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Experimental and Quantum Dynamical Study on an Asymmetric Insertion Reaction:
State-to-State Dynamics of O�1D��HD�1��g ;v0 �0;j0 �0�!OH�2�;v00;N00��D�2S�
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Quantum-state-resolved differential cross sections of the O�1D� � HD! OH� D reaction at the
collision energy of 7:11 kJ=mol has been determined experimentally and theoretically. The results of
the time-dependent wave-packet calculations are overall in good agreement with the crossed beam
scattering data, providing a benchmark example of an asymmetric insertion reaction at the state-to-state
scattering level. The good agreement between experiment and theory suggests that the underlying ground
potential energy surface is generally correct and that the nonadiabatic effect involving the electronic
excited pathway is apparently small in this system.
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Even though full quantum theoretical dynamical studies
at the state-to-state level on direct reactions of triatomic
systems are rather straightforward now, full quantum in-
vestigation of triatomic systems with deep potential wells
is still extremely difficult. In recent years, full quantum
dynamical studies of O�1D� � H2 [1] and N�2D� � H2 [2]
have become possible using the time-independent method
with fully converged quantum-state-resolved differential
cross-section calculations. However, more complicated
systems are still out of reach, even for the above systems
with 1 D-atom substitution. Experimentally, full quantum-
state-resolved scattering study for reaction systems with
deep wells is also challenging.

The reaction of O�1D� � H2 plays a significant role in
atmospheric [3] and combustion chemistry [4]. Extensive
experimental and theoretical studies have been carried out
in order to elucidate the dynamics of this reaction (and its
isotopic variants), as reviewed recently by Casavecchia [5].
Casavecchia and co-workers investigated this system using
the universal crossed beam method [6], and Suits and co-
workers studied this reaction using the ion imaging tech-
nique [7]. More recently, Liu and co-workers [8] measured
the excitation function and the differential cross sections at
different collision energies for the O�1D� � HD reaction.
At collision energies above 7:53 kJ=mol, an abstraction
mechanism was observed in addition to the insertion
mechanism. This abstraction reaction mechanism is likely
caused by an excited state reaction pathway. The inferred
barrier height from this experiment is about 8:79 kJ=mol
lower than the theoretical value (9:62 kJ=mol) on the
Dobbyn-Knowles (DK) potential energy surface (PES)
[9]. Recently, the O�1D� � H2 reaction has been investi-
gated at the collision energy of 5:44 kJ=mol with nearly
full product quantum-state resolution, providing an excel-
lent case for state-to-state insertion chemistry [10,11]. The
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O�1D� � D2 reaction has also been investigated experi-
mentally at two different collision energies [12] Interest-
ing dynamics for the O�1D� � HD! OD� H reaction has
also been observed [13].

In this Letter, we report the results of a combined theo-
retical and experimental study on the elementary O�1D� �
HD reaction at the collision energy of 7:11 kJ=mol, both at
the full quantum state-to-state scattering level. Experi-
mentally, the reaction O�1D��HD�1��g ;v0 �0;j0 �0�!
OH�2�;v00;N00��D�2S��179:91 kJ=mol was studied by
using the H(D)-atom Rydberg ‘‘tagging’’ time-of-flight
(TOF) technique with very high translational resolution
[14]. The D-atom product is detected through a two-step
excitation scheme to highly excited Rydberg states in this
technique. The 121.6 nm vacuum ultraviolet (VUV) light
used in the first step excitation is generated using a two-
photon resonant (2!1 �!2) four wave mixing scheme in a
Kr=Ar gas cell [15]. After the first step VUVexcitation, the
D-atom product is then sequentially excited to a high
Rydberg state with n � 50 with 365-nm light. The neutral
Rydberg D atom then flies a certain distance for the TOF
measurement and reaches a microchannel plate (MCP) de-
tector with a fine metal grid (grounded) in the front. The
signal received by the MCP is then amplified by a fast pre-
amplifier and counted by a multichannel scaler. Two par-
allel molecular beams (HD and O2) were generated with
similar pulsed valves. The O�1D� atom beam was produced
by photolysis of O2 with 157-nm laser light from an F2

laser (Lambda Physik LPX 210I). The O�1D� beam was
then crossed at 90� with the HD molecular beam. The HD
molecular beam was generated by expanding the HD sam-
ple through a pulsed nozzle, which was cooled to the liquid
nitrogen temperature (�78 �K). The velocity of the O�1D�
beam has been measured to be 2050 m=s with a very
narrow velocity distribution (v=�v > 50), while the ve-
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locity of the liquid nitrogen cooled HD beam is 1384 m=s
with a speed ratio (v=�v) of about 15. Since HD is
expanded under the liquid nitrogen temperature, HD mole-
cules in the beam should all be in the j � 0 state.

TOF spectra of the D-atom products were measured at
19 laboratory (LAB) angles (from 117� to�60� at about a
10� interval). The measurement error of the relative in-
tensities is about 	10%. The TOF resolution is less than
1%. Three typical TOF spectra are shown in Fig. 1 corre-
sponding to the reaction products at roughly the forward
(�60�), sideway (30�), and backward (117�) scattering
directions in the c.m. frame. All the sharp structures in
these TOF spectra can be clearly assigned to individual OH
rovibrational states with certain peaks from overlapped
states. These TOF spectra were converted to the c.m. frame
using a standard Jacobian transformation to obtain product
kinetic energy (KE) distributions obtained. During the
conversion, detection efficiencies of the D-atom product
at different LAB angles and different velocities were si-
mulated using the experimental parameters and included in
the conversion. The KE distributions obtained experimen-
tally in the LAB frame were simulated perfectly by simply
adjusting the relative populations of the rotational-
vibrational states of the OH product below the energetic
limit for the reaction. Since the energies of all the OH
rovibrational states are known accurately, the fitting can be
done almost perfectly. From these fittings, relative popu-
lations of the OH product at different rovibrational states
were determined at 18 LAB angles. The population of most
OH product rovibrational states can be determined from
the fitting accurately. Quantum-state distributions of the
OH product in the c.m. frame (�c:m: � 0� to 180� at a 10�

step) were then be determined by a polynomial fit to the
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FIG. 1. TOF spectra at three typical laboratory angles (117�,
30�, and �60�) of the D-atom product from the O�1D� � HD!
OH� D reaction at the collision energy of 7:11 kJ=mol.
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above results, and from these distributions, rovibrational-
state-resolved differential cross sections were determined.
The angular distributions for the OH product at v � 0 to 4
were determined by integrating over all of the rotational
state populations for each vibrational level. Figure 2 shows
the total product angular distribution in the c.m. frame for
this reaction by accumulating populations of all OH vibra-
tional levels at different c.m. angles. The total product an-
gular distribution is obviously more or less forward and
backward symmetric. In the fitting, there are errors in-
volved. For those rotational states that are not overlapped
or partially overlapped, the fitting errors are very small
(less than a few percent). There are, however, a small
number of totally overlapped OH states that have larger
error bars in the population due to the fitting correlations.
During the fitting, we used an assumption that the rota-
tional distribution within a same vibrational manifold
should not vary widely within a small range of nearby
rotational states. The fitting error bars for those totally
overlapped states are estimated to be 	20%. The overall
error resulting from fitting should not be significantly
larger than the measurement error. Therefore the overall
error of the experimental results for the rotational distribu-
tion should be about 15%–20%, while the error bars for the
vibrational state distribution should be larger than 15%.

Total quantum-state distributions for this reaction can be
determined by integrating these distributions over different
c.m. angles. The OH rotational state distributions for each
vibrational level are shown in Fig. 3(a). The distributions
for different vibrational states are actually quite similar in
which all distributions peak near their energetic limit (high
N), indicating that the majority of the OH products from
this reaction are significantly rotationally excited. The
average product rotational quantum number hNi for differ-
ent OH vibrational state (v � 0, 1, 2, 3, and 4) is 19.3, 15.8,
13.5, 9.6, and 5.6. The average rotational energy hEri �
44:7 kJ=mol, which is about 24% of the total available
energy. By integrating the rotational state distributions for
each vibrational level, the total OH product vibrational
state distribution can be determined experimentally
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FIG. 2. Experimental and theoretical angular distributions for
the total D-atom products from the O�1D� � HD! OH� D
reaction at the collision energy of 7:11 kJ=mol.
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FIG. 3 (color). Rotational distributions of the OH products at
different vibrational states for the title reaction at the collision
energy of 7:11 kJ=mol. (a) Theoretical results based on full
quantum wave-packet calculations on the DK surface;
(b) experimental results.
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FIG. 4. Vibrational distributions of the OH product from the
O�1D� � HD! OH� D reaction at the collision energy of
7:11 kJ=mol. Theoretical results are based on full quantum
dynamical calculations on the DK surface.
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(Fig. 4). The average product vibrational energy hEvi �
76:9 kJ=mol, about 41% of the total available energy. The
overall picture of the OH� D channel in the O�1D� � HD
reaction looks similar to the O�1D� reaction with H2, such
as the OH rotational state distributions and the overall
angular distributions. The rotational state-specific angular
distributions and the vibrational state distribution are, how-
ever, noticeably different for the two reactions. The
O�1D� � HD reaction shows more populations at higher
vibrational states than the O�1D� � H2 reaction [10]. This
could partly be due to the asymmetric insertion in the F�
HD reaction.

To interpret the above experimental results, fully con-
verged quantum dynamics calculations of state-to-state
differential cross sections on the title reaction were carried
out using the time-dependent wave-packet methods on the
accurate ab initio DK PES [9,16]. In the wave-packet
calculation, only the ground state reaction is considered.
Details of the calculation will be published elsewhere, so
only a brief description of the calculation is presented here.
An initial wave packet for the O�1D� � HD�v � 0; j � 0�
state was prepared in the reactant Jacobi coordinates, and
propagated for 18 000 a.u. from asymptotic region to Rr �
6:0a0 (where Rr is the distance from O atom to the c.m. of
HD diatom). It is straightforward to carry out this propa-
gation, because at that Rr distance, only inelastic scattering
process between O atom and HD diatom occurs. A coor-
dinate transformation was then carried out to transfer the
wave packet from the reactant coordinates to the OH� D
product coordinates. After the transformation, we propa-
gated the wave packet for additional 72 000 a.u. in the
10320
product coordinates to get converged S-matrix elements.
In the product coordinates, we used a total number of 235
sine functions (among them 167 for the interaction region)
for the translational coordinate Rp in the range 
0:0; 18�a0.
A total of 100 vibrational functions are employed in the
range 
0:8; 14:0�a0 for the product OH. For the rotational
basis, we used jOH

max � 130, and included all the K compo-
nents for a total angular momentum J. The final state
analysis to obtain S-matrix elements was carried out at
Rp � 13a0. The computation is very demanding, consid-
ering that this is likely the most difficult insertion reaction
system yet been tried for fully converged differential cross-
section calculations, demonstrating the powerfulness of the
time-dependent wave-packet method used here.

The total product angular distribution from the time-
dependent wave-packet calculations is shown in Fig. 2
along with the experimental results. The experimental
angular distribution is scaled to the theoretical distribution
using a single scaling factor. From Fig. 2, the overall
agreement between the theory and experiment is quite
good. However, at the forward and backward scattering
directions, there are two sharp peaks in the angular distri-
butions that do not agree with experimental results. Similar
phenomenon has been reported previously for the O�1D� �
H2 reaction in a full quantum calculation, while these
peaks do not appear in the quasiclassical trajectory calcu-
lations, implying these sharp peaks are quantum phenome-
non. From detailed theoretical analysis, reactive collisions
responsible for the forward and backward scattering peaks
are nothing special in comparison with collisions respon-
sible for scattering at other angles. This suggests that such
high scattering peak is intrinsic for the DK PES. The
disagreement between theory and experiment can be traced
to different possible sources. First, the experimental angu-
lar distribution was measured at an interval of 10� with a
3� detection range and the narrow peaks at the forward and
backward directions show only a width of 6�, therefore that
these sharp peaks could be partly missed in the experiment.
Another possible source of the disagreement is the accu-
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racy of the DK PES since the sharp forward/backward
scattering peaks are intrinsic for this PES. This disagree-
ment certainly deserves further experimental as well as
theoretical investigations. The roughly forward/backward
scattering symmetry for the title reaction is quite interest-
ing since the O�1D� atom is inserting into the asymmetric
H-D bond, implying that the overall product forward/back-
ward scattering symmetry in this reaction is resulted from a
long-lived complex formation mechanism, and that inser-
tion symmetry is not a significant factor for the product
forward/backward symmetry in the O�1D� insertion reac-
tion with H2.

Rovibrational state distributions of the OH product from
the title reactions were also obtained using the quantum
wave-packet method. The theoretical rovibrational state
distributions for different OH vibrational states are shown
in Fig. 3(a), in direct comparison with the experimental
results shown in Fig. 3(b). Even though the theoretical and
experimental shapes of the rotational state distribution for
each OH�v� are not exactly the same, the overall rotational
state distributions do show great similarities. The average
theoretical product rotational quantum number hNi for
different OH vibrational state (v � 0, 1, 2, 3, and 4) is
20.5, 17.8, 15.1, 12.0, and 7.9, respectively. The averaged
theoretical product rotational energy hEri is 58:8 kJ=mol,
which is about 20% higher than the experimental value
(44:7 kJ=mol). It seems that the theoretical calculation
overestimate the rotational excitation by a significant
amount. This discrepancy could be due partly to the DK
PES that might be not accurate enough. Experimental
measurement error is also likely a factor. By integrating
the rotational state distributions, total OH product vibra-
tional state distribution can also be determined. In Fig. 4,
the theoretical OH vibrational state distribution is shown
together with the experimentally measured the OH state
distribution. The agreement between theory and experi-
ment is quite good considering the experimental measure-
ment error involved. The theoretical averaged vibrational
energy is 69:1 kJ=mol, which is slightly less than the
experimental value (76:9 kJ=mol). It seems that the theo-
retical results systematically underestimate the high vibra-
tional state populations. The general agreement between
theory and experiment is good. The difference here could
partly be due to the neglect of the contribution from the
excited state reactions in the present calculations. Since the
experiment for this O�1D� � HD reaction was carried out
at 7:11 kJ=mol, which is only slightly below the
7:53 kJ=mol barrier [8], the nonadiabatic excited state
pathway might be contributing via quantum tunneling,
even though the contribution is likely small.

In this work, we have provided the most detailed experi-
mental and theoretical studies of the O�1D� insertion reac-
tion with HD using the state-of-art experimental and
theoretical methods. The theoretical results are overall in
agreement with the experiment observations even though
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some disagreement remains, suggesting that the reaction
proceeds mainly via the ground PES and the nonadiabatic
excited state pathway plays a small role at most. This study
provides a benchmark example of an asymmetric insertion
reaction that can be understood at the full state-to-state
scattering level both experimentally and theoretically.
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