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A quasi-classical trajectory (QCT) calculation is used to investigate the vector and scalar properties of the
D +BrO — DBr+ O reaction based on an ab initio potential energy surface (X' A’ state) with collision energy ranging
from 0.1 kcal/mol to 6 kcal/mol. The reaction probability, the cross section, and the rate constant are studied. The probabil-
ity and the cross section show decreasing behaviors as the collision energy increases. The distribution of the rate constant
indicates that the reaction favorably occurs in a relatively low-temperature region (7 < 100 K). Meanwhile, three product
angular distributions P(6;), P(¢;), and P(6;, @) are presented, which reflect the positive effect on the rotational angular
momentum j' polarization of the DBr product molecule. In addition, two of the polarization-dependent generalized differ-
ential cross sections (PDDCSs), PDDCSqy and PDDCS(, are computed as well. Our results demonstrate that both vector

and scalar properties have strong energy dependence.
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1. Introduction

In recent decades, the A + BC — AB + C system has been
paid a great deal of attention for its superiority in dealing with
the stereodynamics, which characterizes the reagent and prod-
uct molecular collisions.!'=19 As a prototype, the O + HBr and
its isotopic variant reaction O + DBr have attracted consider-
able attention.[!'~16 By employing a flow tube method, Brown
et al.!'”l determined the rate constants of the O-+HBr —
OH + Br reaction with temperature ranging from 267 K to
430 K. In 1988, McKendrick et al.['8! detected the OH prod-
uct ro-vibrational state distributions by means of the laser-
photolysis, which was consistent with the previous literatures.
Later, the crossed molecular beam technique was applied to
obtain the angular distributions. ']

Meanwhile, the HOBr system has also become a bench-
mark of insertion reactions, barrierless with a deep well on its
potential energy surface (PES). In 2000, a global ab initio PES
for the X' A’ state was constructed by Peterson!?! using cor-
related multireference configuration interaction (MRCI) cal-
culations. As mentioned above, the resulting HOBr PES is
barrierless with a deep well which causes a long-lived inter-
mediate compound. Tang er al.>!! calculated the rate con-
stants of the O +HBr — OH + Br reaction by using the quan-
tum mechanical (QM) method, which has gained sensitive re-
sults with the temperature. As its isotopic variant reaction,
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the O + DBr — OD + Br reaction has also been investigated in
theory. In 2012, Li et al.!’) reported a quasi-classical trajec-
tory (QCT) study on the product polarization of the O+ DBr
reaction and concluded that the product polarization was af-
fected by the mass combination and the deep well PES.

Thus far, their reverse reactions H+BrO and D +BrO
have rarely been studied, while they are helpful to obtain

(221 In order to explore the reac-

the reaction mechanisms.
tion dynamics and mechanism, in this work, the collision
energy effect on the D+BrO — DBr+O reaction is in-
vestigated. Scalar properties such as reaction probability,
cross section, and rate constant are calculated by the QCT
method. Moreover, vector properties including P(6;), P(¢),
and polarization-dependent generalized differential cross sec-

tions (PDDCSs) are also studied.

2. Theory and computational methodology
2.1. PES and QCT calculations

The ab initio potential energy surface obtained by
Peterson!?%! using the multi-reference configuration interac-
tion method is employed in the present work. His computing
results have achieved the spectral accuracy. Moreover, a deep
potential well has been found in the entrance channel of the
title reaction.
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The QCT method adopted in this paper is similar to that
described in the previous literatures.!?>281 In our QCT cal-
culations, the classical Hamilton equations are integrated nu-
merically in three dimensions. Meanwhile, for each trajectory,
the numerical integration accuracy is verified by checking the
conservations of the total energy and the total angular momen-
tum. In this paper, the collision energy is chosen to be 0.1—
6 kcal/mol and batches of 100000 trajectories are run for each
collision energy. The trajectories are initiated at a distance of
10 A between the D atom and the BrO diatom, and the inte-
gration step size is 0.1 fs.

2.2. Product rotational polarizations and rate constant

We employ the center-of-mass (CM) frame to investigate
the angular distributions, which is displayed in Fig. 1.1>! The
reagent initial relative velocity vector k is parallel to the z axis,
and k and the final product relative vector k' are in the scat-
tering plane x—z. The angle 6, between k and k' is the so-
called scattering angle. The 6, and ¢, are the polar and az-
imuthal angles of the rotational angular momentum vector j’,
which describe the vector correlations. The CM angular dis-
tributions and the scalar properties calculated in this work are
partly displayed in the following; more details can be found in

Refs. [23]25] and [30]{43].

k4

64

N

Fig. 1. Centre-of-mass frame applied to describe the k—k'—j’ vector

correlations.

The probability F; and the cross section o of the title re-
action are defined as

P =N/, (1
o_nb2. P, 2)

where N; and N, are the numbers of reaction trajectories and
total trajectories, respectively; while factor by,x is the maxi-
mum of the impact parameter.

The rate constant k(T) calculated with the reaction cross
section and the Boltzmann integration over the collision en-
ergy is given by

8kgT

KT =\ [

(kBT)72[) dEcolEcolG(Ecol)eiECOI/kBra 3

where kg is the Boltzmann constant and E.; is the collision
energy.

A set of PDDCSs represent the full three-dimensional an-
gular distributions, which are associated with three-vector cor-
relations k—k'—j’ in the CM frame

l do—kqi
o dw

k
= kZ [4713 Skqickl —¢(6:,0). (€]

Function P(6;) describing the k—j’ correlation is ex-
panded by the Legendre polynomials and P(¢;) describing the
k—Kk'—3' correlations is expanded in Fourier series

P(6;) = 1/2Y [klai Py (cos6;), 6))
k
P() = ! (1 + Z aycosnd; + Z by sinn¢r>, (6)
Neven>2 Nodd>1
where
an =2{(cosn@;), b, =2(sinng). 7

The joint probability density function P (6;, ¢;) can be written
in the following form:

(9r7¢r)
- Lk

= MZZ [l cos q@r — afisingge] Ciy (6:,0), (8)
k g>0

k _

In this calculation, function P(6;,¢;) is expanded up to

a qu era(bl‘)

2(Cyq/(6r,0) cos g,
2<Ck |q‘ (91'7 O) Sinq¢r>v

(k = even),

(k= odd). ©

k =7, which is sufficient for the convergence. More stereody-
namical details of P (6;), P(¢;), and P (6, ¢;) are discussed in

the results and discussion.

3. Results and discussion

Figure 2 shows the reaction probability as a function
of the collision energy. An equal energy interval is not
suitable for the present study, because the values between
0.1 kcal/mol and 1 kcal/mol decrease rapidly which could af-
fect the cross section and the energy-dependent rate constant.
Therefore, the energy interval is chosen to be 0.1 kcal/mol be-
tween 0.1 kcal/mol and 1 kcal/mol and 0.5 kcal/mol between
1 kcal/mol and 6 kcal/mol. An obvious decline is seen in Fig. 2
with increasing collision energy, which is ascribed to the deep

well and barrierless aspect of the PES.
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Fig. 2. (color online) Reaction probability at the collision energy of
0.1-6 kcal/mol.
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Fig. 3. (color online) Reaction cross section as a function of the colli-
sion energy.
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Fig. 4. (color online) Rate constant as a function of the collision energy.

The reaction cross section computed using Eq. (2) is
displayed in Fig. 3. As expected for barrierless PESs, the
cross section shows no threshold and the maximum appears at
0.1 kcal/mol. As the collision energy increases, the cross sec-
tion shows a rapid downward trend at 0.1-1 kcal/mol and a rel-
atively slow circumstance between 1 kcal/mol and 6 kcal/mol,
which can be attributed to the decrease of the probability and
the maximum of the impact parameter by, listed in Table 1.
Figure 4 illustrates the rate constant with Boltzmann integra-
tion over the collision energy at the temperature range of 0—
1000 K. To the best of our knowledge, the rate constants in

the previous works are mainly obtained by quantum mechan-
ics (QM) methods, [*+#% which could take lots of CPU time.
In our paper, the QCT method is employed for its less time
consumption and better treatment on the relatively low-energy
area. As can be seen in the figure, the rate constant displays an
increasing trend at 0—100 K and then decreases with increas-
ing temperature from 100 K to 1000 K, which is similar to
other barrierless reactions.*7#%1 Moreover, the distribution of
the rate constant also implies that the title reaction favorably

occurs at a relatively low-temperature area.

Table 1. Maxima of the impact parameter (bmax )-

Collision energy/kcal-mol~! bmax
0.1 6.80
0.2 6.26
0.3 5.97
0.4 5.75
0.5 5.57
1.0 4.89
1.5 4.53
2.0 4.35
2.5 4.22
3.0 4.15
35 4.07
4.0 4.03
45 3.98
5.0 3.94
5.5 391
6.0 3.87

In order to gain an intuitive sight to our results, the stere-
odynamical information is plotted in three dimensions. The
product angular distribution P (6;) reflecting the k—j’ corre-
lation is presented in Fig. 5. The peaks are centralized at
6: = 90° and symmetrical about 90°, which shows a prefer-
ence that the rotational angular momentum vector 5’ is aligned
to the direction perpendicular to the reagent relative velocity
k. Additionally, the peaks of P(6;) become sharper, which
implies that the polarization of 7' enhances as the collision en-

ergy increases.

120 60
0O
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Fig. 5. (color online) Distributions P(6;) reflecting the k—j’ vector cor-
relations at different collision energies (E. = 0.1-6 kcal/mol) for the
title reaction.
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Distribution P(¢;), which represents the k—k'—j’ correla-
tion, is plotted in Fig. 6. We have plotted the distributions of
E o = 0.1 kcal/mol, 3 kcal/mol, and 6 kcal/mol from the in-
side out to save the space. As can be seen, there are many small
peaks and the relatively higher peaks are located at ¢, = 90°
and ¢, = 270°. The peaks at ¢, = 90° are higher that those
at ¢, = 270°, which indicates that j' is favorably aligned with
the positive direction of the y axis. This feature may be as-
cribed to the light-heavy-heavy mass combination. Besides,
distributions P(¢) are asymmetric with ¢, = 180°, which can
be explained by the impulsive model constructed by Han and
co-workers for the A + BC — AB + C reaction.!!*?3! The 3
is written as j = Lsin> B + jcos? + Jimy /mp, where L is
the reagent orbital angular momentum and Jymy /mp demon-
strates a preferred direction leading to the right-handed DBr
molecule rotation. The term cos? 8 is the mass factor which
is defined as cos? 8 = my - mc/(ma + mp)(ma +mc). Com-
pared to the H+ BrO — HBr + O reaction,??! the D + BrO re-
action has higher peaks of P(6;), which implies that the de-

gree alignment of DBr is stronger than that of HBr. Moreover,
the P(¢;) distribution of D + BrO is also larger than that of the
H +BrO reaction. The overall enhanced angular distributions
of D+ BrO — DBr+ O can be well explicated by the mass

factor and the isotopic effects, which has been meticulously
g [50-53]

described in the literature

Fig. 6. (color online) Dihedral angle distributions P(¢) with respect
to the k—k' plane depicted from inside out for collision energies E. =
0.1 kcal/mol, 3 kcal/mol, 6 kcal/mol.

Figures 7(a)-7(c) show the joint probability density func-
tion P (6, ¢;) to verify the product angular distributions.
Obviously, the main peaks are situated at (90°,90°) and
(90°,270°), which are in accordance with distributions P (6;)
and P (¢y).

The PDDCSs calculated by the QCT method are de-
picted in Figs. 8(a) and 8(b). The PDDCSqq (also called the
PDDCS (27/0)(dopo/dm)) is simply the differential cross
section (DCS) that describes the k—k’ correlation only. The
PDDCSyy is the so-called expectation value of the second Leg-

endre moments which is associated with the alignment mo-
ment (Py(j'-k)) listed in Table 2. Figure 8(a) shows the distri-
bution of PDDCSq for the collision energy from 0.1 kcal/mol
to 6 kcal/mol. We can find that the product forward scattering
is enhanced gently while the backward scattering becomes far
stronger, which means that as the collision energy increases,
the lifetime of the intermediate complex formed in the deep
well increases. The PDDCS;( shown in Fig. 8(b) demonstrates
a nearly negative scope behavior. Furthermore, it shows an
opposite trend compared to PDDCS, which means that 5’ is
aligned perpendicular to the reagent relative velocity k. In ad-
dition, values of (P(j'- k)) indicate that the product rotational

alignment of DBr is stronger as the collision energy increases.
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Fig. 7. (color online) Distributions of the joint probability density
function P(6;,¢;) at different collision energies: (a) 0.1 kcal/mol, (b)
3 kcal/mol, (c) 6 kcal/mol.
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Fig. 8. (color online) Distributions of two PDDCSs for the collision energy range of 0.1-6 kcal/mol: (a) PDDCSqg, (b) PDDCSy.
Table 2. Rotational alignment parameter (P, (j’ - k)).
Collision energy/kcal-mol ! 0.1 1 2 3 4 5 6

(Py(§' - k)) —0.3533 -0.3639 —0.3653 -0.3732 -0.3913 ~0.3946 -0.3955
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