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In this paper, we present a time-dependent quantum wave packet calculation based on the Alexander-Stark-
Werner (ASW) potential energy surfaces (PESs) to study the reactivity of the ground and excited spin-orbit
states for the reaction of F(2P3/2,2P1/2) with D2 (V ) j ) 0). The reaction probabilities and the integral cross
sections are calculated. Furthermore, the multistate cross sections are compared with the single-state calculation.
The multistate cross section is smaller than the single-state calculation at higher collision energy. The effect
of the nonadiabatic coupling becomes more and more obvious as the collision energy increases. The overall
reactivity of the excited state of F is, at most, 25% of that of the ground spin-orbit states. The threshold
energy of the F(2P3/2) + D2 reaction is∼0.10 kcal/mol. The contributions of the excited state of F are 0.9%
and 3.1% of the total average rate constant, at 200 and 500 K, respectively. The effect of the excited spin-
orbit state rate constant to the average rate constant is very small but grows slowly as the temperature increases.

I. Introduction

The reaction of F(2P) with H2 and its isotopic variants has
had a central role in the experimental and theoretical dynamics.1

These reactions have been extensively studied in a large variety
of experiments and theoretical calculations in the past decades.2,3

The development of high-quality ab initio potential energy
surface by Stark and Werner (SW)4 has allowed a quantitative
comparison between theory and experiments. A series of
quantum mechanical (QM)5-8 and quasi-classical trajectory
(QCT)9-11 calculations on the potential energy surface (PES)
are in agreement with the experimental results,12-14 except for
the detail features.

When the F atom approaches the H2 molecule, the degeneracy
of the 2P states would be split into2P3/2 and2P1/2 states, which
correlate with the reactant ground and excited spin-orbit state,
respectively, as shown in Figure 1. The splitting between the
two states is 1.15 kcal/mol. The spin-orbit effect increases the
height of the barrier, with respect to the reactants, by 0.374
kcal/mol (one-third of the F atom spin-orbit splitting).

The role of spin-orbit and nonadiabatic effects in the F+
H2 reaction was first discussed by Tully.15 Thereafter, various
approximations were used in studying the F(2P) + H2(D2)
system.16-22 Schatz and co-workers appliedJ-shift approxima-
tion to calculate the state-selected and the total cumulative
reaction probabilities and the thermal rate coefficients of the
Cl(2P)+ HCl reaction for total angular momentumJ ) 1/2.23-25

Recently, quantum-mechanical calculations on the ab inito
adiabatic PES of Hartke, Stark, and Werner (HSW), including
the spin-orbit corrections in the entrance channel, were
conducted to investigate the F+ H2(D2) reaction.26,27The first
exact quantum scattering calculations for the reaction of H2 with
F(2P3/2) and F(2P1/2), which accurately and completely includes
the electronic angular momenta of the F atom reactant and the
spin-orbit coupling, were presented by Alexander and co-

workers.28,29 Furthermore, we performed the time-dependent
wave packet (TDWP)30-33 calculations neglecting the Coriolis
coupling on the Alexander-Stark-Werner (ASW) PES to
investigate the nonadiabatic F(2P3/2,2P1/2) + H2 reaction.34 By
comparison with the exact time-independent calculations of
Alexander and co-workers, it is found that the Coriolis coupling
has a relatively minor role.

However, the isotopic variant F+ D2 reaction has not been
extensively studied using the theoretical methods. In the present
work, we calculate the initial state-selected total reaction
probabilities and the cross sections for the F(2P3/2,2P1/2) + D2

reaction on the ASW PES, using the TDWP method described
in our recent work.34 The main advantage of the TDWP
approach is its slower computational scaling with the number
of basis functions (eN2 vs N3 in the standard coupled-channel
time-independent approach).30
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Figure 1. Energy of the F(2P3/2,2P1/2) + H2 reaction in collinear
geometry (ref 29). Dashed line represents the single, electronically
adiabatic potential surface.
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This paper is organized as follows. Section II briefly presents
the TDWP treatment for the F(2P3/2,2P1/2) + D2 reaction,
including the electronic angular momenta of the F atom reactant
and the spin-orbit coupling. The results and discussion are
presented in Section III. Section IV reports our conclusions.

II. Theory

In this section, we briefly describe the TDWP method used
to calculate the initial state-selected total reaction probability
of the ground and excited spin-orbit states on the ASW PES
for the F(2P3/2,2P1/2) + D2 reaction. The method is closely related
to the time-independent calculation29 and has been used in our
calculations for the F(2P3/2,2P1/2) + H2 reaction.34 The total
Hamiltonian in the reactant Jacobin coordinates (R,r,θ) can be
written as (in atomic units, au)

wherer is the interatomic distance in the diatomic moiety,R
the center-of-mass separation of the collision particles,mR the
reduced mass between atom and diatom,mr the reduced mass
of D2, L the nuclear orbital angular momentum operator, andj
the rotational angular operator of D2. V is defined asVASW -
Vr, where VASW is the potential of the F(2P3/2,2P1/2) + D2

reaction. VSO is the spin-orbit interaction, andh(r) is the
diatomic reference Hamiltonian, which is defined as

whereVr(r) is the diatomic reference potential.
The nuclear orbit angular momentum,L2, can be written as

whereJ is the total angular momentum, andl and s are the
electronic orbital and spin angular momenta, respectively. The
matrix elements ofL2 can be determined as described in
Appendix A of the recent work of Alexander and co-workers.29

The expansive basis functions29,30,34 of the time-dependent
wave function are

Here, un
V(R) is the translational basis,φV(r) the vibrational

basis, andyjk(R̂,r̂) the spherical harmonic.DMK
J* (Ω) is the

Winger rotation matrix element, withM being the projection
of the total angular momentum along the space-framez-axis
andK being the projection of the total angular momentum along
the vectorR that is defined as

where k is the projection ofj along the vectorR and the
quantitiesλ andσ is the projection of the electronic orbital and
spin angular momenta along the vectorR.

To reduce the number of basis functions, the definite-parity
basis functions are described as follows:

whereε ) (1 andK is positive in the definite-parity basis.
The split-operator method is used to perform the wave-packet

propagation on the multiple PESs.33 The time-dependent wave
function is absorbed at the edges of the grid on every PES, to
avoid artificial boundary reflection.

The initial state-selected total reaction probabilities are
obtained on the PES of the ground spin-orbit state through
the flux calculation30,32

wherer is vibrational coordinate,i the initial state label, andE
the energy label.ΨiE

+ is the time-independent full scattering
wave function. We choose the surface atr ) r0 for the flux
evaluation.

The integral cross sections can be obtained by summing the
corresponding reaction probabilities over all the partial waves
(total angular momentumJ):

whereki ) x2µE andE is the collision energy.
The corresponding specific rate constantkV,j,jR can be calcu-

lated by thermally averaging the collision energy of the cross
sectionσj,jR,V(E) as26

wherekB is the Boltzmann constant andE is the collision energy.
Using eq 9 and the cross sections of the reaction of D2 with
F(2P3/2) and F(2P1/2), the rate constants (the initialV ) 0, j ) 0)
of the ground and excited spin-orbit states, respectively, could
be evaluated.

The averageV ) 0, j ) 0 rate constant can be given by26

The Coriolis coupling is not included in our calculation. The
numerical parameters of the converged calculation are as
follows: The range of the translational coordinateR is
[0.5,14.5]a0. The number of total translational basis is 140
(among them 60 for the interaction). The 45 vibrational basis
are used tor in the range of [0.5,6.5]a0. For rotational basis,
jmax ) 30 is used. The center of the initial wave packet isR )
10a0. The width is 0.3a0 and the average translational energy
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is 0.2 eV. The wave packets are propagated for 35 000 au for
the ground spin-orbit state and for 15 000 au for the excited
spin-orbit state (a time step size of 10 au is used).

III. Results

Figure 2 shows the total multistate reaction probabilities based
on the ASW PES for the reaction of F(2P3/2,1/2) + D2 (V ) j )
0) as a function of the collision energy and for the total angular
momenta ofJ ) 0.5 and single-state probability forJ ) 0. The
single-state calculations are performed on the lowest adiabatic
ASW PES, which is obtained by diagonalizing the ASW
potential matrix at each geometry.

As discussed by Alexander and co-workers,29 to compare the
present reaction probabilities and cross sections of the spin-
orbit ground states with the single-state calculations, the single-
state results must be divided by 2. As can been seen, at the low
collision energy, the single-state probability is in good agreement
with the multistate ground spin-orbit result. The reaction
probabilities of the excited spin-orbit state are found to be small
and, at most, 25% of the probabilities for the reaction of F(2P3/2)
with D2. The result is similar to the calculation for the reaction
of F(2P3/2,1/2) + H2.29 The major difference between the
probabilities for the reaction of F(2P3/2,1/2) + H2 and F(2P3/2,1/2)
+ D2 is the resonance feature. Because the PES barrier is broad
enough to reduce the tunneling of the D atoms significantly,
there are no resonance features in the reaction of F(2P3/2,1/2) +
D2.

Figure 3 shows the total multistate reaction cross sections
based on the ASW PES as a function of collision energy for
the F(2P3/2,1/2) + D2 (V ) j ) 0) reaction and a single-state result.
In the present multistate calculation, the electronic nonadiabatic
potential and the spin-orbit coupling are included. Conse-
quently, at higher collision energy, the multistate probabilities
and the cross section for the F(2P3/2,1/2) + D2 reaction are smaller
than those of single-state calculations. As the collision energy
increases, the multistate cross sections become increasingly
smaller than the single-state cross sections. It seems that the
effect of the nonadiabatic coupling would be obvious at high
collision energy and would grow as the collision energy
increases. The present results without the resonance features
can be comparable to the calculation for the F(2P3/2,1/2) + H2

reaction.29,34 The integral cross sections of the ground and
excited spin-orbit states for the reaction of the F(2P) with D2

is smaller than those for the F(2P) with H2 reaction.

Figure 4 shows the cross sections for the F(2P3/2,1/2) + D2

(V ) j ) 0) reaction and the single-state result at very lower
collision energy. Because the excited spin-orbit state has no
threshold, the reaction cross section of this state is slightly larger
than that of the ground spin-orbit state at this low collision
energy. As the collision energy becomes higher, the cross
sections of the ground spin-orbit states rapidly increase. In the
collision energy range of Figure 5, the agreement between the
multistate cross section and the single-state calculation is almost
perfect.

A threshold of the ground spin-orbit state and single-state
reaction appears at∼0.10 kcal/mol. The threshold can be
compared with the QM value of∼0.36 kcal/mol (15 meV)
obtained on the HSW PES24 and the QCT value of∼0.92 kcal/
mol (40 meV) obtained on the SW PES.11 The present threshold
of the ground spin-orbit states is lower than the result obtained
on the HSW PES.

Figure 5 shows the comparison between the averageV ) 0,
j ) 0 rate constant obtained through eq 10 and the rate constant
obtained through eq 9 for the reaction of F(2P3/2,1/2) + D2. In
the calculation using eq 9, it is assumed that 100% of the F
atoms were in either the ground or excited spin-orbit states.
The ground spin-orbit rate constant obtained through eq 9
agrees well with the average value. Thus, the contribution of
the excited spin-orbit rate constant to the average value seems

Figure 2. Multistate probabilities based on the ASW PES for the
reaction of F(2P3/2,1/2) with D2 (V ) j ) 0), as a function of the collision
energy forJ ) 0.5 (solid line) and single-state probability forJ ) 0
(dashed line).

Figure 3. Total multistate cross sections for the F(2P3/2,1/2) + D2

(V ) j ) 0) reaction, as a function of the collision energy (solid line)
and the single-state cross section (dashed line).

Figure 4. Total multistate cross sections for the F(2P3/2,1/2) + D2

(V ) j ) 0) reaction at the very lower collision energy (solid line) and
the single-state cross section (dashed line).
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to be very small. At 200 K, if only the ground spin-orbit state
reaction would occur, the rate constant would be 2.029× 10-12

cm3/s. Comparing with the total average rate constant,
kV)0,j)0(T) ) 1.994 × 10-12 cm3/s, we can see that the
contribution of the excited spin-orbit state is very little, as small
as only 0.9% of the total average rate constant. The effect of
the excited spin-orbit states grows slowly as the temperature
increases. At 500 K, the contribution of the excited spin-orbit
states could reach 3.1% of the total average rate constant.

IV. Conclusion

The time-dependent wave packet (TDWP) calculation based
on the Alexander-Stark-Werner (ASW) potential energy
surface (PES) has been performed to study the reactivity of the
ground and excited spin-orbit states for the reaction of
F(2P3/2,2P1/2) with D2 (V ) j ) 0). The Coriolis terms are not
included. The integral cross sections are determined by summing
the corresponding reaction probabilities over all the partial
waves.

The reaction probabilities of the ground and excited spin-
orbit state forJ ) 0.5 are presented. The reactivity of the excited
spin-orbit states is small and, at most, 25% of that of the ground
spin-orbit states. The comparison between the cross sections
of the multistate and the single-state results indicates that, at
higher collision energy, the cross sections of the ground spin-
orbit state on the ASW PES for the reaction of F with D2 are
smaller than the single-state calculation. The effect of the
nonadiabatic coupling would grow as the collision energy
increases. The present threshold of the ground spin-orbit state
is ∼0.10 kcal/mol and is smaller than that on the HSW PES.

The contribution of the excited spin-orbit state rate constant
to the average value is very small and grows slowly as the
temperature increases. The contributions of the excited spin-
orbit state rate constant are 0.9% and 3.1% of the total average
value, at 200 and 500 K, respectively.
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