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The F+HCl and F+DCl reactions are studied by the time-dependent quantum wave packet method, using
the most recent potential energy surface reported by Deskevich et al.. Total reaction probabilities for a
number of initial ro-vibrational states of HCl and DCl diatomic moiety are presented in the case of total
angular momentum J=0. It is found that for both reactions the initial rotational excitation of the diatomic
moiety enhances greatly the reaction probabilities but this effect is more significant for F+HCl system. This
is mainly due to larger rotational constant of the HCl reagent. The initial vibrational excitation of the
diatomic moiety has little effect on the reactivity for both systems except shifting down the collision energy
threshold. The results indicate that the reaction coordinates for these two systems are effectively along
rotational freedom degree. More quantum phenomena, such as tunneling and resonance, are observed in
F+HCl reaction than F+DCl reaction, and for the initial states studied, the reactivity of the later is lower.
Different skewing angles of these two systems account for these isotopic differences.
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recently [16]. A strong enhancement of the reaction
probability for rotationally excited reagent has been reported for F+HCl→FH+Cl reaction on the PES used
in the present work with ABC code [17]. Similar reaction enhancement from initial rotational excitation of
reagent for O(3 P)+HCl→OH+Cl reaction has been reported too [9]. It would be interesting to see if such
phenomena are preserved for F+DCl→FD+Cl reaction
and how vibrational excitation of the diatomic reagent
influences the scattering dynamics of the title reactions.

I. INTRODUCTION

The F+HCl→FH+Cl reaction is involved in the
chemistry of hydrogen halide lasers [1]. For understanding an asymmetric and highly exothermic “heavylight-heavy” (HLH) reaction, the F+HCl→FH+Cl reaction represents one of the simplest important prototypes. As lots of important hydrogen atom (or proton) transfer processes fall within this class, the dynamics of HLH reactions have been studied extensively [2],
especially for the exchange reaction Cl+HCl→Cl+HCl
which but obviously is thermoneutral [2]. On a fundamental level, HLH system reactions have been of continuing interest to theoretist not only because of its variety of fascinating dynamics phenomena, such as quantum tunneling which is known to play an important
role in many thermal reaction, but also for the current ability for obtained better potential energy surface (PES) to obtain deeper understanding of such reactions [3]. As an prototype for asymmetric HLH reactions, O(3 P)+HCl→OH+Cl system has also been under
numerous studies [4-15], which however is nearly thermoneutral, unlike the systems F+HCl/DCl studied in
this work. The objective for this work is to explore
the influence of reagent ro-vibrational excitation on the
reaction dynamics of F+HCl/DCl→FH/FD+Cl reactions, using the PES constructed by Deskevich et al.

The earliest detailed exploration of the F+HCl reaction was reported by Polanyi and co-workers by monitoring the chemiluminesecence of the FH product [18].
Later Würzberg and Houston reported important kinetic data for F+HCl and several relater HLH reactions
[19]. The temperature dependence of the rate constant
exhibited evident non-Arrhenius behavior. Fully collision free experiments for F+HCl reaction scattering
with supersonically cooled reagents have not been reported till now.
Theoretical investigation on the F+HCl reaction has
also been ongoing since the pioneer work of Polanyi
and coworkers, where a London-Eyring-Polanyi-Sato
(LEPS) PES with small classical barrier of 4.6 kJ/mol
was proposed in order to reproduce their experimental data using classic trajectory simulations [18]. Last
and Baer constructed a diatomics-in-molecules (DIM3C) PES that gave a barrier height of 16.7 kJ/mol,
without considering the van der Waals interaction [20].
Sayos et al. recently carried out ab initio calculation
at 311G(3d2f,3p2d)-level using the PUMP2/PUMP4
method at 3400 geometries [21]. The data then were fit-
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ted to a global analytical function which originally gave
a 4.0 kJ/mol barrier height. In order to obtain agreement between the experimental rate constant and the
prediction of transition state theory, the barrier height
was empirically scaled down to 1.1kJ/mol. The SayosPES has been employed in classical trajectory simulations [22] and quantum time-dependent wave packet
dynamics calculations [23]. Enhancement of the reaction probability from reagent rotational excitation but
negligible influence from vibrational excitation has been
observed on Sato-PES.
Last year Deskevich et al. (DHTSN) reported a
high level ab initio PES (DHTSN-PES) at the multireference configuration interaction+Davidson correction (MRCI+Q) level of theory by complete basis set
extrapolation of the aug-cc-pVnZ (n=2,3,4) energies
[16]. 3230 ab initio data points were calculated and
scaled to meet the experimental exothermicity. Then
the data were fitted to an analytical function based on
sum of two- and three-body contributions. DHTSNPES has an early, strongly bent transition state with
∠FHCl=123.5◦ and barrier height of 0.165 eV. The
F+HCl reaction on DHTSN-PES is exothermic by
1.486 eV. Two van der Waals minima in the entrance
and exit channels, and two C∞v Σ+ /Π conical intersections near or lower than the transition state were also
found by DHTSN, which, as well as spin-orbit effects,
increase the interest and difficulty of a theoretical study
of the title reactions.
Hayes et al. subsequently reported reaction probabilities and product distribution on the DHTSN-PES
[24] by using the time-independent ABC code [17] and
quasi-classical trajectory method, where the reagent
rotational excitation enhancement of probabilities was
explained by a QCT adiabatic capture model [25-31].
Defazio and Petrongolo also investigated the physical mechanism for reaction probability enhancement of
the reagent rotational excitation using time-dependent
wave packet method. In the present work, the timedependent wave packet model [32] is employed to investigate the difference of the reagent rotational excitation enhancement to the reaction probabilities between
F+HCl and F+DCl, and the influence of the reagent
vibrational excitation to the F+HCl/DCl reactions, in
a collision energy range up to 1.2 eV.
II. THEORY

We briefly outline the TD wave packet approach for
calculating the initial-state-selected total reaction probabilities. The reader is referred to Ref.[32,33] for more
details of the present method. In reactant Jacobi coordinates, the Hamiltonian for atom-diatom reactions
F+HCl/DCl can be written as
~2 ∂ 2
(J − j)2
+
2µR ∂R2
2µR R2
2
j
+
+ V (R, r) + h(r)
2µr r2

H = −
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where µR is the reduced mass between F and the centerof-mass of HCl/DCl, J is the total angular momentum
operator, j is the rotational angular momentum operator of HCl/DCl. V (R,r) is the interaction potential
excluding the diatomic potential of HCl/DCl. The diatomic reference Hamiltonian h(r) is defined as
h(r) = −

(2)

where V (r) is the diatomic potential energy.
The time-dependent wavefunction satisfying the
Schrödinger equation can be expanded in terms of translational basis of R, vibrational basis φv (r), and the
body-fixed (BF) total angular momentum eigenfuncJM ∈
tions YjK
(R̂, r̂) as [32]
JM ∈
Ψυ0 j0 K0 (R, r, t) =

X h

JM ∈

FnυjK,υ0 j0 K0 (t)

n,υ,j,K

i
JM ∈
·uυn (R)φυ (r)YjK
(R̂, r̂) (3)

where uυn is translational basis function for R which is
dependent on v as given in Ref.[34], (υ0 , j0 , K0 ) denote
the initial rovibrational state of the system.
JM ∈
The BF total angular momentum basis YjK
(R̂, r̂)
in Eq.(3) are the eigenfunctions for J, j, K, and the
parity operator ∈. They are defined as
r
2J + 1
−1/2
JM ∈
YjK
= (1 + δK0 )
8π
K J
J
· [DKM + ∈ (−1) D−KM ]yjK
(4)
J
where DKM
is the Wigner rotation matrix, and the
total parity operator of the system is defined as
j+L+J
∈=(−1)
with L being the orbital angular momentum quantum number whose projection along R is chosen as zero. 0≤K≤min(J, j) is the projection of total
angular momentum on the BF axis, i.e., the summation of the projection of j and L on the BF axis. yjK
is spherical harmonics. M is quantum number of the
projection of J along z axis in space-fixed coordinates.
Note that in Eq.(4), K=0 block can only appear when
∈=1.
The split-operator method is employed to carry out
the wave packet propagation. The time-dependent wave
function is absorbed at the edges of the grid by negative imaginary potential in polynomial form to avoid
boundary reflections. Finally the initial state-selected
total reaction probability PυJ0 j0 K0 (E) for initial state
(υ0 , j0 , K0 ) are obtained through the flux calculation
[34] at the end of the propagation

PυJ0 j0 K0 (E) =
(1)

~2 ∂ 2
+ V (r)
2µr ∂r2

hD
~
∈+
Im ΨJM
υ0 j0 K0 (E)
µr
¯
Ei
∂ ¯¯
¯
∈+
(5)
· ¯δ(r − r0 ) ¯ΨJM
υ0 j0 K0 (E)
∂r
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FIG. 1 Left panels: Reaction probabilities P0,0 , P0,10 , P1,0 , and P1,10 for F+HCl reaction. Right panels: Reaction probabilities P0,0 , P0,10 , P1,0 , and P1,10 for F+DCl reaction. The enhancement of reagent rotational excitation to the reaction
probabilities for F+HCl/DCl is significant, especially for F+HCl system.

where r is the HCl/DCl vibrational coordinate and µr
∈+
is the reduced mass of HCl/DCl. ΨJM
υ0 j0 K0 (E) is the
time-independent wave function that can be obtained
by a Fourier transform from the time-dependent wave
function as is described in Ref.[30]. With given initial
state, its reaction probabilities at each collision energy
can be obtained with one wave packet propagation using
Eq.(5). In the current work, we only present the results
for J=0 case.
III. RESULTS

The most recent potential of ground state (12 A0 ) constructed by Deskevich et al. [16] for F(2 P)+HCl/DCl
→HF/DF+Cl(2 P) reaction is used in the present calculation. The numerical parameters for the wave packet
propagation for F+DCl reaction are as follows: A total
number of 512 sine functions (among them 159 for the
interaction region) are employed for the translational
coordinate R in a region of [2.0, 24.0]a0 . A total of 139
vibrational functions are employed for r in the range
[1.5, 8.0]a0 for the reagents DCl in the interaction region. For rotational basis, we use jmax =130. The initial
wave packet was placed at R=20.0a0 with width of 0.1a0
and averaged translational energy of 0.5 eV. The wave
packet was propagated for 4×104 a.u. of time to obtain
a converged total reaction probability. The basis set for
F+HCl reaction is a little smaller for lighter mass of H
atom.
The total reaction probabilities for the F+HCl/DCl
DOI:10.1088/1674-0068/20/04/365-371

reactions with initial states as (v0 , j0 )=(0, 0), (v0 , j0 )=
(0, 10), (v0 , j0 )=(1, 0), and (v0 , j0 )=(1, 10) as a function of collision energy for total angular J=0 are present
in Fig.1. With initial states from (v0 , j0 )=(0, 0) to
(v0 , j0 )=(1, 13), total reaction probabilities for a total number of 28 initial states are given in Fig.2 for
F+HCl reaction and Fig.3 for F+DCl reaction. Firstly,
we can see from Fig.1 that the rotational excitation of
the diatomic reagent significantly enhance the reactivity
of the title reactions, and the enhancement for F+HCl
reaction is more evident. The reaction probability for
reaction F+HCl with initial state of (0, 0) steadily goes
to maximum of 12.4% at collision energy of 1 eV then
decreases slowly. But with initial state of (0, 10), the
reaction probability rapidly goes to maximum 87.1% at
0.06 eV and experiences several fast oscillations then
quickly decreases down to minimum of 35.9% at about
1.2 eV within the calculated energy range, superimposed by some slow oscillations. The reagent rotational
excitation enhancement to the reactivity of F+DCl reaction is not as evident as that to F+HCl reaction at
low collision energy, presumably due to its limited total
energy. Its total reaction probability increases to 32.8%
at about 0.25 eV collision energy with initial state of
(0, 10). With increasing collision energy, the total reaction probability exhibits slow oscillation around 33%.
With initial state of (0, 0), the total reaction probability
for F+DCl only reaches its maximum 15.2% at about
0.65 eV, then it goes down slowly to 9.83% at 1.2 eV via
a shall well with minimum of 9.76% at about 1.17 eV.
From the results in Fig.2 and Fig.3, we can see total
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FIG. 2 Reaction probabilities Pv0 ,j0 for F+HCl reaction (j0 =0-13).

FIG. 3 Reaction probabilities Pv0 ,j0 for F+DCl reaction (j0 =0-13).

reaction probabilities steadily increase in low translational energy range with increasing rotational excitation for both F+HCl/DCl reaction. These two figures
also show that the enhancement of initial states with
rotational quantum number of j0 =6, 7, 8, 9, 10 to the

DOI:10.1088/1674-0068/20/04/365-371

reactivity of F+HCl is more significant than that of
other reagent states excitation in low collision energy
range, however such classification is not suitable for
F+DCl reaction where each reagent rotational excitation enhances the total reaction probability comparably.
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For F+HCl reaction, rotational excitation enhancement
to reaction probability in low collision energy range
reaches its maximum at j0 =10; but for F+DCl one,
such enhancement is still to be seen with initial state
with rotational quantum number of j0 =12.
Secondly, the vibrational excitation of the diatomic
reagent nearly has no influence on the total reaction
probabilities to both reactions F+HCl/DCl. The overall oscillation of reaction probabilities for initial states
of (0, 0) and (1, 0), and (0, 10) and (1, 10) are similar, except that the vibrational excitation reduces the
collision energy thresholds and promotes more fast oscillations in the low translational energy range. This
point can be observed more clearly with results in Fig.2
and Fig.3. Because of lower collision energy threshold,
the total reaction probabilities at low collision energy
with vibrational excitation are always higher than those
with ground vibrational state with rotational excitation
below j0 =8 for F+HCl reaction and with all rotational
excitation for F+DCl reaction considered in the present
work. We note here that for reaction of F+HCl, with
initial state of (0, 0) the collision energy threshold is not
clearly defined which indicates that quantum tunneling
is important for this reaction in low energy range. Similar phenomena are also observed for F+DCl reaction
with initial states of (0, 0) and (1, 0).
For F+HCl reaction with all of the initial states considered in the present work, the total reaction probabilities increase first and then goes down slowly, superimposed by shallow oscillation with increasing collision energy. The superimposed slight oscillation is most
evident with j0 =7 for reagent with ground vibrational
state and with j0 =6 and 7 with first vibrational excitation state. From which with increasing or decreasing rotational quantum number, the oscillation in the total reaction probabilities steadily becomes weaker. This kind
of reaction probabilities oscillation for F+DCl reaction
is nearly invisible, even for some j0 the remnant of the
oscillatory structure is preserved. These reaction probability oscillations have been experimentally and theoretically observed on several HLH systems, which can
be interpreted by the hopping of the light atom between
the other two heavy atoms and the small skewing angle
of HLH systems which favors such oscillation [21,23,3540]. The difference between the oscillating structure in
the total reaction probabilities of F+HCl and F+DCl
can be understood by the fact that the skewing angle of
the later is larger and deuterium atom is heavier than
hydrogen atom which make its hopping more difficultly.
This isotope effect generally agrees with the features of
similar HLH systems.
The significant enhancement of rotational excitation
to the reactivity for F+HCl/DCl may be recognized
by the fact that the reaction coordinate has a large
rotational component. To vividly see these physical
pictures, 2D time-dependent r-averaged wave packets
along R and θ freedom degrees are given in Fig.4 for
initial states of (0, 1) and (0, 10) for F+HCl, and of
DOI:10.1088/1674-0068/20/04/365-371
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(0, 10) for F+DCl reaction. The 2D wave packet is
obtained by
Z h
Pv0 ,j0 (R, θ, t) =
Ψv0 ,j0 (R, r, θ, t)
i
· Ψ∗v0 ,j0 (R, r, θ, t) sin θ dr (6)
These movies are obtained from calculations with larger
box as [1.5, 16.0]a0 along r freedom degree in order to
avoid absorption of the wave packet in product region
by the absorbing potential too early to strengthen the
comparison. The contours of the wave packets are superimposed on 2D minimum potential energy surface of
r freedom degree. For R≤18, both reactant and product channels are clearly seen on the 2D minimum PES.
The product channel corresponds with θ smaller than
π/6, which indicates a nearly collinear F−H· · · Cl configuration. Therefore, the products are only formed at
small θ values by abstraction. We note that the maximal R for the appearance of product channel is decided
by the scanned r range.
We see the time-dependent wave packet dynamics in
Fig.4, particularly the reactive part that enters into the
product channel. The comparison between the wave
packet snapshots for (v0 , j0 )=(0, 0) and (v0 , j0 )=(0, 10)
is very helpful for understanding the reagent rotational
excitation enhancement to the reaction probability for
F+HCl reaction. At the same time, the comparison of
the snapshots between (v0 , j0 )=(0, 10) for F+HCl reaction and (v0 , j0 )=(0, 10) for F+DCl reaction would give
us the explanation to the difference of j0 -enhancement
for these two reactions.
Initially the wave packet is placed at R=20a0 in
the reaction asymptotic channel and then it goes towards smaller R direction precede the reaction. The
left panels of Fig.4 indicate that during the reaction
process the node-less (0,0) wave packet of F+HCl system spreads mostly into the non-reactive θ region, and
only a very small part enters into the product channel
at time 2.4×104 a.u.. However, when HCl is rotationally excited, the middle panels of Fig.4 show that a
large part of the 10-node wave packet flows into product FH+Cl channel at small θ region. On the other
hand, with the rotationally excited DCl, it is seen from
the right panels of Fig.4 a relatively small part of the
10-node wave packet reaches the product FD+Cl configuration. These snapshots indicate that the reaction
coordinate for F+HCl/DCl reaction has large rotational
component and the smaller rotational kinetic energy of
DCl reagent reduces its j0 -enhancement to its reactivity.
IV. CONCLUSION

The quantum dynamics of the F+HCl/DCl reactions
was studied using the time-dependent wave packet approach on the potential energy surface reported by
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FIG. 4 r-averaged 2D contour plots of the time-dependent wave packet during reaction scattering processes, superimposed
on the 2D minimum PES. Snapshots are taken at time t=0, 6×103 , 12×103 , and 18×103 a.u.. The left panels are for F+HCl
reaction with initial state of v0 =0 and j0 =0; Middle panel for F+HCl of v0 =0 and j0 =10; Right panels for F+DCl of v0 =0
and j0 =10.

Deskevich et al. We calculated the total reaction probabilities of the title reactions for the collision energy up
to 1.2 eV was calculated, the influence of the initial rotational and vibrational state excitation of the reagents
on the reactions was also studied. For both F+HCl/DCl
reactions, the rotational excitation of the diatomic
DOI:10.1088/1674-0068/20/04/365-371

reagent significantly enhances the reactive probability.
However, the reagent vibrational excitation has little
influence on both reactions except lowering down the
collision threshold energy. For each initial state-selected
reaction, F+DCl→FD+Cl reaction always have smaller
reactive probability than F+HCl→FH+Cl reaction,
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and the promotion of reagent rotational excitation of
HCl to the reaction probability is more evident than
DCl. This may be due to the smaller rotational constant and denser vibrational levels of DCl diatomic
molecule. Quantum resonance and tunneling in total
reaction probabilities for F+HCl reaction are more evident that those for F+DCl reaction.
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