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The dynamics of the Cl+ HD reaction has been studied by means of time-dependent quantum wave packet
calculations on the G3 and BW2 potential energy surfaces. Initial state-specific total reaction probabilities
and integral cross sections are calculated, and the thermal rate constant is obtained. The good agreement was
shown in the comparison of our integral cross sections with other quantum mechanics calculations on the
same PES. The thermal rate constants on the G3 surface are close to the experiment findings. In the case of
neglect of spin-orbit coupling in the ab initio calculations of the BW2 surface, the thermal rate constants on
the surface are somewhat higher than the experimental measurement. When the spin-orbit coupling is taken
into account, the thermal rate constants on the BW2 surface are close to the experiment as well.

I. Introduction

The reaction Cl+ H2 and its isotopic variants have played a
key role during the development of gas-phase reaction dynamics.
In recent years, decisive progress, both theoretical and experi-
mental, have been made toward a precise knowledge of the Cl
+ H2 reaction and its isotopic variants.1-15 These reactions have
been a prototypical three-atom reaction system in the field of
molecular dynamics and have served as test cases for bimo-
lecular reaction rate theory,16 particularly transition state theory17

and the theory of isotope effects that derived from it.18 The
isotope effects in reaction dynamics are kinetically interesting
because they provide different dynamic view of the same
potential energy surface (PES).

To date, impressive progress has been made in the construct-
ing PES for the H2Cl reaction system. In 1996, Allison et al.3

presented one global potential energy surface called G3 by
modifying GQQ surface of Schwenke et al.19 The G3 PES is a
significant step forward in quantitative modeling of the Cl+
H2 reaction and has already been used for a number of
dynamical studies.4-7,13-15 The rate constants from the quantum
mechanics (QM)4 and quasiclassical trajectory (QCT)5 calcula-
tions showed a fairly general good agreement with the experi-
mental, but tended to yield too high values at low temperatures.
As pointed out by Allison et al.,3 the theoretical rate constants
are larger than the experimental measurement at the low
temperatures might indicates that the collinear barrier given by
the G3 PES is probably too thin and leads to more pronounced
tunneling effects.

More recently, Bian et al.9 presented a new, fully ab initio
PES called BW2 for H2Cl reaction system. An accurate quantum
calculation has been performed by Manthe et al.10 to investigate
the thermal rate constant on the surface obtained by modifying
the rate constants for the effect of the spin-orbit coupling on
the barrier height. In contrast to the G3 PES, the exact QM

reactive scattering calculations for Cl+ HD on the BW2 PES
predicted the large DCl/HCl branching ratios at low collisions
energies correctly and in better agreement with the recent
crossed molecule beam experiment measurement.11

The BW2 surface differs qualitatively from the G3 surface
in several respects. First, in both the entrance and exit channels,
the BW2 surface has long-range van der Waals minima which
are absent in the LEPS-type G3 surface. Second, in the entrance
channel, the BW2 surface is least repulsive for perpendicular
(T-shaped) approach of Cl toward H2 while the G3 surface is
most repulsive for the T-shaped structure. The saddle point of
the BW2 surface is located earlier in the entrance channel than
that of the G3 surface while the barrier height of the BW2
surface (7.61kcal/mol) is very close to that of the G3 surface
(7.88 kcal/mol). Also the effective barrier height by adding the
zero point energies at the saddle and the asymptotic channel of
the BW2 surface (4.03kcal/mol) is very close to that of the G3
surface (4.36kcal/mol). In addition, the BW2 imaginary fre-
quency (1294i cm-1) corresponding to the asymmetric stretch
is substantially smaller than that (1520i cm-1) of the G3 surface,
indicating that the reaction barrier of the BW2 surface is thicker
than that of the G3 surface.

On the experimental side, the infrared frequency-modulation
measurements of absolute rate constants for Cl+ HD reaction
between 295 and 700K have been reported by Taatjes.8 In
addition, in ref 11 Skouteris et al presented the results of van
der Waals interactions in the Cl+ HD reaction in a crossed
molecular beam experiment. They found a strong preference
for the production of DCl in the HCl and DCl products by
measuring the reaction excitation function for each of the two
product channels.

Currently, time-dependent (TD) wave packet approach pro-
vides a competitive alternative to the time-independent (TID)
approach for numerical solutions in gas-phase reactive scatter-
ing.20-24 Efficient time-dependent methods for dynamical
calculation have been developed for atom-diatom reaction25-33

and diatom-diatom reaction.34-41 In these approach, absorbing
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potentialsVp are employed to absorb the wave function to avoid
boundary reflection of the wave function due to finite numerical
grid.42

We report in the present work the results of TD wave packet
calculation of total reaction probabilities and integral cross
sections for Cl reacting with HD on both the G3 and BW2
surfaces. The thermal rate constants of HD are calculated by
employing the uniformJ-shifting method,44,45and a comparison
with experimental measurement is provided.

This paper is organized as follows: section II gives a brief
review of the quantum TD reactive dynamics used in the current
study. The result of calculation and discussion of the result are
given in sections III, and section IV concludes.

II. Quantum TD Reactive Dynamics

In this section we briefly outline the TD wave packet
treatment for atom-diatom reaction dynamics. The reader is
referred to ref 26 for more detailed discussions of the methodol-
ogy. The Hamiltonian expressed in the reactant Jacobi coordinate
for a given total angular momentumJ can be written as

wherer is the diatom internuclear vector,R is the vector jointing
the center of mass of diatom to the atom.µr and µR are two
corresponding reduced masses.J andj , respectively, represent
the total angular momentum operator and the rotational angular
momentum operator of diatom.V(r , R) is the interaction
potential excluding the diatomic potential of diatom. The
diatomic reference Hamiltonianh(r) is defined as

whereVr(r) is a diatomic reference potential.
The time-dependent wave function satisfying the Schro¨dinger

equationip(∂/∂t)Ψ(t) ) HΨ(t) can be expanded in terms of
the BF translational-vibrational-rotational basis defined using
the reactant Jacobi coordinates as26

where n is the translational basis label,M is the projection
quantum number ofJ on the space-fixedz axis, (V0, j0, K0)
denotes the initial rovibrational state, andε is the parity of the
system defined asε ) (-1)j+L with L being the orbital angular
momentum quantum number. The definitions of various basis
functions can be found elsewhere.26

The split-operator method46 is employed to carry out the wave
packet propagation. And the time-dependent wave function is
absorbed at the edges of the grid to avoid boundary reflections.42

The total reaction probability is obtained by evaluating the
reactive flux.26,35

where the dividing surface for flux calculation is chosen atr )
r0. The stationary wave functionψiE

+ is obtained through a
Fourier transformation as described in ref 26.

After the reaction probabilitiesPi
R(E) have been calculated

for all fixed angular momentaJ, we can evaluate the reaction

cross section for a specific initial state by simply summing the
reaction probabilities over all the partial waves (total angular
momentumJ),

wherekn0,j0 is the wavenumber corresponding to the initial state
at fixed collision energyE. In practice, reaction probabilities at
only a limited number of total angular momentum values ofJ
need to be explicitly calculated and probabilities for missing
values ofJ are obtained through interpolation.

The reaction rate constant can be calculated using a uniform
version44,45of theJ-shifting approach.47 The initial state-specific
thermal rate constant in the uniformJ-shifting scheme is given
by

The shifting constant is determined by45

wherek is the Boltzmann constant,T is the temperature, and
Q0 is a partition-like function defined as

andQJ is similarly defined as

where PJ(E) is the reaction probability for a total angular
momentumJ from a given initial state.

In practical applications of quantum dynamics, it is desirable
to calculate the total reaction probability for more than two
values ofJ in order to obtain more accurate rate constant.45

Typically, using reaction probabilities evaluated at three values
of J can yield very accurate rate constant.45

III. Results and Discussion

The time-dependent methodology described in section II was
applied to study the Cl+ HD reactive scattering on the G3 and
BW2 surfaces, respectively. Below, we present and discuss the
results (total reaction probabilities, integral cross sections, and
rate constants).

Reaction Probabilities. The calculations for the Cl+ HD
reaction was carried out in the collision energy range [0.1,1.0]-
eV, based on the two surfaces, G3 and BW2, respectively. To
start, we consider the total reaction probabilities when HD is
initially in its ground state. In Figure 1, we plot the total reaction
probabilities as a function of collision (translational) energy from
the initial ground state of the HD reactant for total angular
momentumJ ) 0. As shown in Figure 1, near the threshold,
the reaction probability obtained on the G3 surface are larger
than that on BW2 surface. This results from several features of
the BW2 surface which are different from the G3 surface. The
G3 surface has no van der Waals well, and is most repulsive
for perpendicular approach of the HD to Cl. In contrast to this,
the BW2 surface is attractive at long distances, and has a
minimum with a well depth of 0.5 kcal/mol for a T-shaped

σV0 j0
(E) )

π

kV0 j0

2
∑

J

(2J + 1)PV0 j0

J (E) (5)

r ′(T) ) x 2π

( µRkT)3
Q0(T) ∑

J

(2J + 1)e-BJ (T) J(J+1)/kT (6)

BJ(T) ) kT
J(J + 1)

ln(Q0

QJ) (7)

Q0 ) ∫P0(E)e-E/kTdE (8)

QJ ) ∫PJ(E)e-E/kTdE (9)

H ) -2
p2

2µR

∂
2

∂R2
+

(J - j )2

2µRR2
+

j2

2µrr
2

+ V(r , R) + h(r) (1)

h(r) ) - p2

2µr

∂
2

∂r2
+ Vr(r) (2)

ΨV0, j0,K0

JMε (R, r , t) ) ∑
n,V, j,K

F nV jK,V0 j0K0

JMε (t)un
V(R)φV(r) YjK

JMε(R̂, r̂)

(3)

Pi
R(E) ) p

µr
Im[〈ψiE

+|δ(r - r0)
∂

∂r |ψiE
+〉] (4)

10518 J. Phys. Chem. A, Vol. 104, No. 45, 2000 Yang et al.



structure. Moreover, there is a more notable difference in the
imaginary frequencies that the imaginary frequency on the BW2
surface is about 230 cm-1 lower than that on the G3 surface,
indicating that the barrier of the BW2 surface is wider than that
of the G3 surface. It is plausible that the relatively thinner barrier
on the G3 surface enables easier barrier transmission by the
system than the thicker barrier on the BW2 surface.

In addition to investigating the reaction probabilities for HD
initially in its ground state for the G3 and BW2 potentials, we
have calculated the energy resolved reaction probabilities with
HD initially in the states (V ) 0, j ) 1-6) to show the rotational
dependencies. The results forJ ) 0 are presented in Figures 2
and 3 on G3 and BW2 surfaces, respectively. As with the results
reported in Figures 2 and 3, the increasing rotational excitation

Figure 1. Total reaction probabilities forJ ) 0 from the ground state of the HD reactant for the Cl+ HD reaction on the G3 and BW2 surfaces.
The solid line is for the G3 surface, the dotted line is for the BW2 surface.

Figure 2. Total reaction probabilities ofJ ) 0 for j ) 0-6 on the G3 surface. Solid line is forj ) 0, dashed line forj ) 1, dotted line forj )
2, dashed-dotted line forj ) 3, dashed-dotted-dotted line forj ) 4, short dashed line forj ) 5, and short dotted line forj ) 6.
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of HD has visible effect on the reaction probability. For the G3
surface, Figure 2 shows that over the energy range of interest
the j ) 1 results are larger than those forj ) 0, and near the
threshold region thej ) 2 results are larger than those ofj )
0, whereas in the high energy regionj ) 2 gives the smaller
results thanj ) 0. While the reaction probabilities of other
rotational levels (j ) 3,...,6) are different fromj ) 1, 2 as shown
in Figure 2. Generally, the results ofj ) 3,...,5 are smaller than
those ofj ) 0 in the low energy region, and present larger results
than j ) 0 in the high energy region. For the BW2 surface, as
depicted in Figure 3, in general, the increasing rotational
quantum numberj, up to j ) 6, results in the increasing of
reaction probabilities in the low energy region.

Integral Cross Sections. In the present work, we have
performed the calculations of the collision energy dependence
of the integral cross sections for two initial rotational state (j )
0, 1, and 3) on both the G3 and BW2 surfaces, respectively.
As done in ref 11, the reactant molecule is in its ground
vibrational state (V ) 0). With the use of the hyperspherical
coordinate reaction scattering methods, Skouteris et al.11

presented the exact quantum mechanical results of the reac-
tion excitation functions (that is, the translational energy
dependence of the cross section) for the Cl+ HD (V ) 0, 82%j
) 0 +18%j ) 1). Their calculations were carried out on the
G3 and BW2 surfaces at 26 total energies between 0.35 and
0.60 eV, respectively. One can find that the theoretical results
of ref 11 consist of absolute reaction cross sections for the Cl
+ HD f HCl + D and Cl+ HD f DCl + H reactions. While,
in our calculations, the integral reaction cross sections are
calculated for reaction Cl+ HD, to facilitate the comparison
of our results with those of ref 11. The following steps are
taken: (1) the cross sections corresponding to different product
channels HCl and DCl in ref 11 are summed up to obtain the
integral cross sectionδ1 for the reaction Cl+ HD; (2) as for

our results, 82% of the integral cross section corresponding to
initial rotational statej ) 0 and 18% of that of initial rotational
statej ) 1 are summed up to yieldδ2, which will be compared
with δ1 directly.

Figures 4 and 5 depict the comparison of the our integral
cross sections with those from ref 11 on the G3 and BW2
surfaces, respectively. It is observed that there is a very good
agreement between the TD wave packet calculation in this paper
and hyperspherical coordinate reaction scattering calculation
from ref 11.

Also, in Figure 6 we plot the integral cross sections on the
G3 and BW2 surfaces as a function of collision energy from
the initial ground state of the HD reactant. Comparison show
that the cross sections from the BW2 surface are much smaller
than those on the G3 PES. This result is obviously expected
based on the energy dependence of individual reaction prob-
abilities on two surfaces discussed above.

In addition, to show the reagents' rotational excitation effect
on the reactivity we present in Figures 7 and 8 the integral cross
sections for initial rotational statesj ) 0, j ) 1, andj ) 3 on
the G3 and BW2 surfaces, respectively. It can be found from
Figure 7 that, for the G3 surface, an increase of the HD rotational
quantum numberj results in lower values of the integral cross
section at a given collision energy, that is to say, the effect of
reagent rotation is negative on the G3 surface. While the effect
of reagent rotation is positive on the BW2 surface, Figure 8
shows that the integral cross section increases with the increasing
of rotational quantum numberj. The reason is that, the G3
surface is collinearly constrained throughout its entrance valley,
the initial rotation would hinder the reactants into the cone of
acceptance steered by the forces outside the barrier in absence
of rotation, leading to a decline of cross section withj for the
first rotational quantum, thus diminishing the possible orienting
effect of the potential energy surface.14 However, the BW2

Figure 3. Total reaction probabilities ofJ ) 0 for j ) 0-6 on the BW2 surface. Solid line is forj ) 0, dashed line forj ) 1, dotted line forj )
2, dashed-dotted line forj ) 3, dashed-dotted-dotted line forj ) 4, short dashed line forj ) 5, and short dotted line forj ) 6.
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surface has a Cl-HD van der Waals well with a nonlinear
equilibrium geometry,9,11 and the van der Waals interactions
are not confined to the well region but persist for some distance
into the side of the reaction barrier. When the HD is in the low
rotational excitation, the van der Waals interactions deflect

trajectories away from the collinear transition state saddle point.
When the HD is in the high rotational states, the van der Waals
interactions are weaker, then trajectories with more rapid HD
rotation are not deflected so strongly by the van der Waals
forces.11

Figure 4. Integral reaction cross sections (angstrom squared) on the G3 surface as a function of collision energy for the Cl+ HD (V ) 0, 82%j
) 0 +18%j ) 1) reaction. Solid line is for the present calculation, dotted line is for the quantum mechanical calculation from ref 11.

Figure 5. Integral reaction cross sections (angstrom squared) on the BW2 surface as a function of collision energy for the Cl+ HD (V ) 0, 82%j
) 0 +18%j ) 1) reaction. Solid line is for the present calculation; dotted line is for the quantum mechanical calculation from ref 11.

Cl + HD Reaction J. Phys. Chem. A, Vol. 104, No. 45, 200010521



Rate Constants.Thermal rate constants were calculated for
the Cl+ HD reaction between 200 and 550K. In our calculation
we only consider the zeroth vibrational level for different initial
rotational statesj ) 0-6 of HD, which permits the calculation
of the thermal rate constants in the range of temperatures
between 200 and 550 K.

We calculated the reaction rate constantsrj for the initial states
(V ) 0, j ) 0-6) of HD by using the uniformJ -shift approach.45

Equation 7 is used to generate the optimized shifting constant
B(T) for each adjacent pair ofJ values, and the shifting constants
are defined:

According to the thermal distribution of the rotational levels,48

Figure 6. Integral reaction cross sections (angstrom squared) on the G3 and BW2 surfaces as a function of collision energy for the Cl+ HD
reaction from the initial ground state. Solid line is for the BW2 surface, dotted line is for the G3 surface.

Figure 7. Integral reaction cross sections (angstrom squared) on the G3 surface for the initial rotational statesj ) 0, 1, and 3. Dash dot dotted line
is for j ) 0, dotted line is forj ) 1 and solid line is forj ) 3.

Bi(T) ) kT
Ji+1(Ji+1 + 1)

ln( QJi

QJi+1)
(i ) 1,2,...,)

(10)
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the rate constant of HD at the temperatureT can be expressed
as

in which Qr is48

where B is the rotational constant of HD,k is Boltzmann
constant,h is Planck’s constant, andc is the velocity of light in
a vacuum.

As mentioned by Mielke et al.,4 the ground electronic state
2P3/2 of the Cl atom is 4-fold degenerate and only two states
correlate adiabatically with the product. So a statistical weight
factor should be included in order to make comparison of
theoretical result with experimental measurement. This factor
is given by4

where∆E is the energy splitting between the two fine structure
states of Cl,2P1/2 and2P3/2, taken as 881 cm-1.

Similar to the reagent’s rotational effect on the integral cross
sections plotted in Figures 7 and 8, we also show the effect of
reagent rotation on the rate constant, the rate constantsrj for
different initial rotational statesj (j ) 0, 1, and 3) on the G3
and BW2 surfaces in Figures 9 and 10, respectively. For a given
temperature, from Figure 9 one can see that the rate constants
on the G3 surface decrease with rotational excitation. However,
as depicted in Figure 10, for a given temperature, the rate
constants on the BW2 surface increase with rotational excitation.
This is in accordance with the integral cross section behavior
displayed by Figures 7 and 8.

However, Manthe et al.10 proposed that the BW2 surface does
not include the spin-orbit (SO) interaction. Thus, the potential
energy surface correlates asymptotically to the average energy
of the2 P1/2 and2 P3/2 states of the chlorine atom. Consequently,

Figure 8. Integral reaction cross sections (angstrom squared) on the BW2 surface for the initial rotational statesj ) 0, 1, and 3. The dash dot
dotted line is forj ) 0, the dotted line is forj ) 1 and the solid line is forj ) 3.

r(T) ) ∑
j)0

rj

Qr

(2j + 1)e-Bj( j+1)hc/kT (11)

Qr ) 1 + 3e-2Bhc/kT + 5e-6Bhc/kT + ... (12)

B′(T) ) 2
4 + 2 exp{-∆E/kT}

(13)

Figure 9. Arrhenius plot of our theoretical rate constants on the G3
surface for the initial rotational statesj ) 0, 1, and 3. The dash dot
dotted line is forj ) 0, the dotted line is forj ) 1, and the solid line
is for j ) 3.
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the electronic part of the partition function of the reactants has
to be taken as

where ∆E is the SO splitting of the chlorine atom. This
electronic partition function effectively lowers the asymptotic
potential energy of the reactants by1/3∆E ) 0.84 kcal/mol. Since
at the barrier the effect of SO is almost negligible, the effective
barrier height will be increased by about this value.

The comparison of the thermal rate constantsk(T) obtained
from 200 to 550 K between our calculations on the G3 and
BW2 surfaces and the experiment from ref 8 is given in Figure
11. Figure 11 shows that the present results on the G3 surface
are in agreement with experiment at the lower temperatures and
are somewhat larger than the experimental findings at the higher
temperatures.

In general the rate constants modified by using eq 13 on the
BW2 surface, the dotted line in Figure 11, are larger than the
experimental measurements. However, the rate constants modi-
fied by using eq 14 which is displayed in the solid line in Figure
11, in general, are in agreement with the experiment findings,
but the results are somewhat larger than the experiment at higher
temperatures and smaller than the experiment at lower temper-
atures.

IV. Conclusion

We have carried out the time-dependent quantum dynamics
calculations for the Cl+ HD reaction. Initial state-selected total
reaction probabilities for total angular momentumJ are com-
puted on the G3 and BW2 potentials. Because of the different

topology of these two surfaces, the dynamics on them is quite
different. Besides the difference in overall topology on two
surfaces, the barrier on the G3 surface is thinner than that on
the BW2 surface and may be responsible for the enhanced
reaction probability on the G3 surface at the threshold region.
The calculated quantum integral cross sections are in good
agreement with those obtained using hyperspherical coordinate
reaction scattering methods on the G3 and BW2 surfaces. The
effect of reagent rotation on the reactivity on the G3 surface is
negative, while the effect of reagent rotation on the reactivity
on the BW2 surface is positive. The thermal rate constants on
the G3 surface are close to the experiment findings. In the case
of neglect of spin-orbit coupling in the ab initio calculations
of the BW2 surface, the thermal rate constants on the surface
are somewhat higher than the experimental measurement. When
the spin-orbit coupling is taken into account, the thermal rate
constants on the BW2 surface are close to the experiment as
well.
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