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Theoretical studies of the dynamics of the abstraction reaction, H' + HBr (v=0,/=0) — H'H + Br, have been
performed with quasiclassical trajectory method (QCT) on a new ab initio potential energy surface (Y. Kurosaki
and T. Takayanagi, private communication). The calculated QCT cross sections are in good agreement with
earlier quantum wave packet results over most of the collision energy range from 0.1 to 2.6 eV, and the
state-resolved rotational distributions of the product H'H molecule are quantitatively consistent with the
experimental results. Comparisons of the QCT-calculated rotational-state-resolved cross sections on different
potential energy surfaces show that the characteristics of the potential energy surface in the region far away
from the minimum energy path have a large influence on the title abstraction reaction dynamics, and the
indirect reactions that do not follow the minimum energy path have little influence on the differential cross
sections (DCS). The DCSs are mainly governed by the direct reactions that do follow the minimum energy
path, at both low and high collision energies. The degree of the rotational alignment of the product H'H
molecule is strong at high collision energies, which means that the influence of the indirect reactions on the
product rotational alignment is negligible, whereas the distribution of P(¢;) is sensitive to the indirect reactions
at high collision energies. With increasing collision energy, the polarization of the product rotational angular
momentum decreases and the molecular rotation of the product prefers an in-plane reaction mechanism rather

than the out-of-plane mechanism.

1. Introduction

The H + HBr reaction, along with other reactions of atomic
hydrogen with hydrogen halides such as the FH, and CIH,
reactive systems,'~” has been of fundamental importance in the
development of chemical kinetics and reaction dynamics. The
experimental studies on the abstraction reaction, H' + HBr —
H'H + Br, and the exchange reaction, H' + HBr — H'Br + H,
have been mainly focused on the determination of reaction rates
and kinetic isotope effects.®"!° The abstraction reaction, H' +
HBr — H'H + Br, is an extreme example of the mass
combination light + light-heavy — light-light + heavy. This
combination causes the skew angle in the H + HBr mass-
weighted coordinate system to be = 45°.!! This kinematic
feature suggests that about one-half (cos?> ) of the incident
translational energy is unavailable for internal excitation of the
products. Such a situation is referred to as ‘“kinematically
constrained”. However, Zare and co-workers presented experi-
mental evidence that a small fraction of the H' + HBr reactive
trajectories did not obey this kinematic constraint and formed
the H'H product with highly excited rotational states.'> On the
basis of quasiclassical trajectory (QCT) calculations on an
e-LEPS potential energy surface (PES), they proposed two
distinct mechanisms: a direct reactive mechanism in which the
H'H product recoils away immediately, and an indirect reactive
mechanism in which the H' atom suffers several collisions with
the HBr molecule before the H'H product is formed. H'H
products with low internal excitation, whose distributions are
limited by the skew angle 3, are formed almost exclusively from
direct trajectories that have an almost perfectly collinear at the
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transition state, whereas H'H products with high internal
excitation are formed mainly from indirect trajectories with bent
transition states. Reactions at high collision energies are not
required to stay near the minimum energy path. Reaction paths
that deviate far from the minimum energy path are more
common than that previously expected, and have also been
observed in the photodissociation of formaldehyde to form H,
and CO" and the reaction O + HCl — CIO + H.' Panda et
al.’® reported quantum mechanical (QM) calculations for the
H' + HBr(v=j=0) — H'H(¢'j') + Br reaction on the e-LEPS
PES at collision energies (E.) in the range 2.1—2.5 eV, and
they found that the calculated product rotational distributions
showed good agreement with the previous experimental results
and QCT predictions.

Although abstraction reactions of the type H' + HX — H'H
+ X, where X = F, Cl, Br, have similar kinematics, their
dynamics may be different as a result of differences in the
potential energy surfaces.'® An accurate potential energy surface
for the BrH, system has been difficult to achieve. A decade
ago, Lynch et al. carried out multireference configuration
interaction (MRCI) calculations with a large basis set for the
ground-state PES for the BrH, system at 104 geometries
preselected for convenient use in fitting an analytical PES via
the extended LEPS function form with a three-center term.!”
The calculated rate constants for the abstraction and exchange
reactions on this PES were found to be remarkably smaller than
the experimentally observed values.®”'" Recently, Tang and
co-workers'®720 carried out quantum time-dependent wave
packet calculations for the Br + H, reaction on new ab initio
potential energy surfaces, named MB1,2! MB2,22 MB3,? and
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the MB3 PES was suggested to be more accurate than the
e-LEPS, MB1 and MB2 PESs.

Most of the previous work in reaction dynamics has focused
on scalar properties such as the rate constant, cross section,
product population distribution, etc. However, complete infor-
mation on the forces acting in the reaction also requires a
consideration of vector properties, as they are key indicators of
the anisotropy of the potential energy surface involved in the
reaction.?*~?% Hence, a complete understanding of the gas-phase
reaction dynamics is only possible after accounting for both
scalar and vector properties together.>>*’~? In a prescient series
of papers published in the mid 1970s to early1980s, Herschbach
and co-workers attempted to persuade reaction dynamicists that
“the analysis of angular momentum orientation or polarization
in molecular scattering processes provides a powerful method
for characterizing the collision dynamics and potential energy
surfaces.”¥733 One aspect of this polarization is the correlation
between reactant and product relative velocity vectors, the
k—Kk'—j' correlation, which provides information otherwise lost
by averaging over the random azimuthal orientation of impact
parameters.* To gain more insight into the detailed dynamics
of the title abstraction reactions, we have carried out quasiclas-
sical trajectory calculations for the H' + HBr(v=j=0) — H'H
+ Br reaction in the collision energy range 0.1—2.6 eV, and
we have studied the vector correlations. The paper is organized
as follows: Section 2 provides a brief review of the theoretical
methodologies. Section 3 presents and discusses the calculated
results. The main results and conclusions are summarized in
section 4.

2. Computational Methods

A. Rotational Polarization of the Product. The center-of-
mass (CM) frame is utilized in the calculations. The z-axis lies
in the direction of the reagent relative velocity k, whereas the
y-axis is perpendicular to the xz plane containing k and k'. 0 is
the angle between the reagent relative velocity and product
relative velocity (so-called scattering angle), corresponding to
the angle between k and K'. 0, and ¢, are the polar and azimuthal
angles of the final rotational angular momentum j'. The full
three-dimensional angular distribution associated with k, k', and
Jj' is represented with a set of generalized polarization-dependent
differential cross sections (PDDCS) in the CM frame.?? 3* The
fully correlated CM angular distribution is written as the sum

[k] 1 doy,

Pw,w,) =
! & An o do,

Ciy(0> &) ey

where [k] = 2k + 1, 1/o(doy,/dw,) is a generalized polarization-
dependent differential cross section (PDDCS), and Cy,(0,,¢)
are modified spherical harmonics. The differential cross-section
is given by

1 dogy

1
o dw, = P@) =4, kzl [k, 15§ (K, 0) P, (cos ) (2)

The bipolar moments h§!(k;,0) are evaluated using the expecta-
tion values of the Legendre moments of the differential
cross-section,

h(k,, 0) = [P, (cos 6,)0 (3)
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The usual two vector correlation (k—j') is expanded in a series

of Legendre polynomials, and the distribution P(6,) can be
written ag2-20:35.36

P(6,) =

N =

> @k + Day'Py(cos 0,) 4)
k

where
ay = [ P(0,) Py(cos 0,) sin 6, df, = [P,(cos ) (5)

The coefficients aff are called orientation (k is odd) or alignment
(k is even) parameters. k = 2 indicates the product rotational
alignment:*’

a,2 = [P(cos )0= [Py(j' k)= %B cos? 6. — 10(6)

Here we only calculate the average rotational alignment of the
product, as it has been measured in most experiments to date.
In the work reported in this article, P(6,) is expanded up to k =
18, which shows good convergence.

The dihedral angle distribution function P(¢,) describing
k—Kk'—j' correlation can be expanded in Fourier series as>>26-3>-3

a, cos ng, +
even,n>2 odd,n>1

b, sin n¢,)
)

Pg) = 51 +

where

a, = 2ldos n¢,]  and b, =2linng,0  (8)

In the calculations, P(¢;) is expanded up to n = 24, which shows
good convergence.

B. Potential Energy Surface. To further improve the PES
presented by Lynch et al.,'”” Kurosaki and Takayanagi con-
structed a series of global adiabatic potential energy surfaces
of the lowest three doublet states (12A’, 22A’, and 1?A") for the
BrH, system, named MB1,2! MB2,2? and MB3,%* using the
multireference configuration interaction method. The Davidson
correction with the aug-cc-pVTZ basis set and the spin—orbit
coupling and the diabatization of the two A’ PESs are included
in the calculations. To obtain a better description of the long-
range forces, the spin—orbit (SO) coupling effect has been
considered in the two-body terms in the potential function, but
somewhat unsatisfactory agreement still remains with experi-
mental observations. The fit on the MB3 PES modified the
arbitrary well at the T-shape geometry on the MB2 PES and
replaced it with a barrier. Figure 1 shows the contour plots of
the MB3 PES. The barrier height of the title abstraction reaction
on this new PES is 0.066 eV at collinear geometry and 0.916
eV at the T-shaped geometry. Because the transition-state
geometry is very close to this collinear configuration, the left
plot in Figure 1 represents the minimum energy path for the
reaction, H' + HBr — H'H + Br. The collinear configurations
on the MB3 PES are similar to those on the e-LEPS PES in
this region, and the barrier heights are almost identical. For the
T-shaped configurations, the differences between the MB3 and
e-LEPS PESs become fairly large. The barrier height at
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Figure 1. Contour plots of the MB3 potential energy surface (a) for the collinear configuration H'—H—Br and (b) for the T-shape configuration
H'—Br—H. Energies are given in electronvolts (eV) with respect to the H' + HBr asymptote.
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Figure 2. Comparison between the QCT-computed cross sections (the
solid line with square) in this work and the previous QM-computed
cross section (the solid line) for the H' + HBr(¢=0,j=0) — H'H + Br
reaction. The QM results are taken from ref 39.

T-shaped configurations on the MB3 PES is 0.11 eV lower than
that on the e-LPES PES. According to the quantum time-
dependent wave packet calculations by the Tang group'$~2 for
Br + H, reaction on these new PESs, the MB3 PES is suggested
to be more reasonable than the e-LEPS, MB1, and MB2 PESs.
So the quasiclassical trajectory dynamic studies for the abstrac-
tion reaction, H' + HBr — H'H + Br have been carried out
on the ground-state MB3 PES in the present work. The details
of the quasiclassical trajectory calculations are standard.?*323438
The QCT calculations have been performed for the collision
energy range 0.1—2.6 eV, by running a batch of 5 x 10°
trajectories. The integration step size in the trajectories was
chosen to be 0.1 fs and the trajectories were initiated with an
H'-HBr internuclear separation of 12.0 A.

3. Results and Discussion

A. Cross Sections and Rotational-State Distributions of
the Product. The comparison between the QCT-calculated
integral cross sections in this work and previous QM-calculated
integral cross section by Fu et al.* for the H' + HBr(v=0,/=0)
— H'H + Br reaction at the collision energy range of 0.1—2.6
eV is presented in Figure 2. The MB3 PES has been employed
in both the current QCT calculation and the previous QM
calculation. The QCT results reproduce quite satisfactorily the
overall shape of the QM-calculated integral cross sections. There
appear to be no significant quantum effects in the integral cross
section calculations. Although zero-point energy (ZPE) leakage
and tunneling play an important role in some reactions, such as
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Figure 3. Comparison between the QCT-computed cross section (the
solid line with square) and another theoretical cross section for the
chemical reaction, H' + HBr(v=0,/=0) — H'H(s'=2,j) + Br, at a
collision energy of 2.3 eV. The experimental results (the dashed line)
from ref 12 are also included. The experimental results have been
normalized to match the present QCTs because only relative cross-
sections were measured. The dotted line is the QCT results of Zare
and co-workers on the e-LEPS PES (also from ref 12), and the cross
sections are multiplied by a factor of 10.

the reactions O+OH and H+D,,* they have little influence on
the title abstraction reaction. The integral cross sections do not
show an energy threshold as expected due to the very low barrier
(only 0.066 eV) between reactants and products on the MB3
PES. As the collision energy increases, the reaction cross section
rapidly reaches a maximum value at E. = 0.8 eV and then
decreases slowly, which agrees well with the previous investiga-
tions for the other homologous series of hydrogen atom
abstraction reactions, such as the H + HCI abstraction reaction.*!

Figure 3 shows a comparison of the QCT-calculated rotational
distribution of the product H'H molecule on MB3 PES with
the distribution from previous QCT calculations on an e-LEPS
PES and from an experiment, for the chemical reaction H' +
HBr(v=0,=0) — H'H(¢v'=2,") + Brat E, = 2.3 eV. The QCT-
calculated rotational distributions of the product H'H molecule
on the MB3 PES show nearly quantitative agreement with the
experimental results. The product H'H rotational distributions
on the MB3 PES have a preference for populating highly
internally excited states compared with the experimental results.
The present QCT calculation was carried out without considering
the role of the spin statistics*? in the scattering process. Due
to the absence of the excited potential energy surface, only the
ground potential energy surface was used in our calculation,
which may explain the difference between the present QCT
results and the experiment data. Another contribution to this



Dynamics for H + HBr (v=0,/=0) — H'H + Br

6p, — 05 eV
T - = 10ev
i \ ce--23 eV
\ — =25 8V

4t \

DCS (A%sr)
(o8]

- et s

I00 30 Gb QID 1';’0 150 : 180

scattering angle (degree)

Figure 4. Total differential cross sections for H' + HBr(¢=0,=0) —
H'H + Brreaction at E. = 0.5, 1.0, 2.3, and 2.5 eV, plotted as a function
of scattering angle 6.

difference might be that MB3 PES underestimates the barrier
height and acceptance cone for the abstraction reaction. This
underestimation is also discussed by Fu et al. in their rate
constant calculations for the abstraction reaction.** They found
a larger theoretical rate constant by a factor of 2 for temperatures
up to 550 K as compared with the experimental results. Hence,
it is conceivable that the PES should be further improved to
obtain better agreement between theory and experiment. On the
basis of the QCT calculation for the title abstraction reaction
on the e-LEPS PES, Zare and co-workers found that H'H
products with low internal excitation are formed almost
exclusively from direct trajectories that are nearly perfectly
collinear at the transition state, whereas H'H products with high
internal excitation are formed mainly from indirect trajectories
having bent transition states.'? So the characteristic of the PES
in the region far away from the collinear geometry has a large
influence on the dynamics of the title abstraction reaction. The
barrier height for the title abstraction reaction for collinear
geometry is 0.066 eV for the MB3 PES and 0.082 eV for the
e-LEPS PES, whereas for the T-shaped geometry the barrier
height is 0.916 and 0.799 eV, respectively. If the abstraction
reaction is dominated by the nature of the PES at the collinear
geometry, the QCT-calculated rotational-state-resolved cross
sections on the MB3 PES should be larger than those on the
e-LEPS PES. In fact the reverse results are obtained, which
indicate that the characteristics of the PES in the region far away
from the collinear geometry have a large influence on the title
abstraction reaction dynamics. Therefore, some reaction trajec-
tories do not follow the minimum energy reaction path at high
collision energy and thus form H'H products with a broad
rotational excited-state distribution at ' = 2. The discrepancies
of the rotational-state-resolved cross sections obtained on the
MB3 and e-LEPS PESs show that the indirect reactive trajec-
tories play an important role in the product-state distribution
for the title abstraction reaction H' + HBr(y=0,=0) —
H'H(v'=2,/") + Br at high collision energy.

The differential cross sections (DCS) for the reaction at E.
= 0.5, 1.0, 2.3, and 2.5 eV are shown in Figure 4. At the low
collision energy of 0.5 eV, the DCS shows broad backward-
sideway distribution. When the collision energy increases, the
angular distributions shift toward the forward direction. At the
high collision energy of 2.5 eV, the most remarkable feature of
the present DCS is the extremely peaked character in forward
scattering directions with a tiny peak at a scattering angle of 8
= 43°. Similar forward scattering was also found in previous
QM calculations for the title abstraction reaction at E. = 2.46
eV by Panda et al.'® To study why these DCSs differ at different
collision energies, the variants of internuclear distances H'—H,
H—Br, and H'—Br, are presented as a function of propagation
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Figure 5. Internuclear distance of H'H, HBr, and H'Br as a function
of propagation time, with a scattering angle of 6§ = 170° at E. = 0.5
eV and 5°, 43°, and 167° at E. = 2.3 eV.

time in Figure 5. The abstraction trajectories are selected
randomly in scattering angle range of 0 = 160—180° at E. =
0.5 and 0 = 0—5°, 43°, 160—180° at E. = 2.3 eV. Parts a—c
of Figure 5 show that the H' atom collides with the HBr
molecule and forms an H'H product that recoils away im-
mediately. This is consistent with the direct reactive mechanism
proposed by Zare and co-workers.'? These trajectories come
from the direct abstraction reactions and stay near the minimum
energy reaction path. At low collision energies, the light H'H
product with small momentum can recoil back easily from the
heavy Br atom. When the collision energy is high enough, the
light H'H product with high internal energy can move with little
or no interference from the heavy Br atom in the same direction
as the reagent H atom. This explains why we observed the
dominance of forward scattering at high collision energies of
2.3 and 2.5 eV. The backward/sideways angular distributions
at E. = 0.5 eV and forward distributions at £, = 2.3 and 2.5
eV can thus be considered as typical for trajectories that stay
near the minimum energy reaction path. Zare and co-workers
also proposed a distinct indirect reactive mechanism!? for the
title abstraction reactions that stay far from the minimum energy
reaction path. The discrepancies between Figure 5a—c and
Figure 5d show clear evidence of the two distinct reactive
mechanisms. For these indirect abstraction collisions, the
attacking H' atom can approach to the HBr molecule from a
very wide range of angles and suffer more than one collision
before it migrates round to meet the other H atom. Figure 5d
shows that the H' atom undergoes three collisions with the HBr
molecule before the H'H product is formed. Most of the
scattering angles for these indirect abstraction reactions with
more than one collision are located in the range from 160° to
180°, at a collision energy of 2.3 eV. But at a low collision
energy of 0.5 eV, we did not observe indirect collisions.
Although we observed indirect reactive trajectories at high
collision energies, the indirect reactive mechanism has almost
no influence on DCS. The DCSs for title abstraction reaction
are mainly governed by the direct reactions whenever the
collision energy is low or high.
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Figure 6. Rotational polarization of the H'H product from the H' + HBr(¢=0,/=0) — H'H + Br reaction at E. = 0.5 and 2.3 eV. (a), (b) Distribution
of P(6,) reflecting the k—j' correlation. (c), (d) Dihedral angle distribution of j', P(¢,), with respect to the k—k' plane.
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Figure 7. H'H product rotational alignment [P,(j' - k)for the reaction
H' + HBr(¢=0,=0) — H'H + Br as a function of collision energy.

B. Polarization of the Product. The distributions of P(6,)
and P(¢,) for the product H'H molecule from the H' +
HBr(¢=0,j=0) — H'H + Br reaction are presented in Figure 6.
The P(6,) distributions, describing the k—j' correlation, peak
at 0, angles close to 90° and are symmetric with respect to 90°,
which demonstrates that j' is distributed with cylindrical
symmetry in the product scattering frame and the direction of
j' is preferentially perpendicular to k direction. The P(6,)
distributions are very similar to the other homologous series of
hydrogen atom abstraction reactions, such as the H + HCI
abstraction reaction.** Because of the very low barrier on the
ground-state MB3 PES for the title abstraction reaction, the
rotational polarization of the product H'H molecule is very
strong. The peak of the P(6,) distribution at E. = 0.5 eV is
lower than that at E. = 2.3 eV, which means that the degree of
the rotational alignment of the product H'H molecule increases
as collision energy increases. This is also confirmed by the
values of the product rotational alignment parameter [P,(j' - k)L
shown in Figure 7. The curve of [P,(j'*k)Uis in accord with
the previous prediction for the light—heavy—light (LHL) mass
combination by Han group.’” The [P,(j' *k)Cvalues have a tiny
peak at E. = 0.4 eV and decrease lightly with increasing
collision energy. As mentioned above, the indirect reactive
mechanism has a remarkable influence on the title reaction
dynamics, especially on the rotational-state distributions of the
product H'H molecule. There are some reactive trajectories that

do not follow the minimum energy reaction path at high collision
energy, which are governed by an indirect reactive mechanism
in which H' suffers several collisions with the HBr molecule
before the product H'H molecule is formed, as shown in Figure
5d. The indirect reactive trajectories linger for hundreds of
femtoseconds in the translation state before forming the product
H'H molecule, which is much longer than transition-state
lifetimes of direct reactive trajectories. So the product rotational
angular momentum has more time to lose memory of the initial
angular momentum direction at high collision energies, which
should lead to a weak degree of the product rotational alignment.
However, the rotational alignment of the product H'H molecule
is strong at high collision energy, which indicates that the effect
of the indirect collisions on the product H'H rotational alignment
is quite weak. So the influence of the direct reactions on the
product H'H rotational alignment is dominant.

The dihedral angle distributions P(¢,) shown in Figure 6¢
and d, describe kK—k'—j' correlations. These P(¢;) distributions
tend to be asymmetric with respect to the k—Kk' scattering plane,
directly reflecting the strong polarization of product rotational
angular momentum. And the peak in the P(¢,) distribution at
¢, angles close to 270° implies a preference for left-handed
product rotation in planes parallel to the scattering plane. Of
course, the little peak at ¢, angles close to 90° indicates a
preference for the right-handed product rotation. We will use
the term “in-plane” to refer to this preference of product
molecule rotation in planes parallel to the scattering plane, and
the term “out-of-plane” to refer to the preference of product
molecule rotating in planes perpendicular to the scattering plane
at the same time. The peaks of P(¢,) that appear at ¢, = 90°
and 270° show that j' is aligned preferentially along y-axis of
the CM frame. The peak at ¢, = 270° is apparently stronger
than that at ¢, = 90°, which means that j' tends to be oriented
along the negative direction of the y-axis at the low collision
energy of 0.5 eV. At the high collision energy of 2.3 eV, the
peak at 270° becomes lower, which implies that the product
rotational polarization is weakened, while the peak becomes
broader, which indicates that the product molecule rotation has
a preference of changing from the in-plane reaction mechanism
to the out-of-plane mechanism. As mentioned above, the indirect
collisions lead the H' atom to undergo more than one collision
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with the HBr molecule before the product H'H molecule is
formed, which allows the product to have a long time to adjust
to the rotational direction at high collision energies, as shown
in Figure 5d. So, product molecule rotation has a preference
for changing from the in-plane reaction mechanism to the out-
of-plane mechanism when the collision energy increases.
Obviously, the distribution of P(¢,) is very sensitive to the
indirect reactions at high collision energies.

4. Conclusion

We carried out a quasiclassical trajectory dynamic study for
the abstraction reaction H' + HBr(y=0,/=0) — H'H + Br on
the MB3 potential energy surface. The integral cross sections,
state-resolved rotational distributions, and product polarization
for the abstraction reaction have been calculated for a collision
energy range from 0.1 to 2.6 eV. The QCT-calculated integral
cross sections are in good agreement with earlier QM results,
and the state-resolved rotational distributions in ¢ = 2 at a
collision energy of 2.3 eV show nearly quantitative agreement
with the experimental results. The differences of the QCT-
calculated rotational-state-resolved cross sections on the MB3
and e-LPES PESs show that the characteristics of the PES in
the region far away from the collinear geometries have a large
influence on the abstraction reaction dynamics. So some
reactions do not follow the minimum energy reaction path at
high collision energies and form product the H'H molecule with
a broad rotational excited-state distribution at ' = 2. However,
the indirect reactive mechanism has almost no influence on the
total differential cross sections, which are mainly governed by
the direct reactions at both low and high collision energies. The
influence of the indirect reactions on the product rotational
alignment are negligible, whereas the distribution of P(¢;) is
sensitive to the indirect reactions at high collision energies. The
polarization of the product rotational angular momentum is
weakened at high collision energies and the rotation of the
product molecule has a preference for changing from the in-
plane reaction mechanism to the out-of-plane mechanism.
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