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We present accurate state-to-state quantum wave packet calculations of integral cross sections and
rate constants for the title reaction. Calculations are carried out on the best available ground 12A′

global adiabatic potential energy surface of Deskevich et al. [J. Chem. Phys. 124, 224303 (2006)].
Converged state-to-state reaction cross sections have been calculated for collision energies up to 0.5
eV and different initial rotational and vibrational excitations, DCl(v = 0, j = 0 − 1; v = 1, j = 0).
Also, initial-state resolved rate constants of the title reaction have been calculated in a temperature
range of 100-400 K. It is found that the initial rotational excitation of the DCl molecule does not
enhance reactivity, in contract to the reaction with the isotopologue HCl in which initial rotational
excitation produces an important enhancement. These differences between the isotopologue reac-
tions are analyzed in detail and attributed to the presence of resonances for HCl(v = 0, j), absent
in the case of DCl(v = 0, j). For vibrational excited DCl(v = 1, j), however, the reaction cross
section increases noticeably, what is also explained by another resonance. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4922110]

I. INTRODUCTION

Kinetic processes in nature can be sensitive to isotope
substitution.1,2 Very recently, Narevicius with coworkers ob-
served the isotope effects in sub-kelvin reactions of meta-
stable helium and hydrogen molecules.3 Their application of
the hydrogen isotopologue, deuterium, has allowed for the crit-
ical test of the potentials for that molecular system. Resonances
are in general dependent on the isotopic substitution consid-
ered in a given reaction, specially at low energies affecting their
widths by changing their position relative to their dissociation
thresholds. These resonant features appear in other reactions,
from H + HD, F + HD to F + HCl, but there is no unique
resonance signature that shows up in all the reactions.4

The F + HCl/DCl reaction has been a subject of many
theoretical5–14 and experimental15–17 studies. Experimental ef-
forts, in general, have focused on the determination of ther-
mal rate constants and product ro-vibrational state distribu-
tions for the F + HCl isotopologue. Zolot and Nesbitt18 studied
the state-to-state reaction dynamics under a single-collision
condition (Ecol = 4.3(1.3) kcal/mol) using crossed supersonic
molecular beams technique. They found that the product rota-
tional distributions display bimodal character that does not
appear in previous flow and arrested-relaxation studies.19,20

The bifurcational character of the rotational product distri-
bution indicates complex dynamics in this molecular system
due to possible quantum effects and non-adiabatic coupling
between different electronic states.

a)nbulut@firat.edu.tr
b)jklos@umd.edu
c)octavio.roncero@csic.es

The first ab initio potential energy surface (PES) for the
F + HCl → Cl + HF reaction was calculated by Sayós et al.5

using the spin-projected unrestricted second order Møller-
Plesset level of theory (PUMP2) with the 6-311G(3d2f,3p2d)
basis set. They constructed an analytical PES by fitting the ab
initio points, introducing scaling factors around the transition
state points to reproduce experimental rate constants. Their
effective barrier height, of 1.12 kcal/mol, for the F + HCl reac-
tion is similar to that of the empirical LEPS20 surface. Quasi-
classical trajectory (QCT)6 and wave packet (WP) simulations
have been carried out7 on this PES.

Deskevich et al.8 reported a new global three-dimensional
high level ab initio PES for the lowest 12A′ adiabatic state
(hereafter called DHSN PES). This PES has been obtained
from dynamically weighted state-averaged multi-reference
self-consistent field calculations (dw-SA-MCSCF) followed
by the internally contracted multi-reference configuration in-
teraction method with Davidson correction (ic-MRCISD+Q)
with complete basis set extrapolation. In addition, the corre-
lation energy has been scaled, to reproduce the experimental
exothermicity of −1.4336 eV.

Both surfaces, the one of Sayós et al.5 and the DHSN
PES,8 have a bent transition state geometry, with F–Cl–H
angles of 131.2◦and 123.5◦, respectively. The transition state’s
barrier height on the DHSN PES is 0.1647 eV. This can be
compared to Sayós’ unscaled PUMP2 PES barrier height of
0.205 eV and PUMP4 one of 0.1738 eV.5 All these values
are higher than the experimentally estimated barrier height of
1.08 kcal/mol (0.046 83 eV) (see discussion in Li et al.13).

The first theoretical reaction probabilities on the DHSN
PES were calculated by Hayes et al.9 employing the QCT

0021-9606/2015/142(21)/214310/9/$30.00 142, 214310-1 © 2015 AIP Publishing LLC
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and time-independent close-coupled hyperspherical quantum
methods. The calculated reaction probabilities were found
to be strongly dependent on the initial rotational state of
the HCl. The probabilities showed an enhancement of reac-
tivity upon rotational excitation of the HCl molecule. Em-
ploying the DHSN PES, Sun et al.21 performed a new time-
dependent quantum wave packet simulations to study the influ-
ence of reagent ro-vibrational excitation on the dynamics of the
F + HCl/DCl reactions.

In 2009, Defazio and Petrongolo12 performed time-
dependent real wave packet (RWP) calculations for the
F + HCl reactive collisions on the DHSN PES. They calculated
initial-state reactive cross section for many rotational excita-
tions, j0, and found that it increases with j0. They also found
the importance of steric effects in F + HCl reaction, where
the reactivity is enhanced by low K values, with K being the
projection quantum number of the total angular momentum
(J). These calculations were performed using the centrifugal
sudden (CS) approach for HCl( j0 = 0, . . . ,16). For the case
of initial j = 0, they performed coupled-channels (CC), find-
ing important changes with CS results. They concluded that
converged CC calculations need to be done for this reaction.

This was done more recently by Bulut et al.22 where
also state-to-state integral cross sections (ICS) were calculated
using a wave packet method. In that work, final-state product
resolved reaction probabilities were calculated to investigate
the origin of a broad local maximum in the shoulder of v = 0,
j = 0, and J = 0 reaction probabilities. First accurate integral
cross sections and rate constants have been calculated and
compared with the available experimental data. It was found
that the accurate rate constant calculated by using wave packet
method was lower than the experimental value and it was
concluded that the reaction barrier on the DHSN PES was too
large.

In the most recent work, time-dependent wave packet
(TDWP) and time-independent quantum methods (TIQM)
were used to investigate state-to-state collision dynamics for
the F + HCl reaction by Li et al.13 In that work, vibrational
and rotational state distributions were calculated at selected
collision energies and compared with the experimental data
of Nesbitt’s group.18 The experimental data were measured
at a constant temperature of 50 K. The obtained theoretical
distributions agreed almost quantitatively with the experi-
mental vibrational populations,13 with the populations of v = 3
vibrational state of the HF product being overestimated by
theory.

Here, in this work, we revisit the model heavy-light-heavy
(HLH) hydrogen exchange type reaction, F + DCl → Cl + DF,
where the hydrogen atom is replaced with deuterium isotope.
The work focuses on the understanding the differences with the
F + HCl → Cl + HF isotopologue reaction, in which results
were obtained previously by some of us,13,22 to investigate the
isotopic effect. We show calculations for the first two initial
vibrational states of the DCl molecule, v = 0 and 1, and for the
two lowest initial rotational states. As has been done previously
for the F + HCl reaction,22 we have employed the DHSN PES
in the reactive scattering calculations presented in this work.
Time dependent wave packet calculations and time indepen-
dent close-coupling ones are performed neglecting the open-

shell structure of F and Cl atoms and on a single lowest Born-
Oppenheimer adiabatic PES. Therefore, there are no non-
adiabatic nor spin-orbit coupling effects studied in this work.

The paper is organized as follows. Section II describes the
methods used in the scattering calculations to obtain reactive
cross sections and rate constants. Results and their discussion
are presented in Sec. III, and finally with Sec. IV concluding
this work.

II. COMPUTATIONAL METHODS

The F + HCl/DCl(v = 0,1, j = 0,1) → Cl + HF/DF reac-
tion is a prototype HLH reaction and has been studied using
wave packet methodology since the last decade.7,12,21 In this
H + LH′ → HL + H′ reactions, one of the principal axes of
inertia is nearly parallel to the H–H′ internuclear vector, and
only few helicities need to be included when using either reac-
tant or product Jacobi coordinates. However, the skew angle
is pretty small, and the description of final states of products
using reactant coordinates would require very dense grids,
making very expensive the calculation. For these two reasons,
it has been demonstrated that for H + LH′ → HL + H′ reac-
tions it is more efficient to use product Jacobi coordinates.23

In this work, the state-to-state reaction probabilities were
calculated using a wave packet method, with the MADWAVE3
code described by Zanchet et al.24 The MADWAVE3 code
has been implemented to many atom-diatom collisions,25 well
documented in the literature24,26 and only the details relevant to
the present work will be given here. In the present calculations,
the initial wave packet is located in the asymptotic reactant
channel where there is no influence of the interaction potential.
This initial wave packet is transformed to products Jacobi
coordinates, in which the grid of the calculation is defined to
perform the propagation and the determination of the state-to-
state probabilities. The grid used was optimized to produce
converged results, minimizing the effects of the absorption
parameters at the edges of the radial grids. For this purpose,
the normalized total flux in all the exit channels was calculated
to be ≈1, with an error lower than 1% for the energy range of
interest. The parameters used for the wave packet calculations
are listed in Table I and were the same for all initial states of
the reagents.

The exact calculations of reaction probabilities at J > 0
would demand including all possible values of Ω′ projections
for a given total angular momentum J. The helicity basis

TABLE I. Parameters used in the wave packet calculations (all distances are
given in Å units).

Reactant scattering coordinate range: Rmin= 0.001; Rmax= 14.5
Number of grid points in R: 512
Diatomic coordinate range: rmin= 0.1; rmax= 14.5
Number of grid points in r: 240
Number of angular basis functions: 264
Center of initial wave packet: R0= 10.0
Initial translational kinetic energy/eV: Ec = 0.558
Analysis point: R = 9.0
Number of Chebyshev iterations: 40 000

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  161.111.22.69 On: Tue, 29 Mar

2016 08:42:32



214310-3 Bulut, Kłos, and Roncero J. Chem. Phys. 142, 214310 (2015)

used in this work has been truncated in such a way that
0 ≤ | Ω′ | ≤ min(J, | Ω′max |), with Ω′max = 20 in the present
calculations.

The calculation of state-to-state ICS as a function of colli-
sion energy for an initial ro-vibrational DCl state v, j, to yield
DF(v ′ j ′) products σv, j→ v′j′(Ec), requires summation of all the
partial wave contributions of the total angular momentum J to
the reaction probabilities as27,28

σv, j→ v′j′(Ec) = π

k2

1
2 j + 1

Jmax
J=0


ΩΩ′

(2J + 1)PJ
v jΩ→ v′j′Ω′(Ec),

(1)

where k2 = 2µrEc/~
2, and PJ

v, j,Ω→ v′j′Ω′(Ec) = ���S
J
v′, j′,Ω′ v, j,Ω

���
2

is
the reaction probability from the initial ro-vibrational state
(v, j,Ω) to given final state (v ′, j ′,Ω′) of products and depends
on the collision energy, Ec, at the total angular momentum J.
The total reaction integral cross section is readily obtained by
summing over all final (v ′, j ′) states of products as

σv, j(Ec) =

v′j′

σv, j→ v′j′(Ec). (2)

In order to get convergence for Ec = 0.5 eV, the summa-
tion in Eq. (1) needs to be performed up to Jmax = 110. In order
to reduce the computational effort, only J = 0,5,10, . . . ,110
(in steps of 5) were calculated. The rest of the reaction prob-
abilities for intermediate total angular momenta were ob-
tained by an interpolation procedure based on the J-shifting
approach.29 Therefore for a given J ∈ [J1, J2], the reaction
probabilities were obtained as25,30

PJ(Ec) = J2 − J
J2 − J1

PJ1(Ec − B[J(J + 1) − J1(J1 + 1)])

+
J − J1

J2 − J1
PJ2(Ec + B[J2(J2 + 1) − J(J + 1)]), (3)

where Ec is the collision energy and the rotational constant
B is previously fitted. The rotational constant used in this
expressions was fitted for each (J1, J2) interval considered, by
setting PJ2 = PJ1(Ec − B[J2(J2 + 1) − J1(J1 + 1)]) for the total
reaction probabilities. The convergence of the cross section
using this J-shifting interpolation method was checked to be
better than 1% by considering two J2–J1 intervals, 5 and 10.

Initial-state resolved rate constants, kv, j(T), in the temper-
ature interval between 100 K and 400 K were calculated from
the state-specific excitation functions, σv, j, using the standard
formula,

kv, j(T) =
(

8
πµr(kBT)3

)1/2  ∞

0
Ec σv, j(Ec)e−Ec/kBT dEc (4)

with v = 0,1 and j = 0,1. Only j = 0 is taken into consider-
ation for v = 1.

III. RESULTS AND DISCUSSION

In order to check the convergence of the TDWP results,
Close-Coupling TIQM (TIQM-CC) calculations for partial
waves J = 0, 40, and 90 have been performed with the quantum
ABC reactive scattering program,31 using the parameters listed
in Table II. The wave packet and TIQM reaction probabilities

TABLE II. Parameters used in the time-independent F+DCl ABC31 calcula-
tions for two partial waves J = 0 and J = 90.

J = 0 J = 90

Hyperspherical maximal radius Rmax/Å rmax: 23.8 23.8
Number of grid points in r: 560 560
Number of basis functions: 379 3283
Maximum projection quantum number kmax: 0 10
Maximum rotational quantum number jmax: 25 25
Energy for basis cut/eV emax: 1.6 1.6

for the DCl(v = 0, j = 0) + F collision are shown in Fig. 1. The
excellent agreement between the two sets of results is taken as
a proof of the convergence of the TDWP in the whole energy
interval, similar to that reported previously.13,22 For J = 0, the
reaction shows a threshold at ≈0.2 eV due to the barrier in
the entrance channel of the PES. After the threshold, the reac-
tion probability increases monotonously with energy, behavior
characteristic of a direct reaction with a barrier. As the total
angular momentum J increases, total reaction probabilities
shift to higher collision energy because the centrifugal barrier
increases as well, as expected.

The reaction threshold for HCl(v = 0, j = 0) + F and J
= 022 is shifted to lower energies as compared to the deuterated
species, as shown in Fig. 1. This may be explained by the iso-
topic effect on the zero-point energy (ZPE), which is reduced
when increasing the reduced mass. This affects not only the
diatomic reagents but also the transition state (TS). In this last
case, the ZPE is not strictly defined, since it corresponds to the
degrees of freedom perpendicular to the reaction coordinate,
and they are not completely separated and there is always a
coupling between them. If we neglect it, the shift in the reaction

FIG. 1. Total reaction probabilities as a function of collision energy calcu-
lated using the time-dependent WP method and time-independent quantum
close-coupling (ABC) results for selected total angular momentum J values
at initial ro-vibrational state of the DCl(v = 0, j = 0) reagent for the title
reaction.
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threshold, ∆, is related to the change between the ZPE of the
reagents and TS, by ∆ = ZPETS − ZPEreag.

In addition to the ZPE effect, this shift may be due to
the channel in the tunneling probability, which decreases
with increasing mass. This tunneling can also create reso-
nances at which reactivity increases with reducing the reduced
mass. These may explain the resonance appearing for HCl
and not for DCl. The presence of van der Waals minima in
the entrance and exit channels of the F + HCl/DCl reactions
will give rise to Feshbach resonances that were studied in
detail previously by Quéméner and Balakrishnan.10 These
cold/ultracold regime features are out of scope of this work.
This resonance appearing in HCl at ≈0.4 eV, very close to
the reaction threshold, has been reported previously13,22 and
has a large half-width, of ≈0.1 eV, associated to a short
lifetime of ≈3 fs, which is shorter than the typical vibrational
period. This peak is very similar to that appearing for the
F + HD reaction in the HF channel,4 but it presents two impor-
tant differences: the peak is considerably broader (0.1 eV in
F + HCl versus 0.013 eV in F + HD) and it is immersed in the
background envelope associated to the direct reaction above
reaction threshold. These two features make more difficult a
clear assignment of the resonance through the use of pseudo-
spectral methods32 and stabilization methods33 as already
reported for the F + HD reaction.4,34

The wave function at a given energy can be obtained from
wave packet propagations using common pseudo-spectral
methods as4,32,35

ΨE =
1

2π~a(E)


dteiEt/~
Ψt (5)

or equivalently using a modified Chebyshev propagator36

ΨE =
1

2π~a(E)

k

ck(Hs,E)Ψk, (6)

as it is done here, where Ψk is the k-estimate Chebyshev
component of the wave packet and the coefficient is Ck which
depends on the energy and the scaled Hamiltonian.36

The density probability of some of the these wave func-
tions is shown in Fig. 2 for Ec = 0.4, 0.5, 0.6, and 0.7 eV,
respectively. This kind of H + LH′ → HL + H′ reactions has
a very small skew angle, and as a consequence, the reaction
occurs at Jacobi angles close to collinear configuration, and
only few angles in a small range around γ = π are shown. In
this figure, it can be seen that for Ec = 0.4 eV, corresponding to
the top of the peak of the reaction probability at J = 0, the wave
function in the reactant and product channels is connected
through the saddle point region, and it corresponds to v = 0
in the F + HCl reactant channel and to v ′ = 3 in the Cl + HF
product channel. For Ec = 0.5 and 0.6 eV, it seems that the
probability density between the reactant and product channels
becomes closer to zero, what demonstrates why the associated
reaction probability decreases. Also, the density in the product
channels for these two energies is not so clearly assigned to
v ′ = 3, but it corresponds to a mixture. For Ec = 0.7 eV, the
connection between reactant and product channels seems to be
restored explaining again the raise of the reaction probability.

Following the method of Fano, for an isolated resonance
case, the exact wave function can be expressed as an expansion

in terms of the bound, Φi, and continuum, ΦβE, solutions of a
zero order Hamiltonian as

ΨαE = ai(E)Φi +

β


dE ′bβE′

αEΦβ′, (7)

where ai(E) is usually given by a Lorentzian-like profile.37

For narrow resonances, the bound component Φi becomes
dominant at the energy of the resonance, and it is therefore
possible to assign a bound state to the resonance.33 In this case,
however, the resonance is very broad, as commented above,
and the bound and continuum components of the wave function
are of the same magnitude, what makes very difficult a clear
identification of the bound part. Several attempts have been
done using propagations in different set of coordinates, leading
to similar qualitative results.

This resonance is present for higher total angular mo-
mentum J in the F + HCl (v = 0, j = 0) case, as shown in the
bottom panel of Fig. 3. There is a peak at ≈0.41 eV from J = 0
to 20, which corresponds to the resonance discussed above for
J = 0. This peak is absent for F + DCl (v = 0, j = 0), in the
top panel of Fig. 3, for which the reaction probability shows a
monotonous decrease as a function of J. This is the reason why
the reaction ICS for DCl(v = 0, j = 0) is approximately two
times lower than for HCl(v = 0, j = 0), shown in the bottom
panel of Fig. 4.

FIG. 2. Wave functions at fixed energies (indicated in the top of the panels)
obtained for F+HCl collisions using Eq. (6) in a wave packet calculation
in reactant Jacobi coordinates. The label i denotes the point of the Gauss-
Legendre quadrature grid of 300 points used, i.e., γ = 179.5414, 177.153 15,
174.1589, 171.1642, 168.1693, and 165.1744 for i= 1,5,10, 15, 20, and 25.
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FIG. 3. Contour plot of the reaction probability for HCl(v= 0, j= 0)+F and
DCl(v= 0, j= 0)+F collisions, as a function of collision energy and total
angular momentum, J . The contours start in 0.01 in intervals of 0.01.

There is another important difference in the effect of the
initial rotational excitation of the HCl and DCl molecules. One
rotational quantum in HCl increases the ICS roughly by a fac-
tor of two, while for DCl, there is no effect, as shown in Fig. 4.
This difference can again be attributed to the presence of the
same resonance, as well as to higher energy resonances which
appear for higher j values. In Fig. 3 of Ref. 22, all the reaction
probabilities obtained for HCl(v = 0, j = 0,1,2, . . . ,16) and
J = 0 show peaks associated to resonances similar to those
reported here for HCl(v = 0, j = 0) in Fig. 1 which support this
argument.

FIG. 4. Vibrationally resolved integral cross sections for the F+DCl(v
= 0, j = 0−1)→ Cl+DF(v′) and F+DCl(v = 1, j = 0)→ Cl+DF(v′) reactions
(top panel). The bottom panel shows the total integral cross sections for given
initial ro-vibrational state of F+H/DCl reaction.

TABLE III. Selected reactant and product ro-vibrational channel energies
for F+HCl and F+DCl reactions. Energy unit expressed in eV. Italicized
values for each isotopologue reaction indicate the closest channels in energy
enabling small gap pathways that increase the reactivity.

F+HCl (v, j) FH(v′, j′)+Cl

v j Energy v′ j′ Energy

0 0 0.185 15 0 0 −1.229 42
0 1 0.187 73 0 1 −1.224 30
0 2 0.192 91 1 0 −0.734 77
0 3 0.200 66 2 0 −0.261 19
0 4 0.211 00 3 0 0.192 58
1 0 0.544 26 4 0 0.627 49

F+DCl (v, j) FD(v′, j′)+Cl

v j Energy v′ j′ Energy

0 0 0.133 15 0 0 −1.299 38
0 1 0.134 48 0 1 −1.296 68
0 2 0.137 15 0 2 −1.291 27
0 3 0.141 16 1 0 −0.936 44
0 4 0.146 51 2 0 −0.584 87
1 0 0.393 63 3 0 −0.244 13
2 0 0.646 72 4 0 0.086 23
3 0 0.892 88 5 0 0.406 60

FIG. 5. Contour plot of the FCl–H potential for different rFCl distances.
Energy in eV, and the solid line corresponds to 0.17 eV to indicate the position
of the saddle point. F and Cl atoms are being placed in the X axis, with the
center of mass at the origin, while the position of the H atom is indicated by
X=RcosΘ and Y=RsinΘ, R being the distance of H to the FCl center of
mass, and Θ is the angle between R and the FCl internuclear vector.
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FIG. 6. Two-dimensional adiabatic eigenvalues obtained for several rFCl
distances, for the case of HCl+F and DCl+F. For simplicity, only three
consecutive roots are shown for each case. The two higher roots correlate to
the HCl(v = 0, j = 0 and 1) and DCl(v = 0, j = 0 and 1) states for rFCl= 10 Å.
These roots are the 61 and 116 for HCl and DCl, respectively. For HCl+F,
the 60th root corresponds to HF(v = 3, j = 1). For DCl+F, the 115th root
corresponds to HF(v = 4, j = 7) (see eigenfunction amplitudes in Fig. 7).

These resonances do not appear for the two rotational
states of DCl(v = 0, j = 0 and 1) which explains why the
ICS is lower and why there is no change when increasing the
rotational excitation of DCl. However, for DCl(v = 1, j = 0),
the ICS shows a peak at the threshold, and for higher energies, it
is of the order of that obtained for HCl(v = 0, j = 1). This again
shows that the appearance of broad resonances at energies
close to the threshold yields considerably larger ICS.

But when do these resonances appear and what is their
origin? One clue is provided in Table III. In all cases, these
resonances seem to appear when the initial vibro-rotational
energy of the reactants, Ev, nearly coincides with that of
products, Ev′. This happens for HCl(v = 0)/HF(v ′ = 4)-HCl(v
= 0)/HF(v ′ = 3) and DCl(v = 1)/DF(v ′ = 5).

In order to build a simple model, we shall consider the
H + LH → HL + H character of these two reactions, with very
small skewing angles, β = 16◦ and 22◦, for HCl and DCl,
respectively. Since F and Cl have masses considerably larger
than H or D, their velocity may be considered to not change
along the collision. Thus, when the reaction takes place, all
the available energy of this exothermic reaction goes into the
H atom, in the form of vibrational and/or rotational excitation.
That is, the slow relative translational motion between the two
heavy atoms, F and Cl, can be approximately separated adia-
batically from the fast motion of the H atom,38–40 in analogy to
the Born-Oppenheimer approximation.

For doing this adiabatic separation, another set of Jacobi
coordinates is chosen, with rFCl being the F–Cl internuclear
vector and RH being the vector from the FCl center of mass and
the H atom, and γH the angle between them. The contours of
the PES for several rFCl distances are shown in Fig. 5, showing
the typical attractive rings around the heavy atoms, for long
rFCl distance. As the two heavy atoms get closer, the two rings
superimpose, allowing the transfer of the hydrogen atoms from
one to another, and the saddle point is found for rFCl ≈ 2.4 Å.

For J = 0, the two-dimensional eigenvalues are obtained
for different rFCl values. A grid formed by 1200 point in RH and
600 angles γH is used to represent the two-dimensional system,

a b

FIG. 7. Contour plot of the amplitude of two-dimensional eigenvectors obtained for the F+HCl (a) and F+DCl (b) reactions at different rFCl, correlating to
HCl(v = 0, j = 0) and DCl(v = 0, j = 0), respectively.
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FIG. 8. Product vibrational state-resolved cross sections for the F+DCl(v,
j = 0)→ Cl+DF reactions.

and the kinetic terms of the Hamiltonian are evaluated using
a sinc and Gauss-Legendre discrete variable representation
(DVR) method. The eigenvalues are obtained using an iterative
non-orthogonal Lanczos method. Details about the bound state
calculations can be found in Ref. 41.

The resulting eigenvalues as a function of the rFCl dis-
tance give rise to the spaghetti-type curves typically associ-
ated to hyperspherical coordinates, shown in Fig. 6 for three
eigenvalues of F + HCl and F + DCl. The eigenvalues with
circles correspond to HCl(v = 0, j = 0) and DCl(v = 0, j = 0)
at long distance, being the 61 and 116 roots, respectively. The
other two are the closest eigenvalues, included to make the
crossings more evident. The vibrational frequency of DF is
smaller than that of HF, and therefore the density of states is
expected to be higher for DCl than for HCl. However, the curve
correlating to DCl(v = 0, j = 0) is smoother and shows less
avoided crossings than that of HCl(v = 0, j = 0). The reason
is the smaller energy difference between HCl(v = 0, j = 0)
and HF(v ′ = 3, j = 0) than for DCl(v = 0, j = 0) and DF(v ′

= 4, j = 0), in Table III. The reduced mass of HCl and HF (or
DCl and DF) is very similar and ≈mH (or mD). This explains
why the rotational constants of reactants and products are
relatively similar as well. Thus, near the degeneracy between
HCl(v = 0, j = 0) and HF(v ′ = 3, j = 0), there are several rota-
tional states in the two rearrangement channels which become
very close in energy, giving rise to several curve crossings. On
the contrary, DCl(v = 0, j = 0) eigenvalue is close to a higher
rotational DF(v = 4, j >>), with a larger rotational spacing,
and therefore DCl(v = 0, j = 0) is facing a lower density of DF
states giving rise to a smoother adiabatic potential energy.

Within the model for this HL + H → H + LH reaction,
fast motion of H/D atom is adiabatically adapting to the poten-
tial at each distance rFCl. The amplitude densities of the two-

dimensional eigen-states at frozen rFCl distance are shown in
Fig. 7 for rFCl in Fig. 1 equal to 6 and 5 Å, in which the
amplitude density moves towards the region between F and Cl.
The effect is more pronounced in DCl because it experiences
smaller changes in the interaction potential due to its smaller
ZPE. The crossing at rFCl ≈ 6 Å in Fig. 6 in both cases does not
seem to be effective since it does not change the eigenvectors.

On the other hand, at rFCl ≈ 4 Å, there is a crossing
between HCl(v = 0, j = 0) and HF(v ′ = 3, j ′ = 2), while in
the deuterated case, this crossing occurs at shorter distance,
rFCl ≈ 3 Å, with DF(v ′ = 4, j ′ = 15). At these two distances,
there is a relatively high barrier for H/D exchange between
Cl and F atoms, and at these crossings, the two degenerate
states may present a tunneling probability and form tunneling
resonances, similar to findings for FHD reported earlier by
Skodje4 The deuterium has larger mass and for DCl(v = 0,
j = 0) less degeneracies, forming lower number of resonances
in comparison to HCl.

Finally, at shorter rFCl distances, the barrier disappears
and the wave function of H/D spreads around the two heavy
atoms, as shown for the saddle point at rFCl = 2.4 Å. These
wave functions change rapidly as the system gets closer to
the repulsive part of the spaghetti, where more non-adiabatic
transitions between different channels will rise due adiabatic
curves getting closer. The nature of the wave functions at these
distances shows a marked preference for the final vibrational
state v ′ = 2 for HF, and v ′ = 4 for DF, respectively.

This adiabatic picture explains the inverse vibrational pop-
ulations of DF products, in Fig. 8, and that previously reported
for HF in Refs. 13 and 22. In a work of Quéméner and Balakr-
ishnan10 on cold and ultracold F + HCl and F + DCl reactions,
similar effects were observed of the enhanced reactivity for
the final v ′ = 4 vibrational product state from the initial v = 0
state. In the case of F + DCl (v = 1, j = 0), there is a near-
degeneracy with DF(v ′ = 5, j ′ = 0), which explains why the
ICS in Fig. 4 increases approximately by a factor of 5 with
respect to that of F + DCl (v = 0, j = 0). Also, it explains why
the final vibrational distribution of DF products is so markedly
peaked at the higher v ′ = 5 channel.

Product’s final rotational state-resolved integral cross sec-
tions at three selected collision energies (0.3, 0.43, and 0.5 eV)
are shown in Figure 9 for the title reaction. For the v = 0, j = 0
− 1 initial states in all panels, the larger cross section corre-
sponds to the v ′ = 4 DF product vibrational state and for the
same j ′ ≈ 16, independently of the collision energy and the
initial rotational state. The initial vibrational excitation of the
HCl reactant to the v = 1, j = 0 state places the energy of the
reactants above the height of the reaction barrier; therefore, the
reaction does not have to proceed through the bent transition
state that can cause the hot rotational distribution. For the initial
v = 1, j = 0 state, the rotational distribution of the DF product
becomes substantially colder and the peak of the distribution
is shifted towards lower j ′ values. The final vibrational distri-
bution was explained above within the adiabatic model. The
fact that the peak in the final rotational quantum number is
always at the same j ′value may be related to the presence of the
resonance. For lower v ′ values, the rotational distributions are
less structured but they are all rather similar changing collision
energy and initial rotational state. The more notorious change
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FIG. 9. Product rotational state-resolved integral cross sections for the F+DCl(v = 0, j = 0−1)→ Cl+DF and F+DCl(v = 1, j = 0)→ Cl+DF reaction.

is the appearance of several maxima for v ′ = 4 at j ′ = 3, 9,
and 15, at higher collision energies (0.43 and 0.5 eV). These
multimodal character of the rotational distribution could be
tentatively associated to the increase of the number of curve
crossings among the initial and product channels as collisional
energy increases. At each crossing, a dominant rotational state
of the products is formed. During the evolution of these wave
packets to form products, several transitions are expected to
occur leading to interference patterns which could explain the
appearance of several maxima and minima in the rotational
distribution. In any case, this complex distribution can be taken
as a clear evidence of a complex reaction dynamics.

Initial ro-vibrational state specific rate constants are pre-
sented in Figure 10. In the top panel of the figure, final prod-
uct’s vibrational state-resolved rate constants for the F + DCl
reaction are displayed for the three initial (v = 0, j = 0), (v
= 0, j = 1), and (v = 1, j = 0) rotational states. The reaction
rate constants for the v ′ = 5 and the v ′ = 6 final vibrational
states out of the initial v = 0, j = 0 − 1 and v = 1, j = 0 states
are already very small, respectively. As can be seen in the
figure, the initial j = 1 rotational state does not have a big effect
on the rate constant but the initial v = 1 vibrational state has,
as expected from the integral cross sections depicted in the
bottom panel of Figure 4. In the bottom panel of Figure 10, the
initial state-resolved total rate constants slightly changing with
the temperature, monotonically increasing with the tempera-
ture, which is a characteristic behavior of a reaction with a

FIG. 10. Product vibrational-state resolved (top panel) F+DCl and initial
state-selected (bottom panel) F+H/DCl rate constants.
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barrier. The F + DCl initial state rate constants in this panel
are approximately two to three orders of magnitude smaller
in the higher temperature region than corresponding rates for
the F + HCl reaction.22 For the temperatures between 100 and
200 K, they become similar for the initial state j = 0 and j = 1.
For the v = 1, j = 0 initial ro-vibrational state, the F + DCl
reaction is much more exothermic and the rate constant for
this initial state is practically constant in the temperature range
considered in this work.

IV. CONCLUSIONS

We have carried out quantum scattering calculations for
the F + DCl(v, j) → Cl + DF(v ′, j ′) reaction in the collision
energy range from a threshold up to 0.5 eV. We have compared
reaction probabilities for selected partial waves obtained from
the time-dependent wave packet and the time-independent
quantum scattering methods and we found an excellent agree-
ment. We have investigated the effect of different initial ro-
vibrational states of the DCl on the F + DCl reactivity. Our new
F + DCl results are compared with those previously calculated
by some of us for the F + HCl reaction. For DCl(v = 0, j
= 0,1), the cross sections calculated here are about two times
smaller than those reported previously for HCl reaction. Also,
it is found here that there is no effect of the rotational excitation
of the DCl reagent on the cross section, while for HCl, a
considerable reactive enhancement was found when exciting
the rotation of HCl molecule.

These differences are attributed to the resonance near
threshold, at Ec = 0.4 eV, appearing in the F + HCl (v
= 0, j) reaction, and absent in the case of F + DCl (v = 0, j).
A detailed investigation is done to explain the origin and the
role of this resonance. On the other hand, we found that the
initial vibrational excitation of the DCl reactant increases the
reactivity to a great degree.

We present also final vibrational distributions of the DF
products in the F + DCl reactions from v = 0 and v = 1 states
and explain the propensity towards final v ′ = 4 or v ′ = 5 vibra-
tional channels, respectively. The rotational distributions of
the DF products are also presented for three selected collision
energies. They have usually single (v ′ = 2) or bimodal or tri-
modal for other final vibrational states. Finally, we have pre-
sented initial state rate constants obtained from the excitation
functions for the F + DCl reaction.
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