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Integral and differential cross sections for the O(1D)1HD reaction have been obtained from
adiabatic and nonadiabatic quasiclassical trajectory calculations performed on newab initio
versions of the 1A8, 1A9 and 2A8 potential energy surfaces at the collision energies of 0.089 and
0.196 eV ~2.05 and 4.53 kcal/mol, respectively!. Results are reported for both the OH1D and
OD1H exit channels of reaction. The new data are compared with those from previous theoretical
studies employing other potential energy surfaces, and are also used to simulate experimental
differential cross sections obtained from recent molecular beam measurements, which are partially
resolved in the internal states of the products. The comparison provides evidence that excited
electronic states do participate in the title reaction at 0.196 eV, but that their contribution,
particularly that of theA9 state, is overestimated by the quasiclassical trajectory~QCT! calculations
employing the latest, and most accurate, potential energy surfaces. ©2000 American Institute of
Physics.@S0021-9606~00!01637-8#

I. INTRODUCTION

The O(1D)1H2 reactive system and its deuterated iso-
topic variants have long been considered as prototypes for
barrierless chemical reactions proceeding through an inser-
tion mechanism.1–34 At the collision energies employed in
the majority of experiments~up to'0.25 eV!, the reactivity
is largely governed by the lowest adiabatic potential energy
surface~PES!, termed 1A8, which has no barrier for most
nuclear geometries. The reaction, however, can~in principle!
take placevia electronically excited potential surfaces, and
more recently, much experimental and theoretical effort has
been devoted to characterizing the precise details of any ex-
cited state participation.5,7,8,11,13,26,29–34

The 1A8 PES of O(1D)1H2, which correlates with the
ground electronic state of water, is largely attractive, with a
deep well at perpendicular geometries. The anisotropy of this
potential well favors an insertion of the attacking atom into
the H2 bond, rather than direct collisions of the O(1D) with
either end of the molecule. Numerous theoretical studies of
the dynamics, using both quasiclassical trajectory~QCT! and
approximate quantum mechanical~QM! methods, have been
performed on different versions of the ground adiabatic PES
~see for instance Refs. 7, 9, 10, 12, 13, 16–19, 27–29, 31 and
the references therein!.

The reactivity on the excited surfaces has not been stud-
ied so thoroughly. The lowest excited 1A9 PES, which also

correlates adiabatically with ground state reagents and prod-
ucts, has a relatively low collinear barrier ('0.10 eV! which
lies in the entrance channel.7,11,13,26Therefore, the dynamics
on this PES, which can be accessed at the energies of some
of the available experiments, should be very different from
that taking place on the ground 1A8 PES. The next excited
adiabatic PES, the 2A8, which is electronically coupled to
the 1A8, has a barrier of similar height to that on the 1A9
surface.26 This PES correlates with ground state reagents, but
does not correlate with ground state products, and thus its
contribution to reaction can only bevia nonadiabatic
transitions.29,30Upper PESs, corresponding to the degenerate
D state in the collinear configuration, correlate with even
more highly electronically excited products, and the only in-
teraction with the lower PESs isvia Coriolis coupling.

The essential properties of the ground and excited elec-
tronic states of the HOH system can be found in the article of
Durand and Chapuisat,3 where the literature up to 1985 is
reviewed. An analytical representation of the five reactive
PESs correlating with the1D state of the oxygen atom ob-
tained using the diatomics-in-molecules~DIM ! methodology
was reported by Kuntzet al.7 More accurateab initio ver-
sions of the two lowest adiabatic PESs 1A8 and 1A9 have
been published by Hoet al.10 and by Schatzet al.,11 respec-
tively. They are usually referred to as the 1A8 and 1A9 K
PESs. At the time of its publication, the 1A8 K PES super-
seded previous versions of the ground state surface for the
O(1D)1H2 reaction. Until now, the most ‘‘in depth’’ dis-a!Electronic mail: aoiz@legendre.quim.ucm.es
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cussions about the contribution of the excited state pathway
to the reactivity have been based on calculations performed
on the K PESs. Recent high levelab initio calculations by
Dobbyn and Knowles26 have led to the construction of new
surfaces~hereafter DK PESs! for the 1A8, 1A9 and 2A8
electronic states and the electronic coupling between the 1A8
and 2A8, which are expected to be the most precise ones to
date. The PESs are being used currently in dynamical calcu-
lations by various groups,28–30 but, to our knowledge, no
thorough comparisons with experiment have been reported
thus far.

The excited electronic states are not expected to play a
significant role for collision energies below 0.10 eV, ap-
proximately the barrier height on both the 1A9 and 2A8
PESs. Accordingly, the thermal rate constants for O(1D)
1H2/D2 recently measured by Talukdar and Ravishankara35

at 300 K ~which corresponds to an average collision energy
of 0.04 eV! could be accounted for well by dynamical cal-
culations performed on the 1A8 ground state surface alone.18

However, the dependence of the O(1D)1H2 /D2/HD reac-
tion cross sections on collision energy, i.e., the excitation
functions, measured by Hsuet al.,23 show a rise at collision
energies aboveEcol50.10 eV, which were taken as an indi-
cation of the participation of electronically excited PESs.
These experimental results were in qualitative agreement
with theory, although aboveEcol.0.10 eV the rise in the
excitation functions for the O(1D)1H2 and O(1D)
1HD→OD1H reactions was more pronounced than that ob-
tained from QCT calculations which included contributions
from both the 1A8 and 1A9 K PESs.11,36

Lee and Liu34 have recently investigated the effect of
reagent rotation on the O(1D)1H2(v50,j ) reaction by mea-
suring the excitation functions for the reactions of O(1D)
1p2H2 ('86% of the molecules inj 50) and O(1D)1n
2H2 ('75% of the molecules inj 51) over the 0.022–0.14
eV collision energy range. The authors found that forEcol

.0.09 eV, rotational excitation of the hydrogen molecule to
j 51 enhances the reactivity. This result is at variance with
QCT calculations11,36 on the K PESs, that predict the reac-
tion cross section on the 1A8 PES to be almostj independent
~consistent with reaction on an essentially barrierless sur-
face!, and an appreciable decrease in the reactivity on the
1A9 PES upon excitation of H2 to the j 51 state. Interest-
ingly, QCT calculations36 on the DK version of the 1A9
surface give a larger cross section for the reaction of O(1D)
with H2( j 51) than with H2( j 50), which is, at least, in
qualitative agreement with experiment.

The contribution of the excited 2A8 PES to the global
reactivity~from nonadiabatic transitions! has been studied by
Schatz, Pederson and Kuntz13 using the trajectory surface
hopping ~TSH! method on DIM 1A8, 1A9 and 2A8 PESs
and the couplings between the 1A8 and 2A8 surfaces. These
authors found that the cross sections obtained from the tra-
jectories started on the 2A8 were about half those calculated
adiabatically on the 1A9 PES, and that the product state dis-
tributions on the 2A8 surface were intermediate in character
between the 1A8 and 1A9 PESs. More recently, Drukker and
Schatz29 have performed approximate QM scattering calcu-
lations of electronic and rotational Coriolis, and electronic

nonadiabatic coupling effects using the DK 1A8, 1A9 and
2A8 surfaces, and the DIM 2A9 and 3A8 surfaces for the
O(1D)1H2 reaction. The authors concluded that even
though the Coriolis coupling is significant, inducing a redis-
tribution of population between the fine structure levels of
the PESs as the reactants approach, the resulting reaction
probability and integral cross sections are very similar to
those obtained from a Coriolis decoupled calculation. There-
fore, as long as the electronic nonadiabatic coupling between
the 1A8 and 2A8 PESs is considered, Coriolis coupling ef-
fects are not important. The nonadiabatic contribution to the
cross sections from the 2A8 surface was found to be about a
half of that from the adiabatic calculations on the 1A9. In
addition, Grayet al.30 have performed adiabatic and nona-
diabatic wave packet as well as QCT-TSH calculations for
the O(1D)1H2(v50,j 50) at total angular momentumJ
50 as a function of collision energy on DIM PESs and on
the DK PESs. They found that there were small differences
between the adiabatic and coupled surface results when the
initial state was chosen to be the 1A8 state and that, at ener-
gies above the transition state barrier, the 2A8 reaction prob-
ability was similar to that of 1A9.

Differential cross sections~DCS! have also been deter-
mined experimentally for this reaction. These measurements
should provide a more sensitive indicator of contributions to
the dynamics from excited state PESs to the global reactiv-
ity. DCSs without resolution of product internal states have
been determined experimentally by different groups20,21,24,25

in crossed beam experiments. Che and Liu21 used Doppler
shift measurements in a 111 resonance enhanced multipho-
ton ionization~REMPI! scheme for the detection of the H~D!
scattered atoms from the O(1D)1HD reaction atEcol'0.2
eV. They found significant forward/backward asymmetry in
the two isotopic exit channels. Casavecchia and co-workers24

used mass spectrometric detection of the OH~OD! molecules
for the measurement of angular and velocity distributions of
the products of the O(1D)1H2 reaction atEcol50.08 and
0.13 eV and of the O(1D)1D2 reaction atEcol50.23 eV.
For the lower collision energies, the angular distributions are
forward/backward symmetric, but for the higher ones (Ecol

.0.1 eV! a slight asymmetry appears, favoring peaking in
the backward hemisphere. After a comparison with QCT cal-
culations on DIM PESs, the authors suggested that this slight
asymmetry is related to the presence of an abstraction reac-
tion mechanism evolving on one~or both! of the lowest elec-
tronically excited surfaces. Ahmedet al.25 have applied the
technique of velocity map imaging to obtain the full double
~angle and velocity! DCS of the O(1D)1D2 reaction at
Ecol50.1 eV. The authors found a strong coupling between
the translational energy release and the angular distributions
of the scattered products, but at the collision energy em-
ployed, no effects attributable to reactionvia an abstraction
mechanism on the excited surfaces could be identified.

Angular distributions resolved in OH(v8, j 8) internal
state have also been determined. Alexanderet al.16,17 ob-
tained OH state-resolved DCSs for the O(1D)1H2 reaction
at a mean collision energyEcol50.12 eV using photon ini-
tiation coupled with Doppler-resolved laser induced fluores-
cence~LIF!. These experiments, although specific to a single
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rovibrational state of the OH products, possess compara-
tively low energy and angular resolution. In the more recent
study, angular distributions were derived for the OH prod-
ucts born specifically in thev854,N851 state,17 which
QCT calculations on the KA8 andA9 PESs had predicted to
be generated primarilyvia reaction on theA9 excited state.
However, comparison of the experimental results with these
calculations suggested that the reactivity at the collision en-
ergies employed was essentially governed by the reaction on
the 1A8 surface.

More recently, Hsuet al.22,32,33 have used a Doppler-
resolved time-of-flight method to obtain DCSs for the
O(1D)1HD→OH~OD!1D~H! reaction. These experiments
provided data with high resolution in angle and collision
energy, and with partial resolution of the internal states of
the products. In these studies, the H and D atom time-of-
flight ~TOF! profiles were used to derive product transla-
tional energy distributions for selected center-of-mass~CM!
angles,P(Et8 ,u). Structures in some of theP(Et8 ,u) distri-
butions, observed particularly in those corresponding to scat-
tering into the backward hemisphere, were attributed to con-
tributions from the excited 1A9 PES. However, the
comparison between the experimentalP(Et8 ,u) distributions
for the reaction yielding OH1 D22 and the simulations de-
rived from QCT calculations employing the 1A8 and 1A9 K
PESs31 does not provide clear evidence of the participation
of the upper PES to this channel of the reaction; on the
contrary, the simulations performed with the DCSs calcu-
lated using the ground (1A8) state PES alone also display
the observed structures and, in fact, bear a closer resem-
blance to experiment than those which included contribu-
tions from both the 1A8 and 1A9 PESs. In the most recent
experiments of Hsuet al.,32,33 the structures observed in
some of theP(Et8 ,u) distributions were again attributed to
the contribution of the 1A9 PES, but this assignment is not
clearly born out by the QCT calculations on the K PES re-
ported in that work.

In the present article, we report a thorough QCT study of
the dynamics of the O(1D)1HD→OH~OD!1D~H! reaction
using the 1A8 DK PESs26 at two of the collision energies of
the experiments of Hsuet al.,32,33 namely Ecol50.089 and
0.196 eV. At the latter energy, the calculations have also
been performed on the 1A9 and 2A8 DK PESs. Non-
adiabatic contributions from the 2A8 surface have been taken
into account within a trajectory surface hopping~TSH! for-
malism. The results are compared with the measurements of
Hsuet al.,32,33and with QCT calculations on the K PES, and
are discussed in terms of relevant topological features of the
PESs involved.

II. METHOD

The quasiclassical trajectory methods employed here are
similar to those described in previous publications~see, for
instance, Ref. 37 and references therein!, and only those de-
tails relevant to the present work will be given in this sec-
tion. The QCT calculations were performed on the DK 1A8,
1A9 and 2A8 surfaces.

A batch of 220 000 trajectories was run on the 1A8 DK

PES atEcol50.089 eV~2.05 kcal/mol! and two batches of
'400 000 trajectories each were run on the 1A8 and 1A9
DK PESs, respectively, atEcol50.196 eV~4.53 kcal/mol!. In
all batches, the initial rotational quantum number of the HD
reactant,j, was randomly sampled according to a Boltzmann
distribution at 50 K~81% of j 50 and 19% ofj 51).22,32,33

Trajectories were started at an O(1D)-HD distance of 8 Å
and a time step of 0.02 fs was used. Under these conditions
total energy was conserved to better than 1 in 105. The maxi-
mum impact parameters employed were 2.9 Å (Ecol50.089
eV! and 2.6 Å (Ecol50.196 eV!, for the 1A8 and 2.0 Å for
the 1A9 DK PESs, respectively.

As in our previous studies,37 the rovibrational energies
of the HD, OH and OD molecules were calculated by semi-
classical quantization of the classical action, using in each
case the asymptotic diatomic potential of the PESs. The as-
signment of final product quantum numbers was carried out
by equating the square of the rotational angular momentum
of the outgoing diatom toj 8( j 811)\2. With the real values
so obtained, the vibrational quantum numberv8 was found
by equating the internal energy of the diatom to the corre-
sponding Dunham expansion. The derived values ofv8 and
j 8 were then rounded to the nearest integer.

To consider the dynamics on the 1A8 and 2A8 DK nona-
diabatically coupled potential energy surfaces, we have used
a trajectory surface hopping~TSH! method.38–40 Two
batches of 300 000 trajectories were run starting on the 1A8
or on the 2A8 DK PESs with the same initial conditions as in
the adiabatic calculations on the 1A8 and 1A9, respectively.
At each time step, every trajectory was checked to see
whether a point of intersection between the 1A8 and 2A8
surfaces in the diabatic representation had been reached. If
so, the Landau-Zener formula was used to compute the prob-
ability P12 of transition from one adiabatic surface to the
other. Following Stine and Muckerman,38 the Landau-Zener
expression employed is

P125exp~22pg/\!, g5
H12

2

u~dw/dt!0u
, ~1!

whereH12 is the nondiagonal electronic Hamiltonian matrix
element between 1A8 and 2A8 diabatic DK PESs andw
5H222H11, whereHii are the diagonal electronic Hamil-
tonian matrix elements. As proposed by Miller and George,41

we have used

~dw/dt!05A@22~172H12B/A2!1/2#, ~2!

where

A5(
i 51

3 F S ]w

]qi
D

0

1

mBC
pi

(1)1S ]w

]Qi
D

0

1

mA,BC
Pi

(1)G , ~3!

B5(
i 51

3 F 1

mBC
S ]w

]qi
D

0

2

1
1

mA,BC
S ]w

]Qi
D

0

2G , ~4!

and$qi ,Qi ,pi
(1) ,Pi

(1) ,i 51, 2, 3% are the generalized internal
and relative coordinates and momenta before the transition.
The subindex 0 refers to the derivatives calculated at the
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crossing point. The prescription for changing momenta in
order to conserve total energy and angular momentum when
a hop occurs at a crossing seam is given by

pi
(2)5pi

(1)2S ]w

]qi
D

0

A

B F12S 174H12

B

A2D 1/2G , ~5!

Pi
(2)5Pi

(1)2S ]w

]Qi
D

0

A

B F12S 174H12

B

A2D 1/2G . ~6!

The following algorithm was applied to take a hopping
decision:38 a random numberjP@0,1# was generated, and if
j,P12 the trajectory was made to hop to the other adiabatic
surface, and ifj>P12 the trajectory was allowed to continue
on the same adiabatic surface.

As discussed by Schatzet al.13 in a previous TSH study
of the O(1D)1H2 reaction, it is desirable to avoid hops in
the asymptotic region where the two surfaces are degener-
ated. In the case of the 1A8 and 2A8 DK PESs, we have
found that the diabatic surfaces cross at some points in the
asymptotic region. To avoid the asymptotic hopping we have
setP12 to zero for atom-diatom separations larger than 1.9 Å.
In order to gain some insight about the TSH dynamics, an
analysis of the hops as a function of the bond angles OHDˆ,
ODĤ and HOD̂has been carried out. Whenever a hop took
place, the bond angles were calculated and the trajectory
number saved. The hops were then classified according to
the value of the bond angles; that is, 90°<OHD̂<180°,
90°<ODĤ<180° and 90°<HOD̂<180°. This information
revealed that surface hopping occurs predominantly around
collinear configurations.

DCSs were calculated systematically for every rovibra-
tional state of the OH and OD products by the method of
moments expansion in Legendre polynomials. The Smirnov-
Kolmogorov test was used to decide when to truncate the
series. Significance levels higher than 99% could be
achieved using 4–12 moments, ensuring good convergence,
such that the inclusion of more terms did not produce any
significant change.

As in a previous work,31 in order to simulate the experi-
mental product translational energy distributions at the se-
lected CM scattering angles reported in Refs. 22, 32, and 33,
the recoil translational energy distribution at a selected CM
scattering angle,P(Et8 ;u6Du), was calculated using the
equation

P~Et8 ;u6Du!5(
k

Nk expF2S Et82Ek

DEk
D 2G

3E
u2Du

u1DuS 1

sR

dsR

dv D
k

sinudu, ~7!

where the summation extends to every rovibrational statek
5(v8, j 8) of the OH~OD! product,Ek is the D~H!-atom CM
recoil energy corresponding to the OH~OD! internal statek,
and (dsR /dv)k is the QCTv8, j 8 state-resolved DCS.

The limited resolution of the experiment is modeled with
a Gaussian centered atEk , a normalization constantNk , and
DEk given by

DEk5
2mCM

mAB
wkDw, ~8!

wheremC5mD andmAB5mOH for the OH1D channel and
mC5mH and mAB5mOD for the OD1H channel, andM
5mO1mHD . The product recoil velocity resolutionDw is
defined as

Dw5@sin2 u cos2 f~Dwx!
21sin2 u sin2 f~Dwy!2

1cos2 u~Dwz!
2#1/2, ~9!

whereDwx , Dwy and Dwz are 750, 150, and 1100 m s21,
respectively.31

The QCT calculations do not allow for the electronic
fine structure states of the open shell OH/OD(2P) radicals.
Even if the spin-orbit andL-doublet levels were populated
statistically by reaction, it is possible that the additional fine
structure would modify and blur the experimentally derived
P(Et8 ,u) distributions relative to those calculated herevia
QCT methods. To check that this is not a significant prob-
lem, the theoreticalP(Et8 ,u) distributions have been recal-
culated using more accurate productv8, j 8 energy levels
which include approximately the fine structure splittings.
The populations in the fine structure levels were assumed to
be statistical, and thev8, j 8 populations were taken from the
QCT data. The resultingP(Et8 ,u) distributions were found
to be almost indistinguishable to those obtained directly from
the QCT calculations neglecting the fine structure states of
the products. Nevertheless, the simulations presented here
were carried out using Eq.~7! with thek index running over
rovibrational, spin-orbit andL-doublet levels of OH~OD!.

III. RESULTS

A. Adiabatic calculations

The total integral reaction cross sections~i.e., the cross
sections summed over the product quantum states! calculated
adiabatically on the 1A8 DK PES at 0.089 eV and on the two
(1A8 and 1A9) DK PESs at 0.196 eV, employing an HD
rotational temperature of 50 K, are listed in Table I. At 0.089
eV, the contribution of the upper 1A9 PES is negligible and
no calculations employing it have been carried out. In gen-
eral, the cross sections for the production of OD1H are no-

TABLE I. Present adiabatic and nonadiabatic QCT total integral reaction
cross sections,sR , and intramolecular branching ratios,G~OD/OH! for both
channels of the O(1D)1HD reaction at 0.089 and 0.196 eV collision ener-
gies and a HD rotational temperature of 50 K~81% in j 50 and 19% inj
51). Values in parentheses correspond to one standard deviation ofsR .

PES sOH1D/Å2 sOD1H/Å2 G~OD/OH!

Ecol50.089 eV
1A8 DK 7.24~3! 14.03~3! 1.94

Ecol50.196 eV
1A8 DK 6.28~2! 11.46~2! 1.82
1A9 DK 0.669~4! 2.087~7! 3.12
2A8 TSH DK 0.446~4! 0.928~6! 2.08
@1A8, 2A8] sh11A9 DK 7.34~2! 14.48~2! 1.96
1A8 K 6.94~1! 10.59~2! 1.53
1A9 K 1.334~6! 2.259~7! 1.69
1A8 1 1A9 K 8.27~1! 12.85~2! 1.55
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tably larger than those for OH1D. The corresponding differ-
ential cross sections are shown in Figs. 1 and 2. For both exit
channels, the DCSs calculated on the ground 1A8 PES ex-
hibit a broad minimum centered at a CM scattering angle of
90° with maxima at 0 and 180°. At both collision energies
the DCS on the 1A8 DK PES for the OH1D exit channel has
approximately forward/backward symmetry, whereas that for
the OD1H channel is slightly asymmetric, favoring forward
scattering. In contrast, reactive scattering over the 1A9 sur-
face atEcol50.196 eV~see Fig. 2! is restricted largely to the
backward hemisphere for both OH and OD product channels.

The DCSs have maxima at 180° and are nearly constant in
the 150–180° angular range. The contribution from scatter-
ing over the 1A9 surface therefore enhances the intensity of
the DCS in the backward direction. The resulting total adia-
batic DCS~i.e., that including the contributions from the 1A8
and 1A9 PESs! for the OH1D products is slightly backward
asymmetric, while that for OD1H is nearly backward/
forward symmetric. The ratio of the backward maximum to
the sideways minimum is approximately 2.8 for the two iso-
topic reaction pathways.

Previous adiabatic QCT calculations atEcol50.196 eV
employing the K PESs,31 under exactly the same conditions
as those used here, lead to similar DCSs for the 1A8 surface,
but to a larger contribution from the 1A9 PES, especially in
the OH1D exit channel~the integral cross sections for which
are also given in Table I!. The angular distributions derived
on the 1A9 K PES are also more sharply peaked around
180° compared with those generated on the 1A9 DK PES.
While the cross section for sideways scattering determined
on the 1A8 K PES has approximately the same value as that
on the DK PES, the enhanced backward scattering on the
1A9 K PES leads to a deeper central minimum in the total
(1A811A9) adiabatic DCS. The ratio of the backward maxi-
mum to the sideways minimum for the K PESs is roughly
3.7 for the two isotopic channels.31

Experimental total DCSs for the title reaction at 0.089
and 0.196 eV collision energies have been reported by Liu
and co-workers.21,22,32,33Although the results are generally in
good agreement with the present calculations on the DK
PESs, there are some interesting differences. At 0.196 eV
collision energy, the experimental DCS for the production of
OH1D is nearly backward/forward symmetric with a slight
backward bias, whereas that for the generation of OD1H has
a marked anisotropy, favoring the backward direction~see
Figs. 17 and 18 of Ref. 33!. The experimental total DCS33

for the OH1D channel is in reasonably good agreement with
the adiabatic DCS calculated on the K (1A811A9) PES,31

and with those presented here in Fig. 2, employing the DK
PESs. For the OD1H channel, however, the clear preference
for backward scattering observed experimentally is not evi-
dent in the QCT calculations employing either the K31 or the
DK PESs. In addition, one of the most pronounced differ-
ences between theory and experiment is found in the inten-
sity ratio of the backward/forward peaks and sideways scat-
tering, with the experimental quotients being appreciably
larger than those derived theoretically in all cases.

Product vibrationally state-resolved DCSs for both OH
and OD product channels at a collision energy of 0.196 eV
are shown in Fig. 3. The DCSs for the 1A8 DK PES at the
lower collision energy,Ecol50.089 eV~not shown!, are very
similar to those obtained on theA8 PES at 0.196 eV, except
for the global factor of the cross section; all vibrationally
state-resolved DCSs generated by reaction over the ground
electronic state are approximately backward/forward sym-
metric. Note that the DCSs presented here at 0.196 eV, cal-
culated on the 1A8 DK PES, are very similar to those re-
ported previously using the 1A8 K version of the ground
state PES.31 At 0.196 eV, the QCT calculations predict the
reaction dynamics on the excited 1A9 DK PES to be very

FIG. 1. QCT differential cross sections summed on final states for the
OH1D and OD1H arrangement channels at 0.089 eV collision energy cal-
culated on the ground 1A8 DK PES.

FIG. 2. QCT differential cross sections summed on final rovibrational states
for the OH1D ~upper panel! and OD1H ~lower panel! arrangement chan-
nels at 0.196 eV collision energy. In each panel the joint and separate
contributions of the 1A8 and 1A9 DK PESs to the DCSs are shown.
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different from that generated by reaction over the ground
1A8 state surface, as clearly evident from thev8 resolved
DCSs shown in Fig. 3. Thev8 state-resolved DCSs corre-
sponding to the 1A9 DK surface are strongly backward
peaked, as expected. For reaction on this PES, significant
discrepancies are apparent between the DCSs derived from
the DK and K31 versions of the 1A9 PESs: the angular dis-
tributions are always broader and the cross sections for the
OH1D reactive channel are significantly lower on the DK
PES. Furthermore, although both PESs yield a population
inversion with a maximum atv855 in the OD1H channel,
the relative occupancy of the variousv8 states is different. In
particular, the DCS for the production ofv856 is smaller
than that forv854 over the whole angular range on the DK
PES, and the cross section in the 160–180° interval is
smaller by a factor of four than that calculated on the 1A9 K
PES.

The OH and OD rotationally resolved integral cross sec-
tions ~ICS! for the reaction on the 1A8 DK PES are depicted
in the upper panels of Fig. 4. The correspondingj 8-resolved
ICSs calculated on the 1A8 K surface31 are shown for com-
parison in the lower panels of the figure. The two versions of
the ground state potential yieldv8, j 8 distributions with simi-
lar shapes for both OH and OD product channels; for all the
vibrational states populated, the rotational distributions are
broad and extend to high values ofj 8. Both versions of the
ground state surface predict somewhat different rovibrational
distributions for the OH1D and OD1H channels. The dis-
tribution of vibrational states for OH1D is predicted to have
a maximum atv850 on both the K and DKA8 PESs, with
monotonically decreasing populations with increasingv8;
within each vibrational state, the rotational distributions are
markedly asymmetric, with maxima closer to the higherj 8
end. For OD1H, the vibrational distributions show a popu-

lation inversion on both surfaces, which is somewhat more
marked for the K PES. Finally, the OD rotational distribu-
tions on the DK PES are more symmetric, i.e., somewhat
less biased in favor of highj 8, than those obtained on the K
PES.

The most dramatic discrepancy between the dynamics
predicted by the alternative K and DK versions of the sur-
faces is found in the rotational state distributions generated
by reaction over theA9 PES~see Fig. 5!. Although the two
excited state surfaces both yield OH and OD rotational dis-
tributions which are colder than those obtained on the ground
electronic state, the distributions corresponding to the KA9
PESs~lower panels of Fig. 5! exhibit a remarkable bimodal-
ity, particularly in the OH1 D reaction channel, that is not
observed for reaction over the DK version of theA9 PES.
The latter yields unimodal rotational distributions~upper
panels of Fig. 5!. As discussed in our previous article,31 the
bimodality obtained in the calculations on the 1A9 K PES is
indicative of the occurrence of two distinct dynamical
mechanisms, the origin of which can be traced back to the
particular topologies of the relevant PESs, as discussed in
Sec. IV.

The effect of HD initial rotation (j 50,1! on reactivity
over the 1A9 PES is shown in Table II, where the total inte-
gral cross sections calculated on the K and DK PES atEcol

50.196 eV are presented. Whereas the influence of rotation
on the cross section is negligible on the 1A8 PES, its effect
on the reactivity on the 1A9 surface is very considerable,
especially for the OH1D reaction channel. Interestingly,
while initial rotation from j 50 to j 51 enhances the reactiv-

FIG. 3. Vibrationally state-resolved DCSs for the two channels of the
O(1D)1HD reaction calculated adiabatically on the 1A8 DK PES~top pan-
els! and on the 1A9 DK PES~bottom panels! at 0.196 eV collision energy.

FIG. 4. Vibrationally state-resolved rotational distributions for both chan-
nels of the O(1D)1HD reaction calculated on the 1A8 DK PES~top panels!
and on the 1A8 K PES~bottom panels! at 0.196 eV collision energy. Notice
the slight population inversion obtained on both versions of the 1A8 PES for
the OD1H channel of the reaction.
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ity on the 1A9 DK PES, the opposite effect takes place on
the corresponding K PES. The reasons for this behavior will
be examined in detail in Sec. IV.

B. Nonadiabatic calculations

The nonadiabatic calculations presented in this work
have been performed using a TSH methodology which does
not allow for hops at atom-diatom separations larger than 1.9
Å and, hence, in the asymptotic region where the two sur-
faces are degenerated. In addition, the probability of hopping
is calculated with the Landau-Zener formula once the inter-
section between the two surfaces in the diabatic representa-
tion has been reached. By allowing hops in the asymptotic
region, as it was done in Ref. 30, the reactivity assigned to
the 2A8 PES is going to be borrowed from that on the 1A8
PES at collision energies below the 2A8 barrier. Therefore,
by using the TSH method of Ref. 30, the predicted reactivity
on the 2A8 PES will be larger at the expense of that on the

1A8 PES. Moreover, the dynamics on the 2A8 PES caused
by transitions in the asymptotic region will be that of the 1A8
PES and thus the net difference between the dynamics on the
1A8 and the coupled 1A8/2A8 will take place at energies
above the 2A8 barrier to access the region of the conical
intersection.

Rigorously speaking, the contribution from each surface
alone cannot be separated and what is really meaningful is
the coupled dynamics on the 1A8/2A8 surfaces. However, in
the following we will show results of integral and differential
cross sections obtained by using the present TSH method
with trajectories starting on the 2A8 surface to show the
dynamics arising from nonadiabatic transitions in the region
of the conical intersection. Integral and differential cross sec-
tions corresponding to the present TSH calculations starting
on the ground 1A8 PES are almost indistinguishable from
those obtained in the adiabatic QCT calculations performed
on the 1A8 PES, and, therefore, they will not be considered
further.

The total integral TSH cross sections corresponding to
trajectories starting on the 2A8 DK surface calculated at
Ecol50.196 eV are listed in Table I. As can be seen, the 2A8
cross section for the production of OD1H is a factor of two
larger than that for the production of OH1D. Note that these
cross sections are sensibly smaller than the corresponding
ones obtained in the adiabatic calculations on the excited
1A9 PES~by about 66% for the OH1D channel and by 44%
for the OD1H channel!. Interestingly, the intramolecular
branching ratio,G~OD/OH!, obtained by considering the
contributions of all the 1A8, 2A8 and 1A9 DK PESs is 1.96
at Ecol50.196 eV ~see Table I!. This value is somewhat
larger than the experimental value of 1.73 obtained by Liu
and co-workers.42 The QCT G~OD/OH! obtained from the
adiabatic calculations on the ground 1A8 DK PES is 1.82
and the corresponding values obtained on the 1A8 K and on
the 1A8 11A9 K PESs are 1.53 and 1.55, respectively.
Therefore, no definitive conclusion can be obtained about the
participation of the excited 1A9 and 2A8 surfaces on the
reactivity of the title reaction from the intramolecular
branching ratio data.

The TSH differential cross sections~both total and prod-
uct vibrational state-resolved! are shown in Fig. 6. Reactive
scattering extends over the whole angular range in both exit
channels, but the angular distributions are quite different.
The total DCS for the OH1D channel has a prominent for-
ward peak, while, in contrast, that for the OD1H channel
shows a pronounced backward maximum. These features are
also present in the respectivev8 resolved DCSs. In the two
isotopic channels, the vibrational distributions are inverted,
but to a lesser extent than the inversion generated by reaction
over the 1A9 surface. The maxima for the OH1D and
OD1H channels are found atv854 andv855, respectively.

Figure 7 shows the contributions to the reactive DCSs
from the three surfaces under consideration, as well as the
total DCS including the coupled dynamics on the 1A8 and
2A8 surfaces and the contribution from the 1A9 PES. The
calculated nonadiabatic cross sections are found to contribute
less than 10% to the total reactivity~see Fig. 7 and Table I!,
and have a small influence on the overall shape of the total

FIG. 5. Vibrationally state-resolved rotational distributions for both chan-
nels of the O(1D)1HD reaction calculated on the 1A9 DK PES~top panels!
and on the 1A9 K PES~bottom panels! at 0.196 eV collision energy. Notice
the population inversion andv8 state-resolved unimodal rotational distribu-
tions obtained on the 1A9 DK PES, in strong contrast with those obtained on
the 1A9 K PES showing a clear bimodality.

TABLE II. Adiabatic QCT total integral reaction cross sections,sR , and
intramolecular branching ratios,G~OD/OH!, for both channels of the
O(1D)1HD( j 50,1) reaction calculated on the 1A9 K and DK PESs at
Ecol50.196 eV.

PES j sOH1D/Å2 sOD1H/Å2 G~OD/OH!

1A9 DK 0 0.604 2.071 3.43
1A9 DK 1 0.942 2.154 2.29
1A9 K 0 1.462 2.347 1.61
1A9 K 1 0.776 1.881 2.42
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DCSs. The 2A8 state is not available in the K version of the
potential surface, but nonadiabatic calculations using TSH
methods8,13 have been reported for O(1D)1H2 on DIM
PESs developed by Kuntzet al.7 The DIM value for the 2A8
collinear barrier is about 0.16 eV~as compared to the'0.10
eV barrier on the 2A8 DK surface!. Schatzet al.13 have re-
ported TSH calculations on the three relevant DIM surfaces
for a collision energy of 0.22 eV, not too far from the value
of 0.196 eV used here. Although comparison between the
DIM results and the present calculations can only be ap-
proximate~not least because they refer to different isotopic
variants!, it is worth noting that the most salient qualitative
features of the nonadiabatic calculations on the DIM surfaces
are similar to those reported here on the DK PESs. As with
the present calculations, the DIM PES calculations lead to a
relatively small cross section~about half that associated with
the 1A9 PES!, which has little influence on the total cross
section, either integral or differential. Reactive scattering
from DIM 2A8 PES is distributed over the whole angular
range, but the distribution is nearly isotropic, without the
peaks in the forward or backward directions that are found
here in both exit channels of the O(1D)1HD reaction on the
DK PES. Finally, in common with the present calculations,
the vibrational state distributions obtained by Schatzet al.13

on the 2A8 DIM PES have a slight population inversion, i.e.,
the distributions are intermediate in character between those
derivedvia adiabatic calculations on the 1A8 and 1A9 sur-
faces.

C. Simulation of experimental results

The results of the present calculations on the DK PESs
are compared with the recent measurements by Liu and
co-workers32,33 for the two isotopic exit channels of the title
reaction in Figs. 8–13. The experimentally derived product
translational energy distributions have been simulated by
transforming and folding the QCT calculated rovibrationally
state selected DCSs with the reported experimental spread in
angles and velocities, as described in Sec. II. The QCT simu-
lations shown in Figs. 8–13 allow for the splittings of the
OH~OD! internal states into spin-orbit andL-doublet com-
ponents, although as noted in Sec. II, at the resolution of the
experiment the blurring effect of this fine structure is very
small. For the lower collision energy (Ecol50.089 eV!, the
simulations are based on the adiabatic calculations on the
1A8 DK PES, since at this collision energy the contribution
to reaction from the excited PESs is negligible, whereas at
Ecol50.196 eV the adiabatic and nonadiabatic calculations
on the 1A8, 1A9 and 2A8 have been considered.

FIG. 6. Total and vibrationally state-resolved differential cross sections cal-
culated using the TSH methodology starting trajectories on the 2A8 DK PES
for both channels of the O(1D)1HD reaction at 0.196 eV collision energy.
Recall that these DCSs represent the dynamics due to hops at the crossing
seam~see text for more details!.

FIG. 7. Total differential cross sections calculated on the three surfaces
under consideration 1A8, 1A9 and 2A8, as well as the total DCS, including
the coupled dynamics on the 1A8 and 2A8 surfaces and the contribution
from the 1A9 PES for both channels of the title reaction at 0.196 eV colli-
sion energy.
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The comparison of the experimental and simulated total
~i.e., integrated over all scattering angles! product transla-
tional energy distribution,P(Et8), at Ecol50.089 eV for the
two exit channels are represented in Fig. 8. The agreement is
fairly good, except for the fact that the theoretical distribu-
tions are somewhat broader than the experimental ones. Fig-
ure 9 depicts the CM scattering angle resolved product trans-
lational energy distributions, P(Et8 ,u63°) obtained
experimentally, together with the corresponding theoretical
simulations. The overall agreement between theory and ex-
periment is good and the main differences are found in the
width of the distributions which, in general, are broader in
the simulations, particularly in the case ofu590° for the
OH1D channel.

In an attempt to clarify the influence of the excited state
PESs on the kinetic energy release distributions at the higher
collision energy~0.196 eV!, two types of simulations were
performed; in the first only data from calculations on the
ground state 1A8 surface were used, while in the second both
adiabatic and nonadiabatic contributions from the excited
PESs were also included. The totalP(Et8) distributions for
the OH1D and OD1H exit channels are shown in Figs. 10
and 11, respectively. As for the lower collision energy, the
experimental distributions corresponding to both the OH1D
and OD1H channels are somewhat narrower than the theo-
retical predictions using the 1A8 PES alone. The structure

around the peak maximum in the experimental distribution
for the OH1D channel~Fig. 10! seems to be better repro-
duced by the simulation using just the data obtained on the
ground state 1A8 surface. The experimental distribution for
the OD1H channel shows a pronounced unstructured peak
that is somewhat better accounted for, however, by the simu-
lations including the data from the ground and excited PESs,
although the calculatedP(Et8) distribution exhibits undula-
tions which are not seen experimentally. Overall, however, it
would seem that asmallercontribution to reaction from the
1A9 surface than predicted by the DK PES would yield dis-
tributions in better accordance with experiment.

The translational energy distributions for selected scat-
tering angles are shown in Figs. 12 and 13. Here, once more,
simulations are presented for both exit channels, employing
either the QCT data on the ground 1A8 state surface alone,
or that derived when all relevant PESs were included. As
expected, both theory and experiment yield better resolved
signals for the reaction leading to OH1D, where the spacing
of the internal molecular levels is wider. The influence of the
1A9 surface is restricted to the backward hemisphere and, in
fact, for both channels, the simulations on the ground state
surface and those including the upper PESs are virtually in-
distinguishable for scattering angles lower than 90°.

FIG. 8. Total OH~thick curve! and OD ~thin curve! product translational
energy distributions,P(Et8), at 0.089 eV collision energy. Top panel: ex-
perimental results from Ref. 32. Bottom panel: simulation from the QCT
results on the 1A8 DK PES.

FIG. 9. Products’ translational energy distributions at selected CM scatter-
ing angles,P(Et8 ,u,Du53°), of the OH product at 0.089 eV collision
energy. Left panels: experimental results from Ref. 32 for the OH1 D ~top!
and OD1 H ~bottom! channels. Right panels: Simulations from the QCT
results on the 1A8 DK PES.
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For the OH1D channel ~Fig. 12!, the experimental
P(Et8 ;u) at 90 and 120° show pronounced structures around
the maximum that are better reproduced by the simulations
on the 1A8 surface than by those including the upper PESs.
As discussed previously,31 the structure does not correspond
to single rovibrational states, but rather to groups of rota-
tional states~usually three!, each of them from one of the
lowest vibrational statesv850, 1 and 2 of the OH molecule.
For the higherv8, the rotational states populated are lower,
and they overlap more in energy, with the result that no clear
structure can be identified. It must be emphasized that the
observed structurescannotbe associated with reaction over
the 1A9 PES. Toward 0 and 180°, the experimental resolu-
tion deteriorates and the peaks get gradually blurred. At 21
and at 159°, the experiment yields broad distributions which
are approximately reproduced, both by the calculations on
the 1A8 PES and by those including all the three PESs. How-
ever, at 60° the theoretical simulations give clear structure

which is not found experimentally.~The seemingly poorer
experimental resolution at this scattering angle is not easily
understood, since the resolution should be the same at 60 and
120°.! As with the simulations performed using the K PES,
reported in Ref. 31, the clearest influence of the 1A9 PES on
the P(Et8 ;u) is the contribution to the peak appearing at
Et8'10 kcal mol21, which is much less pronounced in the
experiment compared with the QCT calculations on the K
PESs. The peak is even more pronounced in the present
simulations employing the DK PESs: it would seem that the
shapes of the experimentalP(Et8 ;u) distributions are best
reproduced by the simulations which only allow reaction
over the ground 1A8 PES. The results indicate that the con-
tribution of the 1A9 PES to the reaction to give OH1D must
be smaller than that predicted by the calculations on the DK
PES.

The experiments of Liu and co-workers33 yield broad
kinetic energy release distributions for the OD1H channel,
with different shapes at different CM scattering angles, but

FIG. 10. Total OH product translational energy distribution,P(Et8), at 0.196
eV collision energy. Middle panel: experimental results from Ref. 33. Top
panel: simulation from the QCT results on the 1A8 DK PES. Bottom panel:
simulation from the QCT results on the@1A812A8#sh11A9 DK PESs. The
dotted traces of the bottom panel show the separated contributions from the
@1A812A8#sh and 1A9 DK PESs as indicated.

FIG. 11. Total OD product translational energy distribution,P(Et8), at 0.196
eV collision energy. Middle panel: experimental results from Ref. 33. Top
panel: simulation from the QCT results on the 1A8 DK PES. Bottom panel:
simulation from the QCT results on the@1A812A8#sh11A9 DK PESs. The
dotted traces of the bottom panel show the separated contributions from the
@1A812A8#sh and 1A9 DK PESs as indicated.
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without superimposed resolved peak structure. Except at 90°
and product translational energiesEt8 lower than
10 kcal mol21, where the QCT calculations show some
structure, the resolution of the simulated distributions is
comparable to that of the experiments. Once again, the back-
ward scattered region is the one most sensitive to the partici-
pation of the 1A9 excited state surface. In contrast to the
results for the OH1D channel, the experimental distributions
for the OD1H channel at 120 and 159° bear the closest
resemblance to the simulations whichinclude contributions
from all the relevant PESs. In particular, the prominent ex-
perimental peak atEt8'13 kcal mol21 is observed only in
the multisurface simulation, where the peak intensity is over-
estimated. An analysis of the theoretical data shows that this
peak is mostly attributable to scattering on the 1A9 PES into
thev855 level of the OD molecule. The two lower peaks on
both sides of the theoretical maximum correspond tov854
andv856, respectively.

The clearest evidence for the involvement of the A9 ex-
cited state is observed, therefore, in the OD1H channel, and
no significant excited state participation is evident from the
experimental OH1D distributions, which, as shown above,
are closer in shape to those simulated employing just the 1A8
surface. Although the contribution from the A9 DK PES is

predicted to be much lower in the OH1D channel compared
with the OD1H channel, in agreement with the experimental
evidence, the overall contribution from the A9 excited sur-
face predicted by the QCT calculations seems to be too high.
Better agreement between theory and experiment would re-
sult from a smaller contribution of the 1A9 surface for both
the OH and OD channels, which might be achieved, for ex-
ample, by increasing the height of the barrier on the DK 1A9
PES. The effect of reduced reactivity on the A9 PES would
be to lower the height of the maxima in the simulated
P(Et8 ;u) distributions at selected angles in the backward
hemisphere. In particular, the simulated kinetic energy re-
lease distributions for the OH1D channel employing all rel-
evant PESs would become very similar to those generated
using only the 1A8 PES and, at the same time, lead to a
decrease in the prominent peak in theP(Et8 ;u) distribution
at 120° in both the OH1D and OD1H channels, and a blur-
ring of the three-maxima structure in theP(Et8 ;u) for the
OD1H channel at 159°. All of these effects would bring the
simulations into better agreement with experiment.

Previously, we presented simulations based on QCT cal-
culations on the 1A8 and 1A9 K PESs for the reaction yield-
ing OH1D,31 since at the time of publication experimental

FIG. 12. Products’ translational energy distributions at
selected CM scattering angles,P(Et8 ,u,Du53°), of
the OH product at 0.196 eV collision energy. Middle
panel: experimental results from Ref. 33. Left panel:
Simulation from the QCT results on the 1A8 DK PES.
Right panel: Simulation from the QCT results on the
@1A812A8#sh11A9 DK PESs. The bottom traces of
the right panel show the separated contributions from
the @1A812A8#sh and 1A9 DK PESs as dashed and
dotted curves, respectively.

FIG. 13. Products’ translational energy distributions at
selected CM scattering angles,P(Et8 ,u,Du53°), of
the OD product at 0.196 eV collision energy. Middle
panel: experimental results from Ref. 33. Left panel:
Simulation from the QCT results on the 1A8 DK PES.
Right panel: Simulation from the QCT results on the
@1A812A8#sh11A9 DK PESs. The bottom traces of
the right panel show the separated contributions from
the @1A812A8#sh and 1A9 DK PESs as dashed and
dotted curves, respectively.
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data were only available for that channel. It is of interest to
see how the K PES performs in reproducing the experimental
distributions for the OD1H channel reported in Ref. 33. Fig-
ure 14 shows the same kind of simulations for the OD1H
channel as those presented in Fig. 13, but based on the adia-
batic QCT calculations on the 1A8 and 1A9 K PESs. As in
the case of the DK PES, the best agreement with experiment
is obtained when the contributions from both the 1A8 and
1A9 PESs are considered~right panels!. In fact, the agree-
ment between theory and experiment atu590°, and to a
lesser extent atu5120°, is good. However, atu5159°,
where the 1A9 PES contributes most, the theoretical simula-
tion shows a three-peak structure, which is most intense at
Et8'7 kcal mol21. This structure is clearly at variance with
experiment, and with the simulations based on the calcula-
tions on the DK PES~right panel of Fig. 13!, where the
maximum appears atEt8'12 kcal mol21. The characteristic
three-peak structure in the simulation shown at the bottom of
Fig. 14 has its origin in the bimodal rotational distributions
for the OD products born in vibrational levelsv855 and
v856 predicted by the QCT calculations on the 1A9 K PES
~see Fig. 5!. The present results suggest that the bimodality
in the rotational distributions generated on the K version of
the A9 PES is inconsistent with the experimental data of Liu
and co-workers.33

IV. DISCUSSION

One of the most interesting findings of the present work
has been the significant differences in reactivity between the
adiabatic calculations on the K and DK versions of the 1A9
PES. Specifically, the major discrepancies consist of:~a! the
effect of initial rotation on the total cross sections, especially
for the OH1D channel~see Table II!; ~b! the product rota-
tional distributions predicted by the two versions of the 1A9
PES~see Fig. 5!. The consequences of this different dynami-
cal behavior are relevant for the simulation of the experimen-
tal results. As commented on above, Lee and Liu34 measured
the excitation functions for the reaction of O(1D) with p-H2

~86% j 50) andn-H2 ~75% j 51) and they showed that at
collision energies where the 1A9 PES starts to contribute
~above'0.09 eV!, the reactivity for initial j 51 is larger
than that forj 50. With regard to the product rotational dis-

tributions, it becomes apparent from the results displayed in
Fig. 12 of the present work and in Fig. 5 of Ref. 31 for the
OH1D channel, and in Figs. 13 and 14 of the present work
for the OD1H channel, that the bimodal distributions pre-
dicted by the K PES, which give rise to the particular peak
structure in theP(Et8 ;u) for backward scattering angles
shown in Fig. 14, are inconsistent with the experimental data
~see Sec. III C!.

It might at first be thought that the dynamical differences
noted above must be a consequence of differences in the
topologies of the reactant valleys of the two versions of the
1A9 surface. However, the K and DK 1A9 PES have almost
indistinguishable minimum energy paths and bending poten-
tials in the transition state region. The location and height of
the transition state of the K and DK 1A9 PES are almost
identical ~see Table III!. Furthermore, as shown in Fig. 15,
the R2g plots of the entrance channels of both PESs are
barely distinguishable, apart from the slightly greater curva-
ture of the potential contours on the K surface.

A detailed study of the influence of the initial angle of
attack on reactivity shows that no migration takes place in
the course of the approach of rotationless reagents on either
of the two PESs; that is, O(1D) atoms approaching the D~H!
end of the HD molecule yield OD~OH! if reaction takes
place. However, the cone of acceptance for the formation of
OH is somewhat larger on the K PES than on the DK PES
(gP@120,180# on the former vsgP@140,180# on the latter!,
whereas it is very similar for the reaction yielding OD. The
larger cone of acceptance on the K surface thus explains why
the reactivity for initialj 50 is larger; nevertheless, the plots
of Fig. 15 do not provide a clear hint as to the origin of these
different cones of acceptance. Two reactive trajectories for
rotationless HD, labeled A and B, have been represented on

FIG. 14. Products’ translational energy distributions at
selected CM scattering angles,P(Et8 ,u,Du53°), of
the OD product at 0.196 eV collision energy. Middle
panel: experimental results from Ref. 33. Left panel:
Simulation from the QCT results on the 1A8 K PES.
Right panel: Simulation from the QCT results on the
1A811A9 K PESs. The bottom traces of the right panel
show the separated contributions from the 1A8 and 1A9
K PESs as dashed and dotted curves, respectively.

TABLE III. Properties of the collinear saddle points of the fits of the 1A9 K
and DK PESs: barrier height (V‡), internuclear distances (r OH

‡ , r HD
‡ ) and

imaginary and bending frequencies (hn i andhnbend).

PES V‡ ~kcal/mol! r OH
‡ ~Å! r HD

‡ ~Å! hn i (cm21) hnbend ~cm21)

K 2.3067 1.6286 0.7729 606i 339
DK 2.3211 1.6328 0.7702 660i 266
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the two PESs, in such a way that the A~B! trajectory has
been run with identical initial conditions on the two surfaces.
In spite of the identical starting conditions, a close inspection
of the trajectories reveals that already at anR distance of 3.5
Å, trajectory B~and to a less extent trajectory A! is different
on the two PESs. Clearly, to explain this requires following
the trajectories from largerR, and a careful examination of
the long range topology of the surfaces. Figure 16 depicts the
R-g plots atR distances up to 7 Å plotting potential contours
at intervals of 1 meV. On the DK PES, at distances in excess
of 4 Å, the potential is nearly zero and the two trajectories
approach the interaction region in a straight line. However,
on the K surface the existence of long range features, in
particular a shallow well atg5180° andR'4.5 Å, causes
trajectories to be oriented toward the collinear configuration,
and, as a result, the trajectories follow a curved pathway. It is

the existence of these subtle features on the A9 K PES which
is the origin of the larger cone of acceptance and therefore
the larger reactivity atj 50 in comparison with the DK PES.
For reaction with HD(j 51), the torques produced by these
contours on the K PES are negligible with respect to rotation
and the consequence is a decrease of reactivity whenj in-
creases. On the other hand, it is expected that in the absence
of orientational effects, as is the case of the DK PES, rotation
will promote reaction to yield OH1D, as observed previ-
ously for other collinear reactions~see, for example, Ref.
43!.

The existence of the long range features on the 1A9 K
PES is likely to be an artifact of the fitting procedure since
no ab initio points were calculated at such long distances.11

It should be noted that a quantum mechanical scattering cal-
culation would be much less sensitive to the ‘‘orientational
effects’’ caused by these long range artifacts on the K sur-
face. In fact, preliminary QM calculations44 on the 1A9 K
PES yield a cross section for the O(1D)1HD( j 50)
→OH1D reaction closer to that obtained in QCT calcula-
tions for the reaction with HD(j 51) on the same surface.

FIG. 15. Contour plot in entrance channel JacobiR2g coordinates~see the
top part of the figure for a definition! at the fixed HD internuclear distance
corresponding to the saddle point of each PES. Top: 1A9 K PES. Bottom:
1A9 DK PES. Contours in eV. Two different characteristic trajectories, la-
beled A and B, attacking the H side of the molecule and yielding OH1D are
represented in each PES. Trajectories A and B have the same initial condi-
tions on the two PESs.

FIG. 16. Expanded view of the long range entrance channel plotted inR
2g Jacobi coordinates displaying the H side of the molecule~90–180°).
The contours are in intervals of 1 meV. Top: 1A9 K PES. Bottom: 1A9 DK
PES. Trajectories A and B are the same as in Fig. 15. Notice that the
shallow well atR'4.4 Å andg5180° on the K PES is pulling both trajec-
tories, deviating them from a straight line and causing a remarkable orien-
tational effect.

5351J. Chem. Phys., Vol. 113, No. 13, 1 October 2000 Dynamics of the O(1D)1HD reaction



The OH and OD product rotational distributions pre-
dicted by the QCT calculations on the K and DK A9 excited
state surfaces are so different~see Fig. 5! that some remarks
concerning the origin of the bimodal rotational distribution
generated on the K PES are warranted. In spite of the differ-
ent topology found in the long range entrance valley of the
two A9 surfaces, a detailed study of the ensemble of reactive
trajectories shows that the bimodal rotational distribution
generated on the KA9 PES isuncorrelatedwith properties of
the entrance channel, such as impact parameter or angle of
attack. Therefore, one is forced to the conclusion that it is
differences in the exit channels which account for the differ-
ent behavior of the K and DKA9 PES. To highlight the role
of the exit channel, Fig. 17 shows contour plots of the OH1
D exit channel of the two A9 potentials, in the form of anR8-
g8 diagram analogous to those shown above for the entrance
channel. The very high curvature of the contours on the plot
for the K A9 PES, relative to that on the DK PES, is now
clear to see. Superimposed on the contour plots for each
surface are the same trajectories A and B already shown in
Figs. 15 and 16, but now plotted as a function of the OH1D
exit channel Jacobi coordinates. Notice that in this coordi-
nate system, only the exit part of each trajectory is meaning-
ful. On the DK PES, both trajectories give OH(v854) in
j 858, the most populated OH product state. On the K PES,
on the other hand, the two trajectories part company early in
the exit channel, with trajectory A yielding OH in (v8
54,j 8512) and trajectory B yielding OH in (v854,j 852).
On the K PES, the sharply varying contours withR8 andg8
lead to a bifurcation in the trajectories into two groups, one
leading to low rotation~where the reaction remains essen-
tially collinear from reactants to products!, and the other
leading to high rotation. On the more smoothly varying DK
A9 PES there is essentially just one class of trajectory, i.e.,
that which leads to rotational excitation intermediate be-
tween the two extreme limits observed on the K PES. Since
the experimental evidence is against the existence of bimodal
rotational distributions, it must be concluded that the DK
version of theA9 is more accurate in representing the exit
valley than the K PES. Preliminary QM calculations confirm
the QCT results with respect to the rotational distributions
found on the two versions of this electronically excited
PES.44

A final issue to be addressed is the importance of nona-
diabatic effects. As shown above, QCT-TSH calculations in-
dicate that nonadiabatic effects are of minor importance for
the overall description of the dynamics of the title reaction at
Ecol<0.2 eV. The total reactivity on the 2A8 is to a large
extent governed by the entrance barrier, which it has in com-
mon with the 1A9 PES: the final state distribution is, how-
ever, quite different from that generated on the 1A9 surface.
The opacity functions~not shown! provide some hints to
help explain the different DCSs found for the two isotopic
channels~see Fig. 6!. The reaction probability is much larger
for the reaction producing OD1H than that yielding OH
molecules up to impact parameters of about 1.35 Å~orbital
angular momenta,l'20). However, beyond these impact pa-
rameters, the reaction yielding OH1D is favored. This
would explain the presence of the forward peak in the

OH1D DCS. In contrast with the reaction on the 1A9 sur-
face, about 12% of the reactive trajectories are migratory for
both reactive channels on the 2A8 PES. Whereas the maxi-
mum impact parameter for nonmigratory trajectories produc-
ing OD1H is '1.4 Å, that for migratory trajectories is'1.7
Å. The opposite occurs for the OH1D channel; that is,
bmax'1.8 Å for nonmigratory trajectories whereas
bmax'1.4 Å for migratory trajectories. Interestingly, while
there exists a strong correlation between impact parameter
and scattering angle for nonmigratory trajectories, this corre-
lation is practically absent for the migratory ones and, in
addition, the latter generally have longer collision times than
the former.

FIG. 17. 1A9 R82g8 contour plots of the exit OH1 D channel in Jacobi
coordinates~see the top part of the figure for a definition! at the equilibrium
internuclear distance of the OH molecule. Trajectories A and B are the same
as those in Figs.15 and 16. Whereas on the K PES~top! trajectory A gives
rise to a high rotational excitation (j 8512! and trajectory B to a low rota-
tional excitation (j 852!, on the DK PES~bottom! both trajectories produce
OH in j 858. Notice that in both cases trajectories A and B tend to follow
the direction of steepest descent. Contours in eV with the origin of energy
taken in the asymptotic O(1D)1HD reactant valley at the equilibrium dis-
tance of the HD molecule.
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V. SUMMARY AND CONCLUSIONS

Detailed adiabatic and nonadiabatic QCT calculations
have been performed of the O(1D)1HD reaction employing
the newab initio versions of the 1A8, 1A9 and 2A8 potential
energy surfaces of Dobbyn and Knowles.26 Integral and dif-
ferential cross sections for both the OH1D and OD1H exit
channels have been determined at 0.089 and 0.196 eV colli-
sion energies. The results have been compared with other
calculations using different potential energy surfaces and
have been used to simulate the experimental product transla-
tional energy distributions determined in recent molecular
beam experiments by Liu and co-workers.32,33

The comparison between the experimental results and
the theoretical simulations reveals for the OH1D channel a
better agreement when only the 1A8 surface is considered in
the dynamical calculations, whereas for the OD1H channel,
it seems that the contribution of the excited 1A9 surface is
necessary to account for the experimental results. In general,
a smaller participation from the excited A9 state than that
predicted by the QCT calculations on the DK PESs would
lead to better agreement between experiment and theory.

The main differences between the adiabatic calculations
on the DK and K PESs occur for the excited 1A9 state: the
two alternative A9 surfaces yield dynamical features which
should be clearly distinguishable experimentally. In particu-
lar, the effect of reagent rotation~from j 50 to j 51) on
reactivity has been found to be opposite in the QCT calcula-
tions on the K and DK 1A9 PESs. In addition, distinctly
bimodal product rotational distributions are predicted on the
K PES, in contrast to those calculated on the DK PES. These
effects have been explained in terms of the different topol-
ogy of the entrance and exit channels in the two versions of
this surface. Since the available experimental evidence is in
conflict with the predicted behavior obtained on the K sur-
face, the likely conclusion is that this surface does not ad-
equately describe the excited 1A9 state of this system.

The present nonadiabatic calculations based on the
QCT-TSH method starting on the DK 2A8 surface indicate
that its contribution to the reactivity is approximately one
half of that from the excited 1A9 state.
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