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The real wave packet method is used to calculate state-to-state reaction probabilities and branching ratios for
the reaction O(1D) + HD f OH(OD) + D(H) for zero total angular momentum. Calculations are performed
on the adiabatic potential energy surfaces corresponding to the X˜ 1A′ and 11A′′ electronic states. Vibrational
state-to-state cross sections, product state distributions and branching ratios are estimated using a capture
model andJ-shifting methods. The results are compared with experiment and with results of quasi-classical
trajectory calculations.

I. Introduction

Our ability to accurately predict reactive scattering cross
sections for gas-phase reactions started in 1976 with the seminal
work of Schatz and Kuppermann.1,2 In the current paper we
will use different methods, which however still owe much to
this initial work, to investigate the O+ HD reaction.

The reaction O+ H2 f OH + H, and its isotopic variants,
has received considerable experimental3-19 and theoreti-
cal20-35 attention over the past decades. This interest has arisen
from the fundamental importance of this reaction in combustion
processes and in atmospheric chemistry.3,4 The reaction of
electronically excited oxygen O(1D) with H2 and with its
isotopomers D2 and HD, is an important benchmark for the
understanding of elementary reaction dynamics. The reaction

involves five potential energy surfaces (PES)22-24,32,36-40 and
at least the lowest three of them (X˜ 1A′, 21A′, 11A′′) may play
a role in the reaction. For low collision energies, the reaction
proceeds primarily on the lowest adiabatic PES 1A′. The ground-
state PES which correlates with the ground electronic state of
water is largely attractive and features a deep well for
perpendicular geometries. Numerous theoretical studies14,25,27,30,31

using quasi-classical trajectory (QCT) or quantum mechanical
(QM) methods have been performed on the various different
available ground-state adiabatic potential energy surface. Interest
in the role of excited-state potential energy surfaces has arisen
in the past few years as a result of several experiments.11,13,15

These experiments, at higher collision energies, have been
interpreted as pointing to the participation of excited states in
the reaction. Recently there have been several experimental and
theoretical studies aimed at investigating the participation of
excited states in the O+ H2 reaction.18,24,26,32,33,39

For collinear OHH geometries the O(1D) + H2(
1Σg

+) system
splits into a 1Σ+, a doubly degenerated1Π and doubly
degenerated1∆ component. The1∆ state is purely repulsive and
is omitted here. For collinear geometries the1Σ+ state gives
rise to the lowest PES while the reagents approach. It correlates
with the excited A2Σ+ state of the OH products and therefore
cannot contribute to reaction. The1Π state connects adiabatically
with the ground state of reactants and products and has a barrier
of about 0.09 eV to reaction. For collinear geometries the1Σ+

and the1Π state feature a crossing. For bent geometries the
1Σ+ state correlates with an A′ state and the1Π state splits into
two components of A′ and A′′ symmetry. The A′ state arising
from the1Σ+ state mixes with the state of the same symmetry
coming from the1Π state to give the 1A′ and 2A′ states. (Note
that we will denote the X˜ 1A′ surface as 1A′, the first excited
state surface, 11A′′, as 1A′′ and the second excited state, 21A′,
as 2A′.) These two states have a conical intersection at the
location of the crossing of the1Σ+ and the1Π state. The lowest
1A′ surface has a deep well corresponding to the water molecule.
The 1A′′ surface has a collinear minimum energy reaction path
corresponding to the collinear1Π state surface.

A few years ago Ho, Schatz and co-workers published an
analytic potential energy surfaces for both the 1A′,22 and 1A′′,23

states of the system. These surfaces were fitted to analytic forms
using the reproducing kernel Hilbert space (RKHS) theory22 and
are known as the RKHS, or alternatively K, surfaces. More
recently Dobbyn and Knowles produced a set of potentials that
describe the lowest three states, 1A′, 1A′′, and 2A′, and the
couplings between them, thereafter denoted as the DK sur-
faces.38,40,41Both sets of surfaces, K and DK, were based on
accurate ab initio multireference configuration interaction (CI)
calculations with the difference that for the DK surface a slightly
larger basis set was used. The RKHS method, which is used to
fit an analytic form to the K surface, is guaranteed to pass
exactly through all the ab initio computed points. The DK
surface, on the other hand, is fitted to an analytic form using a
method based on minimizing the square of the deviation between
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1Σg
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the ab initio and the analytical potentials. This latter method
inevitably introduces some additional errors. The most extensive
theoretical studies of O+ HD dynamics have been performed
employing the K surface22,23,30,35,42,43but recently Aoiz et al.44

carried out a thorough QCT study of the reaction dynamics on
the 1A′, 1A′′, and 2A′ DK surfaces. In the present work, a time-
dependent method is used to calculate the branching ratio,
reaction probabilities and product state distributions for the
reaction O+ HD f OD(OH) + H(D) on the 1A′ and 1A′′ DK
surfaces. Cross sections are then estimated using capture31 and
J-shifting45 models.

The reaction can proceed through two different basic mech-
anisms, insertion and abstraction. In the insertion mechanism
the oxygen atom inserts itself into the H-H bond to form an
intermediate water complex. In the direct, or abstraction,
mechanism the oxygen collides in a collinear configuration with
the H-D and abstracts an H or D atom. The 1A′ PES favors
the insertion mechanism and has no barrier for the C2V approach.
The lowest excited surface 1A′′ favors the collinear approach
and has a relatively low barrier, of about 0.1 eV, to reaction.
Therefore, if only the ground state surface is considered as in
most theoretical studies, the reaction proceeds mainly through
the insertion mechanism. There have been various theoretical
studies and several versions of the ground state adiabatic surface
are available.20,22,36,38With increasing energy it is possible to
overcome the barrier in the collinear geometry on the 1A′′
surface and abstraction is expected to play a greater role. The
dynamics on the 1A′′ surface is therefore expected to be very
different from that on the 1A′ surface and this should be
reflected in the product state distributions. The abstraction
mechanism is associated with an inverted vibrational distribution
and a cold rotational distribution for the scattered product
fragment OH(OD),43,44 while the insertion mechanism is
expected to lead to high rotational excitation and a monotonic
decay in the population of the product vibrational states.

The next excited adiabatic PES, the 2A′, correlates with the
ground state of the reactants but not with the ground state of
the products and therefore can only contribute to reaction by
nonadiabatic transitions. The barrier height on the 1A′′ and 2A′
is the same in collinear geometry and these two excited states
are not expected to play a significant role in the reaction for
collision energies below 0.1 eV. Nonadiabatic transitions from
the 2A′ to the 1A′ surface (and vice-versa) are facilitated by a
conical intersection after the barrier on the collinear 2A′
surface.39,44 The dynamics on the 1A′′ surface can couple to
that on the other surfaces through coriolis coupling. This effect
has been studied by Drukker and Schatz,32 who conclude that
it makes a significant contribution. This coupling has not been
included in the present study.

Hsu et al.11 measured the reaction cross section for O+ HD
considering a collision energy range from 0.6 kcal/mol to nearly
6 kcal/mol (0.026 eV to 0.26 eV collision energy). They found
that the reactive cross section for both product channels
decreases for low energies and then starts to increase for
collision energies greater than 0.1 eV. This was interpreted as
an indication that the excited states contribute to reaction above
0.1 eV. Schatz et al.23 performed QCT calculations on the 1A′
K and the 1A′′ K surface considering the same energy range.
Their summed cross sections [1A′ + 2(1A′′)] also showed the
rise at 0.1 eV but their calculated increase was less pronounced
than that obtained in the experiment.

One of the important measurements is the isotopic branching
ratio, OD/OH, of the two possible product channels OD+ H
and OH+ D. For the F+ HD system this problem has been

elegantly analyzed by Johnston et al.46 They conclude that, for
this collinearly dominated reaction, there are conflicting dy-
namical and kinematic factors. The position of the center of
mass of the HD reactant causes the cone of acceptance for the
production of DF to be larger than that for the production of
HF, but the dynamics leads to a sharp increase of the probability
of forming HF relative to DF with increasing HD rotational
quantum number. This last effect is stated to be dependent on
the potential energy surface which is collinearly dominated as
is that for the 1A′′ surface. In the present case the favored
product, OH or OD, arising from the abstraction mechanism is
likely to be dependent on the details of the potential energy
surface and of the rotational state of the reactants. When the
insertion mechanism is dominant, the hydrogen leaves the newly
formed complex with higher probability due to its lighter mass
and greater velocity. In this case, one would expect a branching
ratio greater than unity. Both experimental measurements and
theoretical studies in fact predict a OD/OH branching ratio
greater than unity.44

In section IIA the real wave packet method used in this
work is described. In the section IIB the two approximation
methods used to estimate the cross sections are outlined. The
results are discussed in section III and conclusions are given in
section IV.

II. Method

A. Dynamics. The real wave packet approach of Gray and
Balint-Kurti47 is used to calculate state-to-state reaction prob-
abilities for zero total angular momentum. Wave packet methods
yield results over a wide range of energies and for all populated
product quantum states. The propagation of the wave packet is
carried out in terms of Jacobi coordinates. To distinguish reactant
and product Jacobi coordinates for a reaction A+ BC f AB
+ C the latter are denoted with primes. The reactant coordinates
are denoted byR, r, andγ, whereR is the atom-diatom distance
from A to the center of mass of BC,r is the BC internuclear
distance, andγ is the Jacobi angle. In product coordinates,R′
represents the scattering distance from C to the center of mass
of AB, r′ is the AB internuclear distance, andγ′ the corre-
sponding Jacobi angle. To obtain product quantum state resolved
results the wave packet has to be analyzed in the product
channel. The propagation is therefore carried out directly in
product coordinates.

An alternative method for performing this type of calculation
has been proposed48-50 and used in particular in the work of
Dai.29 In this method the analysis is performed by calculating
a time-dependent correlation function, rather than by collecting
a set of time-dependent coefficients along an analysis line.47,51,52

The advantages of this method are that reactant rather than
product coordinates may be used to carry out the propagation,
even when product quantum state distributions are desired. The
disadvantage is that it is more difficult to confine the product
state analysis to the asymptote of the product channel, as a finite
sized product wave packet is used as part of the analysis
procedure. In general terms the basis sets and number of grid
points needed for the calculations are similar in both approaches.

The wave packet and the potential are represented by their
values on a grid where theR′ andr′ grids are taken to be evenly
spaced. The angular part of the wave packet is represented using
a discrete variable representation (DVR),53,54 which is based
on Gauss-Legendre quadrature points. The potential matrix is
diagonal in this representation, the evaluation of the rotational
kinetic energy term involves a matrix multiplication and the
kinetic energy terms associated withR′ and r′ are evaluated
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using fast Fourier transforms.51,55The initial wave packet is set
up in reactant coordinates, centered around an A-BC distance,
R) R0, and is then transformed to product coordinates, to carry
out the propagation. The wave packet has to be analyzed at an
appropriate large scattering distance,R′ ) R′∞, in the asymptotic
region of the product channel. This makes the problem more
difficult as the grid that is used has to contain the region where
the initial wave packet is set up, the interaction region and the
asymptotic region of the product channel where the wave packet
is analyzed. Large grid sizes are therefore required. Another
difficulty in the quantum dynamical treatment of O(1D) + HD
is the large number of quantum states or equivalently grid points,
needed to describe the motion in the well region.

To extract the necessary information from the wave packet,
a cut is taken through it along the analysis line,R′ ) R′∞, at
every iteration step. The resulting wave function is then pro-
jected onto the asymptotic diatomic product states, which results
in an expansion of this wave function as a linear combination
of the product state wave functions. This analysis method leads
to a set of time-dependent coefficients (or more correctly
iteration number dependent, see ref 47) which, when Fourier
transformed, yield theS matrix elements,SVjfV′j′

J (E), for every
product state and over a wide range of energies, for which
the wave packet has a reasonable amplitude.47,51 Most wave
packet propagations involve the propagation of an initial
Gaussian wave packet in the scattering degree of freedom. For
a Gaussian function the amplitude decreases as the energy
deviates from the mean energy. An evenly distributed ampli-
tude throughout the whole energy range should provide more
accurate results in the energetic extremes. In the present work
the Gaussian is multiplied by asinc function, sincx ) (sin
x)/x and the initial wave packet used in the calculations is
written as

øVj(r) represents the vibrational state wave function,Pj(cosγ)
are the Legendre polynomials and

exp(-ik0(R- R0)) is a phase factor which gives the wave packet
a relative kinetic energy toward the interaction region withk0

) x2µEtrans. N is a normalization factor. The Fourier trans-
form of g(R), the momentum distributiongj(k), is given by

which is needed in the calculation of theS matrix elements.47

This choice of representation for the initial condition gives a
smooth and relatively flat function for the momentum distribu-
tion, gj(k), for suitable choices ofâ, Etrans, andR. It can therefore
yield an almost constant amplitude for an energy range from
Emin ) ((k0 - R)2)/2µ to Emax ) ((k0 + R)2)/2µ.

The real wave packet approach47 is advantageous for problems
such as the present one where large grid and basis set sizes are
required. Computer memory and computation time are signifi-
cantly reduced because only the real part of the wave packet is
employed. The wave packet evolves under a modified time-
dependent Schro¨dinger equation

wherex denotes all coordinates, (R′,r′,γ′), and the Hamiltonian
operator has been replaced by a function of itself

Ĥs ) asĤ + bs is a scaled and shifted Hamiltonian operator
such that its minimum and maximum eigenvalues lie between
-1 and 1. This scaling is necessary to ensure the single valued
mapping. IfEmin andEmax are lower and upper bounds to the
spectrum ofĤ, thenas ) 2/∆E andbs ) -1 - asEmin with ∆E
) Emax - Emin. Ĥs is the same scaled Hamiltonian as that used
by Tal-Ezer and Kosloff56 in their Chebyshev expansion of the
propagator. AsĤ is represented using discrete radial grids and
a finite set of angular functionsEmax has a finite value. The
propagation is more efficient if the energy range of the resulting
Hamiltonian matrix is as small as possible and so a cutoff
energy,Vcut, has been introduced and is applied to the potential
to reduce the energy range. With this choice of the functional
mapping of the Hamiltonian, the propagation of the wave packet
is achieved by a Chebyshev iteration where each step requires
only a single evaluation of the action of the Hamiltonian on a
(real) vector. This approach shares many features with the work
of Kouri and co-workers,57,58 Mandelshtam and Taylor,59,60

Kroes and Neuhauser,61 and Chen and Guo.62,63

Let ψ be the representation of the wave packet at discrete
grid points and letq denote the real part of the wave packet,q
) Re{ψ}, then the central equation of the real wave packet
approach, propagating the real vectorq according to Mandelsh-
tam and Taylor’s damped Chebyshev iterations,59,60 is

wherek denotes the iteration step,k ) 1, ...,N. Let q0 be the
real part andp0 the imaginary part of the initial wave packet
ψ(R,r,γ,t ) 0). The recursion relationship, eq (7), requiresq0

andq1 to be initialized. In the present case the initial condition
is complex and the initial step in the iteration process to evaluate
q1 is

The effect of the square root is evaluated with a Chebyshev
series expansion.30 Â is some appropriate operator which damps
the wave packet amplitude as it approaches the grid edges. When
finite grids are used the wave packet has to be absorbed to
prevent it from reaching the end of the grid.

B. Capture Model and J-Shifting. The real wave packet
method employed in this work, and the analysis of the wave
packet in the product channel, yield state-to-state reaction
probabilities over a wide range of energies. The calculations
were performed forJ ) 0 only, whereas to calculate an integral
cross section knowledge of the reaction probabilities for a large
range of total angular momenta is required. For a relatively direct
reaction, dominated by a barrier, standardJ-shifting45 may be
used to estimate the reaction probabilities for total angular
momentum valuesJ > 0. If there is no significant barrier to
reaction and the potential is attractive,J-shifting is not ap-
propriate but a related approach, a capture model,31 can be used.
The capture model method is qualitatively likeJ-shifting. In
J-shifting, there is a well defined bottleneck to reaction (with a
structure that is assumed to be independent ofJ) that is used to
determine the available energy in excess of the barrier for a
givenJ. The transition state for the 1A′′ state is linear and the
J-shifting formula for the reaction probability can be written as

ψ(R,r,γ,t)0) ) g(R)øVj(r)Pj(cosγ) (2)

g(R) ) Ne-ik0(R-R0)e-â(R-R0)2 sin(R(R - R0))

R - R0
(3)

gj(k) ) 1
2π ∫0

∞
e-ikRg(R) dR (4)

ip
∂ψ(x,t)

∂t
) f(Ĥ)ψ(x,t) (5)

f(Ĥ) ) -p
τ

cos-1(Ĥs) (6)

qk+1 ) Â (-Âqk-1 + 2Ĥsqk) (7)

q1 ) Â[Ĥsq0 - x1 - Ĥs
2p0] (8)
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whereJ(J + 1)B represents the rotational energy of the transition
state withB ≈1.39 cm-1 for OHD andB ≈1.77 cm-1 for ODH.
It is assumed that the reaction probability is a universal function,
p(ε), of ε ) Ecol - J(J + 1)B and this function therefore can be
obtained from theJ ) 0 data. In the capture model method the
bottleneck is determined by the centrifugal potential associated
with eachJ. The effective potentials exhibit centrifugal barriers
which differ for differentJ-values and are assumed to replace
the barriers in theJ-shifting. WithVJ being the centrifugal barrier
for a givenJ the formula for the capture model can be written
as

Most of the details of theJ-shifting and capture model method
are well described elsewhere.31,39,45To calculate reactive cross
sections on the attractive and barrierless 1A′ surface the capture
model method was used. The 1A′′ surface has a collinear
minimum energy reaction path with a barrier in the entrance
channel and therefore theJ-shifting method was employed to
calculate reactive cross sections for this electronic state. We
estimated product vibrational state resolved cross sections on
the 1A′ and 1A′′ surface for both product channels. IfσV′(E)
denotes the estimated cross section into a specific finalV′
state, then we can define the product distribution to beσV′(E)/
Σ′VσV′(E).

C. Calculation Details. All calculations reported here are
for total angular momentumJ ) 0. They were carried out in
product Jacobi coordinates using the 1A′ and 1A′′ adiabatic
potential energy surfaces of Dobbyn and Knowles.38,40,41These
surfaces are based on large scale multireference configuration
interaction calculations. The 1A′ DK surface has no barrier for
the C2V insertion and just a small barrier of 0.019 eV for the
collinear approach. The well depth is 7.29 eV. The zero point
energy of the reactants O+ HD is 0.23 eV and the reaction is
exothermic by about 1.95 eV.

In all calculations the wave packet was analyzed along an
analysis line in the asymptotic region of the product channel.
This analysis yields all the reactive probabilitiesPr(E,V′,j′) for
all relevant product states. The total reaction probability is then
the sum over allV′ andj′ of Pr(E,V′,j′). For the reaction of O(1D)
with HD there are two possible product channels, OD+ H and
OH + D. For each channel a separate calculation was performed
using two different sets of product Jacobi coordinates. For the
OD + H channelR′ is the distance from H to the center of
mass of OD andr′ the internuclear distance of OD. For the OH
+ D product channelR′ represents the distance from D to the
center of mass of OH andr′ is the OH internuclear distance.
Using these two sets of product Jacobi coordinates the two
calculations yield the reaction probabilities for the production
of OD(V′,j′) and OH(V′,j′) in the reaction and the total reaction
probabilities for each channelPr

OH(E) and Pr
OD(E). The total

reaction probability for O+ HD is then the sumPr(E) )
Pr

OD(E) + Pr
OH(E)

In the calculations 80 angular DVR grid points were used
which is equivalent to using rotational basis functions up toj′
) 79. Not all of these are open asymptotically, however, and
the wave packet was analyzed in the asymptotic region of the
product channel to extract probabilities for the production of
OD and OH in the lowest 10 vibrational states and the lowest
49 rotational states.

In the present work a double exponential damping operator,
corresponding to an exponential imaginary absorbing poten-

tial,64,65 has been used. The explicit form of the damping
operator in (7) was taken to beAR(R)Ar(r) with the absorption
functionsAx(x) ) exp[-cabs exp(-2(xmax - xabs)/(x - xabs))]
for x > xabs and Â ) 1 otherwise, wherex ) R′ or r′. The
parametercabs controls the absorption strength,xabs where the
absorption region begins and (xmax - xabs) is the length of the
absorption region.

All important parameters used in the calculations, including
grid sizes, absorption parameters, and initial conditions are listed
in Table 1. For both product channels and both surfaces the
same parameters were used. Most of the calculations required
about 50000 iterations steps to converge the results which
corresponds to about 10 days computational time on a Silicon
Graphics R12000 workstation. It would have been possible to
use less dense grids, i.e., a smaller number of grid points, for
the 1A′′ surface due to the absence of the deep well in this
case, but this possibility was not examined.

III. Results

A. Branching Ratio. Figure 1 shows the reaction probabilities
(J ) 0) calculated on the 1A′ surface for the two product
channels, OH+ D (dotted line) and OD+ H (dashed line) and
the total reaction probability for O+ HD which is the sum of
the two former (solid line). The total reaction probability is very
high over the whole energy range and almost flat. In the low

TABLE 1: Grid and Initial Condition Details for the
Calculationsa

scattering coordinate (R′) range/a0 0-16
number of gird points inR′ 191
internal coordinate (r′) range/a0 0.5-16.5
number of grid points inr′, 191
number of angular grid points 80
absorption region length inR′ (r′)/a0 5 (5)
absorption strength (cabs) 0.5
center of initial wave packet (R0)/a0 9
width of the wave packet,R 8.0
smoothing of the wave packet,â 0.5
initial translational energy,Etrans/eV 0.2
cutoff energy,Vcut/eV 10.88
Hamiltonian scaling parameterbas/a0 0.7592
Hamiltonian shift parameterb bs/a0 -0.7950

a All quantities are given in atomic units.b These parameters are
computed automatically by the computer code. They differ for the two
surfaces. The values quoted are for the 1A′ surface.

Figure 1. The reaction probability for the reactions O(1D) + HD f
OD + H (dashed line) and O(1D) + HD f OH + D (dotted line) and
the total reaction probability for O+ HD (solid line) calculated on the
1A′ DK surface forJ ) 0.

Pr
J(Ecol) ) p(ε ) Ecol - J(J + 1)B) (9)

Pr
J(Ecol) ) pc(ε ) Ecol - VJ) (10)
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collision energy region, from 0.0 to 0.07 eV, there are clearly
some problems with the reactive probabilities predicted by our
calculations. These problems mirror ones which have been
observed at low collision energies for the O+ H2 system28,29,34

and have been discussed in detail in ref 34. Figure 1 shows
that the production of OD is preferred over the production of
OH for all energies. One interesting feature of the structure of
the probabilities for the two product channels is that when one
of the channels has a maximum in its reaction probability the
other one has a minimum. On one hand, as these areJ ) 0
only calculations, the fine structure in the total reaction
probability and some of the structure of the reaction probabilities
for the two different product channels will be smoothed out
when higherJ-values are included in the calculations. On the
other hand, the complementary structure of the two product
channel probabilities might be a real feature of the reaction on
the ground-state surface. Figure 2 shows theJ ) 0 reaction
probabilities computed for scattering on the 1A′′ surface. This
surface has a barrier of about 0.1 eV so there is a definite
collision energy threshold to the reaction. It is clear again that
the OD channel is preferred on this surface as well.

Figure 3 shows the branching ratio OD/OH forJ ) 0 (solid
line) for reaction on the 1A′ and 1A′′ surfaces over a collision
energy range from 0 to 0.8 eV calculated from the reaction
probabilities shown in Figures 1 and 2. The dashed line in Figure
3 represents the OD/OH ratio obtained from the cross sections
estimated using the capture model for Figure 3a and using the
J-shifting method for Figure 3b.31 In Figure 3a theJ ) 0 ratio
oscillates strongly with energy as a result of the oscillations of
the individual probabilities of the two product channels with
energy (see Figure 1). The ratio obtained from the capture model
oscillates much less, increasing gently with energy from 1.6 to
1.8 over the energy interval shown. The average branching ratio
of theJ ) 0 results, averaged over the energy range in Figure
3a, is estimated to be about 1.8 and the average branching ratio
estimated from the approximate capture model cross sections
is 1.71. Figure 3b shows the branching ratios obtained from
scattering on the 1A′′ surface. This ratio falls from values of
about 6 to about 2.0 over the energy range examined.

Table 2 lists the experimentally measured branching ratios
for two different collision energies, 2.4 and 3.4 kcal/mol, and
also lists the corresponding values forJ ) 0 and those estimated
from the capture model cross sections from the present work

on the 1A′ surface. TheJ ) 0 ratios were calculated by
averaging over an energy window of 0.01 eV. For the lower
energy (∼0.33 eV total energy) the ratio calculated in the present
work is about 1.8 forJ ) 0 and 1.69 using the capture model.
The ratios estimated from the experiment are all in the range
of 1.1-1.5. For the higher collision energy (∼0.37 eV total
energy) the quantum dynamics results forJ ) 0 agree better
with the experimental results and fall within the error bars of
one of the experimental results at this energy. For both energies
the branching ratio calculated in this work forJ ) 0 and the

Figure 2. The reaction probability for the reactions O(1D) + HD f
OD + H (dashed line) and O(1D) + HD f OH + D (dotted line) and
the total reaction probability for O+ HD (solid line) calculated on the
1A′′ DK surface forJ ) 0.

Figure 3. Branching ratio OD+ H/OH + D over the collision energy
range from 0.07 to 0.8 eV forJ ) 0 (solid line) and the result from the
capture model (dashed line) calculated (a) on the 1A′ DK surface and
(b) on the 1A′′ DK surface.

TABLE 2: Branching Ratios Estimated from Experimental
Measurements at Two Different Collision Energiesa and the
Corresponding Results from the Present Work forJ ) 0
and Using the Capture Model Employing the 1A′ DK
Surface

2.4 kcal/mol 1.30( 0.1 LIF66

1.13( 0.08 LIF67

1.5( 0.2 REMPI66

1.33( 0.07 VUV-RF68

1.8 this work,J ) 0
1.69 this work, capture model

3.4 kcal/mol 1.35( 0.2 LIF69

1.4( 0.2 REMPI66

1.6 this work,J ) 0
1.7 this work, capture model

a These collision energies correspond to total energies of 0.33 and
0.37 eV.
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ratio obtained from the capture model cross sections on the 1A′
surface are higher than the ratios measured in the experiments.
It should be noted however that the present work does not really
address the sensitivity of the cross section to the initial rotational
state of the HD reactant. In most of the experimental work at
least thej ) 1 state of HD is substantially populated. Taking
proper account of this might significantly alter our results.

To give a better overview of the ratios obtained from
experimental and theoretical studies on the 1A′ surface, Figure
4 shows the ratio from the capture model displayed over a
smaller energy range than in Figure 3a. Included in Figure 4
are the experimental results listed in Table 2 as well as results
from QCT calculations performed on different versions of the
ground adiabatic surface. Figure 4 shows good agreement with
the experimental results from Matsumi et al.66 and reasonable
agreement with the results from Ho et al.22 calculated on the
1A′ K surface and the results from Aoiz et al.44 calculated on
the 1A′ DK surface. (Note that these QCT calculations used an
HD rotational temperature of 50 K. This results in 19% of the
HD molecules being in thej ) 1 rotational state.) In general,
for the energy range shown, all the results from experiments
and QCT calculations, except the most recent QCT calculation
by Aoiz et al.44 performed on the same surface as in this work,
are lower than the ratio obtained in this work on the adiabatic
1A′ surface.

The branching ratio on the 1A′′ surface was also calculated
(see Figure 3b). This surface favors an abstraction and is similar
in this respect to the case of F+ HD discussed by Johnston et
al.46 In this work the average ratio on the 1A′′ surface was
calculated as 2.31 forJ ) 0 and as 2.0 using theJ-shifting
method. Aoiz et al.44 calculated the branching ratio on the 1A′′
surface for a collision energy of 0.196 eV. They give a ratio of
3.43 and the ratio calculated in the present work for this
energy is 3.9 (J ) 0) and 2.8 (estimate from theJ-shifting).
The branching ratio on the 1A′′ surface is even higher than
the ratio on the ground-state surface. As discussed by Johnston
et al.46 this is likely to result principally from the larger
acceptance cone for formation of the OD product as compared
with OH.

B. Cross Sections.Figure 5 shows the reactive cross sections
vs collision energy for OD+ H and OH+ D calculated on the
1A′ DK (solid and dashed line) and on the 1A′′ DK (dotted
and dashed dotted line) surface. The cross sections are estimated

using capture orJ-shifting models as described in section IIB.
Estimated reaction probabilities forJ-values up toJ ) 66 were
used for both the 1A′ and 1A′′ surfaces. The maximumJ-values
depend on the maximum energy for which cross sections are
requested and are such that there are no further estimated
contributions to the cross section for higher values ofJ. The
cross section for both product channels on the 1A′ surface
decreases rapidly. For higher energies the cross section be-
comes almost flat. The cross section for both products on the
1A′′ surface show the typical behavior for a reaction with a
barrier. The threshold is at about 0.1 eV and the cross sections
at first increase nearly linearly and then more slowly at higher
energies.

Included in the figure are the results from a recent QCT study
(circles and squares) by Aoiz et al.,44 also employing the DK
surfaces. For the 1A′ surface, Aoiz et al. report cross sections
based on HD reactants at a temperature of 50 K. They also note
that rotational excitation of the HD reactant does not substan-
tially alter the cross section. In contrast, the cross sections on
the 1A′′ surface are found to be sensitive to the initial rotational
quantum number46 and in this case we have compared with the
cross sections for HD(j ) 0) given in Table 2 of ref 44. The
cross section for OH, calculated on the 1A′ surface, is in very
good agreement with the QCT results. The estimated cross
section for OD is lower than the cross section obtained in the
QCT calculations. For the excited 1A′′ surface the QM
calculations give larger cross sections than the QCT ones for
both product channels. Schatz et al.23 have calculated the
same cross sections for a range of collision energies from 0.6
kcal/mol to 10 kcal/mol (0.026 eV to 0.43 eV) on the K sur-
faces. The present results agree with the general features of
the cross sections reported by Schatz et al.,23 but also for
these QCT results the cross section for OD on the 1A′ surface
is higher and the cross section for OD and OH on the 1A′′
surface are lower than the cross sections calculated in the present
work.

The adiabatic 1A′ cross section has been found to be roughly
equal to the sum of the 1A′ and 2A′ coupled state cross section
for energies below the barrier on the collinear1Π surface (0.1
eV).39 For higher energies the cross section on the 2A′ surface
is roughly equal to the 1A′′ cross section. Because the O(1D)
+ HD system has five asymptotically degenerate states, we may

Figure 4. Branching ratio OD+ H/OH + D: (1) calculated on the
1A′ DK surface in the present work using the capture model (solid
line); (2) measured experimentally,[,68 b,67 2,66 and 9,69 and (3)
calculated using QCT methods employing different versions of the 1A′
surface,322 (K surface), left-pointing triangle44 (DK surface), and right-
pointing triangle21 (SL1 and MC surface).

Figure 5. Integral cross sections for OD+ H and OH+ D vs collision
energy in units of eV for the 1A′ (solid line for OD and dashed line
for OH) and the 1A′′ (dotted line for OD and dotted-dashed line for
OH) DK surfaces calculated using the capture model (1A′) and
J-shifting (1A′′) methods. Included in the picture are the results from
QCT calculations performed on the same surfaces44 (circles for 1A′
and squares for 1A′′).
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make a rough estimate of the full cross section for the reaction
using the expression

This estimated cross section, for both channels, is shown in
Figure 6. The estimates are likely to be upper bounds to the
true cross sections as eq (11) does not take proper account of
the diminution of theσ1A′ cross section arising from electroni-
cally nonadiabatic transitions from the 1A′ to the 2A′ surface.
Both cross sections are very large at low collision energies and
show a steep decrease with increasing energy. The estimated
cross sections of Figure 6 also show a minimum at the threshold
of 0.1 eV followed by a gradual increase. For OD+ H the
minimum of the cross section is more pronounced than for OH
+ D. The increase at higher energies is similar to that found
for the O+ H2 reaction39 and arises from the contributions of
the 1A′′ state and estimated contribution of the 2A′ state to the
overall cross section. Hsu et al.11 measured the cross sections
for OD + H and OH+D for a collision energy range from 0.6
to 6 kcal/mol (0.026 to 0.26 eV). The results from the present
calculations agree well with these experimental results except
for the OD+ H/OH + D ratio. For energies below 0.1 eV, the
reported experimental cross sections for OD+ H and OH+ D
are nearly indistinguishable. Therefore, their measured ratio is
nearly unity for low energies while the ratio obtained from the
estimated cross sections shown in Figure 6 is about 1.6. Above
the threshold the cross section for the OH+ D products,
reported by Hsu et al.,11 remains nearly flat while that for OD
+ H increases which leads to a nearly linear increase of the
ratio from 1.0 to 1.5 for energies above 0.1 eV. The results
from the present work show a similar increase of the ratio above
the threshold (i.e., above a collision energy of 0.1 eV). The
experimental results also show that the minimum at 0.1 eV is
more pronounced for OD+ H than it is for OH + D, in
agreement with the predictions of our calculations.

C. Product State Distributions. Figure 7 shows the vibra-
tional distributions for OD and OH calculated on the 1A′ surface
at the total energy of 0.4 eV. The figure shows theJ ) 0 results
as well as the results from cross sections estimated using the
capture model. While theJ ) 0 results show a lot of structure,
most of it is smoothed out in the capture model results. The
vibrational distribution for OD is inverted with a peak atV′ )
2. TheJ ) 0 results also show a second peak forV′ ) 4. For
OH the most probable state for the capture model results isV′

) 0. TheJ ) 0 results show two peaks forV′ ) 1 andV′ ) 3.
The OD distribution (forJ ) 0 and the capture model) is quite
broad and vibrational states up toV′ ) 7 are populated. For
OH the lower vibrational states are favored and the distribution
(J ) 0 and capture model) goes to zero forV′ ) 5. For energies
greater than 0.4 eV, the distribution for OD always shows an
inversion with the peak atV′ ) 2. With increasing energy the
distributions get broader and states are populated up toV′ ) 9.
For the OH distribution the most probable state remainsV′ )
0. For higher energies the distribution becomes completely flat
for V′ ) 1-3 and then drops off. With increasing energy states
up to V′ ) 6 are populated.

Figure 8 shows the vibrational distributions calculated for
the same energy on the 1A′′ surface. These results show a
complete different picture from the results on the 1A′ surface.
The results forJ ) 0 are very similar to the results from the
estimated cross sections using theJ-shifting method for both
OD and OH. For both products the vibrational distributions are
highly inverted with a peak atV′ ) 5 for OD andV′ ) 4 for
OH. This picture does not change much with increasing energy.
For OD, the distributions have a very pronounced peak atV′ )

Figure 6. Estimated overall cross sectionsΣ ) 1/5[σ1A′ + 2σ1A′′] for
OD + H (solid line) and OH+ D (dashed line) calculated from the
results shown in Figure 5. Figure 7. Product vibrational distributions of the products OD and

OH obtained from the calculations performed on the ground-state
surface 1A′ atEtot ) 0.4 eV. Shown are the distributions obtained using
the J ) 0 results (dashed line) and the results calculated using the
capture model (solid line).

Figure 8. Product vibrational distributions of the products OD and
OH obtained from the calculations performed on the excited surface
1A′′ at Etot ) 0.4 eV. Shown are the distributions obtained using theJ
) 0 results (dashed line) and the results calculated using theJ-shifting
method (solid line).

Σ(Ecol) ) 1
5
[σ1A′ + 2σ1A′′] (11)
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5. Vibrational states fromV′ ) 3-7 are populated while the
population forV′ ) 0-2 is virtually zero. For OH the peak
remains atV′ ) 4. With increasing energy states up toV′ ) 5
are populated and also the lower states get more and more
populated. These results compare well to the results from
QCT43,44 calculations. In particular the QCT results from Hsu
and Liu.43 indicate that the OD product is favorably produced
in the vibrational stateV′ ) 4-6 and the product OH in the
vibrational stateV′ ) 4.

Figure 9 shows the overall product vibrational distributions
for OD and OH calculated for a total energy of 0.4 eV (collision
energy of 0.17 eV). These distributions were calculated from
the estimated overall cross section obtained by applying equation
(11) of the text. Both distributions are strongly inverted with a
peak atV′ ) 5 for OD andV′ ) 4 for OH. These peaks result
from the contribution of the 1A′′ surface. For energies above
the threshold of 0.1 eV the vibrational distribution for OD
always shows the peak atV′ ) 5. For all energies there is
basically no contribution from the first three vibrational states,
V′ ) 0-2, arising from the excited state. With increasing energy,
the statesV′ ) 3 andV′ ) 6 become more and more populated
while the population of the lowest three states gradually
decreases. As the collision energy increases over 0.1 eV the
population of OH(V′ ) 4) steeply increases and then starts to
decrease again. For high energies, the populations ofV′ ) 2-4
are nearly the same and the OH vibrational distribution becomes
almost flat forV′ ) 2-4. With increasing energy the statesV′
) 1 andV′ ) 5 become more and more populated with the
population ofV′ ) 5 arising exclusive from the contribution
from the 1A′′ surface.

Table 3 shows the QCT results of Ho et al.22 calculated on
the 1A′ K surface at a collision energy of 5 kcal/mol (≈0.44
eV total energy) and the results from the present work at the
same energy forJ ) 0 calculated on the DK surface. For the
vibrational distributions, the results obtained using the capture
model are also shown in brackets. The table lists the vibrational
distributions for OD and OH as well as the average rotational
state,〈j′〉, for each vibrational state and the average vibrational
state,〈V′〉. The uncertainties in the QCT calculations are(0.01
for the vibrational population,(0.03 for 〈V′〉 and (1 for 〈j′〉
for every vibrational state. Table 3 shows good agreement for
the OD/OH ratio and for the average product vibrational
quantum number,〈V′〉, for OH and OD between the present work
and the QCT results. For OD both the QCT and the QM results
show a similar trend in the vibrational distributions. Both show
an inversion with a peak atV′ ) 2. The QM results forJ ) 0

also show a second peak atV′ ) 0 which does not appear in
the capture model results. The QCT results show a steep
decrease as one proceeds fromV′ ) 4 to V′ ) 5. While the QM
(J ) 0) vibrational distribution for OD decreases rapidly going
from V′ ) 3 to V′ ) 4, the capture model results show the same
decrease going fromV′ ) 4 to V′ ) 5 as the QCT results. For
OH, the QCT and the QM vibrational distributions are in good
agreement. Both show a continuous decay withV′ ) 0 as the
most probable vibrational state. The QM (J ) 0) show a slight
peak forV′ ) 4 which is smoothed out in the capture model
results. The capture model results for the vibrational distribution
for OD and OH show very good agreement with the QCT
results.

For the rotational distributions no capture model calculations
were performed. TheJ-shifting and capture model methods are
expected to be most accurate for the least resolved quantities.
Therefore, we have concentrated on the vibrational state resolved
cross sections and did not attempt to obtainV′ and j′ specific
cross sections. The results shown for the average rotational state
for everyV′ areJ ) 0 results and in general show that the QCT
results give rise to more rotational excitation than the QM ones.
One reason might be the differences between the 1A′ K and
the 1A′ DK surfaces. As discussed in ref 34 for O+ H2, the
1A′ K surface leads to more rotational excitation than the 1A′
DK surface. For the vibrational distributions the agreement is
better for the results obtained using the capture model. It is
expected that the agreement for the rotational distribution will
improve when higherJ-values are also taken into account.

Butler et al.9 measured the relative population of the
vibrational states of OH and OD. They report the ratios of OH-
(V′ ) 1/V′ ) 0) ) 1.02( 0.2 and OD(V′ ) 1/V′ ) 0) ) 1.33(
0.2 and OD(V′ ) 2/V′ ) 0) ) 1.14 ( 0.2. The reagent
translational energy associated with these measurements is
somewhat ill defined but is probably a few kcal/mol. We
calculated these ratios for collision energies of 2.4 and 3.4 kcal/
mol from the vibrational distributions obtained in the present
calculations on the 1A′ surface using the capture model. The
calculated ratios are OH(V′ ) 1/V′ ) 0) ) 0.84 (0.76) and OD-
(V′ ) 1/V′ ) 0) ) 1.22 (1.20) and OD(V′ ) 2/V′ ) 0) ) 1.89
(1.62) for 2.4 kcal/mol (3.4 kcal/mol). TheV′ ) 1/V′ ) 0 ratios
for both products and energies calculated in this work agree

Figure 9. Estimated overall product vibrational distributions for OD
(solid line) and OH (dashed line) atEtot ) 0.4 eV. The estimated cross
sections were combined using equation 11 of the text.

TABLE 3: QCT Results from Ho et al.22 Calculated on the
1A′ K Surface for a Collision Energy of 5 kcal/mol (0.44 eV
Total Energy) and the Results a the Same Energy Calculated
in This Work on the 1A ′ DK Surfacea

QCT this work

OD/OH ratio 1.54 OD/OH ratio 1.7 (1.74)

OD
v′ P(V′) 〈j′〉 v′ P(V′) 〈j′〉
0 0.14 28 0 0.17 (0.14) 22
1 0.15 25 1 0.14 (0.17) 15
2 0.20 23 2 0.22 (0.23) 17
3 0.17 20 3 0.19 (0.17) 17
4 0.17 17 4 0.14 (0.17) 14
5 0.12 14 5 0.13 (0.11) 15
〈V′〉 2.69 〈V′〉 2.38 (2.36)

OH
0 0.25 23 0 0.28 (0.25) 18
1 0.25 19 1 0.22 (0.22) 16
2 0.22 16 2 0.21 (0.21) 15
3 0.17 14 3 0.12 (0.21) 13
4 0.10 9 4 0.14 (0.10) 8
5 0.01 5 5 0.03 (0.01) 3
〈V′〉 1.65 〈V′〉 1.71 (1.72)

a The results are forJ ) 0, and for the vibrational population, capture
model results are also shown in brackets.
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reasonably with the experimental results. The OD(V′ ) 2/V′ )
0) ratio is significantly higher than the one from the experiments
and does not vary noticeably with energy within the range of
the present calculations. As already discussed, the product
vibrational state distribution predicted from dynamics on the
1A′′ surface produces no significant population in either theV′
) 0 to V′ ) 2 states, so the inclusion of this state in our results
will not change any of the ratios discussed above.

IV. Conclusions

Integral cross sections, branching ratios, and product state
distributions calculated using the real wave packet47 approach
have been presented for the reaction O(1D) + HD f OH(OD)
+ D(H). The calculations were performed on the ground state
adiabatic surface, 1A′, and the 1A′′ adiabatic surface of Dobbyn
and Knowles38,40,41for total angular momentumJ ) 0.

Cross sections have been estimated from the computedJ )
0 reaction probabilities using the capture model39 andJ-shifting45

approximations. We estimated cross sections for both product
channels on both surfaces. The cross section for the OH+ D
channel on the 1A′ surface shows very good agreement with
the results from a QCT calculation performed on the same
surface.44 The estimated cross section for the OD+ H channel
on the 1A′ surface is lower than that predicted by QCT
calculations23,44 and the cross sections on the 1A′′ for both
channels are higher.

An estimate is also made of the overall cross sections and
product vibrational state distributions for the O+ HD reaction
which would be obtained if all three contributing electronic
states had been properly taken into account. The overall cross
sections show good agreement with experimental results.11 The
overall cross section for both channels decreases sharply for
low energies and then starts to rise again above a collision
energy of 0.1 eV. This increase arises from the contribution of
the excited 1A′′ and 2A′ states.

The OD/OH product ratios, based on dynamics just on the
1A′ surface, are found to be 15-20% higher than experimentally
measured ratios (see Table 2). The theoretically determined
dynamics on the 1A′′ surface is found to yield even higher OD/
OH ratios (see Figure 3b). Classical trajectory calculations on
the same surface44 give consistently higher OD/OH ratios than
those estimated in the present quantum mechanical calculations.
The available theoretical results therefore seem definitely to give
a significantly higher OD/OH ratio than present experimental
estimates.11,66-68

The vibrational distributions calculated using the 1A′ surface
show an inversion for OD with a peak atV′ ) 2, while for OH
V′ ) 0 is the most probable state. The vibrational distributions
calculated on the 1A′′ surface are very sharply peaked, with
almost zero probability ofV′ ) 0,1 occurring for OH andV′ )
0-2 for OD. For OD the peak of the population occurs atV′ )
5 and for OH it occurs atV′ ) 4. This agrees well with QCT
calculations.11,44

The comparison between our quantum calculations and quasi-
classical trajectory calculations is very good in all respects.
Considering the uncertainty in the experimental results9 our
computedV′ ) 1/V′ ) 0 ratios are in good agreement with ex-
periment. Our estimated OD(V′ ) 2/V′ ) 0) ratio is a little high.
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