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Time-dependent wave packet calculations were carried out to study the exchange and abstraction processes
in the title reaction on the Kurosaki-Takayanagi potential energy surface (Kurosaki, Y.; Takayanagi, T.J.
Chem. Phys.2003, 119, 7838). Total reaction probabilities and integral cross sections were calculated for the
reactant HBr initially in the ground state, first rotationally excited state, and first vibrationally excited state
for both the exchange and abstraction reactions. At low collision energy, only the abstraction reaction occurs
because of its low barrier height. Once the collision energy exceeds the barrier height of the exchange reaction,
the exchange process quickly becomes the dominant process presumably due to its larger acceptance cone.
It is found that initial vibrational excitation of HBr enhances both processes, while initial rotational excitation
of HBr from j0 ) 0 to 1 has essentially no effect on both processes. For the abstraction reaction, the theoretical
cross section atEc ) 1.6 eV is 1.06 Å2, which is smaller than the experimental result of 3( 1 Å2 by a factor
of 2-3. On the other hand, the theoretical rate constant is larger than the experimental results by about a
factor of 2 in the temperature region between 220 and 550 K. It is also found that the present quantum rate
constant is larger than the TST result by a factor of 2 at 200 K. However, the agreement between the present
quantum rate constant and the TST result improves as the temperature increases.

1. Introduction

Hydrogen abstraction and hydrogen exchange reactions of
H with HX (X ) halogen) have been of fundamental importance
in the development and understanding of elementary chemical
kinetics and reaction dynamics. A large number of studies of
these reactions have been carried out since the landmark
experiments of Bodenstein and co-workers1 at the end of the
19th century. In the last two decades, extensive theoretical and
experimental studies have been carried out on the FH2 and ClH2

systems,2-8 which have played a pivotal role in our understand-
ing of bimolecular chemical reaction in unprecedented detail
at the ultimate microscopic level. The experimental study on
the abstraction reaction

and the exchange reaction

have been largely focused on the determination of reaction rates
and kinetic isotope effects. The reaction rates for the abstraction
reaction and kinetic isotope effects for this reaction have been
measured by several different groups.9-15 Valentini and co-
workers have also carried out experimental studies to measure
integral cross sections for the reaction system at a collision
energy of 1.6 eV and obtained a cross section of 3( 1 Å2 for
the abstraction reaction and a cross section of 11( 2 Å2 for
the combined energy transfer and reactive exchange processes.16

Recently, Zare and co-workers measured the rotational state

distribution for the reaction H+ HBr f H2 (V′ ) 2, j′) + Br
at a 53 kcal/mol collision energy and observed a small fraction
of the H2 molecule produced in highly rotationally excited
states.17 Based on quasi-classical trajectory (QCT) calculations
on a London-Eyring-Polanyi-Sato (LEPS) potential energy
surface, they discovered an indirect mechanism for the abstrac-
tion reaction in which the reaction proceeds through the bend
transition states, in addition to the typical direct mechanism in
which the reaction proceeds along the collinear reaction path.

Largely due to lack of an accurate potential energy surface
for the system, there are only a very limited number of quantum
dynamical studies carried out for the reactions so far. Clary et
al. did some approximate quantum dynamical calculations for
the H + HBr reaction on a LEPS functional potential energy
surface (PES) in the 1980s.18-20 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 BrH2 system at 104 geometries preselected for convenient
use in fitting an analytical PES via the extended LEPS function
form with a three-center term.21 Rate constants were calculated
on the fitted analytical PES by using the improved canonical
variational transition state theory and the least-action semiclas-
sical tunneling approximation. It was found that the calculated
rate constants for the abstraction reaction and its four deuterium
and muonium isotopic variants were in good agreement with
experimental results; however, the result would be further
improved if the classical barrier height (1.9 kcal/mol) of the
abstraction channel were lowered by 0.15-0.6 kcal/mol.
However, the agreement with experiment is much less satisfac-
tory for the exchange reactions, indicating that the barrier height
of 12 kcal mol-1 should be lowered to improve the situation.

To further improve the PES presented by Lynch et al.,
Kurosaki and Takayanagi constructed a global adiabatic PES
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of the lowest three doublet states (12A′, 22A′, and 12A′′) using
the MRCI method including the Davidson’s correction with the
aug-cc-pVTZ basis set and spin-orbit coupling effects.22 The
barrier height of the abstraction and exchange reactions on the
ground-state PES are 1.28 and 11.71 kcal/mol, respectively, both
of which are slightly smaller than the values obtained by Lynch
et al.21 Thermal rate constants calculated with the fitted 12A′
PES agree better with experiment than those obtained by Lynch
et al., although it was concluded that the barrier height was
somewhat smaller than the true value. Therefore recently,
Kurosaki and Takayanagi23 presented a modified version of the
12A′ PES with a barrier height for the abstraction reaction of
1.53 kcal/mol, compared to 1.28 kcal/mol on the original PES.22

The transition state theory (TST) rate constants for the abstrac-
tion reaction and its isotopic variants on this newly constructed
12A′ PES agree with experiment substantially better than the
previous PES. So far, there are no quantum dynamical studies
carried out on the newly modified PES; therefore, it is rather
interesting to perform quantum dynamical studies to check the
accuracy of TST for this reaction system and the accuracy of
the PES, as well as to investigate the dynamical aspects of the
reaction.

In this Article, we present a time-dependent (TD) wave packet
study for the abstraction and exchange processes of the H+
HBr reaction for the collision energy up to 2.0 eV on the
Kurosaki-Takayanagi PES.23 Accurate integral cross sections
for the reaction are calculated, and the effect of rovibrational
excitation of HBr on both processes is investigated. Comparisons
are made between our theoretical results and available experi-
mental measurements, when possible, to further verify the
accuracy of the PES. To the best of our knowledge, this is the
first quantum dynamics study on the PES. This Article is
organized as follows. Section 2 gives a brief sketch of the TD
method for atom-diatom reactive scattering used in the current
study. The numerical details of our calculation and total reaction
probabilities, cross sections, and rate constants for the reaction
in the ground state, first excited rotational state, and vibrational
state of HBr are reported in section 3. Comparisons of the rate
constant of the abstraction reaction with experimental measure-
ment are also discussed in this section. Section 4 gives a brief
conclusion of the present work.

2. Theory

In this section, we briefly outline the TD wave packet
approach to calculate the initial-selected total reaction prob-
abilities. The reader is referred to refs 24 and 25 for more
detailed discussions of the method. In reactant Jacobi coordi-
nates, the Hamiltonian for the atom-diatom reaction H+ HBr
can be written as

where µR is the reduced mass between H and the center-of-
mass of HBr,J is the total angular momentum operator,j is
the rotational angular momentum operator of HBr, andV(R,r )
is the interaction potential excluding the diatomic potential of
HBr. The diatomic reference Hamiltonianh(r) is defined as

whereV(r) is the diatomic potential for HBr.

The time-dependent wave function satisfying the Schro¨dinger
equation is expanded in terms of the translational basis ofR,
vibrational basisφV(r), and the body-fixed (BF) total angular
momentum eigenfunctionsY jK

JMε as24

where un
V is translational basis function forR, which is

dependent onV as given in ref 26, and (V0, j0, K0) denote the
initial rovibrational state of the system.

The BF total angular momentum basisY jK
JMε(R̂, r̂) quantities

in eq 3 are the eigenfunctions forJ, j , K, and the parity operator.
They are defined as24

whereDK,M
J is the Wigner rotation matrix,ε is the total parity

of the system defined asε ) (-1)j+L+J, with L being the orbital
angular momentum quantum number, 0e K e min(J, j) is the
projection of total angular momentum on the BF axis, andyjK

is spherical harmonics. Note that in eq 4, theK ) 0 block can
only appear whenε ) 1.

As in refs 24 and 25, we construct initial wave packets and
propagate them by using the split-operator method to calculate
the reaction probabilitiesPV0 j0K0

Jε (E) for each product. The
integral cross section from a specific initial state (V0, j0) is
obtained by summing the reaction probabilities over all of the
partial waves (total angular momentumJ)

where k ) 2µE/p, and σV0 j0

K0ε (E) is defined as theK0- and ε-
specified cross section. The initial state-specific reaction rate
constant is calculated by thermally averaging the translational
energy of the corresponding cross section as

whereE is the translational energy, andkb is the Boltzmann’s
constant. Finally, the thermal rate constant can be calculated
from the Boltzmann averaging of the initial state-specific
reaction rate constants as

whereEV0j0 is the rovibrational energy of the HBr molecule.

3. Results

The most recent potential of the ground state (12A′) con-
structed by Kurosaki and Takayanagi for the BrH2 system is
used in the present calculation.23 The numerical parameters for
the wave packet propagation are as follows. A total number of
250 sine functions (among them, 125 for the interaction region)
are employed for the translational coordinateR in a range of
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[1.5,25]a0. A total of 80 vibrational functions are employed for
r in the range of [1.5,10]a0 for the reagents HBr in the interaction
region. For rotational basis, we usejmax ) 100. We use up to 9
K blocks to compute accurate reaction probabilities forJ up to
85 to get converged integral cross sections for the reaction. For
lower J, we propagate the wave packets for 10000 au of time
to converge the low-energy reaction probability. ForJ > 20,
we propagate the wave packets for a shorter time because the
reaction probability in the low-energy region is negligible.

The total reaction probabilities for the H+ HBr (V0 ) 0,1)
reaction as a function of the translational energy for the total
angularJ ) 0 are presented in Figure 1a. First, we can see
from the figure that the behavior of the reaction probabilities
for the two channels is rather different. For the H+ HBr (V0 )
0) reaction, the threshold of the exchange reaction is about 0.42
eV, while the abstraction reaction has almost no threshold. This
is due to the fact that the barrier height of the exchange reaction
is 0.51 eV, and that of the abstraction reaction is much lower,
only 0.066 eV for the PES23 employed in this study. As the
collision energy increases, the reaction probability for the
exchange reaction increases steadily to a large value of more
than 85%. From Figure 1b, we can see the reaction probability
of the abstraction reaction rises from zero threshold, rapidly
reaches the maximum value of 10% at a translational energy
of about 0.08 eV, then remains about 8% up toEc ) 0.6 eV. In
the energy region, the reaction probability exhibits some
oscillatory structures, with a rather pronounced peak atEc )
0.078 eV. As the collision energy increases from 0.6 to 1.2 eV,
the abstraction reaction probability decreases gradually from 8
to about 5.5%. Then, it drops very quickly to about 0.6% atEc

) 1.7 eV and remains more or less flat as the collision energy
increases further. Hence, at low collision energy, the abstraction

reaction is the dominant process. Once the collision energy
exceeds the barrier height of the exchange reaction, the exchange
process becomes dominant quickly, presumably due to the fact
that the exchange reaction has a larger acceptance cone than
the abstraction reaction. It is also interesting to observe that
the effect of translational energy on these two processes is very
different. It enhances the exchange reactivity but hinders the
abstraction reactivity.

The vibrational excitation energy for HBr fromV0 ) 0 to 1
is 0.318 eV on the PES used in this study. From Figure 1, we
can see that the initial vibrational excitation of HBr enhances
the exchange reactivity substantially, in particular in the medial
energy region. The threshold energy for the process is reduced
from 0.42 to 0.28 eV. Figure 2 shows the reaction probabilities
as a function of the total energy measured from the ground
rovibrational energy of HBr. It is interesting to see that for the
total energy above 1.0 eV, the exchange probability for the HBr
(V0 ) 1) initial state is actually larger than that forV0 ) 0 state,
indicating that the vibrational excitation of HBr is more effective
than the translational energy on prompting the exchange reaction
in the energy region. For the abstraction reaction, there is no
threshold for the HBr (V0 ) 1) initial state, as can be seen from
Figure 1b. The overall behavior of the exchange probability for
the V0 ) 1 state resembles that for theV ) 0 state. The
oscillatory structures in the very low collision region become
more pronounced compared to that for theV0 ) 0 state. For a
collision energy up to 1.0 eV, the probability for theV0 ) 1
state is larger than that for theV0 ) 0 state. However, as the
collision energy increases further, the probability for theV0 )
1 state decreases faster than that for theV0 ) 0 state and reaches
the flat value of less than 1% at about 1.3 eV. Interestingly, if
measured in the total energy as in Figure 2, both theV0 ) 0
and 1 abstraction probabilities start to decrease quickly from
the same total energy of 1.2 eV and reach the flat value of less
than 1% at about the same energy of 1.7 eV.

To obtain the integral cross sections for the reaction, we have
calculated the reaction probabilities for a number of total angular
momenta J. The energy dependence of the total reaction
probabilities for the exchange and abstraction channels are
shown in Figure 3a and b, respectively, forJ ) 0, 10, 20, 30,
and 40. Figure 3 shows that with increasingJ, the probabilities
shift toward the higher energy because of the increasingly higher
centrifugal barrier. However, the threshold of the exchange
reaction moves much faster than that of the abstraction one due
to the fact that the saddle point for the exchange channel has a

Figure 1. (a) Total reaction probabilities forJ ) 0 for the H+ HBr
(V0 ) 0,1, j0 ) 0) reaction as a function of collision energy; (b) same
as (a) except showing the probability up to 15%.

Figure 2. Same as Figure 1 except as a function of the total energy
measured from the ground rovibrational state of HBr.
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small value ofRcompared to that of the abstraction reaction. It
can be seen from Figure 3 that for a fixed collision energy, the
exchange reaction probabilities decrease monotonically with an
increase ofJ in the entire energy region, while the abstraction
reaction probabilities at high collision energy actually increase
with the increase ofJ for small values ofJ.

The integral cross sections for the H+ HBr (V0 ) 0,1)
reactions are depicted in Figure 4. The exchange cross sections
for both initial states increase monotonically with an increase

of translational energy. In contrast, the abstraction cross section
for the V0 ) 1 initial state decreases monotonically with the
increase of collision energy. For theV0 ) 0 initial state, the
abstraction cross section increases very rapidly to a value of
1.0 Å2 at Ec ) 0.1 eV, then slowly increases to the maximum
value of 1.4 Å2 at Ec ) 0.7 eV, and finally decreases slowly
with the further increase of collision energy to a value of 0.88
Å2 at Ec ) 2.0 eV. At E ) 1.6 eV, the integral cross section
for the reaction is 1.06 Å2, which is smaller than the experi-
mental result of 3( 1 Å2 by a factor of 2-3. 16,27

It can be seen clearly from Figure 4 that the abstraction
reaction is the dominant process for the collision energy up to
1.0 eV, which is substantially higher than the cross point of
0.55 eV for the abstraction and exchange reaction probabilities
for J ) 0 shown in Figure 1b. At high collision energy, the
abstraction probability is almost negligible compared to the
exchange probability, as shown in Figure 1a, while for the cross
section, the abstraction reaction is only smaller than the
exchange reaction by a factor of 3 atEc ) 2.0 eV. Finally, we
can see from Figure 4 that the initial vibration excitation of
HBr enhances both the exchange and abstraction cross sections
in the entire energy region considered in this study, although
in the high collision region, the enhancement of the abstraction
cross section is not substantial.

Figure 5 shows theK0- and parity (ε)-specified cross sections
for the H+ HBr (j0 ) 1) reaction, withK ) 0 denoting theK0

) 0, ε ) +1 initial state andK ) (1 denoting theK0 ) 1, ε

) (1 initial states, respectively. For the exchange reaction
shown in Figure 5a, in the entire energy region, theK ) 0 cross
section is the largest one, and theK ) (1 cross section is
slightly larger than theK ) -1 one. Although in the low-

Figure 3. (a) Total reaction probabilities forJ ) 0, 10, 20, 30, and 40
for the H′ + HBr (V0 ) 0, j0 ) 0) f H + H′Br exchange reaction as
a function of the collision energy; (b) same as (a) except for the H+
HBr (V0 ) 0, j0 ) 0) f H2 + Br abstraction reaction.

Figure 4. Integral cross sections for the H+ HBr (V0 ) 0,1, j0 ) 0)
reaction as a function of collision energy.

Figure 5. (a) K0- andε-specified and total cross sections for the H′ +
HBr (V0 ) 0, j0 ) 0,1)f H + H′Br exchange reaction; (b) same as (a)
except for the H+ HBr (V0 ) 0, j0 ) 0) f H2 + Br abstraction reaction.
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collision-energy region theK ) 0 cross section is substantially
larger than the other two, the cross sections for these three initial
states are quite close to each other overall. In contrast, the
abstraction cross sections strongly depend on the initialK0 and
ε, as shown in Figure 5b. TheK ) 0 cross section increases
rapidly to the maximum value of 1.8 Å2 at Ec ) 0.1 eV, then
decreases quickly whenEc > 0.5 eV, and drops down to 0.5
Å2 atEc ) 2.0 eV. TheK ) +1 cross section increases steadily
to the maximum value of 2.3 Å2 at Ec ) 1.0 eV and then
decreases slightly as the collision energy increases further,
reaching 2.0 Å2 atEc ) 2.0 eV. On the other hand, the maximum
value for theK ) -1 cross section is merely 0.28 Å2 at Ec )
0.7 eV, substantially smaller than the corresponding values of
the other two states.

By averaging theK ) 0 and(1 cross sections, we can obtain
the integral cross section for the H+ HBr (j0 ) 1) reaction
shown in Figure 5, in comparison with that for the H+ HBr
(j0 ) 0) reaction. Interestingly, both the exchange and abstraction
cross sections for the H+ HBr (j0 ) 1) reaction are almost
identical to the corresponding cross sections for thej0 ) 0
reaction, despite the fact that theK0- and parity (ε)-specified
cross sections, in particular those for the abstraction reaction,
vary dramatically for different initial states.

Figure 6 shows the initial state-selected rate constant of the
H + HBr (V0 ) 0, j0 ) 0) f H2 + Br reaction in the range of
temperatures between 200 and 1000 K, in comparison with
thermal rate constants for the abstraction reaction obtained from
a transition state theory (TST) study23 and experiments.9-13

Because the vibrational excitation energy of HBr is quite high
(0.318 eV), the population for the vibrationally excited state is
negligible in the temperature region considered. In addition,
based on the fact that the abstraction cross section for thej0 )
1 state is very close to that for thej0 ) 0, we assume rotational
excitation of HBr has little effect to the rate constant of the
reaction. Hence, we expect that the rate constant for the initial
ground rovibrational reactant state should be close to the thermal
rate constant in the temperature region considered here. As can
seen from Figure 6, the thermal rate constant for the abstraction
reaction is not sensitive to temperature. As the temperature
increases from 200 to 1000 K, it only increases by a factor of
7 because of the weak dependence of the abstraction cross
section on the collision energy, as shown in Figure 4. It can be
seen that the slope of the present abstraction rate constants agrees
with the experimental result very well, with the present
theoretical result larger than the experimental measurements

roughly by a factor of 2 for the temperature up to 550 K.
Interesting, the TST rate constant agrees with the experimental
result very well in the low-temperature region. However, as the
temperature increases, the deviation between the TST result and
experiment increases, and the TST result approaches the present
quantum mechanical (QM) rate constant. AtT ) 550 K, the
QM rate constant is only 16% large than the TST result. The
discrepancy between the present QM result and the TST result
is likely caused by neglecting the quantum tunneling effect in
the TST result, which can have a substantial effect to the rate
constant in the low-temperature region. From the comparison
between the present QM result and the experiment, we can see
that one needs to improve the PES that we employed in this
calculation in order to achieve better agreement between theory
and experiment.

4. Conclusion

We have carried out a quantum dynamic study on the H+
HBr reaction using the TD wave packet approach on the
potential energy surface of Y. Kurosaki and T. Takayanagi.23

We calculated the total reaction probabilities and cross sections
of both channels for the H+ HBr reaction for the collision
energy up to 2.0 eV and studied the influence of the initial
rotational and vibrational state excitation of the reagents on the
reaction. The lower reaction barrier for the abstraction reaction
makes it easier to occur in the low-collision-energy region. Once
the collision energy exceeds the exchange reaction barrier, the
exchange process quickly becomes dominant, presumably due
to the fact that the exchange reaction has a larger acceptance
cone than that of the abstraction reaction. It is found that the
initial vibrational excitation of HBr enhances both processes,
while initial rotational excitation of HBr fromj0 ) 0 to 1 has
essentially no effect on both processes. For thej0 ) 1 initial
state, strong dependence of the cross section on initialK0 and
parity is observed for the abstraction process but not for the
exchange process.

For the abstraction reaction, the theoretical cross section at
Ec ) 1.6 eV on this PES is 1.06 Å2, which is smaller than the
experimental result of 3( 1 Å2 by a factor of 2-3.16,27On the
other hand, the theoretical rate constant is larger than the
experimental results by a factor of 2 for temperatures up to 550
K. Hence, it is conceivable that the Kurosaki-Takayanagi PES
underestimates the barrier height and acceptance cone for the
abstraction reaction. The PES should be further improved in
order to achieve better agreement between theory and experi-
ment.
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