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Translational, vibrational, rotational enhancements and alignments
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Quasi-classical trajectory calculations of the title reactions H+ClF (v = 0–5, j = 0,3,6,9)→ HCl+ F and H+
ClF (v = 0–5, j = 0,3,6,9)→ HF+Cl at Erel = 0.5 kcal/mol–20 kcal/mol on ground potential energy surface DHTSN
of 1 2A′ [M. P. Deskevich, M. Y. Hayes, K. Takahashi, R. T. Skodje and D. J. Nesbitt, J. Chem. Phys. 124, 224303
(2006)] are performed. Potential energy surfaces derived from DHTSN for the title reactions are obtained, and compared
with that of DHTSN for the reaction F+HCl→ HF+Cl. Both potential energy surfaces have an early barrier pattern.
Integral cross sections and alignments of product molecules HCl and HF dependent on the internal energy states v and j
of reactant molecule ClF are obtained and compared. Translational, vibrational, and rotational energy specific translational
enhancements of the reactant molecule ClF of the title reactions are found. Reaction mechanisms of the title reactions
according to the respective potential energy contours are further found and explained. Reasons of simultaneous translational
and vibrational enhancements are clarified.
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1. Introduction
An investigation to describe and solve the problem of a

three-atomic reaction system with H3 originated in London in
1929.[1,2] It was a landmark in the history of chemistry, com-
parable to the landmark in the history of physics due to the
advent of the Heitler–London equation[3] for H2. Eyring and
Polanyi[4] obtained in 1931 the first potential energy surface
(PES) for H3 after the Heitler–London equation. Since mo-
dification with the Sato parameter by Sato,[5–7] the classical
PES known as LEPS has appeared as standard and applica-
ble until now. The fundamental analyses of chemical reaction
dynamics with a three atomic system A+BC for the construc-
tion of a general PES (LEPS) with three pairs of diatomic po-
tential energy curves of AB, BC, and CA were carried out firstly
by Sato[5–7] after London, Eyring and Polanyi,[5–15] where A
denotes an atom and BC represents a diatomic molecule. The
three-atomic chemical reaction dynamics with system A+BC
were analyzed,[16–24] and classified into all possible combi-
nations of heavy and light atoms.[13,17–19] Their results have
been cited by many publications of experimental, simulation,
or calculation work until now.

Potential energy surface is a virtual surface or constructed
platform, e.g. LEPS, on which a process of a chemical reac-
tion is simulated. A three-atomic model or system with atoms
A, B, and C is typical and standard for investigating the reac-

tion dynamics — reactants A and BC interact and collide to-
gether with or without nascent ABC appearing in a short time
separate into new products AB and C in a short time. There
are considered not only translational energies of A, BC, AB,
and C, but also internal (vibrational and rotational) energies of
BC and AB. Since the pioneering work by Wall, Hiller, and
Mazur in 1958,[8,9] the Monte Carlo method has been used to
simulate a chemical reaction procedure, path or trajectory on
a respective LEPS surface.[9,14]

Based on Newtonian mechanics and quantum energy
states of vibration and rotation of the reactant and product
molecules, quasiclassical trajectory (QCT) is one of the me-
thods to simulate chemical reaction dynamics,[25–32] where
the alignment[25,26] and rotational polarization of the product
molecule have also been integrated.[27–32]

Many kinds of systems have been investigated in the last
long years. Of them, HClF three-atomic system has received
the most attention in the last 10 years, regarding to the prob-
lems of combustion, energy resource, and pollution. The ne-
cessary way to solve the problem thoroughly is to understand
the basic reaction mechanism. There have been several in-
vestigations of this system, with reactions F+HCl→ HF+

Cl,[21,33–43] H + ClF→ HF + Cl,[23,24,44–52] and H + ClF→
HCl+F.[25,26,44–52] Among those reports, the work in nine ex-
perimental reports[21,23,40–45,48] were done more than 30 years
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ago. Since these works, there have been rather few inves-
tigations on this HClF system. There was only the theore-
tical exploration of the variational transition state theory by
calculating the rate constants of the F + HCl → Cl + HF,
H+ClF→ HF+Cl, and H+ClF→ HCl+F reactions[33,34]

in 1999. Recently, there were several dynamic investigations
of either H+ClF→ HCl+F or H+ClF→ HF+Cl reactions
by using the QCT methods.[49,50] However, its reverse reaction
has attracted much attention and has been studied in detail both
experimentally and theoretically[21,22,29,30,53–56] to unravel se-
veral issues such as reactive resonance,[56,57] nonadiabatic
dynamics,[57–60] hydrogen halide chemical lasers,[61] etc. Up
to date, potential energy surfaces (PESs) used for calculating
quantum scattering or quasiclassical trajectory for the title re-
actions include PES of Sayós et al.[33,34] for the ground 1 2A′

state at the PUMP2/6-311G(3d2f, 3p2d) calculation level, em-
pirical LEPS PES of Kornweitz and Persky[42] for the ground
1 2A′ state, diabatic potential matrix of Fishchuk et al.[43]

for the lowest three states for nonadiabatic dynamics, and the
ground state DHTSN PES.[36] All of these PESs have been
employed previously in dynamical explorations of the F+HCl
system, and the DHTSN PES[36] is most used in recent scatter-
ing probes of the reactive system due to the fact that it has been
the most accurate PES thus far with a high MRCI+Q/aug-cc-
pVnZ (n = 2,3,4) calculation level.

The incomplete investigation of the title reactions thus
stimulates the series of our calculations.[49,50] Product HF an-
gular momentum polarizations in the reaction H+ClF (v = 0–
5, j = 0,3,6,9) → HF+Cl, including the integral cross sec-
tions and alignments of HF and HCl dependent on the rel-
ative translational energies Erel of both reactants and vibra-
tional energies of reactant molecule ClF, within the same range
of Erel by using QCT method have been reported in the last
paper.[49,50] The motivation to choose this mass combination
L+H1H2, in which H1/H2 ≈ 1/2 after the investigation series
of O+H2 (model H+L1L2, with L1/L2 = 1)[62] and O+HD
(model H+L1L2 with L1/L2 = 1/2)[63,64] where H1, H2, L1,
and L2 represent heavy and light atoms with numerical sub-
script indexes 1 and 2 to distinguish the atoms, is to investigate
how far the mass combination either L+H1/H2 or H+L1/L2

of the reactants influences the stereo chemical reaction dy-
namics as well as transformational reaction dynamics. The
mass combination H+L1L2 may be applicable for the dock-
ing mechanism, which sounds irrelevant.[64] There are both
translational and vibrational enhancements with potential en-
ergy barriers located in the entrance channels for the title reac-
tions found.[49,50] The product molecule HF is manifestly scat-
tered forwards;[49,50] HCl is scattered backwards.[65] In order
to clarify the translational and vibrational enhancements on the
PESs with similar early barriers for the title reactions, detailed
investigations and comparisons are necessary. In this paper,
results of translational, vibrational, rotational enhancements
of ClF and alignments of HF and HCl were summarized. The

product molecular rotational angular momentum polarizations
of HCl compared with those of HF[49,50] were presented in the
coming paper,[65] because of the immense data quantity.

The program “Symplectic” of the QCT method, which
is the same as that used for previous work,[49,50,62–64,66–76] has
been applied to the title reactions. The DHTSN PES is inserted
into this program as one of the input data sets. The procedure
of this work can be classified as follows:

(i) DHTSN PES with coordinates (rHF, rHCl, V ) is plotted
in order to see whether the data has a significant equivalence
with the original (Fig. 8 in Ref. [36]).

(ii) Contour maps (rHCl, rClF, V ) and (rHF, rClF, V ) with
the respective incoming and outgoing channels, known as en-
trance and exit valleys, respectively, of the title reactions from
DHTSN PES are obtained. Two maps with the transition state
geometries[77,78] of both [H–Cl–F] and [H–F–Cl], at two bent
angles 90◦ and 120◦ of the transition complex for two title re-
actions are obtained and plotted.

(iii) Integral cross sections of HCl and HF dependent on
the relative translational energies Erel of the reactants and also
dependent on the set of vibrational and rotational states (v, j)
of the reactant molecule ClF are obtained.

(iv) Alignments p2 of the product molecules HCl and HF
dependent on the relative translational energy Erel and vibra-
tional state of the reactant molecule ClF are also obtained.

The detailed calculation and evaluation procedures are
described. Both potential energy surfaces obtained from
DHTSN PES belong to the early barrier pattern. The influ-
ences of the PESs as well as potential energy contours, trans-
lational, vibrational, and rotational enhancements of the reac-
tant molecule ClF for the title reactions at Erel = 0.5 kcal/mol–
20 kcal/mol are obtained, compared, and discussed. Reaction
mechanisms of the title reactions according to the respective
potential energy contours are obtained. Reasons for the simul-
taneous translational and vibrational enhancements are con-
veyed.

2. Method and computation
Han et al.[25,79] calculated the reaction product rotational

polarization using the QCT method in 1993, which makes it
possible to compare the theoretical rotational polarizations[25]

with experimental values[79,80] directly. The theoretical for-
malism as well as procedure of the computation, the quasi-
classical trajectory polarization-dependent differential cross
section (QCT-PDDCS) code “Symplectic” used in this work
has been developed by Han and Sun,[31] and validated by Xie
et al.[59] and Chu et al.[60] for studying chemical reaction dy-
namics. The stereodynamic calculation method and code are
the same as those used in Refs. [49]–[52], [62]–[76], [79],
and [80]. DHTSN PES[36] 1 2A′ being inserted into this tra-
jectory program, we present the calculated integral cross sec-
tions and alignments of the product molecules HCl and HF
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dependent on the relative collision energy Erel in a range of
0.5 kcal/mol–20 kcal/mol of the reactants H and molecule ClF,
with the vibrational and rotational energies (v = 0–5, j = 0, 3,
6, and 9) of the reactant molecule ClF of the title reactions
with QCT-PDDCS code.

The QCT-PDDCS program is a trajectory simula-
tion or calculation program, and provides very detailed
informations[49,50] about the reaction procedure (Table 1) on
the PES chosen, and production of the product molecules of
either HCl or HF, dependent on the relative collision energy
Erel, polar θr, and azimuthal ϕr angle shown in Fig. 1. The
necessary input parameters are the start distance between the
reactants, maximum impact parameter, number of trajectories
intended, mass values of A, B, and C, collision energy (relative
collision energy Erel), potential energy curve depths, equili-
brium distances, and morse parameters of the three pairs of the
diatomic molecules (AB, BC, and AC), and Monte-Carlo num-
ber production function for the impact parameter, with which
the approach of the reactants as well as how the reaction starts
can be initiated. Information which can be obtained is as fol-
lows:

a) integral cross sections of the products or product
molecules, which are dependent on the collision energy Erel,

b) alignments of the product molecules, which are depen-

dent on the collision energy,
c) polar angular distribution p(θr) of the product

molecules,
d) azimuthal angular distribution p(ϕr) of the product

molecules,
e) dihedral angular distribution p(θr, ϕr) of the product

molecules, and
f) the four polarization-dependent differential cross sec-

tions (PDDCSs), which are dependent on the scattering angle
θt of the product molecules, either HCl or HF of the title reac-
tions at a given collision energy Erel.

z

k

k′

ϕr

θt
θr

j′

x

y

Fig. 1. Schematical illustration of the vector correlations in the
center of mass (CM) frame.

Table 1. Distributions of the values of impact parameter bmax, number of reactive trajectories n, integral cross section σ , and
alignment p2 (= 〈𝑗 ′ ·𝑘〉) for the product molecules HCl and HF, dependent on the relative scattering energies 0.5 kcal/mol–
20 kcal/mol, with 104 batches, for reaction H+ClF(v = 0, j = 0)→ HCl(v′, j′)+F and HF(v′, j′)+Cl.

Product HCl HF
Erel/kcal·mol−1 bmax/Å nHCl σHCl/Å2 p2 bmax/Å nHF σHF/Å2 p2

0.5 2.525 48 0.09614 −0.2882 1.5 7 0.00495 −0.4216
1.0 2.6875 102 0.2314 −0.2521 1.9 39 0.0442 −0.385
2.0 2.75 184 0.43715 −0.2792 2.0 86 0.1081 −0.3008
2.5 2.825 199 0.4989 −0.2007 2.6 73 0.1550 −0.3081
5.0 2.855 303 0.7759 −0.2683 2.855 127 0.3252 −0.2207
7.5 2.9 404 1.0674 −0.2900 2.95 148 0.4046 −0.1884

10.0 2.375 695 1.2316 −0.35475 2.308 221 0.3698 −0.1383
12.5 2.231 831 1.2994 −0.3512 2.2325 271 0.4243 −0.0896
15.0 2.25 828 1.3169 −0.3464 2.4 271 0.4904 −0.1156
17.5 2.2188 915 1.4152 −0.3046 2.24 398 0.6274 −0.0151
20.0 2.21 912 1.3994 −0.2906 2.24 460 0.7251 −0.01755

The four PDDCSs mentioned in item f) above are
PDDCS00, PDDCS20, PDDCS22+, and PDDCS21−. Their sig-
nificances are explained in detail elsewhere.[49,50,64] First of
all, results which are reported in this paper, are limited only
to i) reproduced DHTSN PES, ii) detailed descriptions of the
PESs of the title reactions, iii) integral cross sections, and iv)
alignments p2 of product molecules HCl and HF dependent on
Erel of the reactants and the internal energy states (v, j) of the
reactant molecules ClF. They are described in the introduction.
p2 given in this paper describes a mean value of the alignment
of the product molecule and is dependent on the relative trans-
lational energy Erel of the reactants. Distribution PDDCS20

is another kind of description for alignment of the product
molecules and is dependent on the scattering angle θt of the
product molecule. Both kinds of presentations contribute well
together to describing the alignment of the scattered product
molecules. Because of the large number of results, they will
be shown separately. PDDCS20 will be given in the coming
paper.[65]

Computational details are as follows: trajectories of 104

are running on the ground DHTSN PES[36] with the initial se-
paration distance set to be 10 Å between the H atom and the
center of mass of the ClF molecule. During the integration
the time step is set to be 0.1 fs which is sufficient for obtaining
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the converged results. The investigated collision energy values
are 0.5, 1, 2, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 kcal/mol,
basically with the ClF reactant molecule initially in its ground
rovibrational states of v= 0 and j = 0. The impact parameter b
is one of the important input parameters. The trajectory calcu-
lation with one round of 104 trajectories are repeated until one
of many tried impact parameters with a precision of 3 digits
reaches a maximal value bmax after digital point has been ob-
tained, where there no longer exists a reactive trajectory, if the
further tried trajectory calculation is performed with a slightly
larger value of b. The respective integral cross section, align-
ment, PDDCSs, and relevant others can be further obtained
from this bmax.

104 trajectories with the necessary input parameters men-
tioned were taken for one translational energy combined with
one set of internal energy states of v and j of the reactant
molecule ClF. The maximum start number 99999 (five num-
bers of 9) has been chosen for the random sampling function
of the Monte-Carlo method, which produces an impact pa-
rameter b for the start of every trajectory or reaction. This
maximum start sampling number has been chosen in order to
achieve the highest accuracy of the results. Results obtained
with 10% smaller start sampling number are approximately
0.5%–3% lower than those obtained with the maximum start
sampling number. This discrepancy can be reduced down to
lower than 1%, if the number of the trajectories taken is more
than 5×104.

The simulation can run as state-to-state, i.e. with a certain
combination of vibrational and rotational states (v, j) of the re-
actant molecule ClF used as the input, and vibrational and ro-
tational states (v′, j′) of the product molecule, either HCl or HF
used as the output. In this work, only results iii) Integral cross
sections, and iv) Alignments of HCl and HF mentioned above,
with ClF (v = 0, j = 0) at Erel = 0.5 kcal/mol–20 kcal/mol,
ClF (v = 0, j = 0,3,6,9) at Erel = 0.5 kcal/mol–20 kcal/mol,
and ClF (v= 0–5, j = 0) at Erel = 5, 10, 15 kcal/mol, on the re-
spective PESs of the title reactions mentioned in item ii) above
are shown, compared, and discussed.

DHTSN PES[36] has been reproduced for system ClHF of
the reaction F+HCl→ HF+Cl, corresponding to A+BC→
AB+C. A set of potential energies V (r1, r2, r3) of r1(HF),
r2(HCl), and r3(ClF), as r1(AB), r2(BC), and r3(AC), respec-
tively, are received in the original package.[36] There are 418
points of V (r1, r2, r3) in the original DHTSN PES. They are
distributed in 3 dimensions approximately 12× 12× 12 a3

0 or
6× 6× 6 Å3, where a0 is Bohr radius and 1 a0 is equal to
0.52918 Å. The intermediate[77,78] of the reaction as well as
system ClHF contains three atoms Cl, H, and F. The bent angle
of ClHF mentioned in Ref. [36] is the angle between r1(HF)
and r2(HCl). The information indicates that this potential en-
ergy surface may also be applicable for our title reactions, be-
cause there are the same three atoms involved in the title reac-

tions, and three values of distance r of the interaction nuclear
pairs as well as transformation intermediate are well within
the ranges of the three dimensions given in DHTSN PES af-
ter the previously drawn PESs of the title reactions have been
described below.

First of all, DHTSN PES is given as a reference. To show
that our calculations have a correct start, i.e. on a correct PES
shown in Fig. 2. The title reaction H+ClF→ HCl+F can be
related to A+BC→ AB+C. The potential energy contours
shown in Figs. 3(a) and 3(b) with the intermediate at bent an-
gles of 90◦ and 120◦ , respectively, are obtained according to
the values of r2, r3, and V (r1, r2, r3) from the data of the PES
of DHTSN. The values of r2 and r3, and V (r1, r2, r3) for the
contour map are treated as x, y, and z values, respectively. It
has an entrance valley, where H and Cl atoms approach to each
other, and an exit valley, where Cl and F atoms of the reactant
molecule ClF are separated after reaction. There is an early
barrier, where the transformation from reactants into products
occurs, on the right side of the diagonal. The intermediate at
the barrier can be written as [H–Cl–F] with the possible bent
angle between r2(HCl) and r3(ClF). The value of r1(HF) can
be obtained trigonometrically.

Another title reaction H+ClF→HF+Cl can correspond
to A+BC→ AC+B. The potential energy contours given in
Figs. 4(a) and 4(b) with intermediate at angles of 90◦ and 120◦,
respectively, are plotted with r1, r3, and V (r1, r2, r3). Values of
r1, r3, and V (r1, r2, r3) for the contour map are treated as x, y,
and z values, respectively. The potential energy contour is dif-
ferent, and has its own entrance valley, where H and F atoms
come close together, and exit valley, where Cl and F atoms of
ClF go apart. There is also an early barrier. The intermedi-
ate [H–F–Cl] has the possible bent angle between r1(HF) and
r3(ClF) and r2(HCl) can be obtained trigonometrically as well.
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Fig. 2. Potential energy surface V (rHF, rHCl, rClF) of DHTSN[36]

for reaction F + HCl(v, j) → HF(v′, j′) + Cl. The rHF and rHCl
represent directions of entrance and exit valleys, respectively. The
transition state geometry is [F–H–Cl] and at angle 123.5◦ . There is
a barrier with height 3.0 kcal/mol at (rHF, rHCl) = (1.45,1.3) Å, a
well with depth−1 kcal/mol at (3.0,1.25) Å in the entrance valley;
another well with depth −20 kcal/mol at (rHF, rHCl) = (1.25,≥
3) Å in the exit valley. Plot level: min = −1, max = 3, interval
= 0.2 in kcal/mol, obtained with Origin 8.0.
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Fig. 3. Potential energy surface V (rHCl, rClF, rHF) of DHTSN[36]

for H+ClF(v, j)→ HCl(v′, j′)+F. The rHCl and rClF represent
directions of entrance and exit valleys, respectively. The transi-
tion state geometry is [H–Cl–F] and at angle 90◦ (a). There are a
barrier with height 2.1 kcal/mol at (2.0, 1.8) Å, a well with depth
0.8 kcal/mol at (3.05, 1.7) Å in entrance valley, another barrier
with height 5.0 kcal/mol at (2.95, 3.1) Å on the plateau; another
well with depth −50 kcal/mol at (1.3, ≥ 3.3) Å in exit valley (b) at
angle 120◦. There are a barrier with height 2.2 kcal/mol at (2.05,
1.75) Å, a well with depth−0.5 kcal/mol at (3.2, 1.7) Å in entrance
valley, another barrier with height 5.0 kcal/mol at (3.0, 3.2) Å on
the plateau; another well with depth−50 kcal/mol at (1.3,≥ 3.5) Å
in the exit valley. Plot level: min =−1, max = 5, interval = 0.2 in
kcal/mol, obtained with Origin 8.0 for both angles.

Fig. 4. Potential energy surface V (rHF, rClF, rHCl) of DHTSN[36]

for reaction H+ClF (v, j)→HF (v′, j′)+Cl. The rHF and rClF
represent directions of entrance and exit valleys, respectively.
The transition state geometry is [H–F–Cl] and at angle 90◦ (a).
There is a barrier with height 2.5 kcal/mol at (1.55, 1.65) Å, a
well with depth 1.2 kcal/mol at (2.8, 1.0) Å in the entrance val-
ley; another well with depth −20 kcal/mol at (0.85, ≥ 3.0) Å in
the exit valley (b) at angle 120◦. Plot level: min =−1, max = 5,
intervel = 0.2 in kcal/mol with Origin 8.0. There is a barrier with
height 2.6 kcal/mol at (1.8, 1.7) Å, a well with depth 1.0 kcal/mol
at (3.1, 1.0) Å in the entrance valley; another well with depth
−20 kcal/mol at (0.8, ≥ 2.5) Å in the exit valley. Plot level:
min =−1, max = 4, intervel = 0.2 in kcal/mol with Origin 8.0.

3. Results and discussion
The reaction dynamic behaviours of H+ClF→ HCl+F

and H+ClF→ HF+Cl, with the reactant molecule prepared
as (I) ClF (v = 0, j = 0) and collision energies Erel = 0.5, 1, 2,
2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 kcal/mol; (II) ClF (v= 0–
5, j = 0) and Erel = 5, 10, and 15 kcal/mol; (III) ClF (v = 0,
j = 0, 3, 6, 9) and collision energies Erel = 0.5, 1, 2, 5, 10,
15, and 20 kcal/mol, have been investigated on the PESs from
DHTSN[36] PES with the method of quasi-classical trajectory
(QCT) calculation.

Firstly, it is tested whether the applied PES DHTSN ap-
pears for the reaction F+HCl→ HF+Cl, the same (Fig. 2
and Table 2) as those in Fig. 8 of Ref. [36]. It is constructed
with the optimized bent angle = 123.5◦ of the intermediate
Cl–H–F.[36] It possesses a barrier with height ≥ 3.0 kcal/mol
at position (rHF, rHCl) = (1.45,1.30) Å, height of the en-
trance valley = −0.5 kcal/mol at (3.0, 1.25) Å; that of the
exit valley =−20 kcal/mol at (1.25, ≥ 3.0) Å. The plot levels
are min = −1, max = 3, and interval of the contours = 0.2,
in kcal/mol, which are obtained with Origin 8.0. The respec-

tive resolutions of the contours are 0.05 Å and 0.2 kcal/mol
for the coordinate and energy interval. However, the re-
solution must be increased to 0.01 kcal/mol so that the height
of the barrier and depths of the entrance and exit valleys
can occur. The ideal path of the reaction can be assumed
to be along the entrance valley–barrier–exit valley route, and
have the height variations 3.5 kcal/mol∼4.0 kcal/mol and
23 kcal/mol for the approach from the entrance valley to bar-
rier, and separation from the barrier into the exit valley, re-
spectively, within a range of 5× 5 Å2. The reaction enthalpy
along this path is around −22 kcal/mol ∼ −25 kcal/mol.
The DHTSN PES in Ref. [36] has the respective parame-
ters: barrier with height = 3.8 kcal/mol is located at around
(rHF, rHCl) = (1.4,1.3) Å; the reaction exothemicity[36,44,45] is
−33 kcal/mol. The barrier at position (1.45, 1.30) Å (Table 2)
and that at height≈ 3.5 kcal/mol∼ 4.0 kcal/mol relative to en-
trance valley −0.5 kcal/mol are equal to those of the DHTSN
PES published in Ref. [36]. But the reaction exothermicity
is 8 kcal/mol–10 kcal/mol less. The reasons for this discrep-
ancy may be: a) the peak height of the barrier is quite con-
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centrated in a very small region; and entrance valley is quite
narrow and steep on the cliff side, so that the relevant values
taken optically are rather uncertain. As soon as the resolu-
tions of plot level of rHF, rHCl, and interval (Table 2) are in-
creased to higher than 0.01 Å and 0.01 kcal/mol, respectively,
the reaction can be more exothermic, closer to −33 kcal/mol
and the barrier height can become closer to 3.8 kcal/mol. b)
The number of the original potential energy surface data points
are 418, and the resolution of distances rHF, rHCl, and rClF

published is around 0.25 Å (0.5 a0), which is rougher than
0.05 Å, with which this PES is reproduced and shown in
Fig. 2. However, step width within every trajectory along the
PES for our calculation is 0.1 fs, which corresponds approx-
imately to 4.5× 10−4 Å–10−3 Å within Erel = 0.5 kcal/mol–
20 kcal/mol for our title reactions. This distance is far smaller
than 0.01 Å mentioned above, which means that the exother-
micity of DHTSN PES reproduced should be the same as that
of DHTSN published.

Table 2. Parameters of the potential energy contours taken from DHTSN for reactions F+HCl→ HF+Cl, H+ClF→ HCl+F, and
H+ClF→ HF+Cl, with the respective bent angels of the transition intermediates. Coordinates are in unit Å, heights, wells, plot
level, and interval are in unit kcal/mol.

Reaction
Barrier, entrance, Barrier, plateau Well, entrance, Well, exit, depth, Plot level,
height, position height, position depth, position position min, max, interval

FHCl, 123.5◦ ≥ 3.0, (1.45, 1.30) no plateau −0.5, (3.0, 1.25) −20, (1.25, ≥ 3.0) −1, 3, 0.2
HClF, 90◦ 2.1, (2.0, 1.8) 5.0, (2.95, 3.1) 0.8, (3.05, 1.7) −50, (1.35, ≥ 3.3) −1, 5, 0.2

HClF, 120◦ 2.2, (2.05, 1.75) 5.0, (3.0, 3.2) −0.5, (3.2, 1.7) −50, (1.3, ≥ 3.5) −1, 5, 0.2
HFCl, 90◦ 2.5, (1.55, 1.65) no plateau 1.20, (2.8, 1.0) −20, (0.85, ≥ 3.0) −1, 5, 0.2
HFCl, 120◦ 2.6, (1.9, 1.7) no plateau 1.0, (3.1, 1.0) −20, (0.8, ≥ 2.5) −1, 4, 0.2

The fitted PES for reaction H+ClF→ HCl+F (Fig. 3,
and Table 2) with intermediate [H–Cl–F] at bent angle = 90◦

has the barrier height 2.1 kcal/mol at (2.0, 1.8) Å, a well with
depth 0.8 kcal/mol at (3.05, 1.7) Å in the entrance valley and
another well with depth−50 kcal/mol at (1.35,≥ 3.3) Å in the
exit valley, and that at bent angle = 120◦ has the barrier height
2.2 kcal/mol at (2.05, 1.75) a well with depth−0.5 kcal/mol at
(3.2, 1.7) Å in the entrance valley, and another well with depth
−50 kcal/mol at (1.3, ≥ 3.5) Å in the exit valley. There are
also barriers on the plateau with height 5.0 kcal/mol at (2.95,
3.1) and (3.0, 3.2) Å for bent angles of 90◦ and 120◦, respec-
tively, which however, does not have any influence on the re-
action. The plot level for Fig. 3 is min =−1, max = 5, interval
= 0.2 kcal/mol, obtained with Origin 8.0 for both angles.

Compared with those mentioned above, the reaction H+

ClF→ HF+Cl (Fig. 4 and Table 2) with intermediate [H–F–
Cl] at bent angle = 90◦ has the barrier height 2.5 kcal/mol at
(1.55, 1.65) Å, well with depth 1.2 kcal/mol at (2.8, 1.0) Å in
the entrance valley, and another well with depth −20 kcal/mol
at (0.85, ≥ 3.0) Å in the exit valley. The plot level in Fig. 4 is
min =−1, max = 5, interval = 0.2, in kcal/mol, obtained with
Origin 8.0, and that at bent angle = 120◦ has the barrier height
2.6 kcal/mol at (1.9, 1.7) Å, a well with depth 1.0 kcal/mol at
(3.1, 1.0) Å in the entrance valley and another well with depth
−20 kcal/mol at (0.8, ≥ 2.5) Å in the exit valley. There is no
extra plateau. The plot level is min = −1, max = 4, interval
= 0.2, in kcal/mol, obtained with Origin 8.0.

Regarding the mass values of the atoms involved,
the reaction F + HCl → HF + Cl can be classified as
H1+LH2 →LH1+H2, where H1, H2, and L represent heavy
and light atoms, respectively.[13,17–19] The arabic numbers 1
and 2 are to distinguish two heavy atoms, if they are dif-
ferent. However, the title reactions belong to the type of either

L+H1H2→LH1+H2, or L+H1H2→LH2+H1.[17–19,24]

3.1. Translational enhancement

Locations of the three barriers (Figs. 2–4 and Table 2) of
the three reactions mentioned above are “early barriers”[18,19]

and they are located in the entrance valley. Generally, the
barrier located at the entrance valley (right side of the dia-
gonal) gives rise to translational enhancement definitely, i.e.,
the value(s) of integral reaction cross section σ of the prod-
uct (products) is dependent on the relative translational energy
Erel of the reactants. Compare with those shown in Fig. 5, in-
tegral cross sections of product molecules HCl and HF of the
title reactions are directly proportional to the relative transla-
tional energy. Regarding to the bent angles of the interme-
diate geometries of the title reactions, barriers for two reac-
tions at angle = 120◦ are a little bit higher than those at angle
= 90◦. They are 2.1 kcal/mol and 2.2 kcal/mol for reaction
intermediate [H–Cl–F] in the cases at 90◦ and 120◦, respec-
tively, 2.5 kcal/mol and 2.6 kcal/mol for reaction intermediate
[H–F–Cl] (Table 2) in the cases at angles of 90◦ and 120◦ re-
spectively. Locations (2.05, 1.75) Å and (1.9, 1.7) Å of bar-
riers for the case of 120◦ of two title reactions with interme-
diates [H–Cl–F] and [H–F–Cl], respectively, appear as earlier
(closer to the beginning of the entrance valley) barrier (Figs. 3,
4, and Table 2). This means that PESs constructed with bent
angle 90◦ at locations (2.0, 1.8) Å and (1.55, 1.65) Å for the
transition intermediates [H–Cl–F] and [H–F–Cl], respectively,
imply a small shift from early to not-so-early barrier (closer to
the diagonal), accompanied by a similarly precipitous increase
in the 2D barrier height (Figs. 3(a) and 4(a)). The reaction on
PES with angle 120◦ should run as an earlier barrier reaction
dynamics. The passage around the barrier is narrow for re-
action H +ClF→ HF+Cl running from the entrance valley
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into the exit valley for both kinds of PESs with bent angles
90◦ and 120◦ compared with those of H + ClF→ HCl + F.
This can be explained as the fact that PES topology of re-
action H + ClF → HF + Cl possesses a narrow transit pas-
sage around the barrier, resulting in anomalously smaller re-
action cross sections[36,44–48] (Fig. 5) compared with those of
H+ClF→ HCl+ F. The narrower transit passage and bar-
rier region at the moment of transformation reaction around
the barrier, may be one of the reasons which causes reac-
tion H+ClF→ HF+Cl to run “directly” as well as via di-
rect reaction mechanism[46–48] at Erel ≤ 2.5 kcal/mol, with
bmax ≤ 2.6 Å. Direct and migratory manner are mixed for
Erel = 2.5 kcal/mol–20 kcal/mol (Table 1). The direct manner
also makes the p2(HF) stronger, at Erel < 2.5 kcal/mol (Fig. 9
and Table 1). Another reason[46–48] can be that during the re-
action of H+ClF→ HCl+ F, because the mobility of H is
greatest to change the nuclear configuration, the mobility of F
is the next, that of Cl is smallest; Cl has the largest size and can
be assumed to be stationary. During the interaction among H,
F, and Cl, H can first be attracted by Cl because of the huge size
of Cl yielding HCl. It is also possible that immediately before
HCl or even after nascent HCl is produced, H moves around
Cl, as soon as H approaches to the F–Cl bond region, H can be
more readily attracted by F instead by Cl, because of its larger
electronegativity (H = 2.20, F = 3.98, Cl = 3.16). Such a kind
of phenomenon is referred to as migratory reaction.[36,46–48] H
migration to F appears more possible if bmax≥ 2.6 Å (Table 1).
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Fig. 5. (color online) Distributions of integral cross sections
of product molecules HCl and HF of H + ClF(v = 0, j =
0)→ HCl(v′, j′) + F, and HF(v′, j′) +Cl, respectively, at Erel =
0.5 kcal/mol–20 kcal/mol.

The value of σ (HF) is still smaller than that of σ(HCl),
though migration helps and increases the production of HF.
The width of the entrance channel for the case [H–F–Cl] ei-
ther at 120◦ or at 90◦ is rather narrow compared with the bond
length rClF (rHF = 0.917 Å, rHCl = 1.274 Å, rClF = 1.628 Å),
which may cause the approach of H and ClF as well as the
reaction to be difficult. However, the vibrational effect of ClF
increases the cross section of HF more effectively than that of
[H–Cl–F] (Fig. 6(b)). The width of the entrance channel is a
little bit wider for the production of HCl may be one of the

reasons why the vibrational enhancement for the production
of HCl is rather small. Because the vibrational enhancement
of ClF for the production of HF is stronger than that for HCl
in the range of v = 0–5 (Fig. 6(b)), and the translational en-
hancement for production of HF keeps increasing, even for
Erel > 20 kcal/mol (Fig. 5), and a maximum value σ(HCl) =
1.4 Å2 is asymptotically reached around Erel = 15 kcal/mol–
20 kcal/mol. The contribution of the migratory effect for the
production of HF (Tables 3(a)–3(c)) may be significant so that
σ (HF) would be larger than σ (HCl) at a certain higher rel-
ative translational energy Erel and a certain higher vibrational
energy of ClF. Because the vibrational enhancement of ClF for
the production of HF is stronger than that of HCl in the range
of v = 0–5 (Fig. 6(b)), and the translational enhancement for
production of HF keeps increasing, even for Erel > 20 kcal/mol
(Fig. 5), and a maximum value of σ (HCl) approaches asymp-
totically Erel = 17.5 kcal/mol, contribution of the migratory
effect to the production of HF (Tables 3(a)–3(c)) may be sig-
nificant so that σ (HF) would be larger than σ (HCl) at certain
higher relative translational energy Erel and a certain higher
vibrational energy of ClF.

There are direct H+ClF→[H–F–Cl]→HF+Cl, and mi-
gration H+ClF→[H–Cl–F]→[H–F–Cl]→ HF+Cl reaction
mechanisms for the production of HF molecule whatever is
similar to H+ ICl→HCl+ I,[24] regarding to potential energy
contours and reaction mechanisms. This reaction belongs also
to the type of L+H1H2.
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Fig. 6. (color online) Distributions of integral cross sections of HCl and
HF, dependent on (a) relative translational energy Erel of the reactants,
and (b) vibrational energy states v = 0–5 of ClF, of H+ClF (v = 0–5,
j = 0)→ HCl(v′, j′)+F and HF(v′, j′)+Cl, respectively, at Erel = 5,
10, and 15 kcal/mol.
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Table 3. Distributions of the values of impact parameter bmax, number of reactive trajectories n, integral cross sections σ ,
and alignment p2(= 〈𝑗 ′ ·𝑘〉) of product molecules HCl and HF, dependent on the vibrational states v, with 104, batches, for
reactions H+ClF (v = 0–5, j = 0)→ HCl(v′, j′)+F and HF (v′, j′)+Cl, respectively, at relative scatterinag energies (a) 5,
(b) 10, and (c) 15 kcal/mol.

Table 3(a)
5/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2 bmax/Å nHF σHF/Å2 p2

0 0 2.855 303 0.7759 −0.2683 2.855 127 0.3252 −0.2207
1 0 3.469 282 1.0661 −0.2175 2.7 181 0.4145 −0.1981
2 0 4 183 0.9199 −0.0927 3.5 153 0.5888 −0.1685
3 0 3.6075 262 1.0712 −0.1003 3.505 195 0.7526 −0.1145
4 0 3.075 371 1.1021 −0.0470 3.21 251 0.8125 −0.0604
5 0 3.35 378 1.3327 −0.0555 3.35 244 0.8603 −0.0964

Table 3(b)

10/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2 bmax/Å nHF σHF/Å2 p2

0 0 2.308 738 1.23503 −0.3453 2.308 221 0.36984 −0.1383
1 0 2.863 548 1.41115 −0.2692 2.59 314 0.66173 −0.0791
2 0 3 607 1.71625 −0.1919 2.875 444 1.15294 −0.0555
3 0 3 666 1.88307 −0.17175 3.15 497 1.54927 −0.0699
4 0 3.5 536 2.06277 −0.1502 3.43 546 2.01804 −0.03485
5 0 3.2 707 2.27441 −0.1731 3.45 665 2.48662 −0.0492

Table 3(c)

15/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2 bmax/Å nHF σHF/Å2 p2

0 0 2.25 828 1.3169 −0.3464 2.4 271 0.4904 −0.1156
1 0 2.25 902 1.4346 −0.2530 2.503 365 0.7184 −0.0436
2 0 2.4875 797 1.5493 −0.2067 2.7 469 1.0741 0.0185
3 0 2.685 730 1.6533 −0.2262 2.8 571 1.4064 −0.0264
4 0 2.8 712 1.7537 −0.2301 2.85 688 1.7556 −0.0443
5 0 3.05 654 1.9113 −0.2430 2.97 722 2.0008 −0.0843

3.2. Vibrational enhancement

The barrier, which is located in the exit valley, i.e., on
the left side of the diagonal, is called “late-barrier”. The re-
action can be more easily achieved through vibrational excita-
tion, so such a molecule is known as a vibrationally enhan-
cing reactant molecule instead of translationally enhancing
reactants (with higher relative translational energy of the re-
actants). The reaction intermediate can smoothly overcome
the barrier region, and slip into the exit valley.[17–19] Such
a reaction is called vibrationally enhanced reaction. How-
ever, both barriers of the title reactions are located in the en-
trance valleys; there are rather abnormal vibrational enhance-
ments involved (Figs. 6(a), 6(b), and Table 3). The approach
of the reactants, either for reaction H + ClF→ HCl + F, or
H+ClF→ HF+Cl, intermediates is formed as either [H–Cl–
F] or [H–F–Cl] around the barrier regions. In this 3-atom inter-
acting region, H and Cl can establish rather higher vibrational
and rotational motions, despite a long distance between H and
Cl.[24,36,40,41,44–48] In other words, H–Cl molecule can tolerate
long distance stretching and higher vibrational states than H–
F molecule. This means that nascent HCl molecule can also
be yielded in spite of the rather far distance between H and

Cl, more easily than HF molecule, as the H–Cl is likely to ro-
tate and vibrate rapidly, and their durations are short compared
with the dissociation time of the intermediate. At this moment,
the H atom keeps running around, and provokes vibrational
and rotational motions between H and F too. It is plausible
that H could be attracted by either the F or Cl atom to form the
product molecule HF or HCl. Because the attraction between
H and F is stronger than that between H and Cl, HF should be
more easily produced. However, the barrier with 2.6 kcal/mol
and at bent angle 120◦ to form HF (Table 2) is slightly higher,
or more difficult than that with 2.2 kcal/mol and at the same
bent angle to form HCl (Table 2); and the transformation pas-
sage around the barrier region (Figs. 3 and 4) for the formation
into HF is rather narrow compared with that for formation into
HCl. Additionally, the steeper entrance valley for approach of
H to F and barrier region of either [H–F–Cl] or [H–Cl–F] may
cause the production of HF to be rather difficult compared with
the production of HCl (Figs. 3 and 4).

3.3. Rotational energy specific translational enhancement

Referring to Fig. 7 and Tables 4(a)–4(h), there are slight
translational enhancements for the reactant molecule ClF with
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internal energy states (v= 0, j = 3,6,9), i.e., rotational energy-

dependent translational enhancements, or rotational energy

specific translational enhancement for both title reactions at

Erel = 5, 10, and 15 kcal/mol. All reactive cross sections

of product molecules HCl with j = 0, 3, 6, and 9 of ClF

at all three relative translational energies Erel = 5, 10, and

15 kcal/mol are larger than those of HF with the respective

rotational energy states of reactant molecule ClF (Fig. 7 and

Tables 4(a)–4(h)). The rotational energy j dependence of the

translational enhancement of each title reaction is only mini-

mally differentiable. In other words, according to our results

given in Fig. 7 the translational energy enhancement with spe-

cific rotational energy state j of the reactant molecule ClF of

each of the title reaction is still unclear.
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Fig. 7. (color online) Distributions of integral cross sections of
HCl and HF of H + ClF(v = 0, j = 0,3,6,9) → HCl(v′, j′) + F
and HF(v′, j′)+Cl, respectively, at Erel = 5, 10, and 15 kcal/mol,
dependent on the rotational angular momenta j of the reactant
molecule ClF.

Table 4. Distributions of the values of impact parameter bmax, number of reactive trajectories n, integral cross section
σ , and alignment p2(= 〈𝑗 ′ ·𝑘〉) of HCl and HF, dependent on the rotational states j, with 10000 batches, for reactions
H+ClF(v = 0, j = 0,3,6,9)→ HCl(v′, j′)+F and HF(v′, j′)+Cl, at relative scattering energies (a) 0.5, (b) 1, (c) 2, (d) 5,
(e) 10, (f) 12.5, (g) 15, (h) 20 kcal/mol.

Table 4(a)

0.5/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.55 58 0.11848 −0.27645 1.5 7 0.00495 −0.4216
0 3 2.525 49 0.09815 −0.30775 0.9 10 0.00254 −0.1732
0 6 2.45 56 0.1056 −0.17042 0.9 15 0.00382 −0.24629
0 9 2.525 41 0.08212 −0.19956 1.75 10 0.00962 −0.26111

Table 4(b)

1/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.5625 107 0.22073 −0.26089 1.9 39 0.044230 −0.38500
0 3 2.6 109 0.23149 −0.21036 1.5 37 0.026154 −0.32591
0 6 2.6615 110 0.24479 −0.16489 2 30 0.037699 −0.33375
0 9 2.67 86 0.19261 −0.19443 2.3 23 0.038224 −0.18130

Table 4(c)

2/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.75 184 0.43715 −0.2792 2 86 0.1081 −0.3008
0 3 2.75 155 0.36825 −0.2665 2.7 52 0.1191 −0.2912
0 6 2.7375 181 0.4261 −0.1678 2.7 48 0.1099 −0.2341
0 9 2.7 191 0.4374 −0.1587 1.92 85 0.0984 −0.0945

Table 4(d)

5/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.855 303 0.7759 −0.2683 2.855 127 0.3252 −0.2207
0 3 2.855 323 0.8271 −0.2399 2.855 131 0.33545 −0.2024
0 6 3.29 247 0.8399 −0.2309 2.91 115 0.3059 −0.1968
0 9 2.88 307 0.8000 −0.2218 2.88 124 0.3231 −0.1751

Table 4(e)

10/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.308 738 1.2350 −0.35475 2.308 221 0.3698 −0.1383
0 3 2.35 697 1.2093 −0.3389 2.23 232 0.36245 −0.1845
0 6 2.36 696 1.2178 −0.33425 2.35 224 0.3886 −0.1609
0 9 2.35 678 1.1763 −0.3406 2.358 226 0.3948 −0.1244
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Table 4(f)

12.5/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.2925 757 1.2499 −0.3590 2.2325 271 0.4243 −0.0896
0 3 2.2875 800 1.3151 −0.3628 2.25 262 0.4167 −0.0956
0 6 2.275 795 1.29265 −0.3585 2.225 283 0.44015 −0.1410
0 9 2.25 800 1.27235 −0.3656 2.3 263 0.4371 −0.1133

Table 4(g)

15/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.25 828 1.3169 −0.3464 2.4 271 0.4904 −0.1156
0 3 2.24 848 1.3367 −0.3440 2.25 341 0.5423 −0.0487
0 6 2.20 861 1.3092 −0.3450 2.22 349 0.5404 −0.0728
0 9 2.2505 808 1.2856 −0.3514 2.22 347 0.5373 −0.0987

Table 4(h)

20/kcal·mol−1 HCl HF
v j bmax/Å nHCl σHCl/Å2 p2(HCl) bmax/Å nHF σHF/Å2 p2(HF)
0 0 2.21 912 1.3994 −0.2906 2.24 460 0.7251 −0.01755
0 3 2.23 894 1.3967 −0.2952 2.25 476 0.75705 −0.02343
0 6 2.24 894 1.4092 −0.2996 2.26 463 0.7429 −0.023595
0 9 2.24 889 1.40135 −0.30015 2.3 432 0.7179 −0.02469

3.4. Rotational enhancement

There are no rotational enhancements with j = 3, 6, and
9 rotationally prepared ClF obtained in our results (Figs. 8(a),
8(b) and Tables 4(a)–4(h)). According to the above picto-
rial explanation of the three-atom interaction with not only
vibrational but also translational enhancements involved dur-
ing the title reactions, the rotational enhancement should be
investigated with higher, even much higher rotationally pre-
pared reactant molecule ClF. It is possible that the rotational
enhancement, even with very high j ≥ 30–50 for reaction
H+ClF→ HF+Cl is rather weak because of its narrow and
steep passage of the entrance valley and barrier region com-
pared with those for the reaction H+ClF→ HCl+F.

3.5. Alignment

It is understandable that the alignment of the product
molecule HF is rather weak, even decreasing in propor-
tion to the relative translational energy Erel, compared with
that of HCl (Fig. 9 and Table 2). Under the situation of
slow approach of H and ClF around the translational energy
threshold Erel ≤ 0.2 kcal/mol, HF molecule shows stronger
alignment than HCl because of the strong and abrupt at-
traction between H and F compared with that between H
and Cl. The steep and narrow transit passage may be also
one of the reasons. Regarding a highly vibrationally ex-
cited product molecule, either HCl or HF, the higher vibra-
tionally excited product molecule are more weakly aligned
as shown in Fig. 10 and given in Tables 3(a)–3(c). In ge-
neral, HF (v = 0–5, j = 0) are more weakly aligned than
HCl (v = 0–5, j = 0), respectively, at Erel = 5, 10, and
15 kcal/mol. At higher relative translational energy Erel

(among 5, 10, and 15 kcal/mol), product molecules HCl are
more strongly aligned than HF for each vibrational energy
state of v = 0–5 of reactant molecule ClF. On the contrary, it
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Fig. 8. (color online) Distributions of integral cross sections of (a)
HCl of H + ClF(v = 0, j = 0,3,6,9) → HCl(v′, j′) + F, and (b) HF
of H + ClF(v = 0, j = 0,3,6,9) → HF(v′, j′) + Cl, respectively, at
Erel = 0.5 kcal/mol–20 kcal/mol, dependent on the rotational angular
momenta j of the reactant molecules ClF.
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is not the case for HF. HF molecules with v = 0, and j = 0 of
ClF, should be more highly aligned than HCl with the same
zero internal energies of ClF, at lower Erel (Fig. 9) around
the translational threshold. How the influences of height and
steepness of the barrier, width, and steepness of the entrance
valley on the alignment of the product molecule are dependent
on the vibrational states v = 0–5 of the reactant molecule ClF
must be further investigated. The alignments of HCl are di-
rectly proportional to Erel of the reactant and vibrational states
of the reactant molecule ClF. The reason that is or is not for
the alignments of HF with translationally and vibrationally en-
hancing reactants H and ClF, and reactant molecule ClF should
be also interesting for the further investigation. Whether, when
and under which conditions the extra plateau on the PES of
H+ClF→ HCl+F may influence the reaction dynamics, can
be significant for the further investigation too.
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Fig. 9. (color online) Distributions of alignments of product
molecules HCl and HF of H+ClF(v = 0, j = 0)→ HCl(v′, j′)+
F and HF(v′, j′) + Cl, respectively, at Erel = 0.5 kcal/mol–
15 kcal/mol.
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Fig. 10. (color online) Distributions of alignments of HCl and
HF, dependent on the vibrational states v = 0–5 of ClF of H+ClF
(v= 0–5, j = 0)→HCl(v′, j′)+F and HF(v′, j′)+Cl, respectively,
at Erel = 5, 10, and 15 kcal/mol.

4. Conclusions
The three-atomic interaction systems of e.g., H, Cl, and F,

with intermediate written as either [HClF], [ClHF] or [HFCl]
can be reached from either of the reactions H+ClF, Cl+HF,
and F+HCl. There is no difference among three kinds of the

written forms [HClF], [ClHF], and [HFCl]. Ground potential
energy surface[36] (Fig. 2) for reaction F(2P)+ HCl→ HF+

Cl(2P) is therefore applicable for our title reactions H+ClF
(v = 0–5, j = 0,3,6,9)→ HCl+F and H+ClF (v = 0–5, j =
0,3,6,9)→ HF+Cl, at Erel = 0.5 kcal/mol–20 kcal/mol. The
obtained DHTSN PES of Deskevich et al.[36] is first tested and
inserted into the program Symplectic for trajectory calcula-
tion. The dependences of integral cross sections of the product
molecules HCl and HF with ground internal energies (v = 0,
j = 0) on the translational energies at Erel = 0.5 kcal/mol–
20 kcal/mol, the dependences of integral cross sections on
the internal energy state of the reactant molecule with ClF
(v = 0–5, j = 0) at Erel = 5, 10, 15 kcal/mol, and ClF (v = 0,
j = 0,3,6,9) at Erel = 0.5 kcal/mol–20 kcal/mol, are obtained.
The respective translational (Figs. 5, 6(a), and Table 1), vibra-
tional (Figs. 6(a), 6(b), and Table 3), rotational energy spe-
cific translational (Fig. 7 and Tables 4(a)–4(h)), and rotational
(Figs. 8(a), 8(b), and Tables 4(a)–4(h)) enhancements of the ti-
tle reactions are found and investigated. The influences of the
potential energy contours (Figs. 3 and 4), as well as heights
and positions of the barriers and valleys (Table 2) of the re-
spective title reactions, on the reaction mechanisms are inves-
tigated and discussed. Further investigations on much higher
rotationally excited reactant molecules with j higher than 30,
even 50 are necessary, so that how and how far the rotational
energies of the reactant molecule either HCl or HF will influ-
ence or be mixed into the translational energy enhancement of
the title reactions should be further studied.

PESs of three involved reactions are very different,
though there is only one intermediate of three atoms. Both
title reactions are early barrier reactions,[17–19,23,24] where bar-
rier of reaction H+ClF→ HCl+F (Figs. 3(a), 3(b), and Ta-
ble 2) is earlier than that of H+ClF→ HF+Cl (Figs. 4(a),
4(b), and Table 2). The two PESs of the title reactions with
the respective bent intermediate at angle 90◦ and 120◦ are
plotted and compared. The height of the reaction barrier of
H+ClF→ HCl+F is approximately 5 kcal/mol lower, rHCl
and rClF of that are larger than those of H+ClF→ HF+Cl,
for both cases of bent intermediates at 90◦ and 120◦. Loca-
tion of the barrier of reaction of H + ClF→ HCl + F is far
from the “cliff” of the entrance and exit valleys compared with
that of H + ClF → HF + Cl. The larger bent angle (120◦)
of the reaction intermediate of either of H+ClF→ HCl+ F
or H+ClF→ HF+Cl is associated with slightly higher re-
action barrier, larger rHCl and rHF, and smaller rClF, respec-
tively (Figs. 3, 4, and Table 2). In other words, the contours
of the entrance valleys are slightly squeezed and precipitous;
the region of the reaction barrier is a little bit wider or looser.
Any of the translational, vibrational, and rotational motions
of either reactant ClF or product molecule HF in the reaction
H+ClF→ HF+Cl should be more difficult because of the
narrow entrance valley and small barrier region, than those in
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H+ClF→ HCl+ F. Although the smaller width of the en-
trance channel and size of the barrier region of the reaction
H+ClF→ HF+Cl at Erel = 0.5 kcal/mol–20 kcal/mol cause
the smaller integral cross sections (Fig. 5), the reaction is vi-
brationally enhanced rather effectively compared with those
of H + ClF → HCl + F at Erel = 0.5 kcal/mol–20 kcal/mol
(Figs. 6(a) and 6(b)). The optimal angles of the bent intermedi-
ates during the transformation at barriers of the title reactions
should be found, so that the dynamics closer to real reactions
can be established.

The translational enhancements due to the values of rela-
tive translational energy Erel of the reactants of the title reac-
tions are evident. Surprisingly, the vibrational enhancements
are also due to the vibrational energy states of the reactant
molecules. The broader entrance valley and barrier region of
H+ClF→ HCl+F allow the higher reactivity, easier forma-
tion of long bond length stretching mode, i.e., larger reactive
cross sections of HCl. During the interaction among the three
atoms, the wandering H atom can be attracted by F instead of
Cl, or go from Cl to F, because of the larger electronegativity
of F; as soon as H comes closer to F, the so-called migration
of F then happens. The entrance valley and barrier region are
relatively narrow and steep; H atom comes mostly closer to F
as well as with smaller impact parameter, during the reaction
H+ClF→HF+Cl at Erel≤ 2.5 kcal/mol (Table 1). This is the
so called direct reaction. Product HF can be obtained via two
kinds of reaction mechanisms,[24,36,46–48,78] i.e., migratory re-
action and direct reaction, during the reaction of H+ClF. How
far the migratory effect by which the values of Erel (Fig. 5)
and v(ClF) (Fig. 6(b)) are larger will keep increasing the reac-
tion cross section σ (HF) of the reaction H+ClF→ HF+Cl,
even larger than σ (HCl) of the reaction H+ClF→ HCl+ F
must still be investigated. The extra plateau in the reaction of
H+ClF→ HCl+F should not have any significant influence
on the reactions under the given conditions.
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