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Insertion and Abstraction Pathways in the Reaction O���1D2��� 1 H2 ! OH 1 H
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Rigorous quantum dynamical calculations have been performed on the ground 1 1A0 and first ex-
cited 1 1A00 electronic states of the title reaction, employing the most accurate potential energy surfaces
available. Product rovibrational quantum state populations and rotational angular momentum alignment
parameters are reported, and are compared with new experimental, and quasiclassical trajectory calcu-
lated results. The quantum calculations agree quantitatively with experiment, and reveal unequivocally
that the 1 1A00 excited state participates in the reaction.
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The quantitative theoretical description of bimolecular
reactions has, to date, been possible only for very simple
three-atom systems. Those best understood, namely the re-
actions H 1 H2 [1] and F 1 H2 [2], occur predominantly
on ground electronic state potential energy surfaces (PESs)
favoring direct scattering dynamics. Reactions proceeding
over surfaces with deep potential energy wells, that may
serve to trap reactive intermediates temporarily, have been
more resistant to exact theoretical treatment. An important
example is the insertion reaction

O�1D2� 1 H2 ! OH�2P� 1 H , (1)

which has a potential energy minimum some 7 eV below
the reactant asymptote.

Reaction (1) is complicated further by the presence of
five PESs correlating with the O�1D2� reactants. Although
all five PESs are Coriolis-coupled in the entrance channel
[3], leading to scrambling of any O atom electronic or-
bital alignment [3], reactivity is dominated by the highly
attractive ground 1 1A0 state, and by the first two excited
states 1 1A00 and 2 1A0, whose participation in the reac-
tion has been hotly debated (see [3–7], and references
therein). Reactive scattering over the 1 1A00 PES surface,
which correlates adiabatically from ground state reactants
to products and has a barrier of 100 meV, exhibits direct
rebound dynamics reminiscent of the F 1 H2 reaction.
Unlike reaction on the 1 1A0 PES, which generates OH
products distributed near-statistically over all accessible
rovibrational levels, reaction on the excited 1 1A00 PES
leads to a highly inverted OH vibrational population dis-
tribution [5]. The reactivity of the 2 1A0 PES, in contrast,
which correlates with electronically excited OH�A2S� 1

H products, is governed by nonadiabatic coupling via a
conical intersection with the ground 1 1A0 state. Nonadia-
batic reaction involving this 2 1A0 surface generates OH
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population distributed over the full range of accessible
product quantum states, and, as a consequence, evidence
for its involvement in the O�1D2� 1 H2 system is likely to
prove hard to find at collision energies around 100 meV.

In this Letter we present the results of a combined ex-
perimental and theoretical study, which uses OH quantum
state-resolved populations and rotational angular momen-
tum alignment (i.e., the alignment of the OH rotational
angular momentum vector j0 with respect to the reagent
relative velocity k) to test rigorously current understand-
ing of reaction (1). We focus on those specific products
which bear clearest witness to the involvement of the 1 1A00

excited state, namely those generating OH�y0 � 3, 4, j0�,
and compare the experimental results with exact adiabatic
quantum mechanical (QM) and quasiclassical trajectory
(QCT) scattering calculations on the best available 1 1A0

and 1 1A00 PESs. To our knowledge, the QM calculations
on the 1 1A0 PES constitute the largest accurate scattering
calculation ever performed for an atom-diatom reaction.

The scattering calculations were performed on PESs
derived from accurate ab initio electronic structure
computations [8]. Internally contracted multireference
configuration interaction wave functions [9] with large
orbital basis sets and flexible reference wave functions
covering all important valence and Rydberg configurations
were computed at around 1000 geometries for each of
the X̃� 1A1, 1A0�, Ã�1B1, 1A00� and B̃� 1A1, 1A0� states.
The adiabatic PESs were then transformed to a diabatic
Hamiltonian matrix through an approximate diabatization
of the X̃ and B̃ states based on their transition angular
momentum matrix elements with the Ã state [10], and the
resulting diabatic functions fitted to a three-dimensional
analytic form. The final analytic adiabatic surfaces,
denoted DK in what follows, were then recovered by
diagonalization of the 2 3 2 1A0 Hamiltonian matrix.
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FIG. 1. Comparison between the experimental rotational populations for the OH�y0 � 4� products (solid circles with error bars)
with those derived from the QM calculations on the 1 1A0 DK PES alone (a), or from those including contributions from both the
1 1A0 and 1 1A00 DK PES (b). In (b), the continuous solid line represents the contribution from the A0 PES, while that from the A00

PES is shown as a dashed line.
The QM reactive scattering calculations on the 1 1A0

DK PES employed a time-independent method, and
body-frame democratic hyperspherical coordinates
[11,12] to represent the nuclear wave function. First a set
of eigenstates of a simplified Hamiltonian H0 � T 1 V
were determined, where V is the potential energy, and
T the kinetic energy arising from deformation and
rotation around the principal axis of least inertia at
fixed hyperradius. The full scattering wave function,
which is the solution of the exact Hamiltonian, is then
expanded in a basis of eigenstates of H0 that dissociate
at large hyperradius into the H2 �14, 12, 8, 2� and OH
�40, 38, 36, 33, 30, 28, 24, 21, 17, 11� rovibrational sets
(this notation indicates the largest rotational level j for
each vibrational manifold). The expansion coefficients are
the solutions of a set of second order differential equations
with couplings arising from the difference between the
exact Hamiltonian and H0. No restrictions were placed
on the helicity quantum number k (the projection of the
total angular momentum J of the system on each of
the atom-diatom axes). Thus kmax � J and the number
of coupled equations increases from 310 for J � 0 to
4505 for J � 25. The S matrix and several observables,
such as integral cross sections, were computed for the
O�1D� 1 H2�y � 0, j � 0� reaction at the collision
energies 25, 56, and 100 meV.

The QM calculations on the 1 1A00 DK PES employed
the CCP6 reactive scattering program [13], which uses
the same methods previously employed in studies of F 1

H2(HD) [2]. Calculations were performed for O�1D� 1

H2�y � 0, j � 0, 1� at the collision energies 80, 100, 120,
160, and 200 meV. All reactant and product channels with
diatomic rotational quantum number jmax � 22, kmax � 3,
and internal energies Emax � 1.4 eV were included in the
basis set. Calculations with J # 28 were necessary to
obtain well-converged results.

The QCT calculations were performed by running
batches of 400 000 and 550 000 trajectories on the 1 1A0
1730
and 1 1A00 DK PESs, sampling the collision energy range
5–400 meV and H2�y � 0� reactants in rotational levels
j � 0 3 [14]. The calculation of both the QM and QCT
rotational alignment parameters a

�2�
0 was carried out as

described in Ref. [15] in which the classical and quan-
tum descriptions of the stereodynamics of atom-diatom
reactions were presented.

O�1D2� atoms were generated experimentally by polar-
ized 193 nm pulsed laser photolysis of N2O in a flowing
50:50 gas mixture with H2, held at a 100 mtorr pres-
sure and a temperature of 300 K [4,16]. The OH�y0 �
3, 4� reaction products were probed at a time delay of
�100 ns by laser induced fluorescence (LIF) on the 1 √ 4
and 0 √ 3 vibronic bands of the A √ X transition, us-
ing polarized dye laser radiation (�0.2 cm21 bandwidth)
centered around l � 450 nm. OH�A� emission was de-
tected through a 310 nm (FWHM � 25 nm) interference
filter using a photomultiplier. To obtain quantum state
populations, the transition intensities were corrected for
Einstein B coefficients, OH�A� predissociation rates [17],
and detector sensitivity. An average of four spectra per ro-
tational branch were used to determine the rotational popu-
lations, which have been summed over OH spin-orbit and
L-doublet levels.

TABLE I. The experimental vibrational population ratio
P�y0 � 4��P�y0 � 3� compared with those obtained using
either QM [22] or QCT methods. The two sets of calculations
are either for the ground 1 1A0 DK PES alone, or for the
summed adiabatic contributions from the 1 1A0 and 1 1A00 DK
PESs. Errors are 2s.

P�y0 � 4��P�y0 � 3�

Experiment 0.63 6 0.05

QM A0 1 A00 0.61
QCT A0 1 A00 0.60 6 0.01

QM A0 0.53
QCT A0 0.47 6 0.01
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FIG. 2. Comparison between the QM (filled symbols) and
QCT (open symbols) calculated alignment parameters as a
function of j0 for the OH�y0 � 4� products of the O�1D2� 1
H2�y � 0, j � 0� reaction at a fixed collision energy of
100 meV. Triangles and circles, calculations on the 1 1A0 and
1 1A00 DK PES, respectively. Note that in the classical limit
a

�2�
0 � �P2�k̂ ? ĵ0��. The inset illustrates the OH rotational

motion generated on the 1 1A00 PES.

OH rotational alignment parameters were determined
on selected transitions from the ratio of LIF intensities
recorded in two counterpropagating laser geometries
[16,18]. The intensity data were used to determine
laboratory frame rotational alignments A2

0�LAB� using
the line-strength expressions given in Ref. [19]. A2

0�LAB�
parameters were then transformed into the center-of-mass
frame via the equation A2

0�LAB� �
4
5 �P2�m̂ ? k̂��a�2�

0 ,
where �P2�m̂ ? k̂�� is the second Legendre moment of the
angular distribution of k about m, the N2O photolysis
transition moment [4,16]. Under the experimental col-
lision energy conditions (discussed below) �P2�m̂ ? k̂��
was calculated to be 0.15 6 0.01 [16], assuming an N2O
translational anisotropy parameter b � 0.48 6 0.02 [20].

The experimental O�1D2� atom source generates a distri-
bution of collision energies, with a mean of 120 meV and
FWHM of 160 meV [4,20,21]. This distribution was cal-
culated from the known speed distribution of the O�1D2�
atoms [20], taking into account the 300 K thermal motion
of the N2O precursor and H2 target molecules [21]. To
make a proper comparison with the experiments, the QM
and QCT results have been averaged over the experimental
collision energy distribution [22]. We emphasize, however,
that the general conclusions drawn below are also reached
if the experimental results are compared with calculated
QM data for H2�j � 0� at a fixed 100 meV collision en-
ergy, which is close to the experimental mean.

The experimental rotational populations for the
OH�y0 � 4� products of reaction (1) are compared with
those derived from the QM calculations in Fig. 1. Two sets
of theoretical data are shown: in Fig. 1(a) scattering over
the ground 1 1A0 state surface alone is considered, while
in Fig. 1(b), contributions from reaction on both the 1 1A0

and 1 1A00 PESs are included. The latter calculations agree
significantly better with experiment. The corresponding
QCT distributions (not shown) are qualitatively the same
as those calculated via QM methods, but are shifted
one or two quanta towards higher N 0. The OH vibra-
tional population ratios, P�y0 � 4��P�y0 � 3�, shown in
Table I, also indicate that reaction over the excited 1 1A00

state PES must be considered. Because reaction over the
1 1A00 PES preferentially yields vibrationally excited OH
molecules, the calculated P�y0 � 4��P�y0 � 3� ratio is
larger when the A00 PES is taken into account: only if the
latter contribution is included can quantitative agreement
with the experiments be obtained.

Figure 2 compares QCT and QM calculated OH�y0 �
4, j0� rotational alignment parameters a

�2�
0 generated by re-

action over the 1 1A0 and 1 1A00 DK PESs. The calculations
are for O�1D� 1 H2�y � 0, j � 0� at a collision energy
of 100 meV. Unlike the population data, the agreement
between the QM and QCT calculated alignment parame-
ters is excellent. The theoretical a

�2�
0 values obtained for
FIG. 3. Comparison of the experimental alignment parameters for the OH�y0 � 4� products (solid circles with error bars) with
those derived from QCT calculations on the 1 1A0 DK PES alone (a), and with those including contributions from both the 1 1A0

and 1 1A00 DK PES (b). The QCT data have been fully averaged over the experimental collision energy and reagent H2 rotational
distributions.
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reaction over the excited 1 1A00 PES are close to the limiting
value of 2

1
2 , indicating a strong propensity for j0�k (see

the inset to Fig. 2). Scattering over the 1 1A0 PES is seen
to generate much weaker OH alignment. The experimen-
tally determined a

�2�
0 parameters are compared with those

calculated using QCT methods in Fig. 3. Theoretical re-
sults are again shown either for reaction exclusively on the
ground 1 1A0, or for reaction over both 1 1A0 and 1 1A00 DK
PESs. It is apparent once more that excellent agreement
between theory and experiment is obtained once the con-
tribution from the excited 1 1A00 DK PES is included.

All the evidence presented here suggests that the excited
1 1A00 PES plays an observable role in the O�1D� 1 H2 re-
action at the collision energies sampled by the experiments.
Moreover, the state-of-the-art QM scattering calculations
indicate that the DK versions of the PESs are sufficiently
accurate to allow quantitative modeling of the experimental
results. Although further work on the effects of nonadia-
batic scattering would clearly be desirable [3], the excel-
lent agreement between experiment and theory presented
here suggests that they have a very minor influence on the
properties of reaction (1) investigated here.
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