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ABSTRACT

We develop a full-dimensional analytical potential energy surface (PES) for the OH + C,Hg reaction using the ROBOSURFER program system,
which automatically (1) selects geometries from quasi-classical trajectories, (2) performs ab initio computations using a coupled-cluster sin-
gles, doubles, and perturbative triples-F12/triple-zeta-quality composite method, (3) fits the energies utilizing the permutationally invariant
monomial symmetrization approach, and (4) iteratively improves the PES via steps (1)-(3). Quasi-classical trajectory simulations on the new
PES reveal that hydrogen abstraction leading to HO + C,Hs dominates in the collision energy range of 10-50 kcal/mol. The abstraction cross
sections increase and the dominant mechanism shifts from rebound (small impact parameters and backward scattering) to stripping (larger
impact parameters and forward scattering) with increasing collision energy as opacity functions and scattering angle distributions indicate.
The abstraction reaction clearly favors side-on OH attack over O-side and the least-preferred H-side approach, whereas C;Hs behaves like a
spherical object with only slight C-C-perpendicular side-on preference. The collision energy efficiently flows into the relative translation of
the products, whereas product internal energy distributions show only little collision energy dependence. H,O/C,Hs vibrational distributions
slightly/significantly violate zero-point energy and are nearly independent of collision energy, whereas the rotational distributions clearly
blue-shift as the collision energy increases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0104889

I. INTRODUCTION our limits forward by developing a full-dimensional high-level
ab initio PES for the ten-atomic OH + C,Hpg reaction, allowing
efficient dynamics investigations.

The kinetics of the OH + C,Hg — }[—IZO + C,Hs reaction

Since the accurate theoretical descriptions of three-atom
A + BC reactions in the 1970s' ~ and six-atom processes in the

2000s,” "' first-principles high-level ab initio potential energy sur-
face (PES)-based dynamics simulations have started to move beyond
six-atom systems in the past decade,'” ' arriving to the nine-atomic
atom (H, O, F, Cl) + ethane (C2H6)")’D and ion + molecule
reactions” ** around 2020. Full-dimensional quasi-classical
trajectory (QCT) simulations as well as full (six-atomic)-*° and
reduced-dimensional quantum dynamics computations for the
above mentioned polyatomic reactions shaped our fundamental
knowledge on chemical reactivity as well as vibrational and rota-
tional mode specificity.” > In the present work, we aim to push

were investigated by early experiments™’’ and transition-state-
theory-based computations.*® Furthermore, in 2003, Butkovskaya
and Setser” measured nascent vibrational distributions for the
H,O product via infrared chemiluminescence. Following these
early studies, in 2020, two theoretical papers*' appeared on the
title reaction in almost coincidence. (1) We reported a bench-
mark ab initio characterization of the stationary points revealing
novel hydrogen- and methyl-substitution channels leading to H
+ C;H50H and CH; + CH3OH, besides the well-known hydrogen-
abstraction pathway resulting in HO + C;Hs."’ (2) Rangel et al.*!
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developed a full-dimensional analytical PES for the OH + C,Hs
— H,0 + C,Hs reaction using a valence bond-molecular mechanics
(VB-MM) functional form involving 66 adjustable parameters and
studied the kinetics and dynamics of the hydrogen-abstraction
process.

In the present work, we plan to employ a different
approach” ™ to construct a full-dimensional PES for the
OH + C;Hg reaction using a flexible permutationally invariant poly-
nomial function of Morse-like variables with 3285 parameters deter-
mined by a linear least-squares fit of a large number of high-level
ab initio energies. The iterative improvement of the PES via
sampling the nuclear configurations, ab initio computations at the
selected geometries, and fitting the ab initio data with the monomial
symmetrization approach® is to be done automatically using the
ROBOSURFER program package’” developed recently in our group.
Unlike the VB-MM PES,*! the new surface will describe all the
different product channels and reaction pathways of the OH + C,Hs
system. Reaction dynamics simulations on the analytical PES will
reveal the competitiveness of the hydrogen- and methyl-substitution
channels with the main hydrogen-abstraction pathway. Further-
more, we plan to report a detailed dynamical characterization of
the title reaction considering cross sections, reaction probabilities,
scattering and initial attack angle distributions, as well as product
energy distributions and their dependence on collision energy.
In Sec. II, we give the details of the PES development and QCT
computations; in Sec. 111, the results are presented and discussed,
and this paper ends with summary and conclusions in Sec. I'V.

Il. COMPUTATIONAL DETAILS
A. PES development

The PES development begins with generating initial geometries
by randomly displacing the Cartesian coordinates of the minima
and saddle points in the range of 0-0.32 A and randomly scatter-
ing reactants and products around each other with center of mass
distances between 3 and 10 A while also displacing their Cartesian
coordinates in the range of 0-0.20 A. We use a composite method
to compute the energies, in which a basis-set correction is added
to the unrestricted explicitly correlated coupled-cluster singles, dou-
bles, and perturbative triples [UCCSD(T)-F12b]*° method utilized
with the aug-cc-pVDZ basis set.”” For the basis-set correction, we
use the restricted explicitly correlated second-order Moller—Plesset
perturbation theory (RMP2-F12)*® combined with the aug-cc-
pVDZ and aug-cc-pVTZ basis sets, providing high-level composite
energies as

Ecomposite = UCCSD(T)-F12b/aug-cc-pVDZ
+ (RMP2-F12/aug-cc-pVTZ
— RMP2-F12/aug-cc-pVDZ). (1)

All the ab initio computations are performed using the MOLPRO
program package.”’

From the initial dataset, the PES development is carried out
using the ROBOSURFER program system,” which was recently
developed in our research group. New geometries are added between
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—-30 and 150 kcal/mol relative to the reactants. The develop-
ment starts with 2393 composite energy points. The fitting of the
energy points is executed within the framework of the monomial
symmetrization approach (MSA)* of the permutationally invari-
ant polynomial method.””** We use a full-dimensional analytical
Morse-like function that is invariant under the permutation of like
atoms. This function is constructed as an expansion of polynomi-
als of y;; = exp(-r;/a), where r;; are the atom-atom distances and
the a parameter controls the asymptotic behavior of the PES. In this
study, we choose the a parameter as 2 bohrs. At the beginning of
the development, the polynomial order is 4 because the initial PES
contains less energy points than the number of the coefficients in a
fifth-order fit. The fourth-order expansion requires 715 coefficients,
and the fifth-order includes 3285 coefficients. The coefficients are
determined using a weighted linear least-squares fit to the ab initio
data applying a weight function of E¢/(E + Ey), where E is the poten-
tial energy relative to the minimum of the dataset and Ej is set
to 0.05 Ey (31.4 kcal/mol). New geometries are added to improve
the PES from QCT computations, where the b impact parameter
is chosen as 0, 0.5, 1.0, 1.5, and 2.0 bohrs. The development starts
with 10 kcal/mol collision energy (E), and when the quality of
the PES is sufficient, we increase Ec, by 10 kcal/mol. The maxi-
mum of E.y is 60 kcal/mol during the development. The quality
of the PES is assessed by the number of unphysical trajectories and
one-dimensional scans along representative inter-molecular coordi-
nates. After 1946 iterations, we continue to develop from the H,O
+ C,H; direction at 30 kcal/mol collision energy to improve the PES
even more. 18 iterations are performed in this backward direction,
while 458 energy points are added. The final PES contains 12 544
geometries, and the root-mean-square (rms) error is quite small in
the chemically interesting energy ranges. In the 0.0-31.4 kcal/mol
region relative to the global minimum of the PES, the rms error
is 0.63 kcal/mol, and in the 31.4-62.8 kcal/mol region, the rms
value is 0.87 kcal/mol. Moreover, the overall rms fitting error is
0.83 kcal/mol, which is also within the chemical accuracy.

B. Quasi-classical trajectory simulations

Quasi-classical dynamics simulations are performed at colli-
sion energies of 10, 20, 30, 40, and 50 kcal/mol for the OH(v = 0)
+ C;Hg(v = 0) reaction. The zero-point energies (ZPEs) of the
reactants are set at the beginning of the trajectories using normal-
mode sampling.”’ The orientations of the reactants are randomly
rotated. The initial distance of the center of masses of the reactants is
V/x2 + b2, where x = 18.90 bohrs (10 A) and the b impact parameter
is varied between 0 and 8 bohrs with 0.5 bohr steps. We run 1000 tra-
jectories at every variation of collision energy and impact parameter,
which means 85000 simulations altogether. Integral cross sections
(0) are calculated using numerical integration,

0= ﬂz::dlx [bn - bn—l][bnp(bn) + bnflp(bnfl)]s (2)

where P(b) is the opacity function and 71max is the number of parts we
divide the range [0, bmax]. bmax is the maximum impact parameter
where reactive trajectories can be noticed. In the present study,
b, = 0.5n bohr, where n =0, 1, ..., max. We use two kinds of ZPE
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FIG. 1. Schematic potential energy
surface of the OH + C,Hg reaction
showing the structures and classi-
cal (adiabatic) relative energies of the
stationary points along the different
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constraints for the products: soft and hard. In the soft case, those
trajectories are not considered as reactive when the sum of the clas-
sical vibrational energy of the C,H;s radical and that of the H,O
molecule is smaller than the sum of their harmonic ZPEs. Within
the hard constraint, each classical vibrational energy of the different
chemical species must be larger separately than the corresponding
harmonic ZPE on the PES. The scattering angle distributions are
determined by binning the cosine of the angle () of the relative
velocity vectors of the center of masses of the products and reac-
tants into ten equidistant bins from -1 to 1. cos(f) = —1(6 = 180°)
means backward scattering, and cos(f) = 1(6 = 0°) corresponds to
forward scattering. Furthermore, we calculate the attack angle dis-
tributions for the reactants by binning the cosine of the angle («) of
the velocity vector of the center of mass of the examined reactant
and an interatomic vector, which is considered as the O-H bond for
the hydroxil radical and the C-C bond for the ethane molecule. We
also use ten equidistant bins between —1 and 1 like in the case of
scattering angle distributions. cos(a) = —1 means that the OH rad-
ical approaches the ethane molecule with its O-atom side, and in
the situation of cos(a) = 1, the OH radical goes with its H atom
toward the ethane molecule. Rotational quantum numbers of the
H,O and C;Hs products are obtained by rounding the lengths of
classical rotational angular momentum vectors to the nearest integer
values.

I1l. RESULTS AND DISCUSSION

The potential energy diagram of the OH + C,Hs reaction
showing the different pathways and the comparison of the
stationary-point relative energies obtained on the analytical PES
with relativistic all-electron coupled-cluster singles, doubles, triples,

and perturbative quadruples [CCSDT(Q)]/complete-basis-set-
quality benchmark values®’ is presented in Fig. 1. The H-abstraction
channel leading to H,O + CyHs is exothermic, AE.(AHy) = —16.4
(=17.9) kcal/mol, and has a small classical(adiabatic) barrier of
4.0(2.1) kcal/mol on the PES. The above relative energy values
agree with the benchmark data*” within 0.1-0.3 kcal/mol, showing
the high accuracy of the PES. The methyl-substitution channel
resulting in CHs; + CH3OH is slightly exothermic, AE.(AH,) = -0.8
(—1.8) kcal/mol, whereas the H-substitution forming H + C;HsOH
is endothermic, AE.(AHy) = 9.2(7.3) kcal/mol. Based on ther-
modynamics, these channels can open at low collision energies;
however, they are kinetically hindered because they have significant
Walden-inversion (W) barrier heights of 37.7(36.0) and 43.0

35
30
25
< 20
S
8 15
o 4
10 No-constraint
5.4 —— SOFT
——HARD
0 T T T
10 20 30 40 50

E_, (kcal/mol)

FIG. 2. Cross sections of the OH + C,Hg — H,0 + C,Hs reaction as a function of
collision energy obtained without as well as with soft and hard ZPE constraints.
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(41.4) kcal/mol, respectively. In the case of H substitution, a
front-side attack transition state (HS FS TS) is also found, but the
corresponding barrier height of 52.4(48.8) kcal/mol is higher than
that of the Walden-inversion pathway. The reaction enthalpies for
methyl- and H-substitution agree very well with the benchmark
data; the largest deviation is only 0.4 kcal/mol, as seen in Fig. 1. The
high-energy transition states are less accurate on the PES, except
the fortuitous accuracy of HS W TS, due to their less frequent
sampling and lower weight during the fitting. We do not consider
this a serious issue because the main interest is in the H-abstraction
channel as we discuss below in more detail.

QCT simulations reveal that in the collision energy range of
the present study (10-50 kcal/mol), the H-abstraction channel dom-
inates with cross sections in the 10-33 bohrs® range; the methyl-
and H-substitution channels open around 30-40 kcal/mol, but their
cross sections are only 0.02 and 0.03 bohr? at E.g = 50 kcal/mol,
respectively. We may expect increasing reactivity of these substitu-
tion channels at higher collision energies; however, the present PES
development only ensures high accuracy up to E, of 50 kcal/mol;
therefore, in this study, we do not consider these channels further,
but we focus on the major H-abstraction reaction.

Figure 2 shows the cross sections for the H-abstraction channel
as a function of collision energy. The cross sections increase with the
increasing collision energy, and the excitation function has a simi-
lar shape as that of the F + C,Hj reaction;”! however, the reactivity
of OH + C;Hg is less by about a factor of 3. The similarity of the
two isoelectronic reactions is expected because both are exother-
mic with low, early (reactant-like) barriers. The lower reactivity of
OH + C,Hg relative to that of F + C;Hg may be explained by the
slightly higher barrier of the former, the two-times higher exother-
micity of the latter which hinders re-crossing, and, perhaps most
importantly, by the fact that unlike the F atom, the OH radical may
need a special orientation to abstract an H atom. This last state-
ment will be investigated in more detail below. Figure 2 also shows
that the soft ZPE constraint has virtually no effect on the cross sec-
tions, similar to the case of F + C,Hsg,?! whereas the hard constraint
decreases the reactivity by factors of 1.88, 1.73, 1.63, 1.56, and 1.45
at Eco = 10, 20, 30, 40, and 50 kcal/mol, respectively. The relatively
slight collision energy dependence of the ZPE violation effects sug-
gests that there is no substantial energy transfer between the initial
translational energy and the final vibrational states or the energy
transfer does not significantly depend on E., (see more details
below).

Opacity functions (reaction probabilities as a function of
impact parameter) and scattering angle distributions are shown
in Figs. 3 and 4, respectively. The maximum impact parameter is
around 6.5 bohrs without any significant E, dependence. At b
= 0, the reactivity first increases with increasing E.oq1, as the reac-
tion probabilities are 18%, 33%, and 40% at E.y; = 10, 20, and
30 kcal/mol, respectively. However, in the 30-50 kcal/mol E.q
range, the b = 0 reaction probability is around 40%-44% without
significant E o dependence. Thus, the increasing cross sections can
be explained by the change of the shape of the opacity functions, i.e.,
at low E, the reaction probabilities decrease monotonically with
increasing b, whereas at highest E., the probabilities are nearly
constant up to b = 4 bohrs and then decay rapidly. The prefer-
ence of larger impact parameters increases with increasing Eco.
This indicates that the rebound mechanism, occurring at small b,
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FIG. 3. Reaction probabilities of the OH + C,Hg — H,0O + C,Hs reaction as a
function of impact parameter at different collision energies obtained without the
ZPE constraint.

dominates at low E.,jj, and the probability of direct stripping, favor-
ing larger b values, increases with increasing E,. These findings
are in accord with the shapes of the scattering angle distributions
(Fig. 4). At the lowest E,, backward scattering dominates as a sig-
nature of direct rebound, and as E.) increases, the forward direction
becomes more and more pronounced, and at the highest collision
energies, forward scattering is clearly favored, indicating the domi-
nance of the direct stripping mechanism. The distributions also have
some isotropic feature, especially at low E,, indicating significant
complex-forming, indirect dynamics as well.

Initial attack angle distributions are shown in Fig. 5. The dis-
tributions show that O-side attack of the OH radical is preferred
over H-side attack, as expected, because an O-H bond forms in
the abstraction process. However, this O-side attack preference is
not significant, and somewhat unexpectedly, side-on attack of the
OH radical is clearly preferred relative to the O-side and H-side
attacks since the distributions peak at a = 90°, especially at low
Econ. Examining the HA TS structure (Fig. 1), one can see that the
H-O-H angle at the TS is also close to 90°; thus, the side-on attack

——E_,, = 50 kcal/mol
— E_,, = 40 kcal/mol
0.8 E_, =30 kcal/mol
——E_,, = 20 kcal/mol

E_, =10 kcal/mol

do/dcos(0)

0.0 —————————————
-1.0 0.8 -06 -04 -02 0.0 0.2 04 06 0.8 1.0
cos(0)

FIG. 4. Normalized scattering angle distributions for the OH + C,Hg — H,0
+ C,Hs reaction at different collision energies obtained without the ZPE constraint.

J. Chem. Phys. 157, 074307 (2022); doi: 10.1063/5.0104889
Published under an exclusive license by AIP Publishing

157, 074307-4


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

OH

ARTICLE scitation.org/journalljcp

1.0 2 6
0.8- ) o L
\ FIG. 5. Normalized initial attack angle

= 0.6 \ L distributions for the OH + C,Hs — H,0
& CyHs reaction at different collision
@ ———— o g LR
S 7(‘ sqx energies obtained without the ZPE con-
S 044 / ——E_, = 50 keal/mol F ¢ straint. The attack angles are defined at
o) — E,,, = 40 keal/mol the beginning of each reactive trajectory
© E_, =30 kcal/mol h in the pict

0.2 1 ——E_, = 20 keal/mol \ L as shown in the pictograms.

E., =10 kealimol N
0.0 J

0 -1.0-0.8-06-04-02 00 02 04 06 0.8 1.0 -1.0 -0.8 -06 0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0

cos(a)

is preferred if OH approaches C;Hs perpendicular to the C-C bond.
Looking at the attack angle distributions of the C,Hg reactant, a
slight preference of the side-on (perpendicular) attack is seen indeed,
especially at low Ey, in accord with the above findings. How-
ever, as E.y increases, the C,Hg attack angle distributions become
nearly isotropic, showing that the C;Hg molecule almost behaves as
a spherical object, like CHy. Note that due to the symmetry of C;Hs,
its attack angle distributions should be exactly back-side—front-side
symmetric, which is seen in the right panel of Fig. 5 within statistical
accuracy.

Figure 6 shows the relative translational energy distributions
of the H,O and C,H;5 products of the OH + C,H¢ reaction. As
seen, the distributions shift toward higher translational energies and
become broader as E. increases, and these shifts correspond to
the increment of the collision energy showing efficient translational
energy transfer between the reactants and products. Considering
the shape of the distributions, one can observe that at the lowest
Econ, the distribution peaks at a lower translational energy and the
peaks shift toward the highest available translational energies as Eco
increases. This finding indicates that the reaction becomes more and

0.09
0.084 —E_, = 50 kcal/mol
—E_,, = 40 kcal/mol
0.07 E_, = 30 kcal/mol
0.06 1 ——E_, =20 kcal/mol
" E_, =10 kcal/mol
g 0.05
w ]
o 0.04
[} 1
5 0.03
0.02
0.01 /
0.00 : , , v

0 10 20 30 40 50 60 70
E. ... (kcal/mol)
rans
FIG. 6. Normalized product relative translational energy distributions for the OH
+ CyHs — H20 + CyHs reaction at different collision energies obtained without
the ZPE constraint.

more direct as Eqy increases, in accord with the scattering angle
distributions.

Internal energy distributions for the H,O and C,Hs products
as well as their decompositions into vibrational and rotational coun-
terparts are shown in Fig. 7. The internal energy distributions of
H,O are clearly hotter, relative to ZPE, with only slight ZPE vio-
lation than those of the C,;Hs co-product, where the ZPE violation
is significant. The finding that the OH + C;Hg reaction produces
vibrationally excited H,O molecules is in accord with the elongated
O-H distance at the reactant-like transition state. The distributions
become only slightly broader, and their peaks blue-shift by only a
few kcal/mol as E,j increases from 10 to 50 kcal/mol, showing only
little collision energy transfer to the product internal degrees of free-
dom. Moreover, the H,O vibrational energy distributions, which
are slightly colder than the corresponding internal energy ones,
show even less and somewhat inverse E., dependence. The rota-
tional energy distributions of the H,O product, however, become
clearly hotter as E. increases; thus, the slight blue-shifting E.oy
dependence of the H,O internal energy distributions originates from
translational-rotational energy transfer. In the case of the C,Hs
product, the rotational energy distributions are slightly hotter and
have similar E.,; dependence than those of H,O; thus, the C;Hs
vibrational energy distributions are even colder and show less E
dependence than the internal energy ones. These findings are con-
sistent with the effects of the ZPE constraints on the cross sections.
The vibrational excitation of the H,O product can compensate the
ZPE violation of C,Hs, and in some cases, the reverse is true; there-
fore, the soft constraint does not affect the cross sections. In the
case of the hard constraint, mostly the significant ZPE violation of
C,Hs and, to a lesser extent, that of H,O decrease the cross sec-
tions by nearly a constant factor within 1.45-1.88 as the H,O and
C,H; vibrational distributions only slightly depend on Eojy. Figure 7
also shows rotational quantum number (J) value distributions of
the products. The J distributions of both H,O and C,Hs become
broader and hotter as Eo increases, in accord with the rotational
energy distributions. Finally, we note that the J distributions of H,O
span a significantly smaller range (0-30) than those of C;Hs (0-120)
even if the rotational energies are only slightly colder for H,O, which
is due to the much larger moments of inertia of C;Hs than those
Of Hzo.
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FIG. 7. Normalized internal energy (Eiy), vibrational energy (E.i), rotational energy (Er.), and rotational quantum number (J) value distributions for the H,O and C;Hs
products of the OH + C,Hg reaction at different collision energies obtained without the ZPE constraint. Vertical lines indicate the ZPEs of the products.
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IV. SUMMARY AND CONCLUSIONS

Following our recent studies on analytical PES developments
for nine-atomic reactive systems, such as F/Cl + C,Hg?"*? and
F~ + CH3CH,CL* in the present work, we have reported a high-
level full-dimensional ab initio PES for the ten-atomic OH + C,Hg
reaction. The PES has been automatically constructed using the
ROBOSURFER program system,” interfaced to the monomial
symmetrization approach (MSA) fitting code* and the MOLPRO
ab initio program package.”’ The PES describes the H-abstraction,
methyl-substitution, and H-substitution channels of the title reac-
tion; however, QCT computations reveal that the substitution reac-
tivity is negligible in the collision energy range of 10-50 kcal/mol;
therefore, in the present study, we have focused on the H-abstraction
channel leading to the H,O + C,Hs products. The results of the
dynamics simulations can be summarized as follows:

(a) The cross sections of the H-abstraction process increase with
increasing collision energy, similar to the F + C;Hs reaction.”’
The soft ZPE constraint does not affect the reactivity, whereas
the hard constraint decreases the cross sections by a factor
of around 1.88-1.45 in the 10-50 kcal/mol collision energy
range.

(b) The maximum impact parameters do not have significant colli-
sion energy dependence, but the shape of the opacity functions
changes with E, favoring higher and higher impact para-
meters as Ec, increases. This is consistent with the scattering
angle distributions showing a shift from backward to forward
dominance as E. increases. These findings indicate that at
low E, the reaction prefers the direct rebound pathway,
whereas at higher E.y, direct stripping becomes the main
reaction pathway.

(c) Initial attack angle distributions reveal significant and slight
side-on collision preferences for OH and C,Hg, respectively,
especially at low collision energies. As expected, the O-side
attack is preferred over the H-side attack for OH; however,
somewhat unexpectedly, the side-on attack is two to four-times
more reactive than the O-side attack.

(d) Product relative translational energy distributions show effi-
cient energy transfer between the reactant and product
translational modes, whereas the product internal energy
distributions show only slight collision energy dependence.
Furthermore, we have found that the vibrational energy distri-
butions of the H,O and C,Hs products are even less dependent
on collision energy, in accord with the nearly constant rela-
tive effect of the hard ZPE constraint, whereas their rotational
counterparts clearly blue-shift as E. increases. The ZPE vio-
lation is less significant for H>O because of the early barrier
nature of the hydrogen-abstraction process. The slightly hotter
rotational energy distributions of C;Hs correspond to signifi-
cantly higher J excitations than those of H,O due to the larger
moments of inertia of the former product.

The present PES opens the door for several dynamics studies,
such as (a) reduced-dimensional quantum wave-packet computa-
tions, which may be important at low collision energies where
tunneling can be significant, (b) vibrational and rotational mode-
specific simulations, (c) determination of mode-specific product
vibrational distributions allowing comparison with experiment,*

ARTICLE scitation.org/journalljcp

and (d) investigation of the isotope effect on the dynamics and/or
kinetics. Furthermore, our study may motivate crossed-beam exper-
iments for the title reaction and further improvement of the high-
energy region of the PES, where the substitution channels open and
may compete with the abstraction process at hyperthermal collision
energies.

SUPPLEMENTARY MATERIAL

See the supplementary material for codes* and coefficients for
the evaluation of the potential energy surface.
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