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The dynamics of the title reaction are investigated using both the time-dependent quantum wave packet and
the quasi-classical trajectory methods and employing a recently developed adiabatic ground 13A′′ potential
energy surface [Gómez-Carrasco et al. J. Chem. Phys. 2004, 121, 4605]. By comparison to the quantum J )
0 reaction probabilities, the QCT method is first validated for the title reaction and further employed to produce
the integral cross sections and rate constants. No resonance structures have been observed in both the QCT
J ) 0 and the quantum reaction probabilities of OH + F as well as in the QCT integral cross sections of both
product channels, while there are some undulations in the calculated quantum reaction probabilities of HF +
O. It is also found that Coriolis coupling effects play a significant role in the quantum calculation and that
formation of the OH product is favored over the HF product in the reactive system.

1. Introduction

The OHF system has been given much attention in recent
years. In 2004, Gómez-Carrasco et al.1 performed high-level
MRCI electronic structure calculations for 8069 energy points
to calibrate the fitted potential energy surface (PES) of the
ground adiabatic 13A′′ triplet electronic state. Starting from this
high-quality triplet PES and a subsequent improved version,2

quasi-classical trajectory (QCT) and wave packet studies1-3 of
F(2P) + OH(2Π) f O(3P) + HF(1Σ+) and quantum state-to-
state calculation4 of the same reaction using a newly proposed
coordinate transformation method in conjunction with the
Coriolis-coupled (CC) method, photodetachment spectrum simu-
lations5 of OHF-, and real wave packet state-to-state quantum
dynamics study6 of H(2S) + FO(2Π) f OH(2Π) + F(2P) have
been carried out by Gómez-Carrasco et al., González-Sánchez
et al., and Gogtas, respectively. In 2005, Gómez-Carrasco et
al.7 further reported the new PESs for the excited 23A′′ and
13A′ triplet states and extended their previous dynamics study
of the F(2P) + OH(2Π) f O(3P) + HF(1Σ+) reaction by
implementing wave packet calculations within the centrifugal
sudden (CS) approximation on the excited triplet states, which
also explored the possible contributions of the excited states
and the nonadiabatic transitions to the reaction dynamics. As
such, like many other reaction systems,8,9 the OHF system can
provide the opportunity to perform a nonadiabatic study with
the coupled electronic states involved. The only set of coupled
diabatic potential energy surfaces10 of 13A′′ , 23A′′ , and 13A′
has been developed and used in the calculations of the angular
resolved photodetachment cross sections of OHF- in 2006.
Later, in 2007, the PESs11 for the first five singlet states of the
OHF system have been constructed from ab initio electronic
structure calculations at the MRCI level for studying the
photoelectron detachment processes of OHF- at 213 nm. Of
them, the ground adiabatic 11A′ singlet PES is further employed

in the subsequent quasi-classical trajectory and the wave packet
calculations of O(1D) + HF(1Σ+) f F(2P) + OH(2Π).12

Therefore, various chemical processes including nonadiabatic
processes could take place in the OHF reactive system, and it
can be seen that the most studied process until now is F(2P) +
OH(2Π) f O(3P) + HF(1Σ+). The F(2P) + OH(2Π) reaction
can also lead to the formation of H(2S) + FO(2Π), the theoretical
dynamics investigations of which are however sparse, with only
one quantum state-to-state dynamics calculation6 of its reverse
reaction being conducted very recently.

In this Article, we report a comparative dynamics study for
the title reaction with both product channels of OH(2Π) + F(2P)
and HF(1Σ+) + O(3P) by performing a QCT calculation and a
time-dependent quantum wave packet calculation with a split-
operator scheme on the ground triplet 13A′′ PES. From quantum
calculation, the converged total reaction probabilities for total
angular momentum J ) 0 have been obtained first. Next,
reaction probabilities at several J values of 3, 5, 10, and 30 are
calculated with the CS approximation. The role of Coriolis
coupling effects in the quantum calculations has also been
examined by comparing the J ) 3 and J ) 30 reaction
probabilities generated from the CC and the CS calculations
with and without Coriolis couplings. On the other hand, with
two heavy atoms and with no permutational symmetry of the
three atoms involved as well as with the potential well of the
OHF system, quantum calculations of the title reaction have
computational difficulty, so we therefore run QCT calculations
on the same triplet surface. By comparing the J ) 0 reaction
probabilities from the quantum and the QCT calculations, we
will show the validatity of the QCT method in describing the
dynamical behaviors of the title reactive system. Also, from a
computational practical point of view, the QCT method is further
used to calculate the integral cross sections for the two product
channels at a number of fixed collision energies. After the
calculated data of the integral cross sections were fitted, the
initial state resolved thermal rate constants are further calculated
by a Boltzmann averaging over the integral cross sections. This
Article is structured as follows: Section 2 presents a brief
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description of the two dynamical methods, the QCT and the
quantum mechanical (QM) time-dependent wave packet meth-
ods, followed by the calculated results and discussion in section
3.

2. QM and QCT Methods

In the present QM method,13-16 the time-dependent Schro-
dinger equation for the H + FO reactive scattering problem is
formulated within an adiabatic framework (only one PES of
the 13A′′ triple state is involved) and with a reactant Jacobi
coordinate {R,r,θ}14 being used throughout, and then it is solved
by a split-operator scheme17 where the time-independent Hamil-
tonian H is split into three parts, that is, the kinetic operator
Ttrans, the PES potential operator V, and the centrifugal potential
operator Vrot, to act onto the wave functions ψ(R,r,t) in each
local representation space at each small time interval ∆. This
process can be described using a formula language as follows:13-16

Here:

with V(r) being the diatomic reference potential, and J and j
being the total angular momentum and the diatomic rotational
angular momentum.

Meanwhile, the wave function ψ(R,r,t) is expanded within a
basis set consisting of the translational basis function un

V(R) and
vibrational basis function φV(r) as well as the body-fixed-
rotational basis function YjK

JMε(R,r):13-16

un
V(R), φV(r) are the eigenfunctions of -(p1)/(2µR)(∂2)/(∂R2) and

-(p1)/(2µr)(∂2)/(∂r2) + V(r) operators, and YjK
JMε(R,r) is the

eigenfunction of (J2,Jz,j2,jz). Specific forms of the basis functions
can be found in refs 13 and 14. Fast Fourier transformation18

and the discrete variable representation (DVR)19,20 are used for
the spatial coordinates to evaluate the action of the operators
onto the wave function to improve the computational efficiency.
Also, the operation of Vrot onto the rotational basis functions
leads to Coriolis coupling effects due to that different K states
coupled to each other via ((Ĵ - ĵ)2)/(2µRR2); here, K denotes
the projection quantum number of J and j.21

The initial value of this scattering problem is the t ) 0 wave
packet, which is constructed to describe the specified initial
rovibrational state (V0,j0,k0) of the diatomic reactant and to cover
the investigated energy range. References 13-16 describe some
details in constructing the initial wave packet, and here we shall

not go further into this. Starting from the constructed t ) 0
wave functions and iteratively applying eq 2.1 to the wave
functions for quite long convergence time, the time-independent
part of the final wave function, FjnVjK(E), which is calculated by
a half Fourier transformation from the time-domain to the energy
domain, is used to extract the initial state (V0,j0,k0) selected
reaction probability by carrying out the flux calculation at a
fixed surface r ) rs:13-16

An,l ) 〈Rn|ul
V(R)〉 represents the transformation between basis

and DVR representations along the R direction; see refs 13 and
14 for how to obtain a(E). In addition, the Jacobi angle θ is
used in the above calculation to distinguish between the two
product channels with 0° e θ e 90° and 90° < θ e 180°,
respectively.

The QCT calculations have been performed by the QCT
code,22-32 which includes the standard Monte Carlo sampling
of the initial conditions, the integration of the Hamiltonian
equation for nuclear motion, and the final assignment of the
product rotational and vibrational quantum numbers. Here, we
employed the symplectic integrator to solve the Hamiltonian
motion equation.32 Within this method, an integration step of 1
fs is found sufficient to ensure the total energy conservation
and the total angular momentum conservation. The impact
parameters are optimized, and after that batches of 250 000
trajectories are running on the ground triplet surface at a number
of collision energies while setting the initial rovibrational
conditions of the FO reactant to be V ) 0, j ) 0. The initial
separation between the H atom and the FO molecule is chosen
to be 18.9a0, and the maximum impact parameter is 5.7a0. The
calculated and fitted QCT integral cross sections are employed
in a Boltzmann averaging to obtain the temperature-dependent
rate constant by applying the following equation:

where kB is the Boltzmann constant, E is the collision energy,
and σ(E) is the fitted QCT integral cross section.

3. Results and Discussion

In the time-dependent wave packet scattering calculation, the
following parameters are found to be sufficient to converge the
quantum calculation, the number of the grid points (the
translational basis functions) in the R range from 0.02 to 15.5a0

is 160, including 120 grid points in the interaction range from
0.02 to 11.65a0, while in the r range of 0.5-11.0a0, 220 grid
points are used with 190 and 8 vibrational basis functions for
the interaction and asymptotic regions, respectively. A jmax )
120 for rotational basis functions and a propagation time of
25 000 au are also used in the calculation. The flux analysis is
performed at rs ) 7.0a0. Figure 1 plotted the J ) 0 total reaction
probabilities versus the collision energy in the range of 0.2-1.0

i
∂
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eV for H + FO (V ) 0, j ) 0) where the solid and the dotted
lines correspond to the product arrangement OH + F and HF
+ O, respectively. As seen, the quantum reaction probabilities
of both product channels show a reaction threshold of 0.2 eV
and increase with the increasing collision energy. This threshold
behavior is consistent with the energy barrier along the minimum
energy path of the reaction system, which indicates a direct
mechanism. Further, because the reaction is exoergic, that the
two products exhibit the same threshold has nonetheless
suggested that there exists an early barrier on the 13A′′ potential
energy surface, as is shown in the collinear PES contours in
Figure 2. There are almost no resonances in the J ) 0 reaction
probabilities of the OH + F product channel, while some
oscillations can be observed in those of the HF + O channel,
and the reaction probabilities of the OH + F channel are always
larger than those of HF + O. In Figure 3, we present the

quantum reaction probabilities for J ) 3, 5, 10, and 30 for the
two product channels, generated from the CS calculations that
neglect Coriolis coupling effects. It can be seen that oscillations
persist in the HF + O reaction probabilities for these individual
J values, while there are still no resonances in the OH + F
probabilities. Because the potential well is responsible for the
appearance of the resonances in the reaction probabilities, this
phenomenon has suggested that the presence of the potential
well in the system could influence more the HF + O channel
than the OH + F channel. Besides, the J-dependent behavior
of OH + F is found to be quite different from that of HF + O,
where a decreasing tendency with increasing J has been
observed. We further examine the role of Coriolis coupling
effects in the present quantum scattering calculation by compar-
ing the CS reaction probabilities to those CC ones for J ) 3
and J ) 30. In the CC calculations, all possible quantum
projections have been included in the J ) 3 calculation, while
the number of K used in the J ) 30 calculation is 5. This
comparison in Figure 4 shows that, for the HF + O product
channel, the CS approximation underestimates the J ) 3 and J
) 30 reaction probabilities, and there are less pronounced
resonances (no resonances) in the CC reaction probabilities for
J ) 3 (J ) 30) due to further cancelation of the resonances by
including K-block couplings. However, for the OH + F channel,
the CS approximation is seen to overestimate the J ) 3 and J
) 30 reaction probabilities at high collision energies. Such
pronounced Coriolis coupling effects are predictable because
the large rotational constant of the heavy diatomic reactant FO
of the title reaction implies strong Coriolis interactions. Fur-
thermore, in a previous calculation2 on the OH + Ff HF + O
reaction using the same triplet PES, it was found that QM
calculation with the CS approximation agrees with the QCT
calculation at higher collision energies where the direct mech-
anism dominates, while the two methods disagree for low energy
scattering cases where resonances exist.2 Hence, it is very likely
that the failure of the CS approximation in the present quantum
calculation is caused by the fact that the H to OF center of mass
distance is far from being close to any inertia axes. Meanwhile,
in performing the quantum calculations, we also noticed that

Figure 1. The calculated reaction probabilities for total angular
momentum J ) 0 as a function of collision energy over a range of
0.2-1.0 eV for the reaction of H + FO (V ) 0, j ) 0). The solid and
dotted lines are quantum results for the OH + F and HF + O product
channels, respectively. The corresponding QCT results are denoted,
respectively, by the “9” and the “1”.

Figure 2. The 13A′′ PES contours at collinear structures of the H + FO reaction. (a) When H attacks the O end of the FO molecule, and the energy
contours are -100, -80, -60, -40, -20, 0, 20, 40, 60, 80, 100 kcal/mol. (b) When H attacks the F end of the FO molecule, and the energy
contours are -120, -100, -80, -60, -40, -10, 0, 20, 40, 60, 80, 100 kcal/mol.
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the number of the grid points in the r direction (and thus the
number of the vibrational basis functions) can greatly influence
the calculated reaction probabilities. This can be illustrated by
comparing Figure 1 with Figure 5 where the J ) 0 reaction
probabilities, calculated also from the quantum scattering
calculations but with a smaller number of 120 and 90 for the
grid points in the r direction and for the vibrational basis
functions, respectively, are plotted as a function of the collision
energies. Clearly, the unconverged J ) 0 reaction probabilities
are significantly different from those converged ones in that
the unconverged results are resonance-dominated and lack an
overall increasing trend in the energy-dependent behavior. Such
differences reflect the significant mass effect in the reaction
dynamics caused by the heavy diatomic reactant FO. The
phenomena that we observed here might be one of the possible
reasons for the differences in the J ) 0 reaction probabilities
between the present and the previous6 QM scattering studies.

The batches of 25 000 trajectories are also running on the
ground triplet surface to generate the J ) 0 reaction probabilities

of both product channels at a number of collision energies 0.2,
0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8,
0.85, 0.9, 0.95, and 1.0 eV. The corresponding results, presented
also in Figure 1, can be compared to the quantum J ) 0 reaction
probabilities. Here, we see that the reaction threshold of QCT
results is almost the same as that of the quantum results,
suggesting that the quantum effects such as the tunneling effect,
and the effect of zero point energy, have negligible influence
on the reaction dynamics of both product channels. The values
of the QCT reaction probabilities are found to be close to the
quantum ones in OH + F, while they are slightly smaller or
larger than the quantum ones in HF + O. Moreover, the QCT
calculations well reproduced the quantum energy-dependent
behavior for both product channels with a clearly increasing
trend. Thus, comparison of the QCT J ) 0 reaction probabilities
to the quantum results has proved that the QCT method can
produce reliable dynamical quantities for the title reaction
system. The validity of the QCT calculations has also been
proved in a previous study of F + OH reaction on the ground

Figure 3. The calculated CS reaction probabilities as a function of collision energy for J ) 3 (dashed line), 5 (dotted line), 10 (dash-dotted line),
and 30 (solid line) for the reaction of H + FO (V ) 0, j ) 0). Left panel: OH + F product channel. Right panel: HF + O product channel.

Figure 4. A comparison between the CC (solid line) and the CS (dash-dotted line) reaction probabilities for J ) 3 and J ) 30 for the reaction
of H + FO (V ) 0, j ) 0).
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1A′ potential surface,12 and combined with what we have found
here, we presumably can say that the QCT method provides an
appropriate way to study this heavy system with computational
efficiency and accuracy, just as the cases in many systems.33 In
Figure 6, we further present the QCT integral cross sections as
a function of collision energies for both product channels in
the H + OF (V ) 0, j ) 0) reaction at collision energies 0.3,
0.35, 0.4, 0.5, 0.6, 0.7, 0.8. 0.9, and 1.0 eV. The “O” and the
“]” denote the results for OH + F and HF + O, respectively.
Similar to the J ) 0 reaction probabilities, the QCT integral
cross sections of the two products exhibit a reaction threshold
around the collision energy of 0.3 eV, with an increasing trend
over the whole investigated energy range. The features shown
here in the reaction probabilities and the integral cross sections
predicted a dominant role of the early energy barrier in
mediating the underlying reaction mechanisms. In addition, the
larger cross sections of the OH + F channel than of HF + O
indicate that formation of the former product is much easier
than that of the latter in this reactive system.

Figure 6 also shows the integral cross sections obtained
through a three-order polynomial fitting procedure, and the
dashed and the dotted lines represent the corresponding results
for the OH + F and HF + O products, respectively. The rate
constants k(T) deduced from the fitted cross sections by using
eq 2.7 and the product branch ratio defined as kOH+F(T)/kHF+O(T)
are presented, in Figure 7 and Figure 8, over a temperature range
of 200-4000 K. The product branch ratio first exhibits an
increase trend with increasing temperature and reaches a
maximum value of ∼1.7 at 2000 K, and after that it illustrates
a decreasing trend with temperature. Over the whole temperature
range, the calculated branch ratio is always larger than 1.4,
predicting that formation of OH product is favored over the
HF product in the reaction mechanism. However, no measure-
ments of the rate constants for formation of both products have
been reported previously, which makes it unfeasible for a direct
comparison of the present study with experimental measurements.

4. Conclusion

A comparative study of the H + FO reaction has been
performed by simultaneously carrying out a time-dependent
wave packet calculation and a QCT calculation on the ground
triplet 3A′′ surface. The J ) 0 reaction probabilities produced

Figure 5. Unconverged quantum reaction probabilities as a function
of collision energy for J ) 0, calculated from the quantum scattering
calculations using a smaller grid number of 120 in the r direction and
a smaller number of 90 for the vibrational basis functions. The solid
and dashed lines represent the OH + F and HF + O channels,
respectively.

Figure 6. The calculated integral cross sections as a function of
collision energy for the reaction of H + FO (V ) 0, j ) 0). The “O”
and “]” are the QCT results for OH + F and HF + O, respectively.
The dashed and dotted lines are the corresponding results generated
by a three-order polynomial fitting procedure.

Figure 7. Arrhenius plot of the rate constants calculated by a
Boltzmann averaging over the fitted integral cross sections. The solid
and dashed lines denote the OH + F and HF + O channels, respectively.

Figure 8. The branch ratio of product OH + F to product HF + O
calculated from the corresponding rate constants.
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from the QCT method are compared well to the quantum results
and thus validate the use of the QCT method for the reaction
system. No resonance structures have been observed in both
the CS quantum reaction probabilities with J ) 0, 3, 5, 10, and
30 and the QCT J ) 0 reaction probabilities of the OH + F
product channel, while there are some oscillations in the
corresponding quantum reaction probabilities of the HF + O
ones. Comparison of the CS reaction probabilities with the CC
ones for J ) 3 and J ) 30 has revealed a significant role of
Coriolis coupling effects in the quantum scattering calculations
of the heavy H + FO reaction. Also, no obvious resonance
structure can be seen in the QCT integral cross sections. These
calculated integral cross sections, and the subsequent rate
constants calculated by a Boltzmann averaging over the fitted
integral cross sections, as well as the branch ratio of product
OH to HF, have predicted a favorable formation of the OH +
F channel over the HF + O channel in the underlying reaction
mechanism that is dominantly mediated by the early energy
barrier in the title reactive system.
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(2) Gómez-Carrasco, S.; González-Sánchez, L.; Aguado, A.; Roncero,
O.; Alvariño, J. M.; Hernández, M. L.; Paniagua, M. J. Chem. Phys. 2004,
121, 4605.

(3) González-Sánchez, L.; Gómez-Carrasco, S.; Aguado, A.; Paniagua,
M.; Hernández, M. L.; Alvariño, J. M.; Roncero, O. Mol. Phys. 2004, 102,
2381.
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