowed values of the helicity quantum numberΩ (Ω ) 0-J)
were included in the Hamiltonian, and 15 000 steps of Cheby-
shev recursion were found to converge the results. A somewhat
larger grid was used in the time-dependent wavepacket calcula-
tion. This difference is responsible for the negligible discrepancy
between the calculated results (J ) 25, l i ) 24) shown in the
upper panel of Figure 1.

B. Reaction Probabilities and Coriolis Coupling.Due to
space limitations, we only display several representative reaction
probabilities for the initial state O2(υi ) 0,ji ) 1) in the upper
panel of Figure 1. As the figure shows, theJ ) 0 probability
has a significant reaction threshold due apparently to the
quantum endothermicity of the reaction. It is also highly
oscillatory, especially at low collision energies. These oscilla-

tions can be attributed to metastable resonance states supported
by the deep HO2 potential well. As already mentioned in our
previous publication,60 theJ ) 0 reaction probability decreases
somewhat with the collision energy, in contrast to the DMBE
IV PES on which the reaction probability increases substantially
aboveEc ) 1.2 eV.30,32The latter feature has been attributed to
the opening of a direct channel on the DMBE IV PES, which
is apparently absent on the ab initio XXZLG PES. However,
this difference makes little impact to the ICS because theJ )
0 partial wave has a very small weight in the opacity function.

For nonzeroJ values, the reaction threshold moves to higher
collision energies due to the additional centrifugal barrier in
the O+ OH channel. Initially, the threshold increases withJ
very slowly because of the long-range attractive potential in
the product channel. At highJ values, the shift accelerates due
partly to the quadraticJ dependence of the centrifugal barrier
and partly to a “submerged” barrier at a small O-OH distance
in the product channel. It is also interesting to note that theJ >
0 reaction probabilities typically increase with the collision
energy and have less oscillations, consistent with the earlier
observation of Meijer and Goldfield on the DMBE IV PES.36-38

We note in passing that theJ > 0 probabilities bear little
resemblance to that forJ ) 0, indicating the inadequacy of the
J-shifting model for the title reaction. The overall behaviors of
reaction probabilities for other initial states are quite similar.

In the same figure, we compare the results obtained from
the time-dependent and Chebyshev wavepacket calculations for
J ) 25, l i ) 24. The excellent agreement between two

Figure 1. Upper panel: Energy dependence of the initial state (υi )
0,ji ) 1)-specified reaction probability for several selected total angular
momentum quantum numbers. The results obtained from the time-
dependent wavepacket (TDWP, red line) and Chebyshev wavepacket
(black line) calculations are compared forJ ) 25, l i ) 24. Lower
panel: Comparison of theJ ) 12, l i ) 11 probability obtained with
different Ωmax values.

kVij i
(T) ) 1

kBT ( 8
πµRkBT)1/2∫0

∞
σVij i

(Ec)e
-Ec/kBTEcdEc (16)
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independent calculations using different propagation schemes
shown here and found for other angular momentum quantum
numbers testifies to the reliability of the results.

In the lower panel of Figure 1, we illustrate the importance
of the Coriolis coupling usingJ ) 12, li ) 11 as an example.
As the figure shows, the approximation withΩmax ) 1 is very
poor for the title reaction. This observation is a direct result of
the floppiness of the HO2 intermediate. Including five helicity
channels (Ωmax ) 5) in the model improves the agreement with
the exact result (Ωmax ) 12), but it is still not accurate enough.
An interesting observation is that the probabilities with truncated
helicity blocks show stronger oscillations than the exact result,
presumably because the Coriolis coupling reduces the lifetime
of the resonance states. Our results are consistent with the earlier
observations on the Coriolis coupling made by Meijer and
Goldfield on the DMBE IV PES.36-38

C. Opacity Function and Interpolation in J Space.The
(2J + 1)-weighted partial cross section for the initial state O2-
(υi ) 0,ji ) 1) is displayed in Figure 2 for several collision
energies. The opacity function typically rises withJ initially
and then decays, thanks to the competition between the
degeneracy factor of 2J + 1 and the shifting of the centrifugal
barrier. As shown, theJ ) 0 contribution to the ICS is very
small. As a result, attempts to describe the reaction in terms of
the J ) 0 reaction probability should be discouraged. As
discussed above, the barrierless nature of the title reaction leads
to a large number of partial waves. Even at an energy slightly
above the reaction threshold (Ec ) 0.8 eV),J values up to 45
were needed to converge the ICS. Classically, it means that the
reaction takes place for a large range of the impact parameter.
Some small oscillations are seen in the opacity function,
presumably due to the oscillatory energy dependence of the
reaction probabilities.

According to eq 15, the ICS is a sum of theJ-dependent
partial cross sections defined in eq 14. Because of the large
number of partial waves included in the sum, the relatively small
oscillations in the opacity function have only a limited impact
on the accuracy of the highly averaged ICS and rate constant.
Hence, the computational costs can be substantially reduced by
interpolating the opacity function in theJ space. Indeed, this
has been suggested by Goldfield and Meijer and successfully
applied to the title reaction.38 To further test the viability of
this idea, we compared in Figure 3 the exact result with all of
the partial waves up toJmax ) 50 to the approximate ICS, which
was obtained with explicit partial waves forJ ) 0-5 followed

by interpolation with a∆J ) 5 step. The agreement is excellent
for the ICS and is even better for the rate constant after the
Boltzmann averaging, shown in the lower panel of Figure 3.
As a result of the excellent agreement, we report below the (υi

) 0,ji ) 1) ICS obtained with a hybrid strategy in which all
partial waves up toJ ) 50 were computed explicitly while
higherJ partial waves were obtained by interpolation from aJ
grid with an interval of five. For other initial states, the ICSs
were obtained with all partial waves up toJ ) 5 followed by
interpolation with∆J ) 5.

D. Validity of the J-Shifting Model. In the lower panel of
Figure 3, we have also compared the exact rate constant with
that of a J-shifting model,35 in which the J > 0 reaction
probabilities were obtained approximately from theJ ) 0 result

whereEshift
J is the energy shift of theJ partial wave relative to

J ) 0, which was determined by the shift of the height of the
effective barrier (PES+ centrifugal potential) in the product
channel. We assumed in eq 17 that thel components contribute
equally.

It is clear from the lower panel of Figure 3 that theJ-shifting
model is inappropriate for the title reaction because it substan-
tially overestimates the rate constant. The source of the errors
can be traced back to the barrierless nature of the reaction, in
which no unique transition state can be defined. Our results
provided further support to the conclusion of Meijer and
Goldfield36,37 and call into question the reliability of results
obtained with theJ-shifting approximation.15,18

Figure 2. The (2J + 1) weighted partial cross section for the initial
state (υi ) 0,j i ) 1)-specified ICS at several collision energies.

Figure 3. The initial state (υi ) 0,j i ) 1)-specified ICSs (upper panel)
and rate constants (lower panel) obtained by exact partial wave
summation and an interpolation method (see text for detail). The rate
constant obtained from theJ-shifting model is also included in the lower
panel.

Pi
J(Ec) ≈ Pi

J)0(Ec - Eshift
J ) (17)
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E. Integral Cross Sections.In Figure 4, the initial state (υi

) 0,ji ) 1)-specified ICS is plotted against the collision energy
and compared with available theoretical and experimental
results.39 The calculated ICS has a threshold at approximately
0.67 eV, which corresponds to the quantum endothermicity of
the reaction. Above the threshold, the ICS increases near
monotonically with the collision energy. Given the highly
oscillatory structures of the reaction probabilities, the smooth
nature of the excitation function is striking. It is apparent that
the resonance structures were washed out by the partial wave
summation, a typical observation for complex-forming reactions.

The monotonic increase of the ICS with the collision energy
on the XXZLG PES is qualitatively similar to that on the DMBE
IV PES, as reported by Goldfield and Meijer.38,39This similarity
presumably reflects the fact that the overall reactivity of the
title reaction is dominated by the OH+ O product channel,
where the two PESs are similar.85 However, we would like to
point out that recent state-resolved results clearly suggested that
the two PESs produce quite different product state distribu-
tions,60,61underscoring the greater influence of the global PES
on less-averaged scattering attributes. Quantitatively, the ICS
on the XXZLG PES is larger below 1.2 eV of the collision
energy, but the trend is reversed above that energy. In addition,
the XXZLG PES has a lower classical threshold than the DMBE
IV PES, as clearly seen in Figure 4.

The quantum ICS is also compared with the QCT results of
Varandas on the DMBE IV PES,26 who has extensively
discussed various treatments of the large ZPE of the OH product.
As shown in Figure 4, the differences between various ZPE
treatments are quite significant, particularly near the reaction
threshold, underscoring the inherent difficulties for treating the
ZPE within the QCT framework. However, the trend in the
quantum excitation function is reasonably reproduced by the
QCT results. It appears that the QCT model with the best
agreement with the quantum result is VEQMT (vibrational
energy quantum mechanical threshold). QCT results have only
been reported for the XXZLG PES with a zero impact
parameter.57

The ultimate test of the calculated results is to compare them
with experimental data. As shown in Figure 4, there is clearly
no sudden increase of the calculated ICS near 1.8 eV as

suggested by some earlier experiments.44,46 In this aspect, our
result is consistent with the recent experiment of Abu Bajeh et
al.39 and the theoretical results obtained by Goldfield and Meijer
on the DMBE IV PES.38 Quantitatively, the quantum ICS
obtained from the XXZLG PES underestimates the experimental
values, as in the case of the DMBE IV PES. In other words,
the theory-experiment agreement is not much improved by the
new PES. Although disappointing, there are several issues to
consider. First of all, the experiments were very difficult to
perform, and the results contain significant uncertainties, as
evidenced by the large error bars in the figure. Second, the
measurements39 were not carried in jet-cooled conditions, and
significant internal excitation in O2 might exist. As discussed
below, for example, the vibrational excitation in the O2 reactant
can considerably enhance the reactivity. On the theoretical side,
there is always the question about the accuracy of the PES,
despite the MRCI plus large basis set used in the ab initio
calculations. In addition, the neglect of the nonadiabatic
couplings could, in principle, alter the ICS. These issues should
be examined in more detail in the future.

F. Influence of Reactant Rotation and Vibration. At high
temperatures, many O2 rovibrational states are populated. As a
result, it is important to understand the roles of the reactant
internal degrees of freedom in the reaction. A thorough
examination of the influence of reactant rotational excitation
on the ICS is prohibitively expensive for a wavepacket method
because multiple wavepackets have to be launched for eachJ
value. As a result, we restrict our discussion to the lowest
rotational states of O2. In Figure 5, we compare the ICSs for
two initial states, namely, (υi ) 0,ji ) 0) and (υi ) 0,ji ) 1).
As discussed above, the former is an unphysical state. As a
result, the comparison is essentially an academic exercise. As
shown in the figure, the reactant rotation makes very small
differences in the ICS. However, the evidence is probably
insufficient for us to conclude that the reactivity is not
significantly effected by the reactant rotational excitation. In
our earlier work using a time-independent quantum method, it
was shown that the ICS decreases somewhat asji increases from
1 to 7, at least at low collision energies.29

Now let us turn to the influence of reactant vibration on the
reactivity. To simplify the calculations, we approximated theji
) 1 ICS using theji ) 0 initial state, which reduced the
computational costs by two-thirds. This approximation is
justified by the results in Figure 5, namely, the ICSs for the

Figure 4. Comparison of the initial state (υi ) 0,ji ) 1)-specified ICSs
obtained from wavepacket calculations on the XXZLG PES (this work)
with the earlier quantum results on the DMBE IV PES.38,39 These
quantum results are also compared with ICSs from QCT calculations
on the DMBE IV PES26 and experimental measurements.39

Figure 5. The initial state-specified ICSs for two different initial states,
υi ) 0,j i ) 1andυi ) 0,j i ) 0.
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two initial rotational states are essentially the same. Coupled
with the interpolation overJ discussed above, the approximate
calculation of the ICS for vibrationally excited O2 can be
performed with less than one-tenth of the original computational
costs. In Figure 6, three initial state-specified ICSs are compared.
Theseji ) 0 results were obtained by including all partial waves
for J < 6 followed by interpolation overJ with a ∆J ) 5 step.
As the upper panel of the figure shows, initial vibrational
excitation significantly reduces the threshold in the collision
energy, underscoring the effectiveness of the vibrational degree
of freedom in promoting the title reaction.

To gain more quantitative insights, we compare the ICSs as
a function of total energy in the lower panel, which is defined
in reference to the potential minimum of the H+ O2 channel.
At most energies, there is a significant enhancement of the ICS
when the O2 molecule is vibrationally excited. In other words,
the reactant vibrational energy is more effective in promoting
the reaction than the translational energy. This feature has been
noted in our earlier quantum work at low energies.29 Similar
observations have been made by Teitelbaum et al.23 and by
Dochovic and Parker24 in their QCT studies on the DMBE IV
PES. This should not come as a surprise as the title reaction
features the O-O bond cleavage. Indeed, the barrierless nature
of the PES can be considered as the ultimate case of a “late”
transition state, in the language of Polanyi,86 for which the
reactant vibrational excitation is effective to push the system
over the barrier. Interestingly, our recent studies of the HO2

vibration demonstrated that the O-O overtones are highly
organized all the way to the dissociation limit,58,59which might
play a role in the vibrational enhancement of the reactivity of
the title reaction. As discussed below, this property of the title
reaction has an important implication in the rate constant.

It is interesting to note that our earlierJ ) 0 work suggested
that excitation of either the rotational or the vibrational has a
limited impact on the reactivity.60 A similar conclusion was
reached in theJ ) 0 quantum scattering study on the DMBE
IV PES.32 However, the ICS results reported here clearly
indicate that the conclusion based on theJ ) 0 partial wave is
premature. This is understandable from the opacity function in
Figure 2 because theJ ) 0 contribution to the ICS is very small.

G. Rate Constant.Because of its importance in combustion
chemistry, the thermal rate constant for the title reaction has
been measured extensively in a wide temperature range,3-6 and
consensus exists.7,8 In addition, the rate constant has also been
calculated using several theoretical methods,9-13,15-23 although
none at the level of the current work. Our quantum rate constant
should provide a stringent test of the ab initio PES and the
dynamic model used to calculate this quantity.

Due to the endothermic nature of the title reaction, the rate
constant becomes significant only at very high temperatures.
In fact, its temperature dependence is known to be of the
Arrhenius type, namely, increasing exponentially with the
temperature. To converge the rate constant up to 3000 K, the
ICS is needed up to the collision energy of 2.0 eV. In addition,
many of the reactant internal states are populated at such
temperatures. At 3000 K, for example, the equilibrium popula-
tions of the first three vibrational states of O2 are 0.52, 0.25,
and 0.12, respectively. At this point, it is still not possible to
compute the thermal rate constant based on the Boltzmann
average of all rovibrational states of O2. Rather, we will present
an approximate rate constant based on the thermal average of
the O2 vibrational states only because our results in Figure 6
showed a significant vibrational enhancement. On the other
hand, we assume that the rotational excitation has little effect
on the reactivity because of the lack of data for highly excited
O2 rotational states. The validity of the latter approximation
certainly needs further investigation.

In Figure 7, both the initial state-specific and vibrationally
averaged rate constants are compared with experimental and
previous theoretical data. These rate constants were calculated

Figure 6. The initial state-specified ICSs, as a function of collision
energy (upper panel) or total energy (lower panel), for different reactant
vibrational sates.

Figure 7. Temperature dependence of the initial state-specified or
thermal rate constants calculated on the XXZLG PES using the
wavepacket method. Also included are the experimental results of
Cohen and Westberg (dash-dotted line),3 Baulch et al. (dotted line),7

Du and Hessler (open circles),4 Shin and Michael (open triangles),5

and Pirraglia et al. (open squares),6 as well as theoretical results on the
DMBE IV PES of Germann and Miller (solid circles),15 Goldfield and
Meijer (dash-dotted line),39 Sultanov and Balakrishnan (crosses),18 and
Varandas (open triangles).20
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using eq 16 from the initial state-specific ICSs, whose calcula-
tions have been discussed in previous subsections. It is clear
that the theoretical results are lower than the experimental values
over the entire temperature range. The Boltzmann average over
the reactant vibrational states helps to narrow the theory-
experiment gap, but it is still not possible to reach a satisfactory
agreement. On the other hand, it is interesting to note that the
Arrhenius slope of the calculated rate constants is very similar
to its experimental counterpart, indicating similar effective
barriers. The calculated rate constant has an effective barrier of
0.667 eV, which is the same as the quantum endothermicity of
the XXZLG PES. This can be compared with 0.644 eV in the
experimental consensus summarized by Baulch et al.7

Before we speculate on the origin of the experiment-theory
discrepancies, let us first comment on the comparison among
various theoretical results. Since the quantum model of Goldfield
and Meijer36,37 has essentially the same KEO as ours, a direct
comparison with our results could shed light on the differences
due to the PES. To this end, the initial state (υi ) 0,ji ) 1)-
specified rate constant obtained from the ICS of these authors38

is compared in Figure 7 with that reported here. It is clear that
the rate constant on the XXZLG PES is significantly larger and
closer to the experimental data. The better agreement with
experiment can be attributed to the improved PES, particularly
the smaller endothermicity.

It is more difficult to assess the accuracy of other quantum
results on the DMBE IV PES,14-18 which seem to agree quite
well with the experiment. In Figure 7, the results of Germann
and Miller15 and those of Sultanov and Balakrishnan18 are
displayed. These results were obtained using theJ-shifting
model. As shown in Figure 3, the overestimation of the rate
constant by theJ-shifting model is quite significant and may
contribute to the fortuitous agreement in Figure 7. On the other
hand, these calculations were based on the cumulative reaction
probability, which includes all of the reactant states, whereas
our results did not include all reactant rotational states.

Interestingly, the QCT results of Varandas et al. on the DMBE
IV PES20 shown in the same figure are in quite good agreement
with the experimental values at high temperatures. We note that
the QCT model included all accessible internal states of the
reactant because the sampling was performed under thermal
conditions. As a result, the vibrational enhancement of the
reactivity should have been included, albeit classically. On the
other hand, the QCT results contain significant uncertainties
with regard to the precise treatment of the ZPE. The data we
included in Figure 7 were obtained using the IEQMT (internal
energy quantum mechanical threshold) protocol, which discards
trajectories that have insufficient internal energy to exit the OH
+ O channel.20 Its validity is difficult to assess, particularly at
low temperatures where some discarded trajectories might gain
sufficient energy to reach the product asymptote if they are
allowed to evolve for a longer time. As shown in Figure 4,
however, this particular protocol (IEQMT) for treating the OH
ZPE overestimates the quantum ICS on the DMBE IV PES,
which was reasonably tracked by the VEQMT protocol.
Unfortunately, the VEQMT rate constant has not been reported.

Therefore, what are the possible sources of errors in our
theoretical results? First, there is always the possibility that the
ab initio potential may still not be sufficiently accurate. This is
possible because the radical nature of the system makes the
accurate determination of the global PES extremely difficult.
A particularly vulnerable region is the OH+ O product channel,
which dominates the endothermic reaction. As discussed
extensively in the literature,12,28,56,85this channel has a linear

van der Waals well, which converts to the chemically bonded
HO2 well through a submerged barrier energetically below the
OH + O asymptote. This “reef” structure becomes dominant
at largeJ values. Incidentally, a similar “reef” structure also
exists in the O+ O2 system,87 where the rate constant was also
found to underestimate the experimental values.88,89 There, it
has been shown that the rate constant is very sensitive to the
reef region of the PES.88 Too high of a submerged barrier will
significantly attenuate the rate constant. Very recently, we
carried out some preliminary icMRCI calculations with the
AV5Z basis set in this region (C. Xu and D. Xie, private
communications). The convergence with respect to the size of
the basis set seems to be quite satisfactory.

Second, there are still dynamic approximations that might
significantly affect the rate constant. For example, the higher
rotational states of the O2 reactant have not been explicitly
considered in our model, although a dramatic increase of
reactivity originating from reactant rotational excitation is
unlikely. The most effective strategy to remedy this deficiency
is probably to calculate the cumulative reaction probability and
its dependence on the energy. Unlike several previous studies
in which theJ > 0 cases were treated with approximate quantum
models,14-18 however, a fully Coriolis-coupled method should
be implemented.

Third, nonadiabatic coupling, which is not included in this
work, could be important in both strongly interacting regions
and the asymptotes. For example, the Renner-Teller coupling
between the ground (X2A′′) and excited (A2A′) electronic states
of HO2 can cause nonadiabatic transitions near linearity. The
latter correlates to the same OH+ O asymptote as the former,
although its reactant asymptote corresponds to an excited oxygen
state.53 In addition, there are also conical intersections above
the reaction threshold.53 The study of Kendrick and Pack has
shown that the geometric phase effects around these conical
intersections are quite large in this system, even at low collision
energies.41 Finally, there might also be strong nonadiabatic
couplings in the asymptotic regions,42,43 which might alter the
reactivity.

Finally, there are possible experimental uncertainties. Al-
though the measured rate constants for the title reaction are quite
consistent,8 several authors have suggested that the excited
O2(1∆g) might be involved under the experimental conditions.4,46

The H + O2(1∆g) reaction leads to the same products as those
of the title reaction, and the corresponding electronic state (A2A′)
is nonadiabatically coupled to the ground (X2A′′) electronic state
of HO2.

IV. Conclusions

In this work, we carried out accurate quantum wavepacket
calculations for the title reaction using the XXZLG PES based
on high-level ab initio calculations. The major conclusions of
this study are summarized as follows.

(i) The reaction probabilities are highly oscillatory, particu-
larly at low collision energies, but the oscillations diminish as
energy increases. The direct channel observed in the DMBE
IV PES is probably an artifact because it is absent on the ab
initio XXZLG PES. At highJ values, the reaction probability
typically has a higher reaction threshold and increases mono-
tonically with the energy. It is also observed that the sharp
resonance structures diminish with increasingJ.

(ii) Due to the barrierless nature of the title reaction, a large
number of partial waves are needed to converge the cross
sections. The excitation function increases relatively smoothly
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with the collision energy as the resonance structures in the
reaction probabilities are effectively washed out by partial wave
summation.

(iii) The popular CS approximation is inadequate for the title
reaction because the floppy HO2 complex renders facile Coriolis
coupling. TheJ-shifting model is also inappropriate due to the
inherent lack of a transition state and was found to substantially
overestimate the reactivity.

(iv) The reactant vibrational excitation was found to enhance
the reactivity, presumably by helping the system to overcome
the final O-O bond cleavage. On the other hand, the influence
of the reactant rotation is less clear. Our results indicate that
for low ji values, the impact on the reactivity is limited.
However, its effect for highji states requires further investiga-
tion.

(v) Direct comparison with previous quantum results of
Goldfield and Meijer on the DMBE IV PES suggests that the
new XXZLG PES yields a better agreement with experiment.
Since essentially the same exact KEOs were used in the two
quantum studies, the better agreement can be attributed to the
improved PES, particularly the smaller endothermicity. Given
the limited information available during the construction of the
DMBE PES, however, the semiempirical PES has proven
remarkably resilient for the title reaction.

(vi) The calculated ICS and rate constant still underestimate
the available experimental data. The most likely factors include
the inaccuracies of the PES, the neglect of highly excited O2

rotational states, and nonadiabatic interactions.
Despite its deceptively simple appearance, a complete

understanding of the dynamics of the title reaction remains
elusive. The latest assault on this problem, represented by the
current work, included the state-of-the-art ab initio calculation
of the global PES and a nearly exact dynamic treatment of the
reactive scattering. However, this level of theory is apparently
still insufficient for reproducing the experimental rate constant
and integral cross section. As a result, future dynamic studies
have to include several features neglected in our model, such
as nonadiabatic couplings. In the mean time, we also hope that
our theoretical work will stimulate more experimental investiga-
tions on the reaction dynamics of this prototypical system.
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