
Chin. Phys. B Vol. 22, No. 8 (2013) 083403

Quasiclassical trajectory theoretical study on the chemical
stereodynamics of the O(1D) + H2→OH + H reaction and

its isotopic variants (HD, D2)
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The quasiclassical trajectory (QCT) method is used to study stereodynamic information about the reaction O
(1D) + H2 →OH + H on the DK (Dobbyn and Knowles) (11A′) ab initio potential energy surface (PES). A wide scale
of collision energy (Ec) from 0.05 eV to 0.5 eV is considered in the dynamic calculations. To reveal the rovibrational
excitation effect, calculations at a collision energy of 0.52 eV are carried out for the v = 0∼ 5, j = 0 and v = 0, j = 0∼ 15
initial states. The two popularly used polarization-dependent differential cross sections (PDDCSs), dσ00/dωt (0, 0) and
dσ20/dωt(2, 0), and two angular distributions, P(θr) and P(ϕr) are calculated to obtain an insight into the alignment and
the orientation of the product molecules. From the calculations, we can obtain that the alignment of the OH product is
weaker at high collision energy and becomes stronger with the increase of initial vibrational level, and it is almost insensi-
tive to the initially rotational excitation. Influences of the mass values of isotopes (HD, D2) on the stereodynamics are also
shown and discussed. Comparisons between available theoretical results and experimental results are made and discussed.
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1. Introduction
The electronically excited O (1D) atom is an impor-

tant chemical reagent in both atmospheric and combustion
chemistry. The O(1D) + H2/HD/D2 reactions are the simplest
chemical reactions involving the electronically excited O(1D)
atom.[1,2] Besides, the O(1D) + H2 reaction is a typical inser-
tion reaction in chemical kinetics and reaction dynamics.[3]

Different from direct abstraction reactions, the dynamic inser-
tion reaction supported by a potential well can be much more
complex because of the existence of numerous metastable res-
onances. The title reactions have been the target of exper-
imental and theoretical researchers due to their fundamental
significance.[4–7]

Experimentally, Liu et al.[8] have made a breakthrough so
that the quantum state resolution for the differential cross sec-
tion (DCS) can be obtained, which is comparable to detailed
quantum mechanical (QM) results. All experiments confirmed
that the title reactions are dominated by the insertion pathway
on the ground state potential energy surface (PES).[9,10] To
understand the reaction dynamics, theoretical efforts to de-
termine the PES and dynamic studies using both QCT and
QM methods have been made.[11–20] Although five poten-
tial energy surfaces (PESs) are accessible for the O(1D) + H2

reaction,[21] the main contribution stems from the lowest PES
(11A′), favoring the formation of water. The DK PES, devel-
oped by Dobbyn and Knowle,[22] is one of the most popular

ab initio PESs for 11A′ state. The DK PES presents a poten-
tial well, and favors the insertion of O into the H2 bond, rather
than direct collisions of O with either end of the H2 molecule.

The QCT method can be used to determine the polariza-
tion parameters as shown in Refs. [23]–[28]. Many studies
about the title reactions have been conducted, however, the
stereodynamics of these reactions on the DK PES still attract
much attention. In the present work, the investigation of the
product rotational polarization is carried out on the DK PES
by considering influences of the collision energy, the initial
vibrational states (v = 0 ∼ 5, j = 0), and the initial rotational
states (v = 0, j = 0 ∼ 15). The HD and D2 isotopic variants
have also been studied by the QCT method on the same poten-
tial energy surface.

2. Theoretical methods

We use the centre-of-mass (CM) coordinate to describe
the 𝑘, k′, 𝑗 ′ correlations as can be seen in Fig. 1.[29–34] The
reagent (H2/HD/D2) relative velocity vector 𝑘 is parallel to the
z axis, the x–z plane is considered as a scattering plane, which
contains the initial and final relative vectors 𝑘, 𝑘′. Angle θt is
the known scattering angle between the 𝑘 and 𝑘′, θr the polar,
and ϕr the azimuthal angle of product rotational momentum
𝑗 ′.
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Fig. 1. Centre-of-mass coordinate system used to describe the 𝑘, 𝑘′, 𝑗 ′

direcations.

The fully correlated angular distribution can be written as
follows:[35–37]

P(cosθt,cosθ r,ϕr)

=
1

4π
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Here is a series of generalized polarization-dependent differ-
ential cross sections (PDDCSs).

The P(θr) describes the 𝑘–𝑗 ′ vector correlation and can
be expanded in a series of Legendre polynomials as follows:

P(θr)=
1
2 ∑

k
[k]〈Pk (cosθr)〉Pk(θr), (2)

and

〈Pk (cosθr)〉=
∫

π

0
P(θr)Pk (cosθr)sinθr dθr = a(k)0 . (3)

The integer k is 18, and this ensures the convergent result of
P(θr).

The dihedral angle distribution function P(ϕr) describes
the 𝑘–𝑘′–𝑗 ′ vector correlations, which can be expanded in a
Fourier series as follows:

P(ϕr) =
1

2π

(
1+ ∑

even,n>2
ancosnϕr+ ∑

odd,n>1
bnsinnϕr

)
. (4)

The integer n is chosen to be 24 for a good convergence.
The QCT method used in our paper is the same as the one

used in previous studies.[26–28,38–40] For each collision energy,
104 trajectories are run on the DK PES. The intergration step
size in the trajectories is chose to be 0.1 fs, which is sufficient
for the total energy and angular momentum conservation. The
initial distance from O to the center of H2/HD/D2 is chosen to
be 10 Å (1 Å = 0.1 nm).

3. Results and discussion
The calculated PDDCS00 and PDDCS20 (dσ00/dωt,

dσ20/dωt) from the O + H2 (v = 0, j = 0) reaction, each of

which is plotted as a function of both collision energy (Ec)

and scattering angle θt, are shown in Figs. 2 and 3. To the
best of our knowledge, the PDDCS00 correlates with the dif-
ferential cross section (𝑘, 𝑘′). As can be seen in the figure,
the PDDCS00 we obtained is sensitive to the collision energy.
For low collision energy, i.e., when Ec ≤ 0.14 eV, the distri-
bution of product OH molecules is nearly forward–backward
symmetric. The angular distribution shown for low collision
energy indicates that the O + H2 reaction is a typical reaction
with a complex-forming mechanism. With the further increase
of collision energy, the OH product molecules are obviously
backward scattered, and such a backward scattering becomes
more important when Ec = 0.5 eV. PDDCS20 is representa-
tive of the expectation value of the second Legendre moment
〈P2(cosθr)〉. Compared with results in Fig. 2, the distribution
of PDDCS20 in Fig. 3 has a trend opposite to that of PDDCS00.
In addition, we can also conclude that product rotational mo-
mentum 𝑗 ′ is preferentially polarized along the direction per-
pendicular to 𝑘 when θt = 0◦ or θt = 180◦, because it has the
most negative value of −0.35 at these two angles for all colli-
sion energies, which is close to −0.5. Furthermore, PDDCS20

shown here is found to be nearly independent of collision en-
ergy.
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Fig. 2. Values of product polarization-dependent differential cross-
section PDDCS00 of the reaction O + H2 (v = 0, j = 0)→OH + H for
six different collision energies.
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Fig. 3. Values of product polarization-dependent differential cross-
section PDDCS20 of the reaction O + H2 (v = 0, j = 0)→OH + H for
six different collision energies.
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To obtain a better graphical representation of product po-
larization for the OH product from the O(1D) + H2 (v = 0,
j = 0)→OH + H reaction, we plot the distributions of P(θr)

and P(ϕr) for six different collision energies in Figs. 4 and 5,
respectively. As illustrated in Fig. 4, the peak of P(θr) ap-
pears near θr = 90◦ and is symmetric around θr = 90◦ for all
energies, which states that the OH product angular momen-
tum 𝑗 ′ is aligned along the direction perpendicular to the rel-
ative velocity 𝑘. The peaks of the P(θr) distribution almost
keep unchanged when collision energy changes from 0.05 eV
to 0.14 eV. As collision energy increases further, P(θr) dis-
tribution becomes broader and lower, indicating the product
molecule alignment becomes weaker at high collision energy.
Figure 5 shows the P(ϕr) distributions at six collision ener-
gies of 0.05, 0.1, 0.14, 0.24, 0.3, and 0.5 eV. It is clear that
the distribution of P(ϕr) is asymmetric with respect to the 𝑘–
𝑘′ scattering plane, and the main peaks appear at ϕr = 90◦

and ϕr = 270◦, indicating that the rotational angular momen-
tum vectors of the OH product molecule are mainly aligned
along the y axis and the O + H2 reaction is mainly governed by

the ‘in-plane’ mechanism. Expect for Ec = 0.5 eV, the peak of

P(ϕr) appearing at ϕr = 90◦ is nearly the same as at ϕr = 270◦.

This observation means that the orientation of the product OH

has no obvious tendency along the positive y axis, nor along

the negative y axis. For Ec = 0.5 eV, there is a relatively strong

peak at ϕr = 90◦, which means that the 𝑗 ′ of the product OH

is not only aligned, but also oriented along the positive y axis.
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Fig. 4. Distributions of P(θr) for the O + H2 (v = 0, j = 0)→OH + H at
six different collision energies, 0.05, 0.10, 0.14, 0.24, 0.3, and 0.5 eV.
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Fig. 5. Distributions of P(ϕr) for the product molecule OH from the reaction O(1D) + H2 (v = 0, j = 0)→OH + H at six different
collision energies, (a) 0.05, 0.10, and 0.14 eV; (b) 0.24, 0.3, and 0.5 eV.

Figures 6(a) and 6(b) show the distributions of P(θr) for
the O(1D) + H2 (v = 0∼ 5, j = 0; v = 0, j = 0∼ 15) reaction
at a collision energy of 0.52 eV. As can be seen in Fig. 6, all
the peaks of P(θr) distributions exist around θr = 90◦, which
indicates that the product OH angular momenta align in the di-
rection perpendicular to 𝑘 for all the considered rovibrational
levels. In Fig. 6(a), with the increase of vibration–excitation
level, we can see a contraction in each of P(θr) distribution,
and the peak of P(θr) at θr = 90◦ shifts upward gradually. We

can conclude that the initial vibration excitation is in favor

of the product molecule alignment, and the vibration quan-

tum number v plays an important role in dynamical stereo-

chemistry of the O (1D) + H2→OH + H reaction. By contrast,

Fig. 6(b) shows that the influence of the initial rotational exci-

tation on P(θr) distribution is weaker than that of the vibration

quantum number v. The dependence of the rotational quantum

number j on the P(θr) distribution is not obvious.
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Fig. 6. Distributions of P(θr) as a function of the polar angle θr for different initial rovibrational states at Ec = 0.52 eV: (a) for the
reactions O + H2 (v = 0∼ 5, j = 0); and (b) for the reactions O + H2 (v = 0, j = 0∼ 15).

For the O + HD→OH(D) + D(H) reaction, many dynam-
ical features are the same except for the branching ratio of
the integral cross section for both exit channels.[41–44] Table 1
presents the branching ratio ΓOD/OH for the reaction O + HD
(v = 0, j = 0) on the DK PES in a wide collision energy range
(ΓOD/OH = σ(OD+H)/σ(OH+D)). Here, σ(OD+H) means the in-
tegral cross section (ICS) for the reaction O + HD→OD + H
and σ(OH+D) represents ICS for the O + HD→OH + D reac-
tion. We also present experimental data and available theo-
retical results obtained by using other PESs. As can be seen,
the branching ratio of the integral cross section ΓOD/OH cal-
culated on the DK PES is closer to the experimental results
than that on the BR PES for Ec = 0.09 eV.[5,41,42] This com-
parison confirms the accuracy of the DK PES and the valid-
ity of this QCT method. Our findings also reveal a prefer-
ence of the OD + H product channel over the OH + D product
channel, and the branching ratio ΓOD/OH shows an increasing-

then-decreasing trend over the whole collision energy range
we considered. On the basis of this observation, we can see
that this branching ratio has apparent connection with the col-
lision energy and is generally dependent on the used PES.

Table 1. Isotopic ratios of integral cross section for the reaction
O(1D) + HD→OH(D) + D(H) from different PESs and corresponding
experimental data (ΓOD/OH = σ(OD+H)/σ(OH+D)).

Ecol/eV ΓOD/OH PES Refs.
0.05 1.681 DK this work
0.07 1.689 DK this work
0.09 1.921 DK this work

1.17±0.1 exp. [5], [42]
2.15±0.09 BR [41]

0.1 1.908 DK this work
1.5±0.2 exp. [2]

0.2 1.864 DK this work
0.5 1.635 DK this work
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Fig. 7. Distributions of P(θr) for the product molecule from the reactions O + H2/D2 (v= 0, j = 0)→OH/OD + H/D at (a) Ec = 0.05 eV;

(b) Ec = 0.3 eV; and (c) Ec = 0.5 eV.
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Figure 7 presents the distributions of P(θr) for the reac-
tions O + H2/D2 (v = 0, j = 0)→OH/OD + H/D at three dif-
ferent collision energies of 0.05, 0.3, and 0.5 eV. Similarities
and dissimilarities can be observed by comparing both reac-
tions. As shown in Figs. 7(a)–7(c), all the peaks of the P(θr)

are symmetric around θr = 90◦, which fit well to the results in
Figs. 4 and 6. In contrast to the O + H2 reaction, the peaks of
P(θr) become different after H2 has been substituted by D2.
According to previous studies,[45–47] the discrepancy between
the P(θr) distributions stems from the difference in mass factor
(cos2 β = mAmc/(mA +mB)(mB +mc)). The values of mass
factor for O + H2 and O + D2 are 0.472 and 0.447, respectively.
All the peaks of the P(θr) shift downward after H2 has been
substituted by D2. It is clear that a larger mass factor will lead
to stronger product molecule alignment, which is consistent
with the results given by Zhao et al.[46]

4. Conclusions
We perform QCT calculations on the DK potential energy

surface for the title reactions. Two commonly used PDDCSs
(PDDCS00 and PDDCS20) and two angle distributions P(θr)

and P(ϕr) are plotted to investigate the stereodynamics of the
O(1D) + H2 reaction together with its isotopic effect. For the
O + H2 (v= 0, j = 0) reaction, the angular distribution of prod-
uct OH molecules is nearly forward–backward symmetric at
low collision energies, when the collision energy increases,
a backward scattering bias appears. The OH product align-
ment is weaker at high collision energy, becomes stronger with
the increase of initial vibrational level, but it is almost insen-
sitive to the initially rotational excitation. The trend of the
distributions P(θr) for O(1D) + D2 is similar to for the reac-
tion O(1D) + H2, but the peak of P(θr) around θr = 90◦ for the
O + D2 reaction is lower than that for the O + H2 reaction.
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