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The dynamics of the ground-state reaction of CHy + O(P) — CH3(v = 0)+OH(V' = 0) have attracted a great deal
of attention both theoretically and experimentally. This rapid communication represents extensive quasi-classical trajectory
calculations of the vibrational distributions on a unique full-dimensional ab initio potential energy surface for the title
reaction, at the collision energy of relevance to previous crossed molecular beam experiments. The surface is constructed
using the all electrons coupled-cluster singles and doubles approach plus quasi-perturbative triple excitations with optimized
basis sets. A modified Shepard interpolation method is also employed for the construction. Good agreement between our
calculations and the available experimental results has been achieved, opening the door for accurate dynamics on this

surface.

Keywords: quasi-classical trajectory calculation, vibrational distribution, product-scattering distribution,

combustion reaction
PACS: 34.10.+x, 31.15.xv, 34.50.Lf

1. Introduction

Methane is the simplest organic fuel and the most abun-

1-10] Representing an im-

dant hydrocarbon in the atmosphere. !
portant initial step in methane combustion, the CH; +OCP)
— CH3(v = 0)+OH(V' = 0) reaction provides an ideal plat-
form for studying bimolecular reactions involving one trans-
fer of a hydrogen atom.!''=13] Over the last decade, experi-
mental and theoretical studies on this reaction have greatly ex-
tended and advanced our understanding of chemical reaction

s.116-21] Syzuki and co-workers measured the nascent

dynamic
v, out-of-plane bending vibrational distribution in the um-
brella mode of CH3 by an infrared diode laser absorption ki-
netic spectroscopy experiment, which suggested that the CH3
moiety was gradually relaxed to a planar structure during these
reactions.??! Later Sweeney er al. measured the very low frac-
tions of product rotational energy release for the higher homo-
logues such as isobutane and cyclohexane by laser photoly-
sis of NO, combined with laser-induced fluorescence detec-
tion of the nascent OH product.!'%! The OH spin—orbit states
were found to be nonstatistically populated, which was inter-
preted by a direct abstraction mechanism with a preferentially
collinear C~H-O approach of the O(*P) atom to the C—H bond
under attack. Moreover, a considerable body of work [23-20]
was devoted to the experimental characterization of the OH
molecule produced in related processes via molecular beams,
like the reactions of the OP) atom with saturated, unsatu-
rated aromatic hydrocarbons. Many correlated experiments
on methane with H, F, Cl, and O(P) have been reported af-
ter the first measurement of correlated angular and vibrational
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product distributions for the F4 CD,.[?"!
Recently, there has been additional progress with a wide
variety of methods, including the crossed beam technique, on

the title reaction. [20-21.25.26.28

I The internal energy distributions
of products CHz and OH, as well as differential cross sec-
tions, were studied with isotopic variants taken into account
to provide detailed information on product translational, vi-
brational energy distributions, and product angular distribu-
tions. The product speed distributions at different E ., were
measured by a number of groups and the excitation functions
were also obtained.!?>!] The reactions at center-of-mass col-
lision energies in the range of 64.6 kcal/mol-89.9 kcal/mol
were investigated with crossed-beams experiments and direct
dynamics calculations, which provided evidence for the ex-

[20] This reaction was also

pected H-atom abstraction reaction.
studied at a hyperthermal collision energy of 64 kcal/mol
by two crossed-molecular-beams techniques, in which the
OH product was formed mainly from a stripping mechanism
where the O(P) reacts through large-impact-parameter col-
lisions with CHy. The CHj3 products are in the ground vi-
brational state, while the OH products are vibrationally cold
and rotationally hot.>!] With extended collision energies rang-
ing from 7.5 kcal/mol to 13.5 kcal/mol, it was revealed that
the product angular distributions were backward scattered for
the O P)+ CHDj reaction, which indicated a direct rebound
mechanism. Liu and his co-worker measured the first differ-
ential cross sections, in which the first reported product an-
gular distributions showed predominant backward scatterings

for both ground-state and bend-excited methanes, indicating a
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direct rebound reaction mechanism.[?! Later, they measured
the reactive excitation function, as well as the product angu-
lar distributions and the energy disposal on initial collision
energies, by taking images over the energy range of chem-
ical significance.!?1:>326.28] These experimental results are a
severe test for theoretical work on potential energy surface
(PES) constructions and quasiclassical trajectory (QCT) cal-
culations. The intersection angle of the two molecular beams
was varied to investigate the initial translational energy depen-
dence of the reactivity, thereby changing the relative collision
energy in the center-of-mass frame. The ground state reac-
tion producing OH+CDj3 has a threshold at 8.01 kcal/mol.
Significant vibrational enhancement in the reaction rate was
observed, and the product angular distribution shifted from a
backward-dominance in O(* P) + CHD; to a sideways-peaking

[25]1 Moreover,due to the fo-

upon CH stretching excitation.
cusing effects of the long-range anisotropic interactions en
route to the barrier, vibrationally enhanced reactivity has also
been observed in CHD3; (v; = 1) by enlarging the cone of
the reactive acceptance. Later, by imaging the effects of
the antisymmetric-stretching excitation, it was found that the
OH(V' = 0) product was associated with a single peak, while
the stretch-excited methane presented two peaks correspond-
ing to the OH(v' = 1) and OH(V’ = 1) states with populations
0.85:0.15 at E.q; = 12.4 keal/mol.BY A reactive threshold at
E o1 = 8 kcal/mol was clearly discerned, which predicted the
barrier height of 9 kcal/mol-10 kcal/mol. These quantitative
results for the ground-state reaction provide a stringent test for
further theoretical developments of the potential energy sur-
face and dynamics calculations of this important polyatomic
reaction, [23-30-32]

Theoretically, it has received a great deal of attention us-

[33-37] Early in

ing various ab initio and dynamical methods.
1980, Walch and Dunning'®*! studied the stationary points
on the ground state PES with POL-CI wave functions. In
1990, Gonzalez et al. performed the geometry optimization
of all stationary points including transition states in this re-
action with the Hartree-Fock method.’*! The accurate dy-
namic investigation of the title reaction usually needs an ac-
curate PES.[11:12:36.38-44] {ypti] now, there have been several
PESs constructed for the OCP)+CHs — OH+CHj; reac-
tion, some QCT and reduced-dimensional quantum dynam-
ics (QD) calculations have been performed using these PESs.
The ground PES, constructed by Gonzéleza and co-authors (33!
using the PMP4 calculations, were employed to obtain the
barrier height of 13.3 kcal/mol and the zero-point-inclusive
barrier height of 9.4 kcal/mol.
furnished by Joseph et al.!*! and Jordan et al.!*®! for the

CH4(X'A;)+H — CH;+H, reaction, a 12-dimensional an-
12,38

Based on the information

alytical PES was constructed!!>8 by making the previous

one completely symmetric with respect to any permutation of
the four methane hydrogens. In 2012, the high accuracy was
achieved by using a large basis set and high-level electron cor-
relation method to obtain the barrier height of 14.08 kcal/mol
and the OHC bending angle of 179.3° at the saddle point,
which was taken as a benchmark value.*"! In a recent study, a
new full-dimensional analytical PES for O(CP)+CH, was ac-
curately constructed based on PES-2000 and further high level
CCSD(T)=FULL/aug-cc-pVQZ ab initio data by Gonzalez-

(411 They concluded that the corre-

Lavado and co-authors.
lation of all electrons (FULL), including core and valence
electrons, has a major influence on the description of the
barrier. The barrier height obtained from this surface was
14.0 kcal/mol with the corresponding OHC bending angle of
180.0°. The title reaction, theoretically, has also received a
great deal of attention using QCT calculations. 34748 The
mode-specific vibrational distributions were obtained by do-
ing a normal-mode analysis, and the reaction was predicted to
occur at small impact parameters and proceed through direct
rebound pathways.[*8] That the translational energy activates
the reaction more efficiently than vibrational energy shows this
central-barrier reaction behaves more like an early barrier re-
action.

In the present study, we investigate the QCT calculations
on the uniquely developed ground-state PES for the gas-phase
OCP)+CH; — OH+CH; reaction with the 3A” transition
state. The dynamical details of the title reaction are compared
with the results of the universal crossed molecular beam ex-

periments performed by Liu and his co-workers, [13-23-26:28.30]

2. Materials and methods

The ground PES for the gas-phase reaction of hydrogen-
abstraction from methane by an oxygen atom has been per-
formed using the all electrons coupled-cluster singles and dou-
bles approach plus quasi-perturbative triples excitations. The
ab initio calculations in the present work are conducted us-
ing the Gaussian 09 suite of ab initio programs.[**! The best
compromise we could achieve was the all-electron coupled-
cluster singles and doubles approach plus quasi-perturbative
triples excitations, CCSD(T) (full), together with optimized
aug-cc-pCVQZ basis sets. A reasonable consideration of the
basis sets dependence is included. Several basis sets, includ-
ing cc-pVXZ [X =D, T,Q, and 5], aug-cc-pCVXZ [X =D, T,
and Q] and an optimized aug-cc-pCVQZ have been tested to
obtain the reasonable barrier height and reaction endoergic-
ity. Some results with previous reported calculations are pre-
sented schematically in Fig. 1, which illustrate the dramatic
influence of electronic correlation and basis set on the re-

action endoergicity (energy difference between Eproducts and
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The results of
the all-electron calculation are generally better than those of

EReactants) With various ab initio calculations.
the frozen-core. Basis set extensions from aug-cc-pCVDZ
to aug-cc-pCVQZ decrease the barrier height (without zero-
point-energy) by around 0.8 kcal/mol. To obtain the core
and core-valence correlation effects on the energies, espe-
cially barriers, 1% the aug-cc-pCVQZ basis sets are chosen
but optimized.!'! An optimized scheme was employed to ade-
quately describe both core—core and core—valence correlations
of the C/O atom. 13!
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Fig. 1. (color online) The comparison of reaction endoergicity with various
ab initio methods. a: CCSD(T)/aug-cc-pCVQZ calculations from Ref. [40];
b: the valence-electron CCSD(T)/(FC)cc-pVTZ level and the all-electron
CCSD(T)/(FULL)aug-cc-pVQZ level from Ref. [41]; c: present work at the
CCSD(T)=FULL/optACVQZ level. The energy of the OCP)+CH4(X'A))
asymptote is taken to be zero.

A modified Shepard interpolation method is employed
for the construction of PES. This method was proposed by
Collins and his co-workersP*>7! for systematically generat-
ing global ab initio PES for systems of more than four atoms.
The PES is determined by the energies and the first and sec-
ond order derivatives of the energy at a set of data point
geometries.*3839 Qur interpolated PES in the present
work for the reaction OGP)+CHy — OH+CHj is grown
from the initial set of 196 data points, and finally about 6100
data points are obtained. QCT calculations of the title reaction
on the ground rovibrational state are performed using this new
ab initio PES. The ability to perform classical dynamics sim-
ulations on multidimensional PES is limited in practice due to
the exponential scaling with the number of nuclear degrees of
freedom. The location of the data points is mainly determined
using the iterative methods developed by Collins and his co-
workers and the iterative development of the PES is imple-
mented with the GROW package.[+00-611 A set of geometries
are chosen as an initial set of data points for GROW. These
points should represent the chemically important regions in
configuration space, typically the reactants, products, a sad-

dle point, van der Waals potential wells and some configura-

tions on a minimum energy path for the reaction. Additionally,
some data points should be added according to physical con-

siderations, particulary the analysis of potential contour plots.

3. Results and discussions
3.1. Accuracy of the PES

This new global 12-dimensional potential energy surface
(denoted as PES-2017) using the methods described in the
above for the gas-phase O(P)+CH4 — OH+ CHj reaction
is expected to give a better description of the regions around
the transition state (TS), and of those long-range vdW inter-
actions (reactant complex Wellg, Well;e, and product com-
plexes Wellp). The data point set is chosen mainly accord-
ing to classical trajectory simulations. The geometrical struc-
tures of all reactants, transition state, complexes, and prod-
ucts are optimized at the CCSD(T) = FULL/optACVQZ level.
This method was used to optimize geometrical structures of
all stationary points calculations obtaining a good agreement
The dis-
tance between two fragments of reactants/products is fixed at

with the experiments and our previous calculations.!!!

30.0 bohr. At the same level, the corresponding frequency cal-
culations of the optimized geometries are also performed to
prove the character of minima without imaginary frequencies
and the character of the transition state with only one imagi-

nary frequency.

Parameter Rcnr Rcu /CHO

Corchado: 1998 2.033 2.033 180. 8

Troya: 2005 2.084 2.084 180.0

- H'Y’ _
Gonzalez: 2014  2.050 2.050 180.0
PES-2017 2.097 H" 2.097 179. 2'

Barrier Rew Rcn Ron
14.0 2.033 H' 2.362 2.270
14.37 2.084 2.338 2.328
14.0 2.050 2470 2.253
13.55 2.097 2.643 2216

Fig. 2. (color online) Structural parameters (distances in bohr, angles in de-
grees and energies in units kcal/mol) for the transition state obtained from
various ab initio levels. Corchado: geometry at the UMP2/cc-pVTZ level
and energy at the PUMP2-SAC//UMP2/cc-pVTZ level from Ref. 38; Troya:
PMP2/aug-cc-pVDZ from Ref. [19]; Czako: all-electron CCSD(T)/aug-
cc-pCVQZ from Ref. [40]; Gonzalez: geometry at the valence-electron
CCSD(T)/cc-pVTZ level and energy at the all-electron CCSD(T)/cc-pVQZ
level from Ref. [41]; PES-2017: our present work.

The transition state geometric parameters from our ab ini-
tio calculations and previous works in the literature are shown
in Fig. 2. In the previous work, the TS geometry was some-
what uncertain and the corresponding calculations at various
ab initio levels are not consistent.!'>4 Czako er al.1*9) de-
scribed the transition state with the bond lengths being formed
(Ron) and broken (Rcy) at 2.253 bohr and 2.470 bohr, respec-

tively, and the barrier height of 14.08 kcal/mol. They were
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taken as the best estimated values to data and served as bench-
mark values. The PES-2014 for the title reaction presented the
barrier with a height of 14.0 kcal/mol and a lower imaginary
frequency for TS of 1900i cm ™!, which is much lower than our
ab intio calculated value of 2376i cm~!. Obviously the thin-
ner barrier obtained in our present work facilitates more facile
tunnelling. The barrier height of 14.08 kcal/mol from “bench-
mark” and 14.0 kcal/mol from “PES-2014" are much higher
than the experimental value of 8.7 kcal/mol-11.7 kcal/mol[®?!
extracted from Arrhenius plots, though Arrhenius expression
does not provide a particularly good fit to the experimen-
tal data. Our calculated barrier height is 13.55 kcal/mol at
the CCSD(T)=FULL/optACVQZ level, in agreement with
our previous reported theoretical values.['?! An exhaustive
geometry optimization for the TS performed at the icMRCI
level obtained a similar geometry with Rog = 2.234 bohr and
Rcu = 2.436 bohr,!! but this kind of calculation goes far be-
yond our currently reasonable computational resources, and
neither frequency for TS nor geometry optimizations for other
stationary points could be achieved.

In our study, the geometry parameters of Wellg includes
6 =0.0°, Rog = 6.012 bohr, Rcy = 2.103 bohr. The depth of
Wellg on PES-2017 is —0.53 kcal/mol , which is much deeper
than previous reported values. Therefore, our result indicates
that the weakly-bound vdW interaction of the ground-state O
atom with methane along the O- - - HCH3 axis is helpful for ori-
enting the system toward Wellg. The overall accuracy of the
interpolation for the PES-2017 surface is estimated roughly
as follows. Two thousand molecular configurations were ran-
domly selected during the integration of trajectories to produce
a sample of dynamically relevant geometries. Then ab ini-
tio calculations at the CCSD(T) = FULL/optACVQZ level are
performed at all configurations in this sample, and the error
is computed from the difference between the ab initio energy
and the value obtained from the interpolated surface. The av-
erage absolute error is obtained to be 0.60 kcal/mol, and the
root-mean-square error is 0.83 kcal/mol.

3.2. Dynamics of the reaction

The full-dimensional QCT calculations with the stan-
dard normal-mode sampling for the title reaction are carried
out on the newly constructed PES with CHy initially in the
ground rovibrational state. Two thousand molecular config-
urations are randomly selected during the integration of tra-
jectories to produce a sample of dynamically relevant geome-
tries. In this step, the initial distance between the center of
mass of the reactants is (x> +5?)'/2, where b is the impact pa-
rameter and x = 10 bohr. Then ab initio calculations at the
CCSD(T) =FULL/optACVQZ level are performed at all con-

figurations in this sample, and the error is computed from the

difference between the ab initio energy and the value obtained
from the interpolated surface. The average absolute error is
obtained to be 0.60 kcal/mol, and the root-mean-square error
is 0.83 kcal/mol. The initial CH4 molecule is set in its ground
rovibrational state using fixed normal mode energy sampling
for all trajectories, and the integration time step is 0.05 fs. The
initio rotational angular momentum of the fragments and the
impact parameter are set to zero. The maximum value of the
impact parameter is estimated by calculating batches of 103
trajectories at fixed values of b and systematically increasing
the value of the bpax until no reactive trajectories are obtained.
It should be noted that the QCT calculations are started at the
Reactants asymptote with a center of mass separation between
the fragments of 30.0 bohr and are stopped when the O-C or
one of the C—H internuclear distance reaches 30.0 bohr after

the inner turning point of the trajectories.

1.0F
| CH3(r=0)+OH(v =0)

o
o

e
=

(do/d(cosb))/arb. units
o o
o =

0 I 4b I Sb I 1I20 I 160
Center-of-mass scattering angle 0/(°)
Fig. 3. (color online) Translation energy distribution of products ob-
tained from the QCT calculation.

In the calculations for the reaction probability, the reac-
tion probability from the dynamics calculation was multiplied
by a factor of 4 to account for equal and independent contri-
bution to reaction probability from all the hydrogen atoms in
CHy, due to the fact that the hydrogen atom in the reagent CHy4
is treated as distinguishable. Clearly, the reaction probabil-
ity computed with the classical dynamics is converged to 0.12
with small variations after the reference data set grew to 4500
points. For each energy the maximum value of the impact pa-
rameter, by, was determined by first calculating batches of
10* trajectories at fixed values of the impact parameter and
then systematically increasing the value of b until no reac-
tive trajectories were obtained. For the title reaction at E.o =
30.0 kcal/mol at 300 K, about 5.6 x 10° trajectories have been
calculated, which leads to a maximum impact parameter of
5.0 bohr and an average reaction probability of 0.13. An
analogous number of trajectories have also been calculated at
100 K, leading to very similar results. The computed angular
distributions for the pair-correlated CH3(v = 0) + OH(V' = 0)
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products and the center of mass speed distribution P(Et) ob-
tained by the QCT calculations with E,, = 13.0 kcal/mol on
the newly constructed PES are displayed in Fig. 3 and Fig. 4,
respectively. The angular distribution of the OH product in
Fig. 3 shows a predominant sharply backward scattering peak
relative to the OCP) beam direction, where no forward scat-
tering peak or any signal from the sideways scattering is pre-
sented. The present angular distribution in our calculation is
in accordance with the experimental distribution, which re-
mains confined within the backward hemisphere in the mea-
surements of Liu er al.!'325-26.28.301 The behavior of the cen-
ter of mass speed distribution indicates that most of the avail-
able energy in this reaction is deposited into a particular prod-
uct mode until the transition state is reached. It could be ex-
plained by considering that a larger number of trajectories are
removed in the vibrational ground state reaction due to zero
point energy violation.[!143-63] This agrees well with the ex-
perimental measurement that about 90% of the total available
energy remains as OH co-products rotations.'>>] The cen-
ter of mass speed distribution P(Et) in Fig. 4 obtained by the
QCT calculations represents a one-dimensional projection of
the desired three-dimensional (3D) state-tagged angular dis-
tribution, which can be recovered by the law of cosines.[04]
For the product kinetic energy release, only one single peak
was found since only the OH products can be formed at the
collision energy range in the present work. The normalized
differential cross-sections at different collision energies are
obtained in Fig. 5, in which a 3D representation shows the
evolution of the product-scattering distribution with respect to
both scattering angle and collision energy for the reaction of
CH4+O(CP) — CH;3(v = 0)+OH(V' = 0). Our QCT calcu-
lations with different collision energies show that the angular
distributions shift toward sideways directions as E. increases,
which is in agreement with the experiments at the common
collision energy range 7.0 kcal/mol—15.0 kcal/mol.!"3! The be-
havior of this distribution supports that it is a rebound mech-
anism, which very closely resembles the experimental results
by Liu and his co-workers.[?>?®1 A 3D polar plot for the prod-
uct translational energy and angular distributions for the re-
action of CHD3 +O(P) — CDs(v = 0)+OH(V' = 0) with
E.o1 = 11.8 kcal/mol is shown in Fig. 6, indicating that the
backward scattering signals are much stronger than those of
forward and sideways scattering. Our QCT image for the
3D polar plot is in good agreement with the crossed-beam
study for the isotopic product channel, in which the unnor-
malized raw images for the CD3(v = 0) products were ex-
emplified with E.,; = 11.8 kcal/mol.[?8 All distributions are
sharply backward peaking, indicative of a clear direct rebound

mechanism. Moreover, the predominant backward scatter-

ing peak resides in the high kinetic energy region, which in-
dicates the products stay in their ground vibrational states.
From the experimental angular distribution by Liu and his co-
workers, 13281 both images feature a distinct ring-like struc-
ture in the backward direction. Our QCT calculations are
in good agreement with experimental results after the round-
shaped features along the 0-7 line were discarded, since they

were the beam-generated background noises.

1.0f

0.8f

0.6

0.41

P(Er)

0.2}

0 2 4 6 8 10 12 14
Translational energy/(kcal/mol)

Fig. 4. (color online) Angular distribution of OH(V' = 0) relative to the
direction of the incoming O atom. The forward direction, 0°, is along
the initial CH3 direction in the center-of-mass frame.

1.0+ o , CHs('zz"='0)J‘_r‘O'H'(?/»'=0’)’ .

do/d(cosb)

Fig. 5. (color online) Three-dimensional (3D) representation for the
evolution of product-scattering distribution with respect to both scat-
tering angle and collision energy for the reaction of CHy + OCGP) —
CH3(v = 0)+OH(V' = 0). The calculations have been performed with
E. energy range 7.0 kcal/mol-15.0 kcal/mol (7.0, 7.9, 9.0, 9.5, 10.0,
10.5, 11.0, 11.5, 11.8, 12.0, 12.4, 13.0, 14.0, 14.2, and 15.0 kcal/mol)
in the present work.

E.=11.8 kcal/mol

™ /

Fig. 6. (color online) Three-dimensional (3D) polar plot for the product
translational energy and angular distributions for the reaction of CHD3
+O0(P) — CD3(v = 0)+OH(V' = 0). The forward direction (0) corre-
sponds to the direction of the incoming O atom.

063401-5



Chin. Phys. B Vol. 27, No. 6 (2018) 063401

4. Conclusions

In this paper, we presented extensive QCT calculations
for the ground-state reaction of CH; +O(CP) — CH3(v =
0)+OH(V' = 0) with the detailed dynamics information per-
formed on a unique full-dimensional ab initio PES. The accu-
racy was achieved by using high-level ab initio calculations to
compute about 6100 data points with energies and the first and
second order derivatives. The modified Shepard interpolation
method and the iterative development scheme are employed
to construct the interpolated PES. The analysis of properties
of our surface shows that it is accurate in important regions
and physically reasonable in various regions. QCT computa-
tions on this new PES provide a result in good agreement with
the experiments and our previous calculations. The rebound
mechanism for the title reaction is confirmed by our QCT cal-

culations.
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