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Quasi-classical trajectory approach to the

O(1D)+HBr→OH+Br reaction stereo-dynamics

on X1A′ potential energy surface∗
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The vector properties of reaction O(1D)+HBr→OH+Br on the potential energy surface (PES) of X1A′ ground

singlet state are studied by using the quasi-classical trajectory (QCT) theory. The polarization-dependent differential

cross sections (PDDCSs), the average rotational alignment factor 〈P2(j′ · k)〉, as well as the distributions reflecting vector

correlations are also computed. The analysis of the results shows that the alignment and the orientation distribution of

the rotation angular momentum vector of product molecule OH is influenced by both the effect of heavy–light–heavy

(HLH) type mass combination and the deep well of PES.
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1. Introduction

These days halogenated compounds have been
widely studied due to their large abundance in na-
ture and importance for environmental protection and
human health.[1−7] In the stratosphere, HOBr is an
important atmospheric species related to some pho-
tochemical and heterogeneous processes affecting the
stratospheric ozone abundance.[8,9] In order to know
the influence of the photolysis and the stability of
HOBr on the catalytic removal of ozone in the atmo-
sphere, several experimental studies have been carried
out. The determination of the UV/visible absorption
and the cross sections of HOBr are performed with
some experiments.[10−15] Ruscic and Berkowitz[16]

have successfully determined the heat of formation of
HOBr and the dissociation energy of HOBr in exper-
iment. Lock et al.[17] have employed the method of
laser induced fluorescence combined with polarization
and the effect of sub-Doppler spectroscopy to study
the photodissociation dynamics of HOBr.

From a theoretical point of view, McGrath and
Rowland[18] have used the Gaussian-2 theory to cal-
culate the heat of formation of HOBr. Palmieri et
al.[19] have derived the anharmonic near-equilibrium

potential energy function of HOBr using the method
of multireference configuration interaction wave func-
tion (MRCI) and a cc-PVTZ basis set.[20,21] The equi-
librium structure, the harmonic frequency and the rel-
ative energy of HOBr have been computed by Lee et
al.[22] through employing the coupled cluster method
and a TZ2P basis set. Füsti–Molnar et al.[23] have
computed the potential energy surfaces (PESs) for the
three lowest lying singlet electronic states of HOBr,
which provides the basic data needed to compute the
dynamics of the HOBr+hν→OH+Br photodissocia-
tion process. An accurate global ab initio PES for
this reaction, based on highly correlated coupled clus-
ter singles and doubles with a perturbative triples
(CCSD(T)) method and explicit basis set, was ob-
tained by Peterson.[24]

The accurate global ab initio PES of HOBr en-
courages us to investigate its dynamics. In order to ob-
tain an accurate theoretical description of the dynam-
ics, we should have a more complete theoretical study.
Recently, Tang et al.[25] have successfully employed
the three-dimensional time-dependent wave packet
method to study the scalar properties of the reaction
such as initial state-selected reaction probability, reac-
tive cross section and thermal rate constant. In addi-
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tion, Gogtas[26] has used the time-dependent quantum
method to investigate the kinetics of the reaction of
O(1D)+HBr→OH+Br. However, to the best of our
knowledge, there have been few quasi-classical tra-
jectory (QCT) calculations to investigate the stereo-
dynamics of the reaction of O(1D)+HBr→OH+Br up
to now. In this paper, therefore, we concentrate on
the vector properties of the title reaction by using the
QCT method. The remainder of this paper is orga-
nized as follows. The theory used is described in Sec-
tion 2. The results and the discussion are given in
Section 3. We conclude with a discussion of this work
in Section 4.

2. Theory

In this paper, we employ the global analytical
PES for the ground electronic state of HOBr, which
is determined by Peterson using the method of highly
correlated MRCI and an explicit basis set.[27] The ab
initio data and analytical function form of the PES
can be obtained in Ref. [28].

The calculation method we used in this study is
the same as the one used in Refs. [29]–[38]. In our
calculation, we integrate the classical Hamilton equa-
tions in three dimensions. Setting the initial rovibra-
tional conditions of the HBr reagent to be v = 0 and
j = 0, the collision energy is chosen from 0.24 eV to
1.0 eV for the properties of the PES of the title re-
action. Each reaction runs 10000 trajectories and the
integration step size is set as 0.1 fs for guaranteeing
the conservations of total angular momentum and to-
tal energy.

We employ the standard theory of the product
polarization established by Han et al.[30−34,39] How-
ever, here we just introduce the details related to
our present work. In the centre-of-mass (CM) frame
shown in Fig. 1, the relative velocity vector k′ of the
reactant is parallel to the z axis and the x–z plane
is the scattering plane which contains the initial and
the final relative velocity vectors, k and k′. θt rep-
resents the scattering angle between the reactant rel-
ative velocity and product relative velocity. θr and
φr represent the so-called polar and azimuzal angles
of the product rotational angular momentum j′, re-
spectively. In addition, we give the contour plot of
the HOBr PES in Fig. 2. It can be seen that there is
a potential well which appears on the exit valley and
its existence will influence the dynamics of the title
reaction greatly.

Fig. 1. Centre-of-mass coordinate systerm used to de-

scribe the k, k′, and j′ distribution.

Fig. 2. Contour plot of the HOBr PES for fixed θ (HOBr)

at 180◦.

The generalized polarization-dependent differen-
tial cross sections (PDDCSs) are used to describe the
vector correlation of k–k′–j′ and scattering distribu-
tion of the product molecule. The P(θr) as a distribu-
tion function describing the correlation of k–j′ can be
expanded in a series of Legendre polynomials and the
expanding coefficients are called alignment (k is event)
and orientation (k is odd) parameters. The P(φr) as a
distribution function of the dihedral angle describing
k–k′–j′ correlation can be expanded in Fourier series.
The P(θr, φr) as a function of angles θr and φr of j′ is
used to describe the space distribution of the product
rotational momentum.

In the CM frame, the fully correlated angular dis-
tribution function can be written as the sum,[40] i.e.,

P (ωt, ωr) =
∑
kq

[k]
4π

1
σ

dσkq

dωt
Ckq (θt, θr)

∗
, (1)

where [k] = 2k + 1 and (1/σ) (dσkq/dωt) is the
so-called generalized PDDCS. Because many photo-
initiated bimolecular reaction experiments are sen-
sitive to those initial polarization moments with
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the k = 0 and k = 2, in this paper, we cal-
culate only (2π/σ) (dσ00/dωt), (2π/σ) (dσ20/dωt),
(2π/σ) (dσ22+/dωt), and (2π/σ) (dσ21−/dωt).

3. Results and discussion

As the rotational angular momentum alignment
of the product molecule can be measured from the
experiment, we calculate the average rotational align-
ment factor 〈P2(j′ · k)〉. Figure 3 shows the depen-
dence of the product rotational alignment on collision
energies. It can be seen from the figure that the
〈P2(j′ · k)〉 values change slightly with the increase of
collision energy, suggesting that the degree of align-
ment is almost invariant when the collision energy

Fig. 3. Product rotational alignment 〈P2(j′ · k)〉 for

O(1D)+HBr→OH+Br as a function of collision energy.

increases.
In order to describe the k–j′ correlation better

than before, we plot the P(θr) distributions of the
product OH in Figs. 4(a) and 4(b). It can be seen
from the figure that the P(θr) distribution is a sym-
metric distribution with a peak at θr = 90◦, which
indicates that the product rotation angular momen-
tum vector prefers to be perpendicular to the reagent
relative velocity. In Fig. 4(a), we can see that the
peak value of P(θr) becomes larger when the colli-
sion energy increases from 0.3 eV to 0.4 eV, indicat-
ing that the product rotational alignment becomes
stronger in this case, while the peak value of P(θr)
becomes smaller when the collision energy increases
from 0.4 eV to 0.5 eV, indicating that the product
rotational alignment becomes weaker. In addition, it
can be found from Fig. 4(b) that the peak value of
P(θr) becomes larger with the collision energy increas-
ing from 0.6 eV to 0.8 eV, implying that the product
rotational alignment becomes stronger. Furthermore,
from the figure we can obtain another information that
the value of P(θr) is relatively small. As is reported in
Refs. [41]–[43], for a reactive system of heavy–light–
heavy (HLH) mass combination, the reactant orbital
angular momentum L mainly transfers into the prod-
uct orbital alignment, and j′ is almost independent of
L. In addition, the existing deep well in the exit valley
on the PES will lead to a long-life rotating complex
for the product channel, and inevitably it will escape
from the deep well with weak rotational alignment.

Fig. 4. Distributions of P(θr) with respect to k–j′ correlation at six collision energies: (a) Ec = 0.3 eV (solid line),

0.4 eV (dashed line), 0.5 eV (dotted line), and (b) Ec = 0.6 eV (solid line), 0.7 eV (dashed line), 0.8 eV (dotted line).
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To obtain a better graphical representation of the
product polarization from the title reaction, we plot
the distribution P(φr) as a function of dihedral an-
gle to describe the k–k′–j′ correlation in Fig. 6. The
P(φr) is not symmetric with respect to the k–k′ scat-
tering plane, evidently reflecting the polarizations of
product rotational angular momentum for six differ-
ent collision energies. It can be seen in the figure that
the P(φr) has two peaks which are at φr = 90◦ and
270◦, separately. It indicates that the rotational angu-
lar momentum vector of the product is preferentially

aligned along the y axis for the six different collision

energies in the CM frame. However, the heights of

two peaks are not the same as each other. In general,

the peak at φr = 90◦ is slightly stronger than that

at φr = 270◦, which indicates that the product rota-

tional angular momentum vector is not only aligned

but also oriented along the positive y axis. From the

figure, we can also see that the value of P(φr) is rather

small for the HLH mass combination of the reaction

and the deep well on the PES.

Fig. 5. Dihedral angle distributions of P(φr) with respect to k–k′ plane at (a) Ec = 0.3 eV (solid line), 0.4 eV (dashed

line), 0.5 eV (dotted line) and (b) Ec = 0.6 eV (solid line), 0.7 eV (dashed line), 0.8 eV (dotted line).

Figure 5(a) shows that the trend that the orien-
tation of the product rotational angular momentum
j′ changes from the positive y axis to the negative y

axis with the collision energy increasing from 0.3 eV
to 0.4 eV, while the orientation is along the positive
y axis as the collision energy increases from 0.4 eV to
0.5 eV. However, j′ is more strongly oriented along
the positive y axis with the collision energy increasing
from 0.6 eV to 0.8 eV as shown in Fig. 5(b). It can also
be seen that the separation between the two peaks is
small, implying that the degree of orientation is not
very distinct. The distribution of P(φr) tends to be
asymmetric with respect to the k–k′ scattering plane,
which may attribute to the effect of the repulsive en-
ergy between H–Br atoms. We can derive the expres-
sion of the product angular momentum using the “im-
pulsive collision model” of a type A + BC → AB + C
reaction developed by Han et al.[44] For the reaction
O + HBr → OH + Br, the angular momentum j′ of

the product molecule OH can be written as[34,44,45]

j′ = L sin2 β + j cos2 β + J1mH/mOH, (2)

cos2 β =
mO · mBr

(mO + mH)(mH + mBr)
, (3)

J1 =
√

µHBrER(rOH × rHBr), (4)

where L and j represent the reactant orbital and ro-
tational angular momentum, respectively, µHBr is the
reduced mass of the HBr molecule, ER is the repulsive
energy between H and Br, rOH and rHBr denote unit
vectors where the directions of H point to O and Br,
respectively. During the processes of chemical-bond
forming and breaking of the title reaction, the term
L sin2 β + j cos2 β in the equation is symmetric, while
the term J1mH/mOH is aligned along a direction, ow-
ing to the effect of the repulsive energy, which leads
the product molecule OH to rotate in a plane parallel
to the scattering plane.

In order to provide more detailed information
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about the angular momentum polarization of the ti-
tle reaction, we calculate the distribution of P (θr, φr)
which can be seen in Figs. 6(a)–6(f). From the figure,
we can see that P(θr, φr) has a peak at (90◦, 90◦)
and (90◦, 270◦), respectively, which are well consis-
tent with the distributions of P(θr) and P(φr) of the
product OH for six different collision energies. The

distribution of P(θr, φr) indicates that the rotational

angular momentum of the product molecule is polar-

ized mainly in the direction perpendicular to the scat-

tering plane. In addition, it also suggests that the

product molecule OH is rotating mainly in a plane

parallel to the scattering plane.

Fig. 6. Polar plots of P(θr, φr) distribution for six different collision energies averaged over all scattering angles: (a)

Ec = 0.3 eV, (b) Ec = 0.4 eV, (c) Ec = 0.5 eV, (d) Ec = 0.6 eV, (e) Ec = 0.7 eV, (f) Ec = 0.8 eV.

To better describe the k–k′–j′ correlation and
the scattering direction of the product molecule OH,
we calculate the PDDCS for the title reaction on the
global adiabatic PES shown in Figs. 7(a)–7(f) corre-
sponding to collision energies 0.3 eV–0.8 eV, respec-
tively. The PDDCS of (2π/σ) (dσ00/dωt) is depen-
dent only on the scattering angle θt but independent
of the orientation and the alignment of the product
rotational angular momentum vector j′. So it re-
flects the k–k′ correlation or the angular distribu-
tion of the product. As shown in Fig. 7, the prod-
uct molecule OH is scattered strongly forward. The
PDDCS of (2π/σ) (dσ20/dωt) is related to not only
scattering angle θt but also 〈3 cos2 θr − 1〉. So it is
called the average value of the second Legendre mo-
ment 〈P2(cos θr)〉. From the figure, it is obvious that
the trend of the (2π/σ) (dσ20/dωt) is opposite to that
of the (2π/σ) (dσ00/dωt), indicating that the value
of 〈3 cos2 θr − 1〉 is negative or the alignment of the
product molecule rotational angular momentum j′ is
perpendicular to k.

In addition, we can also see in Fig. 7 that the
PDDCSs with q 6= 0 are zero when the values of scat-
tering angle θt are 0◦ and 180◦. Because the k–k′

scattering plane is uncertain at these limiting scatter-
ing angles, the values of these PDDCSs must be zero.
From the figure, it is easy to see that the values of
(2π/σ) (dσ22+/dωt) are negative in the whole range
of scattering angle θt, implying that the product align-
ment is along the y axis. It is noticeable that the prod-
uct exhibits a stronger polarization when θt is near
30◦, which is similar to the result in Ref. [46]. We can
also know that the PDDCS of (2π/σ) (dσ21−/dωt) is
different from that of other reactions. The values of
the (2π/σ) (dσ21−/dωt) are negative when the scat-
tering angle θt is less than 40◦, which suggests that the
product is aligned along the direction of x + z. The
values of the (2π/σ) (dσ21−/dωt) are positive when
the scattering angle θt is in a range from 40◦ to 180◦,
suggesting that the product alignment is along the di-
rection of x − z.
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Fig. 7. Polarization-dependent generalized differential cross sections of the title reaction for six different collision

energies. Solid line indicates (2π/σ) (dσ00/dωt), dashed line indicates (2π/σ) (dσ20/dωt), dotted line indicates

(2π/σ) (dσ22+/dωt) and short dash-dotted line indicates (2π/σ) (dσ21−/dωt). (a) Ec = 0.3 eV, (b) Ec = 0.4 eV,

(c) Ec = 0.5 eV, (d) Ec = 0.6 eV, (e) Ec = 0.7 eV, (f) Ec = 0.8 eV.

4. Conclusion

In this paper, the product polarizations of the ti-
tle reaction at different collision energies are analysed
by using the QCT method. The rotational angular
momentum vector j′ of the product molecule OH is
strongly aligned and slightly oriented along the posi-
tive y axis. The four PDDCSs display that the prod-
uct molecule OH tends mainly to the forward scat-
tering and the trend of forward scattering becomes
stronger with the increase of collision energy. Due
to the type of HLH mass combination and the deep
potential well on the PES, the alignment and the ori-
entation degrees of the product rotational angular mo-
mentum vector j′ are relatively weak. These results
obtained from our work are probably helpful for ex-
ploring the similar reactions and providing some useful
information for the future relevant experiments.
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