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ABSTRACT
We report a detailed quasi-classical dynamics study on a new full-dimensional multireference spin–orbit-corrected potential energy sur-
face (PES) for the F(2P3/2) + C2H6 → HF + C2H5 reaction. For the PES development, the ROBOSURFER program package is applied and the
MRCI-F12+Q(5,3)/aug-cc-pVDZ energy points are fitted using the monomial symmetrization approach of the permutationally invariant
polynomial method. Our simulations provide substantial reaction probabilities and sharply increasing cross sections with an increase in col-
lision energy for this early- and negative-barrier reaction. A direct rebound/stripping mechanism is preferred at low/high collision energies,
and the initial translational energy turns out to convert mostly into product recoil, whereas the reaction energy excites the HF vibration.
Vibrational and vibrationally resolved rotational state distributions of the HF product obtained from our computations agree well with the
single-collision experimental data for the vHF = 1, 2, and 3 states.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018894., s

I. INTRODUCTION

Following the detailed dynamical investigations of the atom
+ diatom reactive systems, going back to the 1970s,1–5 the size of the
studied chemical reactions grew by one atom on average per decade.
The basic rules of chemical dynamics have also been established
by John Polanyi for the A + BC reactions,6 saying that the trans-
lational energy is more efficient in promoting the chemical reac-
tions having reactant-like transition states (early-barrier reactions)
than the vibrational excitation of the BC bond, and the reverse is
true when the transition state is product-like (late-barrier reactions).
Based on the in-depth analysis of the atom + H2O7–11 and the atom
+ CH4

12–29 benchmark reactions featuring more and more com-
plex dynamical behavior, the Polanyi rules have later been extended
and new laws of polyatomic reactivity have been set up.16–18,23 The
progress of the field of chemical dynamics has always been stim-
ulated by the close collaboration between theory and experiment;

however, the experimental techniques turned out to be more fea-
sible in the case of larger systems30–35 than the accurate compu-
tational methods of dynamics investigations. In theoretical simu-
lations, first the potential energy surface (PES) of the system has
to be known, which provides the gradients, and thereby the gov-
erning forces in classical, or the potential energy operator in quan-
tum dynamics computations describing the motion of the atoms in
the reaction. Although simulations using semiempirical or lower-
level ab initio methods to represent the PESs have been carried
out,36,37 the accurate description using the state-of-the-art tech-
niques of the electronic structure theory of larger systems had to be
waited for.

By this time, jumping three atoms within a decade, the theory
has arrived to the point where it is capable of performing accu-
rate dynamics simulations of even nine-atomic systems, first car-
ried out by the present authors for the Cl + C2H6 → HCl + C2H5
reaction providing unprecedented agreement with experiment for
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the rotational state distribution of the HCl product.38 The dynam-
ics of another chemical reaction of this size is under theoretical
investigation in this study: the F + C2H6 → HF + C2H5 reaction,
featuring an entirely different potential energy landscape with a
reactant-like transition state39 with respect to the slightly late- or
central-barrier Cl + C2H6 → HCl + C2H5 reaction, and posing chal-
lenges of the quantum chemical description of its entrance chan-
nel. The F + C2H6 → HF + C2H5 reaction has already been the
subject of both experimental35,40–43 and theoretical37,39,44–46 stud-
ies. The experiments investigating the kinetics of the title reaction
have provided contradictory results regarding the Arrhenius-40,43

or non-Arrhenius-like41,42 behavior of the reaction. Nesbitt and co-
workers later carried out single-collision experiments using high-
resolution infrared laser absorption methods providing detailed
state-to-state dynamics of the F + C2H6 → HF + C2H5 reac-
tion.35 Theoretical investigations began with the characterization
of the transition state and the reaction enthalpy of the title reac-
tion using MP2 and CCSD(T) ab initio methods, and the calcula-
tion of rate constants, which strengthened its standard Arrhenius-
like temperature dependence.44 Later, Troya and co-workers stud-
ied the reaction by direct-dynamics methods (where the gradients
of the PES are computed on-the-fly) using a semiempirical Hamil-
tonian.37 Recently, Espinosa-Garcia et al. have developed a force-
field-based PES for the F + C2H6 → HF + C2H5 reaction and
performed kinetics calculations reporting also an Arrhenius-like
behavior.45 They also performed quasi-classical dynamics simula-
tions investigating the rovibrational distribution of the HF prod-
uct and the role of the ethyl radical46 and very recently carried
out ring polymer molecular dynamics computations for the reac-
tion as well.47 As an initial step for the dynamics study reported
here, the present authors determined benchmark geometries and
energies for the stationary points of the F + C2H6 reaction consid-
ering also the H-substitution and the methyl-substitution reaction
pathways.39

In this study, we report a full-dimensional ab initio PES for the
F + C2H6 → HF + C2H5 H-abstraction reaction developed using
a multireference method to provide a correct description of the
entrance channel, and, for the first time, we take spin–orbit cou-
pling explicitly into account in our computations. Using this PES,
we carry out quasi-classical trajectory (QCT) simulations, and dis-
cuss detailed dynamics results of the title reaction with comparison
of the computed rovibrational distributions of the HF product to the
experimental data taken from Ref. 35.

II. COMPUTATIONAL DETAILS
A. Potential energy surface development

As a first step of the PES development, the Cartesian coor-
dinates of the stationary points39 of the F + C2H6 reaction are
randomly displaced in the 0 Å–0.4 Å interval and the reactants
and products are randomly scattered around each other in the
range of 3 Å–8 Å. Due to the high multireference character of
the entrance-channel geometries caused probably by the effect of
charge-transfer processes near the transition state,48,49 the energies
of the randomly generated initial geometry set are computed using a
three-state MRCI-F12+Q(5,3)50 explicitly-correlated multireference

configuration–interaction method with the aug-cc-pVDZ basis
set51 augmented with relativistic spin–orbit (SO) correction deter-
mined based on the Breit–Pauli operator in the interacting-states
approach.52 During the MRCI-F12 computations a minimal active
space of 5 electrons on 3 spatial 2p-like orbitals is used, and the Q
Davidson-correction53 estimates higher-order electron correlation
effects. The spin–orbit eigenstates are determined by diagonaliz-
ing the 6 × 6 SO matrix whose diagonal elements are replaced by
the Davidson-corrected MRCI-F12 energies. All quantum chemical
computations utilize the MOLPRO program package.54 After the single-
point energy computations at the random geometries using the
above-described level of theory, the initial dataset is cut by exclud-
ing geometries with energies higher than 100 kcal/mol relative to the
global minimum of the set.

The iterative improvement of this initial potential energy sur-
face is carried out by using the ROBOSURFER program package55

developed recently in our group. A hard upper energy limit of
100 kcal/mol above the reactants is applied, and a hard lower limit
of 50 kcal/mol below the reactants is also set to avoid spurious
minima. The fitting of the energy points is performed within the
framework of the monomial symmetrization approach (MSA)56 of
the permutationally invariant polynomial method,57,58 i.e., using a
full-dimensional analytical function that is invariant under the per-
mutation of like atoms. This function is constructed as an expansion
of polynomials of the yij = exp(−rij/a) Morse-like variables, where
rij are the atom–atom distances and a, a parameter controlling the
asymptotic behavior of the PES, is 1.5 bohr. The highest total poly-
nomial order used in the fitting function is 5. The fitting is processed
using a least-squares fit with a weighting factor E0/(E + E0), where E
is an energy relative to the global minimum of the fitting set, and
E0 = 0.04 hartree. The fifth order expansion requires 3234 fitting
coefficients. A target accuracy of 0.5 kcal/mol is demanded up to
30 kcal/mol above the energy of the reactants during the develop-
ment. New geometries are selected to improve the PES from QCT
computations and in some iteration steps from the HOLEBUSTER

55

subprogram.
The development of the PES is performed at the above

described MRCI-F12+Q(5,3)/aug-cc-pVDZ level of theory with the
SO correction and consists of 111, 39, 5, and 50 ROBOSURFER iter-
ations at collision energies 5 kcal/mol, 20 kcal/mol, 50 kcal/mol,
and 20 kcal/mol, respectively, used in the QCT computations. In
the last 50 iterations, the HOLEBUSTER subprogram is run and only a
minimal amount of trajectories is computed. The final PES is built
from 15 178 geometries and the corresponding SO-corrected MRCI-
F12+Q(5,3)/aug-cc-pVDZ energies, and shows small root-mean-
square (RMS) errors in the chemically interesting energy ranges
(Table I).

TABLE I. Root mean square (RMS) errors in the chemically interesting regions of
the PES (energy intervals are given relative to the global minimum of the fitting
set).

Energy range (kcal/mol) 0–20 20–40 40–100

RMS error (kcal/mol) 0.39 0.52 1.04
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B. Quasi-classical trajectory simulations
Quasi-classical dynamics simulations are carried out at colli-

sion energies 1.0 kcal/mol, 3.2 kcal/mol, 5.0 kcal/mol, 10.0 kcal/mol,
and 20.0 kcal/mol for the F(2P3/2) + C2H6 → HF + C2H5 reaction.
At the beginning of the trajectories, the zero-point energy (ZPE) of
ethane is set by standard normal-mode sampling.59 The spatial ori-
entation of the reactants is randomly sampled. The initial distance
between the F atom and the center of mass of the ethane molecule
is
√
x2 + b2, where x = 16 bohr and the impact parameter is varied

between 0 and bmax (where the reaction probability vanishes) with a
step size of 0.5 bohr. 1000 trajectories are run at each b value. At the
collision energy of 1 kcal/mol, bmax is 8 bohr, and for all the other
collision energies, it is 7 bohr, thus, the total number of trajectories
is (1 × 17 + 4 × 15) × 1000 = 77 000. The trajectories are propa-
gated with a 0.0726 fs time step until the largest interatomic distance
becomes larger than the largest initial one by 1 bohr.

Integral cross sections (σ) for the title reaction are calculated by
a b-weighted numerical integration of the P(b) opacity functions at
each collision energy,

σ = π∑nmax

n=1 [bn − bn−1][bnP(bn) + bn−1P(bn−1)], (1)

where we divide the range [0, bmax] into nmax equidistant parts with
a width of 0.5 bohr, i.e., bn = 0.5n bohr, where n = 0,1, . . ., nmax.
For the products, different ZPE-constraints are set: (1) soft: those
trajectories are discarded, where the sum of the classical vibrational
energy of the C2H5 radical and the internal energy of the HF prod-
uct is smaller than the sum of the harmonic ZPE of the ethyl radical
corresponding to the present PES and the anharmonic ZPE cor-
responding to the actual rotational state of HF. The variationally
determined rovibrational energy levels of the HF molecule are taken
from Ref. 21. (2) Hard: those trajectories are discarded, where the
classical vibrational energy of the C2H5 radical is smaller than its
ZPE on the present PES and the internal energy of the HF product
is also smaller than its ZPE corresponding to its actual rotational
state. (3) ZPE constraint is only set for the C2H5 radical: its clas-
sical vibrational energy must be larger than its ZPE on the PES.
The scattering angle distributions of the products are obtained by
binning the cosine of the angle (θ) of the relative velocity vectors
of the center of masses of the products and those of the reactants
into 5 equidistant bins from −1 to 1. Cos(θ) = −1 (θ = 180○) cor-
responds to backward scattering. The rotational quantum number
of the HF product is determined, as detailed in Ref. 38, and the
vibrational quantum state of HF is obtained by finding the near-
est variationally computed rovibrational energy level21 correspond-
ing to the actual rotational state of HF to the classical internal
energy of HF. The experimental data for the vibrational distribu-
tion and the vibrationally-resolved rotational distributions of the
HF product are taken from Ref. 35. The relative populations corre-
sponding to both the theoretical and the experimental vibrationally-
resolved rotational distributions are normalized so that their sum
gives 1. For comparison with experiment, the most realistic theoret-
ical results obtained from trajectories filtered by hard ZPE constraint
are shown. In the case of the product scattering angle, translational,
and internal energy distributions, no ZPE restriction is applied to
show the qualitative behavior of these results with the best statistical
accuracy.

III. RESULTS AND DISCUSSION
A. The potential energy surface

The schematic energy diagram of the F(2P3/2) + C2H6 → HF
+ C2H5 reaction is shown in Fig. 1. The Cs-symmetry transition-
state (TS) structure with a 141○ bent C–H–F arrangement and with
a large H–F distance of 1.94 bohr is clearly reactant-like.39 The struc-
ture of the exit-channel minimum (postmin) is product-like with a
short H–F bond length and an elongated C–H distance. The reaction
is highly exothermic, in accordance with its early-barrier nature,60

with a slightly submerged barrier and a deep post-reaction mini-
mum. Figure 1 also shows the comparison of the classical relative
energies of the stationary points of the title reaction obtained on the
newly-developed PES, the SO-corrected MRCI-F12+Q(5,3)/aug-cc-
pVDZ single-point energies computed at the geometries optimized
on the PES, and the previously determined benchmark results.39 The
comparison of the former two indicates low (<0.4 kcal/mol) fitting
errors of the full-dimensional PES, in consistence with the small
RMS values of Table I. The relative energy of the TS obtained on the
PES reproduces well the benchmark value (with only a 0.3 kcal/mol
difference), thereby reflecting correctly its slightly submerged char-
acter. The adiabatic barrier height is also negative, −0.3 kcal/mol,
relative to the reactants on the PES. The classical relative energies of
the postmin structure and the products are about 2.5 kcal/mol higher
than the benchmark energies, due probably to the somewhat weaker
performance of the MRCI method with a minimal active space in
the exit-channel; however, the level of theory used still preserves
the energy gap between the exit-channel minimum and the product
asymptote.

B. Reaction probabilities
Using the newly-developed PES, we carried out QCT sim-

ulations at five collision energies (1.0 kcal/mol, 3.2 kcal/mol,
5.0 kcal/mol, 10.0 kcal/mol and 20.0 kcal/mol) for the F + C2H6
→HF + C2H5 reaction, and the opacity functions (reaction probabil-
ities as a function of the impact parameter) obtained at the different

FIG. 1. Schematic potential energy diagram of the F(2P3/2) + C2H6 → HF + C2H5
reaction comparing the classical relative energies obtained on the present PES,
SO-corrected MRCI-F12+Q(5,3)/aug-cc-pVDZ single-point energies at geometries
optimized on the PES, and the benchmark relative energies39 of the stationary
points.
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FIG. 2. Reaction probabilities as a function of the b impact parameter for the
F(2P3/2) + C2H6 → HF + C2H5 reaction at different collision energies (given in
kcal/mol).

collision energies are shown in Fig. 2. As seen in Fig. 2, no thresh-
old energy above 1.0 kcal/mol can be observed for the title reaction
to proceed, in accordance with the negative barrier height relative
to the reactants. The increasing translational energy promotes the
reaction very efficiently, from a probability of 15% at 1 kcal/mol
to 60% at 20 kcal/mol collision energy at b = 0. As the collision
energy increases, the reaction probabilities remain substantial also
at larger b values with a faster decay near bmax, where the reaction
probability becomes zero. This behavior indicates a direct rebound
mechanism at low translational energies (occurring mainly at small
impact parameters) and a stripping mechanism at higher collision
energies (dominant at larger b values). The bmax value is the largest
(8 bohr) at the lowest collision energy; otherwise, it shows no
energy-dependence having the same value (7 bohr). The shape
of the opacity functions is very similar to those observed for the
Cl + C2H6 → HCl + C2H5 reaction,38 featuring also a slightly sub-
merged barrier; however, for Cl + C2H6, the probabilities change
in a narrower (25%–40%) range at b = 0, and a peak emerges with
an increase in the translational energy at large b values, indicating
the more pronounced presence of the stripping mechanism at high
energies. The bmax values are somewhat larger for the Cl + C2H6
reaction, reaching even 11.5 bohr at 1 kcal/mol collision energy,38

due presumably to the stronger dispersion interaction between the
reactants. In the case of the F + CH4 → HF + CH3 reaction,21 where
the barrier height is around zero with respect to the reactant asymp-
tote, the reaction probabilities are in similar order of magnitude as
in the F/Cl + C2H6 reactions and increase also with an increase in
the collision energy. However, the opacity functions of the F + CH4
reaction decay more rapidly at high translational energies, indicating
a preference for the direct rebound mechanism.21

C. Excitation function
The excitation function [integral cross sections (ICSs) as a func-

tion of collision energy] of the title reaction, presented in Fig. 3,
clearly reflects the highly efficient promotion of the reaction by the
increase in the initial translational energy. This sharp increase in
the cross sections with an increase in the collision energy, however,

FIG. 3. Integral cross sections for the F(2P3/2) + C2H6 → HF + C2H5 reaction
as a function of the collision energy with different ZPE-constraints applied for the
products (soft: the sum of the classical vibrational energies of the products is larger
than the sum of their ZPEs, hard: the vibrational energy of each product molecule
is larger than its ZPE, ethyl: ZPE constraint is set only for the ethyl radical).

is in contrast with the findings for the Cl + C2H6 → HCl + C2H5
reaction,38 where the ICS decreases rapidly at low energies and
moderately at higher energies. Both the F and Cl + C2H6 H-
abstraction reactions feature slightly submerged barriers, although
the transition-state geometries are entirely different.39 Thus, in the
case of the early-barrier F + C2H6 → HF + C2H5 reaction, invest-
ing in translational energy increases the reactivity in accordance
with the predictions of the Polanyi rules,6 whereas it slightly hinders
the late-/central-barrier Cl + C2H6 → HCl + C2H5 reaction.38 The
F + CH4 → HF + CH3 reaction, with a slightly positive spin–orbit-
corrected barrier, also features an excitation function with a positive
slope, without a threshold.22

Integral cross sections are also determined by applying different
ZPE constraints for the products. Figure 3 shows that the soft restric-
tion gives practically the same ICS values as if we did not apply any
ZPE constraint, whereas the hard-constrained results are basically
the same as those obtained with the ethyl-only ZPE constraint. The
Polanyi rules predict for an early-barrier reaction that the diatomic
product acquires considerable vibrational excitation due to the elon-
gated bond-length at the transition-state geometry. Thus, if the soft
restriction is set, the vibrational energy of the excited HF molecules
will compensate that of the ZPE-violating ethyl radicals; thus, only
very few trajectories will be discarded, resulting in qualitatively the
same ICS determined without constraints. Accordingly, due proba-
bly also to this compensation, when we restrict only the vibrational
energy of the ethyl radical, it gives basically the same results as the
hard ZPE constraint. It is also shown in Fig. 3 that ZPE constraints
make the ICS decrease significantly, but with a decreasing factor
as the collision energy increases by 59%–18% from 1 kcal/mol to
20 kcal/mol.

D. Scattering angle distributions
Differential cross sections showing the scattering angle distri-

butions of the title reaction are shown in Fig. 4. At low collision
energies, backward scattering is preferred, indicating a direct
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FIG. 4. Differential cross sections (obtained without ZPE constraint) showing the
scattering angle (θ) distributions of the F(2P3/2) + C2H6 → HF + C2H5 reaction at
different collision energies (given in kcal/mol).

rebound mechanism, while as the collision energy increases, the for-
ward scattering stripping mechanism becomes dominant, in consis-
tence with the shape of the opacity functions of Fig. 2. In the case
of the Cl + C2H6 → HCl + C2H5 reaction, the products at low colli-
sion energies are rather isotropically scattered,38 suggesting a more
indirect mechanism, which can be attributed to the more intense
dispersion interaction between the reactants. In the case of the title
reaction, the deep (with respect to the TS) exit-channel minimum
also supports a direct mechanism because the energy gain from the
transition state makes the system to promptly turn into products that
are very close in energy.

E. The post-reaction distribution of energy
1. Relative translational energy of the products
and internal energy of the ethyl radical

Differential cross sections showing the distribution of the rela-
tive translational energy of the products at different collision ener-
gies are plotted in Fig. 5. As shown in the figure, the distributions
become broader as the collision energy increases, and their maxima

FIG. 5. Relative translational energy distributions (obtained without ZPE constraint)
of the products of the F(2P3/2) + C2H6 → HF + C2H5 reaction at different collision
energies (given in kcal/mol).

FIG. 6. Internal energy distributions of the C2H5 product (obtained without ZPE
constraint) at different collision energies (given in kcal/mol). The vertical black line
refers to the ZPE of the ethyl radical (37.8 kcal/mol).

are shifted by almost the total increment of the collision energy, indi-
cating that the major part of the initial translational energy ends up
in translational recoil in all cases. In consistence with this observa-
tion, the collision energy dependence of the internal energy distri-
bution of the ethyl radical, plotted in Fig. 6, also suggests that only
a small portion of the collision energy is transferred into the rota-
tional or vibrational degrees of freedom of the ethyl fragment since
the peaks of the distributions are not significantly affected by the
change in the initial translational energy and are only slightly shifted
from the ZPE of the ethyl radical. As shown in Fig. 6, a significant
amount of the trajectories are ZPE-violating, especially at low col-
lision energies, suggesting also that their energy is compensated by
the high excitation of the HF product when soft ZPE constraint is
applied (Fig. 3).

2. Internal energy of the HF product, comparison
with experiment

By analyzing the internal energy of the ethyl radical and the
relative translational energy of the products, we conclude that the
collision energy is mainly converted into product recoil, and only
slightly into the rovibrational excitation of the ethyl product. Thus,
practically no translational energy remains to excite the HF prod-
uct molecule; however, the considerable reaction energy is retained
for this purpose. As expected from the Polanyi rules, the HF prod-
uct, indeed, forms in highly-excited vibrational states, as shown
in Fig. 7, where the (hard-restricted) vibrational state distribution
of the HF molecule is shown at different collision energies. The
most populated state is v = 2, followed by v = 3 and v = 1, in
decreasing order, while the vibrational ground state turns out to be
very low-populated. The relative population of the vibrational states
does not change significantly with the collision energy, confirm-
ing that the excitation energy is coming mostly from the reaction
energy released, in consistence with the elongated H–F distance at
the transition state.17,49,61–64 However, at the highest collision ener-
gies, a small amount of the HF molecules is produced in the higher
v = 4 state, indicating a non-negligible effect of the initial transla-
tional energy.
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FIG. 7. Vibrational state distribution of the HF product at different collision ener-
gies (given in kcal/mol) when hard ZPE constraint (the vibrational energy of each
product molecule must be larger than its ZPE) is applied for the products.

The vibrational state distributions of the HF molecule obtained
with different product-ZPE constraints at 3.2 kcal/mol collision
energy are shown in Fig. 8. The situation is similar here as in the case
of the excitation function, that is, the no-constraint case is practically
the same as if the soft restriction was set, which is no surprise because
in the soft case, basically all trajectories are kept for analysis. In addi-
tion, Fig. 8 confirms the assumption that due to the highly-excited
HF product molecules, the hard and “ethyl” ZPE constraints also
discard practically the same trajectories, showing qualitatively the
same vibrational distributions for the diatomic product. As shown
in Fig. 8, restricting the ZPE of the ethyl radical affects significantly
the relative populations of each vibrational state of HF, especially
that of the v = 1 and v = 2 states, whose populations increase at
the expense of the v = 3 fraction and of the vanishing population
at v = 4.

A comparison of the vibrational state distribution of the HF
product obtained from our simulations with the experimental data

FIG. 8. Vibrational state distribution of the HF product at 3.2 kcal/mol collision
energy with different ZPE constraints applied for the products (soft: the sum of the
classical vibrational energies of the products is larger than the sum of their ZPEs,
hard: the vibrational energy of each product molecule is larger than its ZPE, ethyl:
ZPE constraint is set only for the ethyl radical).

of Nesbitt and co-workers35 at a collision energy of 3.2 kcal/mol is
shown in Fig. 9. The theoretical distribution is in good agreement
with experiment for the v = 1, 2, and 3 vibrational states giving the
same order of their relative population. However, the experimen-
tal distribution features a substantial ratio of HF molecules in their
ground vibrational state, whereas our simulations provide near-zero
relative population for v = 0. The same discrepancy with experiment
regarding the ground vibrational state was observed for the results of
Espinosa-Garcia and co-workers46 when compared to these exper-
imental data, and in the direct-dynamics work of Layfield et al.37

as well. The latter work also significantly overestimates the v = 1
and 2 and underestimates the v = 3 populations. This deviation
might be caused by the presence of transition-state (Feshbach) res-
onances,64–66 a quantum effect not captured by QCT computations,
where the excess energy is transferred to other degrees of freedom
from the H–F stretching mode near the transition state, making the
HF product to be formed in its ground vibrational state. However,
the quantum-dynamics studies of Guo and co-workers showed sim-
ilarly low-populated ground vibrational state for the HF product in
the F + H2O reaction as their QCT studies, in contradiction to exper-
iment.49,61,67 A similar disagreement between theory and experiment
has also been observed in the case of the F + CH3CN→HF + CH2CN
reaction.68

The vibrationally-resolved rotational state distributions of HF
for the v = 1, 2, and 3 vibrational states compared with those of
experiment35 obtained at 3.2 kcal/mol collision energy are plotted in
Fig. 10. Excellent agreement is seen for the v = 2 and v = 3 states,
where the experimental data have the lowest error bars,35 and a
rather good agreement is observed also for v = 1, considering that the
uncertainty of the experimental data increases with a decrease in v.35

All three rotational distributions, determined both theoretically and
experimentally, peak at J = 2 and decay more and more sharply with
an increase in v. The v = 0 rotational distribution is obtained with a
significant statistical error from our simulations due to the low rel-
ative population of the ground vibrational state, and the experiment
also has the largest uncertainty for these data; thus, the comparison
is omitted for v = 0.

FIG. 9. Vibrational state distribution of the HF product at 3.2 kcal/mol collision
energy with hard ZPE constraint (the vibrational energy of each product molecule
must be larger than its ZPE) compared to the experimental results taken from
Ref. 35.
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FIG. 10. Normalized vibrationally resolved rotational state distributions of the HF product with hard ZPE constraint (the vibrational energy of each product molecule must be
larger than its ZPE) compared to the experimental results taken from Ref. 35 corresponding to the v = 1, 2, and 3 vibrational states of HF at 3.2 kcal/mol collision energy.

IV. CONCLUSIONS
We have developed a full-dimensional multireference spin–

orbit-corrected PES for the nine-atomic F(2P3/2) + C2H6 → HF
+ C2H5 reaction using the ROBOSURFER program package and the
monomial symmetrization approach of the permutationally invari-
ant polynomial method for fitting the ab initio energy points and
studied its dynamics in detail by performing QCT simulations. The
MRCI-F12+Q(5,3)/aug-cc-pVDZ level of theory used for the PES
development is necessary to correctly describe the entrance chan-
nel of the reaction and also reflects well the negative barrier height
and the depth of the post-reaction minimum relative to the products;
however, its performance is somewhat poorer in the exit-channel.
Quasi-classical dynamics simulations on this PES show substantial
probabilities of this H-abstraction reaction in a wide range of colli-
sion energies, and a sharply rising excitation function, in accordance
with its early-barrier nature. Scattering angle distributions of the
products indicate a direct rebound mechanism at low collision ener-
gies and increasing preference for stripping mechanism as transla-
tional energy increases. Relative translational energy distributions
of the products and internal energy distributions of the ethyl frag-
ment suggest that most of the collision energy ends up in product
translational recoil, and only a slight amount of the initial transla-
tional energy excites the rotational–vibrational modes of the ethyl
radical. The substantial reaction energy excites the vibration of the
HF product owing to the elongated H–F distance at the transition-
state geometry, resulting in a vibrational distribution peaking at
v = 2, in agreement with experiment. Vibrationally resolved rota-
tional state distributions of the HF molecule obtained from our
simulations are compared to the single-collision experimental data,
and the results show excellent agreement for the v = 1, 2, and
3 vibrational states. However, discrepancies with experiment are
observed regarding the population of the ground vibrational state.
The dynamics of the title reaction is also compared to that of the Cl
+ C2H6 → HCl + C2H5 and F + CH4 → HF + CH3 reactions. The
accurate theoretical simulation of the present reaction may motivate
future experiments and classical or reduced-dimensional quantum
dynamics computations.

SUPPLEMENTARY MATERIAL

The supplementary material contains the coefficients and all
other necessary files to compute the energies at certain geometries
on the newly-developed PES.
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