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The reagent vibrational excitation effect on the stereodynamics of the
reaction O('D) + HBr — OH + Br*
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Calculations on the dynamics of the reaction O(! D) + HBr — OH + Br are performed on the ab initio potential energy
surfaces (PESs) of the ground state given by Peterson [Peterson K A J. Chem. Phys. 113 4598 (2000)] using the quasi-
classical trajectory (QCT) method. The product distribution of the dihedral angle, P (¢,), and that of the angle between k
and j', P (6,), are presented in three dimensions. Moreover, we also investigate the reagent vibrational excitation effects on
the two polarization-dependent generalized differential cross sections (PDDCS), PDDCSgy and PDDCS5, in the center-
of-mass frame. The results indicate that the vector properties are sensitive to the reagent vibrational quantum number.
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1. Introduction

Reactions of atomic oxygen with bromine-containing
species play an important role in the chemistry of the upper
atmosphere of the earth.!'=3! The reaction of O('D) + HBr can
be considered as a good prototype of the oxygen with bromi-
nated compounds. The title reactions take place on singlet
potential surfaces with zero activation energy, while O(P)
reactions proceed on triplet surfaces with significant activa-
tion energies.[* There are two competing pathways proceed-
ing with considerable probability, that is,

— Br+OH, AHy= —60.0=+ 1.0 kcal/mol,
O('D) +HBr —
— H+BrO, AHp= —13.9+1.4 kcal/mol.

During the past 30 years, both experimental and theo-
retical studies have reported on the relevant chemical reac-
tions. The characterizations of all the vibrational fundamen-
tals of HOBrl>®! as well as the pure rotational spectra and
molecular dipole moment have been reported.!”! The yield of
H + BrO channel from the O('D) + HBr reaction has also been
reported in previous literature. Time-resolved resonance fluo-
rescence detection has been employed by Wine et al.'®! Using
the crossed molecular beam and infrared chemiluminescence
methods, Balucani et al.!*! demonstrated that a lower limit to
the branching ratio of the BrO + H/OH + Br which is derived
from their experimental results. Meanwhile, in the molecular
beam study they reported on a significant yield for the H + BrO
channel, and in the flash-photolysis study they reported on a
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very small yield. Given that the title reaction is fast, the BrO
product of the title reaction has been detected by time-resolved
ultraviolet (UV) absorption spectroscopy. [*!

In the theoretical respect, few studies have been per-
formed to deal with the title reaction. One of the earliest stud-
ies can be traced to that of McGrath and Rowland, who calcu-
lated a value of formation heat and determined the equilibrium
structure, harmonic frequencies, and relative energies of HOBr

101 peterson! ! constructed a

and its less stable isomer HBrO.
new global ab initio potential energy surface, which was used
to calculate the stereodynamics of the title reaction. Previous
theoretical studies provided the impetus for the development
of theoretical methods to simulate the measured profiles and
to provide an insight into that information about the stereo-
dynamics, which has not been obtained yet. Recently, using
the time-dependent wave packet methods, Tang et al.!'?! have
computed the reaction probabilities and thermal rate constants,
which are nearly independent of temperature.

With the rapid development of theoretical methods, many
semiclassical and quantum theories have been developed in
this stereodynamics field, and thus provided the necessary util-
ities to extract stereodynamical information. Very recently,
quasi-classical trajectory (QCT) procedures have been devel-
oped by Wang et al.!'3] and Chen ef al.!'* with simultaneous
treatment of propagating trajectories and obtaining the stere-
odynamical quantities, particularly those characterizing two-
and three-vector correlations. Many studies on the heavy-
light-heavy (HLH) systems, such as O +HCI,!">! Sr+HF,!®]
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and Ca + HCI!" have been conducted. However, to the best of
our knowledge, the reagent vibration excitation effects on the
vector properties of the title deep-well reaction have not been
studied yet. There exist difficulties in using either the tradi-
tional QCT method or the QM method to perform the vector
correlation of the title reaction, because the deep potential well
on the singlet potential energy surface and the heavy oxygen
mass requires a large quantum basis set, leading to unafford-
able CPU time and cost.!'8! The problem can be solved using
the newly developed QCT method in Refs. [13] and [14].

In this paper, we study the stereodynamics of the title re-
action using a complete QCT method and obtain more infor-
mation about the dynamics when directional properties are not
explicitly considered. The influence of the reagent vibrational
excitation of the hydrogen molecule on the vector correlation
of the product is also discussed.

2. Computational methods

The ground-state potential energy surface (PES) obtained
from ab initio data of Peterson et al.!'!l is used in this work.
Compared with other reactions, the title reaction has a deep
well on the singlet PES which leads to a long-lifetime interme-
diate complex. Moreover, Tang et al.l'?! have also proved that
the ab initio calculations of HOBr are nearly identical to pre-
vious results of HOCI!!%2% and the stability and reliability of
the calculated results below can be guaranteed?!->?! with high
vibrational levels. The calculation method of QCT is similar
to that described in Refs. [23]-[26]. In our calculations, the
center-of-mass (CM) frame is employed as shown in Fig. 1.
The z axis is parallel to the reagent initial relative velocity vec-
tor k, and the y axis is perpendicular to the xz scattering plane
which contains k and k’. 6, is the angle between 5’ and k,
and ¢, is the dihedral angle of the k—k’'—j’ correlation. They
also refer to the polar angle and the azimuth angle of the vec-
tor ', respectively. All of these angles can be derived from
the QCT dynamical calculations, where the Hamiltonian mo-
tion equations are numerically solved by an efficient six-order

symplectic integration procedure in three dimensions.

0,

-

Fig. 1. The center-of-mass coordinate system used to describe the k, k’,
and j' correlations.

The vibrational and rotational quantum numbers of reac-
tant molecules in the present work are chosen to be v = 0-7
and j = 0, respectively. The initial trajectories are at O-HBr
internuclear separations of 10 A. In this work, the collision
energy of the title reaction is chosen to be 0.3 eV and a set
of 5 x 10* trajectories were run for each vibrational quantum
number. The integration step size of 0.1 fs is used to ensure
numerical stability. The accuracy of the numerical integration
is verified by checking the conservation of the total energy and
total angular momentum for each trajectory. The average rota-
tional alignment parameter (P;(j’ - k)) is also calculated in our

work.
The functions of P(6;), P(¢,), and P (6., 9,) are expanded
as follows: 2733
l
0,) = Z aOPk (cos 6y) €))]
k

where af = (P;(cos 6,)), and [k] = 2k + 1.

P(r)= 5 ! (1+ Y, ancosng,+ ) bnsmmP), 2

Teven >2 Nodd>1

where the expansion coefficients are given by

anp = 2<cosn¢,>, by = 2<sinn¢,>, 3

P(era(pr) = %Z[k]a];ckq(ehqbr)*

kq
= Z Z gy COSGPr
k ¢>0
—ay-ising¢,|Ciy (6,,0), 4)
where
. 2(Ckjq)(67,0) cosqo,), (k=even),
0 2(Ck4/(6,,0)sing¢,), (k=odd),
1 d(qui [kl]
EW:Z S iCkl q(el" 0) Q)

Sias = (cr1g(61,0)ciq(6,,0)[(=1)?e'1% £ e714%]). (6)

Here, (1/0)(d0og,+/day) is the polarization-dependent gen-
eralized differential cross section (PDDCS), and the angular
brackets represent an average over all the reactive trajectories.
The corresponding details of the above equations are available
in Ref. [13].

3. Results and discussion

In order to see the vector correlation functions and the
PDDCS directly, we plot them in three dimensions. Figure 2
illustrates the calculated product distribution of P(6,) on dif-
ferent vibrational levels of the O(D) + HBr reaction. The dis-
tribution of P(6,) representing the k—j' correlation indicates
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that the rotational alignment of the product is very strong. For
different vibrational quantum numbers, the peaks of P(6,) are
located at 6, = 90° and symmetric with respect to the direction
of 90° because of the planar symmetry of the system. This
implies that the product rotational angular momentum vector
7’ is strongly aligned along the direction perpendicular to the
relative velocity direction. Moreover, the peaks of P(6,) be-
come higher and narrower as the vibrational quantum num-
ber increases, indicating that the product alignment becomes
stronger at high vibrational levels.

P(6r)
=]

0 er/ C)

Fig. 2. (color online) Distributions of P(6,) reflecting k—j’ correlations
at different vibrational levels v = 07 for the reagent rotational excita-
tion.

The dihedral angle distributions P(¢,) describing the cor-
relation of k—k'—j' are plotted in Fig. 3. The vibrational quan-
tum number from inside to outside changes from v = 0 to
v =7, and ¢, increases in the clockwise direction. The cal-
culated results of P(¢,) are in good agreement with the results
obtained by Wang er al.3*! that the distribution of 5’ does not
have azimuthal symmetry for the H + LH mass combination
(H: heavy, L: light) on the repulsive potential energy surface.
We can see that the distributions of P(¢,) tend to be asymmet-
ric with respect to the scattering plane, directly reflecting the
strong polarization of the angular momentum induced by the
PES. There are two sharp peaks at ¢, = 90° and ¢, = 270° in
all vibrational quantum numbers, which means that the prod-
uct rotational angular momentum vector j’ is aligned along
the y axis in the CM frame. The peaks at ¢, = 90° are stronger
than those at ¢, = 270°, indicating that j' is oriented along the
positive direction of the y axis.

The asymmetry of P(¢,) can be described qualitatively
by an impulse model. Based on the previous studies,?>-%6! it
results, most likely, from the repulsive energy between H-Br
atoms, which leads to the violation of the symmetry when the
reaction occurs. The product angular momentum vector 7' can
be written as

j' = Lsin® B+ jcos? B +Jimu /mg, 7
Ji = (UBcR)'?(rap X rcg). (8

Here, L is the reagent orbital angular momentum, tpc the re-
duced mass of the BC molecule, R is the repulsive energy,

rap and rcp are the unit vectors with B pointing to A and
C, respectively, and cos’f is the mass factor. In the reac-
tion O('D)+HBr, the term Lsin? B + jcos?f is symmetric,
while the term Jymu /mp shows a preferential direction for the
effect of repulsive energy, leading to the left-handed product
rotation in plane parallel to the scattering plane.!??! The distri-
bution of P(¢,) which is strongly affected by the vibrational
quantum numbers can be attributed to the fact that the O atom
has relatively strong absorbability to charges. At higher vibra-
tional levels, the O atom can rapidly and easily capture the H
atom from the HBr molecule. Therefore, the product molecu-
lar rotational angular momentum vector j’ tends to be weakly
aligned and oriented along the y axis with the increase of vi-

brational quantum number. 37441

0.61

P(¢r)

e/ ()

Fig. 3. (color online) Dihedral angle distribution of P(¢,) with respect
to the k—k’ plane, plotted at reagent vibrational quantum numbers from
inside to outside are v =0 to v = 7, respectively.

In order to further support the above-mentioned findings
associated with the influence of the vibrational quantum num-
ber, the distributions of P(6,,¢,) averaged over all the scat-
tering angles are plotted. For simplicity and without loss of
generality, we show in Fig. 4 only the joint P(6,, ¢,) distribu-
tions with peaks and valleys at three vibrational levels: v = 0,
3, 6. In Fig. 4, the distributions of P(6,,¢,) with peaks at
(90°,90°) and (90°,270°) are in accordance with the distri-
butions of P(6,) and P(¢,) of OH products for all vibrational
quantum numbers, although there are some shape differences.
The distribution of P(6,,¢,) indicates that the OH products
are preferentially polarized in the direction perpendicular to
the scattering plane, and mainly rotate in the plane parallel to
the scattering plane.[*->?1

The QCT PDDCSs are used to describe the k—k'—
j’ correlation and the scattering direction of the OH
product molecule. In the present work, the PDDCSqq
(2n/0)(dog/da,) and PDDCSyy (27/0)(do2y/d@;) are
calculated. Figure 5(a) shows the calculated PDDCSq as a
function of the scattering angle 6r for the vibrational quantum
number ranging from v = 0 to v =7. The PDDCS is a sim-
ple differential cross section which only describes the k—k'
correlation or the scattering direction of the product, and is
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not associated with the orientation and alignment of the prod-
uct rotational angular momentum vector j'. Specifically, it
can be seen that at different vibrational quantum numbers, the
product OH is largely scattered forward at the scattering angle
61 ranging from 0° to 45°, and weakly scattered backward in
an angle range of 140°-180°. We can also conclude that with

P(0,,¢,)

P(0,,¢,)

P(0,,¢,)

400

%/ °) 0

Fig. 4. (color online) Polar plots of the P(6,,¢,) distributions with
peaks and valleys at different vibrational levels: (a) v=0; (b) v=3;
(c)v==6.

the increase of vibrational quantum number, the product for-
ward scattering becomes stronger, and the backward scattering
becomes weaker and tends to convert into sideward scattering.

The PDDCS, is the expectation value of the second Leg-
endre moment (P, (j'-z)) as shown in Fig. 5(b). The values of
PDDCS; are almost negative in the whole scope. This may
be ascribed to the fact that the PDDCS;( correlates with the
alignment moment (P5(j’ - k)), which is listed in Table 1. We
can see its trend opposite to that of PDDCS over the range of
the scattering angles, which means that 5’ is strongly aligned
along the direction perpendicular to k. It is also obvious that
the alignment of the product becomes stronger with the in-
crease of vibrational quantum number.

(27/0)(dogo/dwy)

0 120 .
160 0:/()

(2m/0)(do2o/dwy)

50
10

0

150~<"6

Fig. 5. (color online) Two PDDCSs of the reagent vibrational quantum
numbers with (a) (k, ¢) = (0,0); (b) (k, g) = (2,0), respectively.

Table 1. Variation of rotational alignment parameter (P;(j’ - k)) with vibrational levels v =0 to v = 7 for the title reaction.

Vibration level v=0 v=1 v=2

v=3

v=4 v=>5 v==6 v="17

-0.36793 -0.37516 -0.37626

<P2(]/7k)>

-0.3749

-0.39131 —0.39459 —-0.39543 -0.41659

4. Conclusions

The QCT method has been used in our work to study

the dynamics and the reagent vibrational excitation effect on

the stereodynamics of the title reaction in the ground state of
ab initio potential energy surfaces (PESs) at vibrational lev-
els from v = 0 to v = 7. The distributions of P(6,) and P(¢,)
of the products for the title reactions are calculated. The P(6,)
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distribution suggests that j is strongly aligned along the direc-
tion perpendicular to k and the distribution P(¢,) shows that
the product rotational angular momentum vector j' is oriented
along the positive direction of the y axis of the CM frame,
it can be well explained by impulse model. In addition, we
have calculated two PDDCSs: PDDCS(y and PDDCS;(. The
PDDCS(y demonstrates that with the increase of vibrational
quantum number, the OH product is strongly scattered for-
ward and weakly scattered backward, and has a trend of turn-
ing into sideward scattering. The PDDCSyg indicates that 3’ is
strongly aligned in the direction perpendicular to k. In sum-
mary, the calculated results clearly indicate that vector proper-
ties are sensitive to the reagent vibrational quantum number.
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