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The real wave packet method is used to calculate state-to-state reaction probabilities and branching ratios for
the reaction OP) + HD — OH(OD) + D(H) for zero total angular momentum. Calculations are performed

on the adiabatic potential energy surfaces corresponding to¥eaxd A" 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 For collinear OHH geometries the &) + Hz(lﬁg) system
splits into a '=*, a doubly degeneratedll and doubly
flegenerateéA component. ThéA state is purely repulsive and
is omitted here. For collinear geometries the" state gives

Our ability to accurately predict reactive scattering cross
sections for gas-phase reactions started in 1976 with the semina

work of Schatz and Kuppermani.in the current paper we : )
will use different methods, which however still owe much to "€ t0 the lowest PES while the reagents approach. It correlates
this initial work, to investigate the @ HD reaction. with the excited A= state of the OH products and therefore

The reaction O+ H, — OH + H, and its isotopic variants, ~ C&nnot contribute to reaction. THE state connects adiabatically
has received considerable experimehtdl and theoreti-  With the ground state of reactants and products and has a barrier

calo-3 attention over the past decades. This interest has ariserPf about10.09 eV to reaction. For collinear geometries'fiie
from the fundamental importance of this reaction in combustion 2nd the'Il state feature a crossing. For bent geometries the
processes and in atmospheric chemidtyThe reaction of = State correlates with an'Atate and théll state splits into
electronically excited oxygen @) with H, and with its two components of ,'_Aand A symmetry. The Astate arising
isotopomers B and HD, is an important benchmark for the from the!=" state mixes with the state of the same symmetry

understanding of elementary reaction dynamics. The reaction€0ming from the'T state to give the 1Aand 2A states. (Note
that we will denote the ¥A' surface as 1A the first excited

o(D) + Hz(lzg) — OHCII) + H(S) 1) state surface,'A"”, as 1A' and the second excited statéA2
as 2A.) These two states have a conical intersection at the
involves five potential energy surfaces (PBSj*32:3640 and location of the crossing of th&™ and thellT state. The lowest

at least the lowest three of them X, 22A’, 11A") may play 1A' surface has a deep well corresponding to the water molecule.
a role in the reaction. For low collision energies, the reaction The 1A’ surface has a collinear minimum energy reaction path

proceeds primarily on the lowest adiabatic PES. TAe ground- corresponding to the collineafl state surface.

state PES which correlates with the ground electronic state of A few years ago Ho, Schatz and co-workers published an

water is largely attractive and features a deep nglgl for analytic potential energy surfaces for both the 3%and 1A’ 23
perpendicular geometries. Numerous theoretical stfdfe¥ %03t giates of the system. These surfaces were fitted to analytic forms
using quasi-classical trajectory (QCT) or quantum mechanlcal using the reproducing kernel Hilbert space (RKHS) th&emd
(QM) methods have been performed on the various different are known as the RKHS, or alternatively K, surfaces. More
available ground-state adiabatic potential energy surface. Interespecenﬂy Dobbyn and Knowles produced a set of potentials that
in the role of excited-state potential energy surfaces has arisengescribe the lowest three states "18A", and 2A, and the
in the past few years as a result of several experiménts® couplings between them, thereafter denoted as the DK sur-
These experiments, at higher collision energies, have beent;.ag38404180th sets of surfaces, K and DK, were based on
interpreted as pointing to the participation of excited states in ,ccyrate ab initio multireference configuration interaction (Cl)
the reaction. Recently there have been several experimental and5 ey jations with the difference that for the DK surface a slightly
theoretical studies aimed at investigating the participation of larger basis set was used. The RKHS method, which is used to
: ; i L8.,24,26,32,33,39 ‘ ) ) - '
excited states in the & H, reaction: fit an analytic form to the K surface, is guaranteed to pass
" Part of the special issue “Aron Kupperman Festschrift” exactly through all the ab initio computed points. The DK
*To whom correspondence should be addressed. Email: Gabriel. SUrface, on the OIh?r_he_‘n_d’ is fitted to an ana')’tic_ fqrm using a
Balint-Kurti@Bristol.ac.uk. method based on minimizing the square of the deviation between
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the ab initio and the analytical potentials. This latter method elegantly analyzed by Johnston et@Tlhey conclude that, for
inevitably introduces some additional errors. The most extensive this collinearly dominated reaction, there are conflicting dy-
theoretical studies of @ HD dynamics have been performed namical and kinematic factors. The position of the center of
employing the K surfacdd?23:30.35424put recently Aoiz et at? mass of the HD reactant causes the cone of acceptance for the
carried out a thorough QCT study of the reaction dynamics on production of DF to be larger than that for the production of
the 1A, 1A", and 2A DK surfaces. In the present work, a time- HF, but the dynamics leads to a sharp increase of the probability
dependent method is used to calculate the branching ratio,of forming HF relative to DF with increasing HD rotational
reaction probabilities and product state distributions for the quantum number. This last effect is stated to be dependent on
reaction O+ HD — OD(OH) + H(D) on the 1A and 1A' DK the potential energy surface which is collinearly dominated as
surfaces. Cross sections are then estimated using c#panie is that for the 1A surface. In the present case the favored
J-shifting*® models. product, OH or OD, arising from the abstraction mechanism is
The reaction can proceed through two different basic mech- likely to be dependent on the details of the potential energy
anismS, insertion and abstraction. In the insertion mechanismsurface and of the rotational state of the reactants. When the
the oxygen atom inserts itself into the-# bond to form an insertion meChanism isldominant, th(_?.hydrogenilea.\/es the nery
intermediate water complex. In the direct, or abstraction, formed complex with higher probability due to its lighter mass
mechanism the oxygen collides in a collinear configuration with and greater velocity. In this case, one would expect a branching
the H—=D and abstracts an H or D atom. The'1RES favors ratio greater than unity. Both experimental measurements and
the insertion mechanism and has no barrier for theaproach. theoretical studlies in fact predict a OD/OH branching ratio
The lowest excited surface YAavors the collinear approach ~ greater than unitg?
and has a relatively low barrier, of about 0.1 eV, to reaction.  In section IIA the real wave packet method used in this
Therefore, if only the ground state surface is considered as inWork is described. In the section IIB the two approximation
most theoretical Studies, the reaction proceeds main|y throughmethOdS used to estimate the cross sections are outlined. The
the insertion mechanism. There have been various theoreticalresults are discussed in section Il and conclusions are given in
studies and several versions of the ground state adiabatic surfac&ection IV.
are availabl@%22:3638\ith increasing energy it is possible to
overcome the barrier in the collinear geometry on theé’ 1A Il. Method
surface and abstraction is expected to play a greater role. The
dynamics on the 1A surface is therefore expected to be very B
different from that on the 1Asurface 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(ODY3#* while the insertion mechanism is

expectgd to lead to high rotational excita}tion.and a monotonic + C the latter are denoted with primes. The reactant coordinates
decay in the population of the product vibrational states. are denoted bR, r, andy, whereRis the ator-diatom distance

The next excited adiabatic PES, the'26orrelates with the  from A to the center of mass of B@,is the BC internuclear
ground state of the reactants but not with the ground state of gistance, ang is the Jacobi angle. In product coordinatas,
the products and therefore can only contribute to reaction by represents the scattering distance from C to the center of mass
nonadiabatic transitions. The barrier height on thé 2Ad 2A of AB, r' is the AB internuclear distance, and the corre-
is the same in collinear geometry and these two excited statessponding Jacobi angle. To obtain product quantum state resolved
are not expected to play a significant role in the reaction for ragyits the wave packet has to be analyzed in the product

the 2A to the 1A surface (and vice-versa) are facilitated by a product coordinates.

conical intersection after the barrier on the collinear’' 2A  ~ ap aiternative method for performing this type of calculation
surface®#4 The dynamics on the IAsurface can couple t0 a5 peen propos#ds° and used in particular in the work of

that on the other surfaces through coriolis coupling. This effect p4;i29 | this method the analysis is performed by calculating
has been studied by Drukker and Schétaho conclude that a time-dependent correlation function, rather than by collecting
it makes a significant contribution. This coupling has not been 5 ¢at of time-dependent coefficients along an analysi¢TiFes?
included in the present study. _ . The advantages of this method are that reactant rather than

Hsu et ali* measured the reaction cross section fot ®ID product coordinates may be used to carry out the propagation,
considering a collision energy range from 0.6 kcal/mol to nearly even when product quantum state distributions are desired. The
6 kcal/mol (0.026 eV to 0.26 eV collision energy). They found  disadvantage is that it is more difficult to confine the product
that the reactive cross section for both product channels state analysis to the asymptote of the product channel, as a finite
decreases for low energies and then starts to increase forsized product wave packet is used as part of the analysis
collision energies greater than 0.1 eV. This was interpreted asprocedure. In general terms the basis sets and number of grid
an indication that the excited states contribute to reaction abovepoints needed for the calculations are similar in both approaches.
0.1 eV. Schatz et & performed QCT calculations on the 1A The wave packet and the potential are represented by their
K and the 1A’ K surface considering the same energy range. values on a grid where tH& andr’ grids are taken to be evenly
Their summed cross sections [1A4 2(1A")] also showed the  spaced. The angular part of the wave packet is represented using
rise at 0.1 eV but their calculated increase was less pronounced discrete variable representation (DVAR§? which is based

A. Dynamics. The real wave packet approach of Gray and
alint-Kurti* 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 reactiof-/BC — AB

than that obtained in the experiment. on Gauss-Legendre quadrature points. The potential matrix is
One of the important measurements is the isotopic branchingdiagonal in this representation, the evaluation of the rotational
ratio, OD/OH, of the two possible product channels &H kinetic energy term involves a matrix multiplication and the

and OH+ D. For the F+ HD system this problem has been kinetic energy terms associated with andr' are evaluated
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using fast Fourier transfornt$:3>The initial wave packet is set
up in reactant coordinates, centered around aB& distance,

Hankel et al.

wherex denotes all coordinatesR(r',y"), and the Hamiltonian
operator has been replaced by a function of itself

R = Ry, and is then transformed to product coordinates, to carry
out the propagation. The wave packet has to be analyzed at an
appropriate large scattering distanRe= R ., in the asymptotic
region of the product channel. This makes the problem more . N ) ) o
difficult as the grid that is used has to contain the region where Hs = aH + bs is a scaled and shifted Hamiltonian operator
the initial wave packet is set up, the interaction region and the Such that its minimum and maximum eigenvalues lie between
asymptotic region of the product channel where the wave packet_l and 1. This scaling is necessary to ensure the single valued

f(H) = —? cos (M (6)

is analyzed. Large grid sizes are therefore required. Another MaPPINg. IfEmin and Emax are lower and upper bounds to the

difficulty in the quantum dynamical treatment of ‘@) + 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 liRe,= R, at
every iteration step. The resulting wave function is then pro-

spectrum oH, thenas = 2/AE andbs = —1 — aEmin With AE
Emin. Hs is the same scaled Hamiltonian as that used
by Tal-Ezer and Kosloff in their Chebyshev expansion of the
propagator. A4 is represented using discrete radial grids and
a finite set of angular functiongmax has a finite value. The
propagation is more efficient if the energy range of the resulting

= Emax—

jected onto the asymptotic diatomic product states, which results Hamiltonian matrix is as small as possible and so a cutoff

in an expansion of this wave function as a linear combination

energy Ve, has been introduced and is applied to the potential

of the product state wave functions. This analysis method leadst0 reduce the energy range. With this choice of the functional

to a set of time-dependent coefficients (or more correctly

mapping of the Hamiltonian, the propagation of the wave packet

iteration number dependent, see ref 47) which, when Fourier is achieved by a Chebyshev iteration where each step requires

J

transformed, yield th& matrix elementss;; . ,;(E), for every

product state and over a wide range of energies, for which

the wave packet has a reasonable ampliftid& Most wave
packet propagations involve the propagation of an initial

Gaussian wave packet in the scattering degree of freedom. For

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-worker$/-58 Mandelshtam and Tayl6P,®°
Kroes and Neuhausét,and Chen and Gu®:53

Let y be the representation of the wave packet at discrete

a Gaussian function the amplitude decreases as the energy@/d Points and leg denote the real part of the wave packet,

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 wor

the Gaussian is multiplied by sinc function, sincx = (sin
X)/x and the initial wave packet used in the calculations is
written as

Y(Rr,y,t=0) = g(R),;(r)P;(cosy) @)

%.i(r) represents the vibrational state wave functiBjicosy)
are the Legendre polynomials and

N HolR-R) ARy SR — Ro))

R=R

exp(—iko(R — Ry)) is a phase factor which gives the wave packet
a relative kinetic energy toward the interaction region vkih

= \/2uE;.,s N is @ normalization factor. The Fourier trans-
form of g(R), the momentum distributiog(k), is given by

aR) = ®)

009 = o= [ (R R @)
which is needed in the calculation of tigematrix elementg’
This choice of representation for the initial condition gives a
smooth and relatively flat function for the momentum distribu-
tion, g(k), for suitable choices @#, Eyans anda. It can therefore
yield an almost constant amplitude for an energy range from
Emin = (ko — 0)?)/2u t0 Emax = ((ko + a)?)/2u.

The real wave packet approd¢ls advantageous for problems

= Re{y}, then the central equation of the real wave packet
approach, propagating the real veajaxccording to Mandelsh-

am and Taylor's damped Chebyshev iteratiet®is

O = A(—Ag; + 2HGY) (1)
wherek denotes the iteration step,= 1, ...,N. Let gp be the

real part andoy the imaginary part of the initial wave packet
Y(Rr,y,t = 0). The recursion relationship, eq (7), requitgs
andq; to be initialized. In the present case the initial condition
is complex and the initial step in the iteration process to evaluate

qris
0, = AlHG, — /1 — Hipy] (8)

The effect of the square root is evaluated with a Chebyshev
series expansioff.A 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 fod = 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, standarshifting*> may be
used to estimate the reaction probabilities for total angular
momentum values > 0. If there is no significant barrier to

such as the present one where large grid and basis set sizes angaction and the potential is attractiv@shifting is not ap-

required. Computer memory and computation time are signifi-

propriate but a related approach, a capture m&dein be used.

cantly reduced because only the real part of the wave packet isThe capture model method is qualitatively lideshifting. In

employed. The wave packet evolves under a modified time-
dependent Schdinger equation

ih % = f(A)y(x.t) (5)

J-shifting, there is a well defined bottleneck to reaction (with a
structure that is assumed to be independerd) diat is used to
determine the available energy in excess of the barrier for a
givenJ. The transition state for the I’Astate is linear and the
J-shifting formula for the reaction probability can be written as
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PAE,,) = p(e = E,,, — JJ + 1)B) (9) Eﬁl%tgtildngnd and Initial Condition Details for the
whereJ(J + 1)B represents the rotational energy of the transition scattering coordinateR() rangeay 0-16
state withB ~1.39 cnt! for OHD andB ~1.77 cnt! for ODH. number of gird points iR 191
It is assumed that the reaction probability is a universal function, ~ internal coordinater() rangezo 0.5-16.5
p(e), of € = Ecoy — J(J + 1)B and this function therefore can be number of grid points in’, o1
. number of angular grid points 80
obtained from the = 0 data. In the capture model method the absorption region length iR’ (r')/a 5 (5)
bottleneck is determined by the centrifugal potential associated absorption strengthcgs) 05
with eachJ. The effective potentials exhibit centrifugal barriers center of initial wave packeRg)/ao 9
which differ for differentJ-values and are assumed to replace width of the wave packety 8.0
the barriers in thé-shifting. With\? being the centrifugal barrier smoothing of the wave packe, 0.5
. . initial translational energygrand€V 0.2
for a givend the formula for the capture model can be written cutoff energyVedeV 10.88
as Hamiltonian scaling parametey/ag 0.7592
Hamiltonian shift parameteb/ao —0.7950

P}](Ecol) = pc(6 = Ecol - VJ) (10)

Most of the details of thd-shifting and capture model method
are well described elsewhete3?45To calculate reactive cross
sections on the attractive and barrierless$ dusface the capture
model method was used. The "1/surface has a collinear
minimum energy reaction path with a barrier in the entrance
channel and therefore theshifting method was employed to 0.8
calculate reactive cross sections for this electronic state. We ,
estimated product vibrational state resolved cross sections onZ Ei, .

aAll quantities are given in atomic unit8 These parameters are
computed automatically by the computer code. They differ for the two
surfaces. The values quoted are for the $iface.
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the 1A and 1A' surface for both product channels.df(E) 0.6
denotes the estimated cross section into a specific fihal
state, then we can define the product distribution terb¢E)/
2,04(E).

C. Calculation Details. All calculations reported here are
for total angular momenturd = 0. They were carried out in ; —— total probability
product Jacobi coordinates using the'lahd 1A' adiabatic TSmO
potential energy surfaces of Dobbyn and Knowfe¥:41These I
surfaces are based on large scale multireference configuration o h : o . = . o : o
interaction calculations. The 1®K surface has no barrier for
the C,, insertion and just a small barrier of 0.019 eV for the
collinear approach. The well depth is 7.29 eV. The zero point Figure 1. The reaction probability for the reactions*0f + HD —
energy of the reactants ® HD is 0.23 eV and the reaction is 9P *+ H (dashed line) and G) + HD — OH + D (dotted line) and
exothermic by about 1.95 eV. thg total reaction proEablllty for @ HD (solid line) calculated on the

. 1A' DK surface forJ = 0.

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 probabilitiegE,.',j") for
all relevant product states. The total reaction probability is then
the sum over all’ andj’ of P,(E,»j'). For the reaction of GD)
with HD there are two possible product channels, ®Bl 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 and' the internuclear distance of OD. For the OH
+ D product channeR represents the distance from D to the
center of mass of OH and 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(¢',)") and OH¢' ") in the reaction and the total reaction
probabilities for each chann@°"(E) and PP°(E). The total
reaction probability for O+ HD is then the sumP.(E) =
PPO(E) + PP™(E)

In the calculations 80 angular DVR grid points were used
which is equivalent to using rotational basis functions up to
= 79. Not all of these are open asymptotically, however, and
the wave packet was analyzed in the asymptotic region of the A. Branching Ratio. Figure 1 shows the reaction probabilities
product channel to extract probabilities for the production of (J = 0) calculated on the 1Asurface for the two product
OD and OH in the lowest 10 vibrational states and the lowest channels, OH- D (dotted line) and ODF H (dashed line) and
49 rotational states. the total reaction probability for @ HD which is the sum of

In the present work a double exponential damping operator, the two former (solid line). The total reaction probability is very
corresponding to an exponential imaginary absorbing poten- high over the whole energy range and almost flat. In the low

Reaction Probab

Collision Energy/eV

tial %465 has been used. The explicit form of the damping
operator in (7) was taken to &(R)A/(r) with the absorption
functions A(X) = exp[—Cabs €XP(—2(Xmax — Xab9/(X — Xan9)]

for X > Xapsand A = 1 otherwise, wherex = R or r'. The
parametercyps controls the absorption strengthy,s where the
absorption region begins angx — Xand 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.

Ill. Results
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Figure 2. The reaction probability for the reactions'Of + HD — 6 T T — T T T
OD+H (dashed line) an_(_j a&p) + HD — O_H + D (dotted line) and L ) -
the total reaction probability for @ HD (solid line) calculated on the |
1A" DK surface for = 0. 5F T g
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 thedOH, systend? 2934
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) are0 0 Sedll” o . o : v . o
only calculations, the fine structure in the total reaction ’ L ’ ’
probability and some of the structure of the reaction probabilities Collision Energy/eV
for the two different product channels will be smoothed out Figure 3. Branching ratio OD+ HIOH + D over the collision energy
\(l)vtT]z? L“agnh der\]tf:/ealgsrsnSlre?rrllre])(r::tuadrsds{?ui:rzﬁrga(l)?‘utlsgotr\:vs(.) gpo:jZit range from 0.07 to 0.8 eV fal = 0 (solid line) and the result from the
’ e . . capture model (dashed line) calculated (a) on theDW surface and
channel probabilities might be a real feature of the reaction on 5y on the 14 DK surface.
the ground-state surface. Figure 2 shows Jhe O reaction
probabilities computed for scattering on the"1éurface. This ~ TABLE 2: Branching Ratios Estimated from Experimental
surface has a barrier of about 0.1 eV so there is a definite Méasurements at Two Different Collision Energies and the

L . - . Corresponding Results from the Present Work forJ = 0
collision energy threshold to the reaction. Itis clear again that gn4 Using the Capture Model Employing the 1A DK

Ratio OD+H/OH+D

the OD channel is preferred on this surface as well. Surface
Figure 3 shows the branching ratio OD/OH fbr= 0 (solid 2.4 kcal/mol 1.30k 0.1 LIF®6
line) for reaction on the 1’/Aand 1A’ surfaces over a collision 1.13+ 0.08 LIF7
energy range from 0 to 0.8 eV calculated from the reaction 1.5+0.2 REMP¥S
probabilities shown in Figures 1 and 2. The dashed line in Figure 1.33+0.07 VUV—RF?®
3 represents the OD/OH ratio obtained from the cross sections 1'29 ttrr:luz ‘cvvg:'li"]; (iure model
estimated using the capture model for Figure 3a and using the 5 4 | caimol 13502 LIF® P
J-shifting method for Figure 3Bt In Figure 3a thel = O ratio 1.4+ 0.2 REMP#S
oscillates strongly with energy as a result of the oscillations of 1.6 this work,J =0
the individual probabilities of the two product channels with 17 this work, capture model

energy (see Figure 1). The ratio obtained from the capture model 2 These collision energies correspond to total energies of 0.33 and
oscillates much less, increasing gently with energy from 1.6 to 0.37 eV.

1.8 over the energy interval shown. The average branching ratio
of the J = 0 results, averaged over the energy range in Figure on the 1A surface. TheJ = 0 ratios were calculated by
3a, is estimated to be about 1.8 and the average branching raticaveraging over an energy window of 0.01 eV. For the lower
estimated from the approximate capture model cross sectionsenergy (-0.33 eV total energy) the ratio calculated in the present
is 1.71. Figure 3b shows the branching ratios obtained from work is about 1.8 fod = 0 and 1.69 using the capture model.
scattering on the 1Asurface. This ratio falls from values of  The ratios estimated from the experiment are all in the range
about 6 to about 2.0 over the energy range examined. of 1.1-1.5. For the higher collision energy-0.37 eV total
Table 2 lists the experimentally measured branching ratios energy) the quantum dynamics results fo= 0 agree better
for two different collision energies, 2.4 and 3.4 kcal/mol, and with the experimental results and fall within the error bars of
also lists the corresponding values for 0 and those estimated  one of the experimental results at this energy. For both energies
from the capture model cross sections from the present work the branching ratio calculated in this work fér= 0 and the
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Figure 4. Branching ratio OD+ H/OH + D: (1) calculated on the  Figure 5. Integral cross sections for OB H and OH-+ D vs collision

1A’ DK surface in the present work using the capture model (solid energy in units of eV for the 1A(solid line for OD and dashed line

line); (2) measured experimentall®,,% @67 4,5 and m,%° and (3) for OH) and the 1A (dotted line for OD and dotted-dashed line for

calculated using QCT methods employing different versions of the 1A OH) DK surfaces calculated using the capture model’Y1#nd

surface,v?? (K surface), left-pointing triangfé (DK surface), and right- J-shifting (1A") methods. Included in the picture are the results from

pointing trianglé! (SL1 and MC surface). QCT calculations performed on the same surfécgsrcles for 1A
and squares for 1A.

ratio obtained from the capture model cross sections on the 1A
surface are higher than the ratios measured in the experimentsusing capture od-shifting models as described in section IIB.
It should be noted however that the present work does not really Estimated reaction probabilities farvalues up tal = 66 were
address the sensitivity of the cross section to the initial rotational used for both the 1Aand 1A' surfaces. The maximudialues
state of the HD reactant. In most of the experimental work at depend on the maximum energy for which cross sections are
least thegj = 1 state of HD is substantially populated. Taking requested and are such that there are no further estimated
proper account of this might significantly alter our results. contributions to the cross section for higher valuesl.oThe

To give a better overview of the ratios obtained from cross section for both product channels on the $Arface
experimental and theoretical studies on the 4uérface, Figure ~ decreases rapidly. For higher energies the cross section be-
4 shows the ratio from the capture model displayed over a comes almost flat. The cross section for both products on the
smaller energy range than in Figure 3a. Included in Figure 4 1A" surface show the typical behavior for a reaction with a
are the experimental results listed in Table 2 as well as resultsbarrier. The threshold is at about 0.1 eV and the cross sections
from QCT calculations performed on different versions of the at first increase nearly linearly and then more slowly at higher
ground adiabatic surface. Figure 4 shows good agreement withenergies.
the experimental results from Matsumi etfahnd reasonable Included in the figure are the results from a recent QCT study
agreement with the results from Ho et?alcalculated on the  (circles and squares) by Aoiz et &.also employing the DK
1A' K surface and the results from Aoiz et“dlcalculated on surfaces. For the IAsurface, Aoiz et alreport cross sections
the 1A DK surface. (Note that these QCT calculations used an based on HD reactants at a temperature of 50 K. They also note
HD rotational temperature of 50 K. This results in 19% of the that rotational excitation of the HD reactant does not substan-
HD molecules being in thg= 1 rotational state.) In general, tially alter the cross section. In contrast, the cross sections on
for the energy range shown, all the results from experiments the 1A’ surface are found to be sensitive to the initial rotational
and QCT calculations, except the most recent QCT calculation quantum numbéf and in this case we have compared with the
by Aoiz et al** performed on the same surface as in this work, cross sections for HPE 0) given in Table 2 of ref 44. The
are lower than the ratio obtained in this work on the adiabatic cross section for OH, calculated on the'lAirface, is in very
1A' surface. good agreement with the QCT results. The estimated cross

The branching ratio on the IAsurface was also calculated section for OD is lower than the cross section obtained in the
(see Figure 3b). This surface favors an abstraction and is similarQCT calculations. For the excited IAsurface the QM
in this respect to the case ofFHD discussed by Johnston et  calculations give larger cross sections than the QCT ones for
al#® In this work the average ratio on the 1/surface was both product channels. Schatz et?alhave calculated the
calculated as 2.31 fad = 0 and as 2.0 using thé&shifting same cross sections for a range of collision energies from 0.6
method. Aoiz et af* calculated the branching ratio on the’lA  kcal/mol to 10 kcal/mol (0.026 eV to 0.43 eV) on the K sur-
surface for a collision energy of 0.196 eV. They give a ratio of faces. The present results agree with the general features of
3.43 and the ratio calculated in the present work for this the cross sections reported by Schatz ef3abut also for
energy is 3.9 = 0) and 2.8 (estimate from th&shifting). these QCT results the cross section for OD on thésiAface
The branching ratio on the ITAsurface is even higher than is higher and the cross section for OD and OH on the' 1A
the ratio on the ground-state surface. As discussed by Johnstorsurface are lower than the cross sections calculated in the present
et al®® this is likely to result principally from the larger  work.
acceptance cone for formation of the OD product as compared The adiabatic 1Across section has been found to be roughly
with OH. equal to the sum of the TAand 2A coupled state cross section

B. Cross SectionsFigure 5 shows the reactive cross sections for energies below the barrier on the collinéar surface (0.1
vs collision energy for OB+ H and OH+ D calculated on the eV).39 For higher energies the cross section on thé 2Aface
1A' DK (solid and dashed line) and on the '1®K (dotted is roughly equal to the 1’Across section. Because thelD)
and dashed dotted line) surface. The cross sections are estimatedt HD system has five asymptotically degenerate states, we may
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Figure 6. Estimated overall cross sectiols= Y/s[o1a + 201a7] for Product Vibrational Quantum Number

OD + H (solid line) and OH+ D (dashed line) calculated from the . L S
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 1AatE: = 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).

make a rough estimate of the full cross section for the reaction
using the expression

1
2(Eeq) = g[alA' + 207 (11)

——-J=0
—— J-shifting
OD+H

0.6

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 theria cross section arising from electroni-
cally nonadiabatic transitions from the 1# 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 OPH the
minimum of the cross section is more pronounced than for OH
+ D. The increase at higher energies is similar to that found 02
for the O+ H; reactio® and arises from the contributions of
the 1A’ state and estimated contribution of the' 2#ate to the 00, 2 4 s s 10
overall cross section. Hsu et ‘@lmeasured the cross sections Product Vibrational Quantum Number
for OD + H and OHtD for a collision energy range from 0.6  Figure 8. Product vibrational distributions of the products OD and
to 6 kcal/mol (0.026 to 0.26 eV). The results from the present OH obtained from the calculations pgrfc_)rm(_ed on the_ excitepl surface
calculations agree well with these experimental results except A" 8lEo = 0.4 eV. Shown are the distributions obtained usingXhe
for the OD+ H/OH —+ D ratio. For eneraies below 0.1 eV the 0 results (_da_shed line) and the results calculated using-#héfting

. . Y ! method (solid line).
reported experimental cross sections for @1 and OH+ D
are nearly indistinguishable. Therefore, their measured ratio is= 0. TheJ = 0 results show two peaks fet = 1 ands' = 3.
nearly unity for low energies while the ratio obtained from the The OD distribution (fordJ = 0 and the capture model) is quite
estimated cross sections shown in Figure 6 is about 1.6. Abovebroad and vibrational states up tb = 7 are populated. For
the threshold the cross section for the GHD products, OH the lower vibrational states are favored and the distribution
reported by Hsu et all remains nearly flat while that for OD  (J = 0 and capture model) goes to zero for= 5. For energies
+ H increases which leads to a nearly linear increase of the greater than 0.4 eV, the distribution for OD always shows an
ratio from 1.0 to 1.5 for energies above 0.1 eV. The results inversion with the peak at' = 2. With increasing energy the
from the present work show a similar increase of the ratio above distributions get broader and states are populated wp+09.
the threshold (i.e., above a collision energy of 0.1 eV). The For the OH distribution the most probable state remains
experimental results also show that the minimum at 0.1 eV is 0. For higher energies the distribution becomes completely flat

04

02

2
N

——-J=0
—— J-shifting
OH+D

Probability

more pronounced for OB+ H than it is for OH+ D, in for o' = 1-3 and then drops off. With increasing energy states
agreement with the predictions of our calculations. up to v’ = 6 are populated.
C. Product State Distributions. Figure 7 shows the vibra- Figure 8 shows the vibrational distributions calculated for

tional distributions for OD and OH calculated on the’ Barface the same energy on the 1Asurface. These results show a
at the total energy of 0.4 eV. The figure shows Jre 0 results complete different picture from the results on the' Barface.

as well as the results from cross sections estimated using theThe results forJ = 0 are very similar to the results from the
capture model. While thé = 0 results show a lot of structure, estimated cross sections using thshifting method for both
most of it is smoothed out in the capture model results. The OD and OH. For both products the vibrational distributions are
vibrational distribution for OD is inverted with a peak @t= highly inverted with a peak at' = 5 for OD andv' = 4 for

2. TheJ = 0 results also show a second peak #or= 4. For OH. This picture does not change much with increasing energy.
OH the most probable state for the capture model results is  For OD, the distributions have a very pronounced peak at
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03 ‘ - ‘ - TABLE 3: QCT Results from Ho et al.?? Calculated on the
1A’ K Surface for a Collision Energy of 5 kcal/mol (0.44 eV
- omb Total Energy) and the Results a the Same Energy Calculated
in This Work on the 1A’ DK Surface?
QCT this work
02
. OD/OH ratio 1.54 OD/OH ratio 1.7 (1.74)
z oD
2 V' P@) O v P@") o
£ 0 014 28 0 0.17 (0.14) 22
01 b 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
0o . @0 2.69 @0 2.38 (2.36)
¢ 2 4 6 8 10
Product Vibrational Quantum Number OH
Figure 9. Estimated overall product vibrational distributions for OD (1) 822 ig (1J 823 Eggg; 12
(solid line) and OH (dashed line) Bt = 0.4 eV. The estimated cross 2 0'22 16 2 0'21 (0'21) 15
sections were combined using equation 11 of the text. 3 017 14 3 0.12 (0:21) 13
I DA . 4 010 9 4 0.14 (0.10) 8
5. Vibrational states from' = 3—7 are populated while the 5 001 5 5 0.03 (0.01) 3

population fors' = 0—2 is virtually zero. For OH the peak @'0 1.65 @0 1.71 (1.72)
remains at' = 4. With increasing energy states upd®o= 5 a _ I )
are populated and also the lower states get more and moremOdTeTerergjﬁgsa?ge;go_Sg’Osvnndiaorbtrgecl\('gt’;at'onal population, capture
populated. These results compare well to the results from '
QCT*344 calculations. In particular the QCT results from Hsu also show a second peak @t= 0 which does not appear in
and Liu®3 indicate that the OD product is favorably produced the capture model results. The QCT results show a steep
in the vibrational state’ = 4—6 and the product OH in the  decrease as one proceeds frame 4 to v’ = 5. While the QM
vibrational state)’ = 4. (J = 0) vibrational distribution for OD decreases rapidly going
Figure 9 shows the overall product vibrational distributions from ' = 3 to ' = 4, the capture model results show the same
for OD and OH calculated for a total energy of 0.4 eV (collision decrease going from’ = 4 to v’ = 5 as the QCT results. For
energy of 0.17 eV). These distributions were calculated from OH, the QCT and the QM vibrational distributions are in good
the estimated overall cross section obtained by applying equationagreement. Both show a continuous decay witk= 0 as the
(11) of the text. Both distributions are strongly inverted with a most probable vibrational state. The QW= 0) show a slight
peak at' = 5 for OD andy’ = 4 for OH. These peaks result peak forv’ = 4 which is smoothed out in the capture model
from the contribution of the 1A surface. For energies above results. The capture model results for the vibrational distribution
the threshold of 0.1 eV the vibrational distribution for OD for OD and OH show very good agreement with the QCT
always shows the peak at = 5. For all energies there is  results.
basically no contribution from the first three vibrational states,  For the rotational distributions no capture model calculations
V' = 0—2, arising from the excited state. With increasing energy, were performed. Thé-shifting and capture model methods are
the stateg’ = 3 andy' = 6 become more and more populated expected to be most accurate for the least resolved quantities.
while the population of the lowest three states gradually Therefore, we have concentrated on the vibrational state resolved
decreases. As the collision energy increases over 0.1 eV thecross sections and did not attempt to obtdirandj' specific
population of OH{' = 4) steeply increases and then starts to cross sections. The results shown for the average rotational state
decrease again. For high energies, the populationsef2—4 for everyy' areJ = 0 results and in general show that the QCT
are nearly the same and the OH vibrational distribution becomesresults give rise to more rotational excitation than the QM ones.
almost flat fory' = 2—4. With increasing energy the statés One reason might be the differences between theKLAnd
= 1 and?' = 5 become more and more populated with the the 1A DK surfaces. As discussed in ref 34 for-©H,, the
population of' = 5 arising exclusive from the contribution 1A' K surface leads to more rotational excitation than the 1A

from the 1A' surface. DK surface. For the vibrational distributions the agreement is
Table 3 shows the QCT results of Ho et?akalculated on better for the results obtained using the capture model. It is
the 1A K surface at a collision energy of 5 kcal/matQ.44 expected that the agreement for the rotational distribution will

eV total energy) and the results from the present work at the improve when highed-values are also taken into account.
same energy fod = O calculated on the DK surface. For the Butler et al’ measured the relative population of the
vibrational distributions, the results obtained using the capture vibrational states of OH and OD. They report the ratios of OH-
model are also shown in brackets. The table lists the vibrational (v = 1/’ = 0) = 1.024+ 0.2 and OD{' = 1/’ = 0) = 1.33+
distributions for OD and OH as well as the average rotational 0.2 and OD{' = 2/’ = 0) = 1.14 + 0.2. The reagent
state,[jJ[J for each vibrational state and the average vibrational translational energy associated with these measurements is
state,[?'[] The uncertainties in the QCT calculations &@.01 somewhat ill defined but is probably a few kcal/mol. We
for the vibrational population;+0.03 for [3'Cand 41 for 0 calculated these ratios for collision energies of 2.4 and 3.4 kcal/
for every vibrational state. Table 3 shows good agreement for mol from the vibrational distributions obtained in the present
the OD/OH ratio and for the average product vibrational calculations on the 1Asurface using the capture model. The
quantum numbeiz'[]for OH and OD between the present work calculated ratios are OlH(= 1/' = 0) = 0.84 (0.76) and OD-
and the QCT results. For OD both the QCT and the QM results (v' = 1/v' = 0) = 1.22 (1.20) and OD( = 2/v' = 0) = 1.89
show a similar trend in the vibrational distributions. Both show (1.62) for 2.4 kcal/mol (3.4 kcal/mol). Th& = 1/v' = 0 ratios

an inversion with a peak at = 2. The QM results fod = 0 for both products and energies calculated in this work agree
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reasonably with the experimental results. The @B 2/v' = Department of Energy, under Contract W-31-109-ENG-38. We
0) ratio is significantly higher than the one from the experiments thank one of the referees for many helpful comments.

and does not vary noticeably with energy within the range of

the present calculations. As already discussed, the productReferences and Notes

vibrational state distribution p_rgdicted from_dyr_lam_ics on the (1) Schatz, G. C.; Kuppermann, A. Chem. Phys1976 65, 4624.

1A" surface produces no significant population in eitherihe (2) Schatz, G. C.; Kuppermann, A. Chem. Phys1976 65, 4642.

= 0to v = 2 states, so the inclusion of this state in our results (3) Davidson, J. A.; Sadowski, C. M.; Schift, H. I.; Streit, G. E.;

will not change any of the ratios discussed above. gf"é";rd' C. J.; Jennings, D. A.; Schmeltkopf, A.1.Chem. Phys1976

) (4) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F,;
IV. Conclusions Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
] ) ) M., Chemical Kinetics and Photochemical Data for Use in Stratospheric
Integral cross sections, branching ratios, and product stateModeling. JPL Publication No. 94-26; Jet Propulsion Laboratory: Pasadena,
distributions calculated using the real wave patkapproach ~ CA 1994.

have been presented for the reactioAl)(+ HD — OH(OD) Phy(ss_) LE{#_‘{%%%'QE; 'Ylgg?_ Ponald, R-G; Donaldson, D. J.; Sloan, Gham.

+ D(H). The calculations were performed on the ground state (6) Luntz, A. C.J. Chem. Phys198Q 73, 1143.
adiabatic surface, TAand the 1A adiabatic surface of Dobbyn (7) Aker, P. M.; Sloan, J. JI. Chem. Phys1986 85, 1412.

,40,41 - (8) Jursich, G. M.; Wiesenfeld, J. Rhem. Phys. Letl985 119, 511.
and KnOW|e§ for total angul_ar momenturd = 0. (9) Butler, J. E.; Jursich, G. M.; Watson, I. A.; Wiesenfeld, J.JR.
Cross sections have been estimated from the compluted Chem. Phys1986 84, 5365.

0 reaction probabilities using the capture métiahdJ-shifting*® (10) Smith, G. K.; Butler, J. EJ. Chem. Phys198Q 73, 2243.
approximations. We estimated cross sections for both product (ﬂg ESU, Yé-TJ-; Vé/ang, J--"rl]-_; LlllDJ, ﬁ] Chkem_-rpgyglg% 15073 2351- v
. uss, R. J.; Casavecchia, P.; HIrooka, |.; sibener, S. J.; Lee, Y. |.

channels on both, surfaces. The cross section for the+OBbl _ Chem. Phys. Letl981 82, 386.
channel on the 1Asurface shows very good agreement with (13) Che, D.-C.; Liu, K.J. Chem. Phys1995 103 5164.
the results from a QCT calculation performed on the same (14) Alexander, A. J.; Aoiz, F. J.; Brouard, M.; Burak, I.; Fujimura, Y.;
surface* The estimated cross section for the @DH channel Short, J.; Simons, J. Ehem. Phys. Letl996 262, 589.

he 1A ‘ is | h h dicted b cT (15) Hsu, Y.-T.; Liu, K.J. Chem. Phys1997 107, 1664.
on the . surface Is lower t an_ that predicte y Q (16) Alexander, A. J.; Aoiz, F. J.; Brouard, M.; Short, J.; Simons, J. P.
calculationd344 and the cross sections on the "Lfor both Isr. J. Chem1997 37, 317.
channels are higher. (17) Alexander, A. J.; Aoiz, F. J.; Bares, L.; Brouard, M.; Short, J.;

: ; : Simons, J. PJ. Phys. Chem1997, 101, 7544.
An estl_matg is also ma?'e _Of t_he overall cross Sec“‘_’”s and (18) Alexander, A. J.; Aoiz, F. J.; Bares, L.; Brouard, M.; Simons, J.
product vibrational state distributions for the4OHD reaction P.Phys. Chem. Chem. Phy200Q 2, 571.
which would be obtained if all three contributing electronic _ (19) Alexander, A. J.; Blunt, D. A.; Brouard, M.; Simons, J. P.; Aoiz,
states had been properly taken into account. The overall cross'lzbé-?wBsa’”esv L.. Fujimura, Y.; Tsubouchi, Mraraday Discuss1997
sections show good agreement with experimental resittse (20) Schinke, R.; Lester, W. Al. Chem. Phys198Q 72, 3754.
overall cross section for both channels decreases sharply for (21) Fitzcharles, M. S.; Schatz, G. @. Phys. Chem1986 90, 3634.
low energies and then starts to rise again above a collision = (22) Ho, T.-S.; Hollebeek, T.; Rabitz, H.; Harding, L. B.; Schatz, G. C.

o : o J. Chem. Phys1996 105, 10472.
energy of 0.1 eV. This increase arises from the contribution of (23) Schalz, G. C. Papaioannou, A.; Pederson, L. A.: Harding, L. B..

the excited 1A and 2A states. Hollebeek, T.; Ho, T.-S.; Rabitz, Hl. Chem. PhysL997, 107, 2340.

The OD/OH product ratios, based on dynamics just on the oa(azg) Schatz, G. C.; Pederson, L. A.; Kuntz, Prdraday Discuss1997,

) o/ i ; 108, 357.
1A’ surface, ar.e found to be $20% higher than eXpenmenta"y (25) Alexander, A. J.; Aoiz, F. J.; Bares, L.; Brouard, M.; Herrero,
measured ratios (see Table 2). The theoretically determinedy, j simons, J. PChem. Phys. Letf1997, 278 313.
dynamics on the 1Asurface is found to yield even higher OD/ (26) Alagia, M.; Balucani, N.; Cartechini, L.; Casavecchia, P.; van Kleef,
OH ratios (see Figure 3b). Classical trajectory calculations on E. H.; Volpi, G. G.; Kuntz, P. J.; Sloan, J. J. Chem. Phys1998 108
the same surfaéfégwe consistently higher OD/OH ratios tha_n (2%) Badenhoop, J. K.: Koizumi, H.; Schatz, G.JCChem. Phys1989
those estimated in the present quantum mechanical calculationsg, 142.
The available theoretical results therefore seem definitely to give  (28) Peng, T.; Zhang, D. H.; Zhang, J. Z. H.; SchinkeORem. Phys.

. . . i Lett. 1996 248, 37.
a significantly higher OD/OH ratio than present experimental (29) Dai, J.J. Chem. Phys1997 107, 4934,

estimated1.66-68 Ny . . - .
i ) o . (30) Balint-Kurti, G. G.; Gonzalez, A. |.; Goldfield, E. M.; Gray, S. K.
The vibrational distributions calculated using the' Barface Faraday Discuss1998 110, 169. _ _
show an inversion for OD with a peak @t= 2, while for OH (31) Gray, S. K.; Goldfield, E. M.; Schatz, G. C.; Balint-Kurti, G. G.

P Lo e Phys. Chem. Chem. Phyk999 1, 1141.
v' = 0 is the most probable state. The vibrational distributions ™ 35" ier K- Schatz, G. 1. Chem. Phys1999 111, 2451.

Calculated on the l'ASUI’faCG are Vel’y Sharp|y peaked, W|th (33) Gray’ S. K.; Petrongo|0’ C’ Drukker’ K.; Schatzy GxPhyS

almost zero probability of' = 0,1 occurring for OH and’ = Chem.1999 103 9448. '

0—2 for OD. For OD the peak of the population occurs/at (34) Hankel, M.; Balint-Kurti, G. G.; Gray, S. KI. Chem. Phys200Q
. N : . 113 9658.

5 and f‘,’r OH it occurs at’ = 4. This agrees well with QCT (35) Aoiz, F. J.; Baares, L.; Herrero, V. JChem. Phys. Lett1999

calculationsit44 310, 277.

The comparison between our quantum calculations and quasi- (36) Murrell, J. N.; Carter, SJ. Phys. Cheml984 88, 4887.

. . . : . (37) Durand, G.; Chapuisat, XChem. Phys1985 96, 381.
classical trajectory calculations is very good in all respects. (38) Dobbyn, A. J.: Knowles, P. Faraday Discuss1998 110, 247.

Considering the uncertainty in the experimental re8ubisr (39) Gray, S. K.; Balint-Kurti, G. G.; Schatz, G. C.; Lin, J. J.; Liu, X.:
computeds’ = 1/0' = 0 ratios are in good agreement with ex- Harich, S.; Yang, X.J. Chem. Phys200Q 113 7330.
periment. Our estimated OB(= 2/v/ = 0) ratio is a little high. (40) Dobbyn, A. J.; Knowles, P. J. Unpublished data.

(41) Dobbyn, A. J.; Knowles, P. Mol. Phys.1997 91, 1107.
o (42) Hsu, Y.-T.; Liu, K.; Pederson, L. A.; Schatz, G.IL.Chem. Phys.
Acknowledgment. We thank the EPSRC for the provision 1999 111, 7921.
of funds to purchase the computers on which this work was  (43) Hsu, Y.-T.; Liu, K.; Pederson, L. A.; Schatz, G..L.Chem. Phys.

performed. M.H. t.hanks the University of Bristol for a pOSt- 19?4?4)11&0;9?::.[..].' Baares, L.; Brouard, M.; Castillo, J. F.; Herrero, V. J.
graduate fellowship. S.K.G. was supported by the Office of j chem. Phys200q 113 5339. T T '

Basic Energy Sciences, Division of Chemical Sciences, U.S. (45) Bowman, J. MJ. Phys. Cheml1991, 95, 4960.



O + HD Reaction Probabilities and Branching Ratios J. Phys. Chem. A, Vol. 105, No. 11, 2002339

(46) Johnston, G. W.; Kornweitz, H.; Schechter, |.; Persky, A.; Katz, (58) Huang, Y.; lyengar, S. S.; Kouri, D. J.; Hoffman, D. K.Chem.

B.; Bersohn, R.; Levine, R. Dl. Chem. Phys1991 94, 2749. Phys.1996 105 927.
(47) Gray, S. K.; Balint-Kurti, G. GJ. Chem. Phys1998 108 950. (59) Mandelshtam, V. A.; Taylor, H. S. Chem. PhysL995 102, 7390.
19{(;(1]82‘2‘3%(15510n, R. S.; Kouri, D. J.; Neuhauser, D.; BaerPiys. Re. A (60) Mandelshtam, V. A.; Taylor, H. S. Chem. Physl995 103 2903.
- : (61) Kroes, G.-J.; Neuhauser, D. Chem. Phys1996 105, 8690.

(49) Tannor, D. J.; Weeks, D. B. Chem. Phys1993 98, 3884.

(50) Dai, J.; Zhang, J. Z. Hl. Phys. Chem199§ 100, 6898. (62) Chen, R.; Guo, HJ. Chem. Phys1996 105 3569.

(51) Balint-Kurti, G. G.; Dixon, R. N.; Marston, C. Gnt. Rev. Phys. (63) Chen, R Guo, HChem. Phys. Lettl996 261, 605.
Chem.1992 11, 317. ) (64) Vibok, A.; Balint-Kurti, G. G.J. Chem. Phys1992 96, 7615.
Fagg;yBﬂ;t{sKluggb%é Gﬁﬂxon, R. N.; Marston, C. Q. Chem. Soc., (65) Vibok, A.; Balint-Kurti, G. G.J. Phys. Chem1992 96, 8712.

. ; g N (66) Matsumi, Y.; Tonokura, K.; Kawasaki, M.; Kim, H. LlJ. Phys.

48553) Lill, 3. V.; Parker, G. A,; Light, J. CChem. Phys. Letf1982 89, Chem.1992 96, 10622.

(54) Lill, J. V. Parker, G. A.. nght, J. CJ. Chem. Phy51986 85, 28é697) Tsukiyama, K.; Katz, B.; Bersohn, R. Chem. Phy51985 83,
900. :

(55) Kosloff, R.J. Phys. Chem1988 92, 2087. (68) Talukdar, R. K.; Ravishankara, A. Rhem. Phys. Letl.996 253

(56) Tal-Ezer, H.; Kosloff, RJ. Chem. Phys1984 81, 3967. 177.

(57) Huang, Y.; Kouri, D. J.; Hoffman, D. KJ. Chem. Phys1994 (69) Laurent, T.; Naik, P. D.; Volpp, H.-R.; Wolfrum, J.; Arusi-Parpar,

101, 10493. T.; Bar, |.; Rosenwaks, SChem. Phys. Lettl995 236, 343.



