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This paper represents an attempt to extend the mechanisms of reactions and kinetics of a methane combustion reaction.
Three saddle points (SPs) are identified in the reaction CHy4 + O(CP) — OH + CHj using the complete active space self-
consistent field and the multireference configuration interaction methods with a proper active space. Our calculations give a
fairly accurate description of the regions around the twin first-order SPs (°A’ and A”") along the direction of O(P) attacking
a near-collinear H-CHj3. One second-order sp2nd (3E) between the above twin SPs is the result of the C3, symmetry Jahn—
Teller coupling within the branching space. Further kinetic calculations are performed with the canonical unified statistical
theory method with the temperature ranging from 298 K to 1000 K. The rate constants are also reported. The present work
reveals the reaction mechanism of hydrogen-abstraction by the O(*P) from methane, and develops a better understanding
for the role of SPs. In addition, a comparison of the reactions of O(*P) with methane through different channels allows a
molecule-level discussion of the reactivity and mechanism of the title reaction.

Keywords: combustion reaction, reaction mechanism, rate constant, saddle point

PACS: 34.10.4x, 31.15.xv, 34.50.Lf

1. Introduction

The reaction of ground-state atomic oxygen with methane
is an important initial step of oxidation in combustion
processes.! =1 Since methane is the simplest organic fuel and
stored in not only various minerals but also atmosphere as
the most abundant hydrocarbon, its combustion has attracted
considerable interest, both from experimental and theoreti-
cal perspectives. (18 The OCP) + CH4(X'A|) — OH(X?II)
+ CH3(X2A’2’) reaction, which represents an important initial
step in hydrocarbon combustion, provides an ideal platform
for studying bimolecular reactions involving one transfer of a
hydrogen atom.[!617:191 The hydrogen-abstraction by OC*P) is
commonly presumed to be the first step to generate a signifi-
cant concentration of CH3 in flames, which could be oxidized
to CO and CO; in subsequent combustion steps. The explo-
ration of reaction mechanisms and the next computation of re-
lated rate parameters have traditionally focused on searching
for and studying properties of the saddle point on potential en-
ergy surface (PES) of the chemical species of interest.[°-2!]
A first-order saddle point (SP'*!) is a critical point, and it rep-
resents a local minimum of PES from all directions/degrees
of freedom except for the one that corresponds to the reac-
tion coordinate, thus forming a valley on the PES with re-
spect to which it is a maximum. In contrast to these numer-
ous studies of SP'*, there have been relatively few studies of
the second-order saddle point (SP?) in whose vicinity the
PES was found to exhibit an unusual topology.!?>?3] Does any
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reaction proceed through an SP?"! and give desired products?
Or may a chemical transformation proceed through an SP?"4?
The literature is rather contradictory concerning such cryptic
gp2nd [22,24,25]

The title reaction has been extensively investigated exper-
imentally, and a considerable body of work was devoted to the
experimental characterization of the OH molecule produced
in related processes via molecular beams, like the reactions of
O atom with saturated, unsaturated, cyclic and aromatic hy-
drocarbons, in which reactions a small amount of OH radical

d.[?627] 1t was interpreted

rotational excitation has been foun
as resulting from a direct reaction mode and a favored near-
collinear O—H-C approach of the O atom to the C—H bond
under attack. This point was also confirmed by Ausfelder et
al."' They used isotope substitution to provide confirmation
of the nuclear framework dynamics of this reaction and stud-
ied influences on the nascent product OH or OD radicals ro-
tation with fine-structure state partitioning. The absolute ro-
tational energy release is found to be essentially independent
of the hydrogen isotope for all observed OH and OD prod-
uct levels, which indicates a near-collinear abstraction mech-
anism for this hydrogen-abstraction with the product rotation
determined primarily by the geometry at the point of repul-
sive energy release. As for the other product CHj3 radical,
the v, out-of-plane bending vibrational distribution was de-
termined by Suzuki and Hirota!?®! in an infrared diode laser
absorption kinetic spectroscopy experiment. Their results sug-
gested that the CH3 moiety was gradually relaxed to a planar
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structure during these reactions. Laser photolysis of NO; has
been combined with laser-induced fluorescence detection of
the nascent OH product to investigate the dynamics of the re-
actions of O(’P) with methane.'”) The OH spin—orbit (SO)
states were found to be nonstatistically populated, which was
interpreted by a direct abstraction mechanism with a preferen-
tially collinear C-H-O approach of the O(*P) atom to the C-H
bond under attack.

The kinetics of the methane combustion reactions have
been studied and the reaction rate coefficients were determined
in the temperature range from 298 K to 2500 K. However, it
is considerably less reliable due to the uncertainties in the re-
action stoichiometry and tunneling effects.?>*! The experi-
mental data for the reaction was reexamined by Cohen*!! at
temperatures below about 600 K. It was found that the values
for rate coefficient were overestimated by factors of approxi-
mately 2 to 3 in the 250 K—400 K temperature range, with the
error increasing as the temperature decreases, and a new ex-
pression of the experimental results was proposed as k(T) =
2.69 x 10718723 exp(—3570/T) cm? - molecule ' -s~!. This
expression represents the curvature in Arrhenius plots of the
experimental data but leading to higher values of the rate con-
stant than the previous one at low-temperature. This reac-
tion was studied in a crossed-beam experiment, in which the
ground-state methyl products were probed using a time-sliced
velocity imaging technique, and a direct rebound-type reac-
tion pathway, for which the small impact parameter collisions
dominate, was proposed.

Theoretical studies of this reaction have been carried out

1,32-34] how-

using various ab initio and dynamical methods;!
ever, all studies were based on the reaction channel with
only one transition state (TS). The ground PES, constructed
by Gonzaleza and coauthors!®! using the PMP4 calculations,
was employed to obtain the barrier height of 13.3 kcal/mol
for SP'st (3A”). The OHC bending angle is 180.0° and the
imaginary frequency is 2259i cm~'. In 2012, high accu-
racy was achieved by using a high-level electron correla-
tion method to obtain the barrier height of 14.08 kcal/mol
and the OHC bending angle of 179.3° at the SP!' (*A”),
which was taken as a benchmark value.?*! Later, a new full-
dimensional analytical PES-20143?! for O(P) + CH, was ac-
curately constructed based on the CCSD(T) =FULL/aug-cc-
pVQZ level, and the barrier height obtained was 14.0 kcal/mol
with the corresponding OHC bending angle of 180.0°. The
thermal rate coefficients of the reaction were also obtained
with ring polymer molecular dynamics (RPMD)[!3-36-38] anqd
with variational transition state theory calculations on this new
surface.[>3] The TST (transition state theory) transmission co-
efficients were obtained by the least-action tunneling (LAT)
approximation. In the classical high-temperature limit regime,
the RPMD rate theory result agrees with the experiment per-
fectly, although it overestimates the experimental rate coeffi-

[15.36-38] however, there

cients in the low-temperature regime;
are still somewhat uncertain aspects in the previous theoretical
studies. First, rough estimation of the barrier height extracted
from experimental data by Arrhenius plots gives 8.7 kcal/mol
to 11.7 kcal/mol,[>333%401 which is much lower than previ-
ous theoretical reported values.>3431 Second, since the ap-
proach of O(*P) along a C—H bond leads to Jahn-Teller coni-
cal intersections, [>*!=*! which are not isolated geometries but
form a seam. They are widespread in polyatomic systems and
make the SPs more and more elusive, representing a theoreti-
cal challenge.[16-17:34:46]

One of the reasons is the inadequacy of a single-
configuration reference wave function for the post-Hartree—
Fock calculations.*®) The geometries and roles of SPs in the
reaction CH4 + OC’P) have not been clarified in previous stud-
ies. In order to better understand the reaction mechanism and
clarify the role of the SPs, recently our group reported an
SP!st 3A") with the ab initio method and kinetic calculation to
obtain a fairly accurate description of the regions around the
3A” TS in the OCP) attacking a near-collinear H-CHj direc-

1,1471 which is lower

tion with a barrier height of 12.53 kcal/mo
than those reported before. 3234351 Until now, there were few
accurate ab initio works about the A’ state PES reported due
to the existence of a conical intersection, which allows the sys-
tem to relax to lower electronic states and poses a considerable
theoretical challenge.*¥3% To accurately study the combus-
tion reaction CH4 + O(CP) — OH + CH3s, we need to consider
the first excited state *A’. The purpose of this work is to in-
vestigate the mechanism and kinetics of the reaction CHy +
oCP), including the SPs and the associated reaction on the
excited state A’.

2. Methodology
2.1. Ab Initio electronic structure calculations

In this work, we present an extensive theoretical study on
hydrogen-abstraction reaction of CH4 + O(*P) based upon the
accurate ab initio electronic structure calculations, which are
performed using the MOLPRO 2008.1 program package.>!]
Since the C; symmetry is the most relevant for all the station-
ary point geometries (reactants, products, complexes in the en-
trance and exit channels, and saddle points), for computational
convenience, the reaction system is placed in the C; symme-
try and the internal coordinates are employed in most calcu-
lations. The coordinates are defined in Fig. S1 in Appendix
A: Supplementary material, in which the bending angle 0 is
ZOCH and ¢ocypr is the dihedral angle.

These calculations are based upon the dual-level

21521 The details of this computational scheme can be

strategy. !
found elsewhere, thus only a brief outline will be given here.
As the first step, extensive electronic structure determinations,

including the geometry optimizations and vibrational frequen-
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cies are performed using the State-Averaged Complete Active
Space SCF (SA-CASSCF),1534 in which the high level mul-
tireference SCF energies and wave functions for a series of
ground and excited states are calculated by a state-averaged
variational calculation. The selection of the active space is cru-
cial in the CASSCF and icMRCI+Q calculations.>>~% Here
various active spaces in CASSCF calculations have been tested
and finally the active space, which consists of twelve orbitals,
referred to as (14e, 120), is chosen for the present calcula-
tions. The active space (14e, 120) is also used for the sub-
sequent icMRCI calculations, and this choice is sufficient to
describe the CH bond-breaking and OH bond-forming accu-
rately. It should be noted that the 2s electrons of C and O are
put into the closed shell, which means that both 2s orbitals are
doubly occupied in all reference configuration state functions,
but still are correlated in the icMRCI calculations to account
for the core—valence correlations (called CV). The rest of the
inner electrons are kept frozen and not correlated. A compar-
ison with the frozen-core and all-electron results for the title
reaction have been made, and the result of all-electron is bet-
ter than that of the frozen-core.[32344757] The 1s orbitals of
carbon and oxygen are not correlated but optimized at the SA-
CASSCEF level. A reasonable consideration of the basis set
dependence is performed. To obtain the CV effects contribu-
tion to the energies, especially barriers, >3] the cc-pCVDZ
basis sets are chosen but modified. [47->°-61]

Since the SA approach included each of the states in ques-
tion with equal weight and the configuration space is equiv-
alent for all states, SA-CASSCF calculation with 0.5, 0.5
weighting on one root in 3A’ and one in *A” symmetries, re-
spectively, is performed using the orbitals obtained with the
unrestricted Hartree—Fock method as the starting guess to ob-
tain the orbitals in this work. At the same level, the corre-
sponding frequency calculations of the optimized geometries
are also done to prove the characters of minima without imag-
inary frequencies, the SP'*' and SP?™ with only one and two
imaginary frequencies, respectively.

The intrinsic reaction coordinate (IRC) calculations are
performed by starting from the saddle point geometry at this
level in order to identify a given transition state connecting
the desired reactant and product.!%?! The numerically gradient
vector and hessian matrix including rotational partition func-
tions were evaluated at each point along the IRC by harmonic
vibrational frequencies calculations. As for the locating of
SP?™ which is also a minimum energy crossing point between
34" and 3A” electronic states, three vectors were evaluated at
the SA-CASSCEF level: non-adiabatic derivative coupling, gra-
dient of the lower state, and gradient of the upper state.[4-30:63]

In our earlier calculations for the title reaction with
SP'st (3A”), only stationary points and each point in the IRC
were calculated to evaluate relative energy by using the sub-
sequent icMRCI method, which is for more sophisticated cal-

culations of the single point energy. The calculated potential
energy curve (PEC) of ab initio single point energies obtained
from higher-level electronic structure calculations might not
be as smooth as the counterpart from lower-level IRC calcula-
tions, and further rate calculations on the title reaction showed
that this does not lead to significant variations of the maxi-
mum length of the reaction coordinate. We therefore decided
to calculate a few symmetry unique geometries by the icMRCI
method in the present work. These geometries were cho-
sen carefully to represent the entrance and exit valley regions
most accurately. The icMRCI is a direct MRCI procedure per-
formed in an internally contracted configuration basis, and the
MRCI wave functions include all single and double excitations

s.[5334 A large

relative to the CASSCF reference function
amount of correlation energy is described via single and dou-
ble electron excitations, and further correlation energy due to
higher excitations is approximated by the Davidson correction
(+0).1%%] There are at least two reaction channels/transition
states (A’ and 3A”) involved in the title reaction.!?>#¢! There-
fore, two reference states (A’ and 3A”) are required and used
for generating the internally contracted pairs in the icMRCI

procedure.

2.2. Kinetic calculations

The canonical unified statistical (CUS) theory,[65‘67]
which considers a complex region between two bottlenecks
and does not give a bound even in classical mechanics, and
the canonical variational transition-state (CVT) theory is em-
ployed in our present work for the kinetic calculations using
the general polyatomic rate constants code POLYRATE 2015
program. (8]

The general equation for rate constant calculations in
CUS is:

(595 <5V RS = T T RS

where k%VT is the rate constant of CVT, which locates the
dividing surface between reactants and products at a point
s*CVT(T) along the reaction path that minimizes the general-
ized transition-state theory rate coefficients for a given temper-
ature T'; kg is the Boltzmann constant, % is Planck’s constant,
@R is the partition function per unit volume for reactants, and
gV = Q§VT -exp(—V /(kpT)).
The CUS theory recrossing factor is

kCvr1!

vim]

Jemax kmm

kCVT

RGYS = [1 +

where k“VT is calculated at the highest maximum of AG, k™
at the second highest maximum, and k™" at the minimum.
Herein, SO coupling effects in the reactants are included by
modifying the electronic partition function. 147!

The reaction path is calculated by the Euler steepest-

descent method from —5.0 Bohr on the reactant side to
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+3.0 Bohr on the product side. The rotational partition func-
tions of each point on the reaction path are obtained by ab
initio frequency calculations classically, and the vibrational
modes are treated as quantum mechanical separable harmonic
oscillators, with the generalized normal-modes defined in re-
dundant curvilinear coordinates. The geometries, gradient
vector, and Hessian matrix of all points along IRC are obtained
from CASSCEF, while the energy is obtained from icMRCI+Q.
The energy splitting between two electronic states for OH, be-
tween 3P, / 3Py and 3P, are included in the CVT and CUS cal-
culations. Since the title hydrogen-abstraction reaction shows
that my < mo, the quantum-tunneling effect, which plays an
important role at low temperature for a reaction of heavy-—

light-heavy mass combination, 70!

is accounted for by the
multidimensional small-curvature-tunneling (SCT) transmis-
sion coefficient k?CT. The rate constants reported are obtained
from the CVT/SCT and CUS/SCT calculations.

z z

3. Results and discussion
3.1. Stationary points

The ground state of the O atom (°P) has the electronic
configuration 1s>2s>2p*. Ignoring for the moment the 1s>2s>
electrons of O atom, the remaining 2p* electrons may occupy
three orbitals 2py, 2py, and 2p,, which are represented in Fig. 1
to demonstrate the effective reaction directions and electronic
states in the CHy + O(3P) reaction system. For the Cy symme-
try, this reaction correlates with different regions of the reac-
tion: A’ + two 3A” for reactant asymptote, ‘A’ + 3A” for TS,
TA” + 14" 434" 4 3A" for product asymptote. There are two sur-
faces that must be considered in the present work: the A’ state
with the half-filled p orbital in the HCO plane and the A"
state with the half-filled p orbital perpendicular to the plane.
The first triplet excited state (*A’) differs from the ground state
(*A”) by the excitation of a single electron from the 2p; or-
bital into the 2p, orbital, which weakens the influence of the
2p, orbital, causing the bond angle ZOHC to slightly open as

observed.

Fig. 1. (color online) Three orbitals 2py, 2p;, and 2p, of O atom in CH4 + O(CP) reaction.

When the distance between C and O is smaller than
9.0 Bohr, the weakly-bound van der Waals (vdW) inter-
action of the ground-state O atom with methane along
the H3C-H-O axis is helpful for orienting the system to-
wards H;CH...O (Wellg, ZOCH=0.03° and @yrcypm =
119.8°) with a well depth of —0.46 kcal/mol relative to
reactants. Czako er al. described this as a very shallow
vdW minima with a depth of —0.18 kcal/mol, which could
support few vibrational levels.**! Gonzalez et al.3>33 at
the CCSD(T)=FULL/aug-cc-pVQZ//CCSD(T)=FC/cc-pVTZ
level found the Wellg depth of —0.5 kcal/mol at Rog =
5.630 Bohr. All these calculations show that Wellg does exist
in the entrance channel and present a very weak long-range
vdW interaction. The active orbitals in the reaction are the
orbitals of the bond pair which transfers during the reaction
(CH bond pair for reactants and OH bond pair for products,
respectively) and the radical orbital (O atom for reactants and
CHj3 radical orbital for products, respectively).[?>32-3347] The
remaining CH bond pairs do not change qualitatively during
the approach of highly symmetrical C3,, geometry, which is an

SP? (L/OCH = 0.00° and ¢yncgpm = 119.7°) rather than an
SP!t or minimum after Wellg, except for a change in spatial
orientation as the CH3 moiety goes from pyramidal for CHy
to planar for free CH3. Similarly, the rest orbitals of O atom
remain localizing on the O during the reaction. At the Cj3,
geometry, the molecule exists in a ’E electronic state and is
therefore Jahn-Teller unstable. The O(2p;) orbitals remain
localizing on the O during the reaction. As a consequence of
the electronic degeneracy, the *E PES splits into two surfaces
of symmetries A’ and 3A”, which are represented in Fig. 2.
The PECs are very flat in the region of 175° to 185°, and the
energy difference between the two electronic PESs is less than
0.01 kcal/mol at the CASSCEF level. The singly occupied or-
bitals for the A’ state and *A” state change as the configura-
tion of molecule deviates the linearity. Bending toward the
lone pair will raise the energy more than bending toward the
singly occupied orbital, due to the different electrostatic repul-
sions with the OH bond. Therefore, slight differences between
singly occupied and lone pair orbitals make one state (*A’ /3A")
go higher, and another (*A” /°A”) lower as the ZOHC changes
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from 180°. One-dimensional stretching *A’ and *A” PECs as a
function of the OH and CH bonds, are represented in Fig. S2.
Compared with bending PECs, stretching PECs change much
faster but keep degeneracy occurring in orbitally degenerate.
Under C, symmetry as the O(*P) atom approaches the
methane along a C-H bond after Wellg, two SPIst are found
in the two respective surface of symmetries A” and 3A’
with the length of breaking C—H bonds of 2.644 Bohr and
2.649 Bohr, respectively, and they are almost identical in en-
ergy but slightly different in the OHC bending angle and the
tilt of the methyl group. The length of the breaking C—H bond
in the two C; symmetry SP'* is about 25.0% longer than the
corresponding equilibrium distance in CH4 molecule, while
the length of the forming O-H bond in SP'$! geometry is about
20.0% longer than the corresponding equilibrium distance of
OH. The geometry parameters and the relative energies of
SP'st 34’ and 3A”, respectively) and SP* (’E) are listed in

the following Table 1.

o
=
®

3A”

=
ot
1

0.02 1

=
(=)
1

elative energies/(kcal/mol)

(=]

184 186

176 178 180 182

ZOHC/(")

Relative energies/(kcal/mol)

0.5 1
01 T T T T T
160 170 180 190 200
ZOHC/(%)

Fig. 2. (color online) One-dimensional bending A’ and *A” PECs as a func-
tion of the O-H-C angle. For these calculations the other internal coordi-
nates are fixed at the values of SP>™ (°E). The zero energy is taken at the
Jahn—Teller conical intersection. The coordinates are defined in Fig. S1.

Table 1. Properties of saddle points (SPs) on the reaction path of 0CP) + CH4(X'A}) — OH(X2IT) + CH3(X 2A’z/) in comparison with those
from other ab initio calculations (bond length in unit Bohr, dihedral angle in unit degree, energy in units kcal/mol, and frequencies in unit

em™h).
SPlst (3A//) SPan SPlsl (3A/)
Ours®? Other*© Other!  Other® Ours? Otherf  Other® Ours? Other®
Relative energyh 14.13 (12.53) 14.0 14.08 13.3 14.19 (13.35) 17.84 13.4 14.17 (13.28) 19.12
Rog 2.212 2.253 2.292 2.279 2.279 2.270 2.279 2.215 2.228
Ren 2.644 2.470 2.434 2.369 2.751 2.363 2.369 2.649 2.436
Reyr 2.094 2.050 2.047 2.041 2.075 2.033 2.041 2.094 2.045
Reyr 2.094 2.050 2.047 2.041 2.075 2.033 2.041 2.094 2.043
Reym 2.094 2.050 2.047 2.041 2.075 2.033 2.041 2.094 2.043
Geom. ZOCH 0.61 0.00 0.35 0.34 0.00 0.41 0.28 0.22 0.53
Z/OCH' 103.6 - - 104.7 103.1 104.6 104.3 103.3 -
Z/OCH" 103.6 - - 104.7 103.1 104.6 104.3 103.3 -
ZOCH" 104.1 - - 104.4 103.7 104.1 104.6 104.7 103.9
donch 180.0 180.0 180.0 180.0 0.0 0.0 0.0 0.0 0.0
OnrcHu" 120.2 - - - 120.1 - - 120.3 -
Y —— 122.2 - - - 119.7 - - 123.0 -
Oumenn 120.2 - - - 120.1 - - 120.3 -
Vi 23761 19001 - 2259 162i - 1741 22841 21971
Di’ - 25191 - 2258i
V] 222 404 - 239 505 - 424 324 313
m 373 475 - 377 870 - 624 425 421
V3 521 582 - 624 1023 - 1046 550 609
Freq. Vg 1044 1044 - 1098 1252 - 1241 1019 1081
Vs 1067 1163 - 1139 2983 - 1251 1116 1236
Ve 1154 1210 - 1240 3257 - 1279 1149 1276
V7 1349 1496 - 1367 1467 1442 1501
g 1425 1518 - 1461 3116 1461 1505
Vg 2982 3157 - 3117 3232 2955 3183
V1o 3113 3214 - 3231 3271 3125 3340
V11 3135 3288 - 3276 3169 3341

2The geometry optimization and the vibrational frequency from the CASSCF(12e, 110) method. The coordinates are defined in Fig. S1. The

cc-pCVQZ basis sets are chosen but modified to optCVQZ, the details of which can be found in Refs. [S9]-[61]. The values in the parentheses
correspond to the single point energy calculation from icMRCI+Q(14e, 120)/optCVDZ//CASSCF(14e, 120)/optCVDZ level. b From Ref. [47].
¢ CCSD(T)=FULL/aug-cc-pVQZ//CCSD(T)=FC/cc-pVTZ single point level from Ref. [32]. ¢ Benchmark: accurate relative energies obtained
at the all-electron CCSDT(Q)/CBS quality from Ref. [34]. © The UMP2/6-311G(3d2f, 3p2d) level from Ref. [35]. fThe UMP2/cc-pVTZ level

from Ref. [39]. ¢ MP4(SDTQ)/6-311G** level from Ref. [46]. " The energy of the OCP) + CH4(X'A|) asymptote is taken to be zero.
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The calculated barriers on both surfaces are around
14 kcal/mol, and the corresponding harmonic vibrational
frequencies, performed at CASSCF levels, are 2284i and
2376171 in unit cm™!, respectively, for Splst (3A’ ) and
SP'st (3A”), while the single point calculations at the
icMRCI+Q(14e,120)/0ptCVDZ level give the barrier heights
of 13.28 kcal/mol and 12.53 kcal/mol. The TST calculations in
the next rate constant prediction lead to zero-point corrections
of 1.46 kcal/mol for the A’ state and 1.56 kcal/mol for the A"
state. Therefore, including zero-point correction energy re-
duces the barrier to around 11.07 kcal/mol and 11.72 kcal/mol,
respectively. Both ZOCH in SP' (3A”) and SP'* (*A”) are not
zero, which indicates that it is a near-collinear H-CH3 direc-
tion as the O(°P) attacking methane with ¢oycp of 0.0° and
180.0°, for SP'st (A’) and SP!s' (*A”), respectively. This ac-
counts for the steric effect in the reactivity since the barrier
height of SP'st (*A’) is relatively higher and the corresponding
transition state is relatively tighter than those of SP's' (*A”).
Hence, we speculate that, everything else being equal, the
shape of the excitation function in the post-threshold region in
the crossed-beam experiment might be concave-up with higher
collision energy. This conjecture awaits future experimental
confirmation.

The second order saddle point SP?™ (*E) with linear con-
figuration is found by the optimization of lower-energy points
of degeneracy with lower symmetry. This structure presents
two imaginary harmonic vibrational frequencies, which are
presented in Fig. S3. Mode I: 2519i cm~! corresponds to the
transfer of a hydrogen atom from the minimum reactant side
to that of the product side, and Mode II: 162i cm~! to the OHC
bending from one SP'*! to another. The energy difference be-
tween SP'' (34”) and SP?" (’E) is 0.06 kcal/mol; however,
it increases to 0.82 kcal/mol at single point calculations using
icMRCI+Q(14e,120)/optCVDZ. (It may be due to the fact that
the total number of contracted configurations changes rapidly
from linearity to non-linearity geometries in the icMRCI cal-
culations.) An exhaustive geometry optimization for the SP?"
(E) performed at the icMRCI level obtained the similar geom-
etry with Rog = 2.281 Bohr and Rcy = 2.782 Bohr, but this
kind of calculation goes far beyond our currently reasonable
computational resources, and neither frequency for SP>"! (’E)
nor geometry optimizations for other stationary points could
be achieved. The second order saddle point SP?™ (°E) is also
confirmed by the topology of PESs in the vicinity of the con-
ical intersection. The electronic degeneracy at SP?™ (3E) is
lifted along two nuclear coordinates: the gradient difference
vector (g) and the derivative coupling vector (/). These span
a two-dimensional subspace of the nuclear coordinates called
the branching space, the remaining dimensions forming the in-

49,50,63

tersection space. ! 1 In the branching space, the adiabatic

PESs form a double cone with a vertex at the origin, which
are shown in Fig. to illustrate the Jahn—Teller conical intersec-
tion. It may be important in chemical reaction since it serves
as a funnel allowing radiationless electronic transitions from
34’ to A”. The control of reactivity in the vicinity of conical
intersections would allow one to control the possible products.

80

60

40

Relative energies/(kcal/mol)

L0 —1.0 o
ey

e
COUDII'ng B

Fig. 3. (color online) Topography of two-dimensional PESs in the branching
space of the Jahn—Teller conical intersection (A’ and *A”). The correspond-
ing nuclear configurations are distributed in the branching space with deriva-
tive coupling h = —1.0:0.05:1.0 and gradient difference g = —1.0:0.05:1.0.

The zero energy is taken at the Jahn—Teller conical intersection.

The minimum energy path for SP'st (34’ is affirmed by
an IRC calculation in Fig. S4, the single point energy of each
point in the path is obtained at icMRCI+Q calculations. The
pathways from the SP'*' PA”)[47] and SP't (3A") as the steep-
est descent paths Wellg to Wellp are defined and found in
mass-weighted cartesian co-ordinates. The energy of SP?"
(E) can easily be lower along the Mode II, leading to an SP'$!
or a minimum. It has a chemical significance, since there may
be two minima/intermediates being connected dynamically by
this SP?1d,

3.2. Rate constant prediction

The TST, CVT, and CUS calculations were applied into
this reaction with a single saddle point and two potential en-
ergy wells. Moreover, these calculations are based upon dual-
level strategy extensive electronic structure determinations.
The geometries, gradient vector, and Hessian matrix of all
points along IRC are obtained from CASSCEF, while the energy
is obtained from icMRCI+Q//CASSCF(14e,120)/0ptCVDZ.
The SO coupling calculations for the O(*P) atom and CHy4
molecular have been performed using SO pseudopotentials.
The obtained energy splitting between two electronic states
for OH is 118.2 cm™!, whereas 140.2 cm™~! and 259.9 cm™!
for 3P, and 3Py relative to the 3P, of O atom. These are in-
cluded in the CVT and CUS calculations, as described be-
fore in Ref. [47]. SCT corrections were used to account for

quantum-tunneling effects.
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It should be noted that more symmetry unique geome-
tries in the entrance and exit valley regions, calculated with
the icMRCI method, were added in the present rate constant
calculations of the A" and A’ surfaces, respectively. The con-
tribution to the rate from 3A” and A’ surfaces have been cal-
culated separately and summed to give the total rate. In Fig. 4,
the thermal rate constants of the title reaction, obtained at dif-
ferent temperatures ranging from 298 K to 2500 K, are plotted
as a typical Arrhenius behavior. The calculated reaction-rate
constants (in units cm? -molecule ™! - s~1) for the title reaction
at 300, 600, 1000, and 2500 K, are listed in Table 2. At 300 K,
the calculated rate constant CUS/SCT(PA’) with SO effects in-
cluded is 2.42 x 10717 cm?3 - molecule ™" - s~!, which is low-
ered by 50% than 4.64 x 1077 cm?® - molecule ™! - s~! without
SO effects included. It shows that this kind of SO coupling
effect in the entrance valley has an evident influence on the
rate constant at low temperatures. However, with an increase
of the temperature, this kind of influence becomes smaller.
Moreover, all quantum mechanical effects become practically
negligible at high temperature. The difference between CVT
and conventional TST rate constants, the variational effect, is
found at low temperature for this reaction, which is the ex-
pected behavior for a reaction with heavy-light-heavy mass

combinations. Similarly, it becomes negligible at high tem-

perature.
N ‘ ‘ " TST (*A")
- —8 1 —« CVT/SCT (*A")
® \ + CUS/SCT (*A")
! X TST (*A")
< —10 4+~ CVT/SCT (PA’)
5 CUS/SCT (*A")
Ko} . + RPMD (PES-2014)
g _192 R ‘ A Exp.1
g —14
~
&’:
N
S —16
—18 ‘

05 10 15 20 25 3.0
(1000/T)/K

Fig. 4. (color online) Arrhenius plot for the reaction of CH4 +0(CP)—
CHj3 + OH. TST: presents the study using transition-state theory calcula-
tions; CVT/SCT: presents the study using canonical variational transition-
state theory with small-curvature-tunneling (SCT) calculations; CUS/SCT:
presents the study using canonical unified statistical theory with SCT calcu-
lations; RPMD(PES-2014): other study using ring polymer molecular dy-
namics approach calculations on PES-2014 from Ref. [33]; Exp.1: Experi-
mental values from Ref. [31]; Exp.2: Experimental values from Ref. [30].
Arrhenius plot for the isotope effects on the rate constants. A’ presents the
reaction path through SP' (A’) from Ref. [47], A" presents the reaction
path through SPst (3A”).

Table 2. Thermal rate coefficients (in unit cm?® - molecule ! - s~1) for the OCP) + CH, reaction at 300, 600, 1000, and

2500 K using different dynamical methods.

Method Temperature/K
etho

300 600 1000 2500
TST ((A”) with SO? 1.03 x 10716 6.53 x 10714 6.33 x 10712 2.61x 1078
TST (°A”) without SO? 4.37x 10710 8.92 x 10714 7.51x 10712 2.78 x 1078
CVT/SCT (A”) with SO*? 9.75x 10718 6.37 x 10715 1.25x 10713 2.80x 10~
CVT/SCT (°A”) without SO? 1.43 x 10717 6.99 x 1015 2.03%x 10713 291 x 1071
CUS/SCT (CA”) with SO? 4.60 x 1017 1.34x 10714 3.62x 10713 3.04 x 1071
CUS/SCT (*A”) without SO® 8.64 % 10717 3.43 %1071 4.07x10°13 3.11x 1071
TST (*A’) with SO? 5.27x 10717 2.04 x 10714 3.25x 10712 1.08 x 1078
TST (*A’) without SO? 1.43x 10710 5.98 x 10714 3.99 x 10712 1.22x1078
CVT/SCT (°A’) with SO? 55110718 6.27 x 10715 8.71 x 10714 1.81 x 1071
CVT/SCT (*A’) without SO*# 1.42x 10717 7.21x10°1 9.00 x 10~ 14 1.87 x 107!
CUS/SCT (*A") with SO? 2.42x 10717 9.66 x 1015 1.55x 10713 1.87 x 1071
CUS/SCT (*A’) without SO? 4.64 x 10717 1.43x 10714 2.24x10713 1.92 x 10711
CUS/LAT® 1.32x 10717 8.95x 10715 3.60%x 10713 2.37x 1071
RPMDY 1.50 x 10~17 1.30x 10714 541x10713 4.05 x 10711
RPMD¢® 54210718 1.03x 101 - -
MCTDH® 5.81x 10718 1.07 x 10714 - -
7D QD¢ 2.38x 1071 5.17x 10710 - -
CUS/uOMT4 8.50 x 10~18 1.60 x 10~ 14 52x 10713 3.3x 107!
Quantum instanton® 3.55%x 10717 1.96 x 1014 7.17x 10713 -
exp.f 9.00 x 10~'8 1.70 x 10~14 6.00 x 10713 4.20% 107!
exp.® 5.50x 10718 2.00 x 1014 7.70 x 10713 4.20x 10711

TST: presents the study by using the transition-state theory calculations; CVT/SCT: presents the study by using the canoni-
cal variational transition-state theory with small-curvature-tunneling (SCT) calculations; CUS/SCT: presents the study by
using the canonical unified statistical theory with SCT calculations; *A”: presents the reaction path through SP'S' (A”) from
Ref. [47]; A’ presents the reaction path through SP'' (*A”); SO: the SO coupling effect; ? present work; ?: Ref. [33]; ©:

Ref. [15]; 9: Ref. [2]; ¢: Ref. [40]; [ Ref. [31]; &: Ref. [30].
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The calculated rate constants of 600 K for the title re-
action are 6.37 x 107! c¢m? - molecule ™! - s~! and 6.27 x
10715 ¢m3 - molecule ! - s~! on the 34” and 3A’ PES, re-
spectively, by using the CVT/SCT method. The total value
of the rate constant is 1.26 x 1074 ¢cm3 - molecule™! - s71,
which is in better agreement with the experimental result
1.70 x 10~ cm? - molecule ™! - s~! than previous theoretical
values.!'3] Although the values of the rate constant obtained
from 3A” PES at all temperatures are slightly larger than those
from 3A’, the two surfaces make almost equal contributions to
the reaction rate. The total rate constants of CVT and CUS
are in good agreement with experiment over the temperature
range from 298 K to 2500 K when the effect of tunneling is in-
cluded using SCT transmission coefficient <37, while TST re-
sults are much higher and present noticeable difference in the
Arrhenius plots, indicating the important role played by tun-
neling. Additionally, the values of the rate constant at 600 K
and 1000 K accord better with the experimental results than
those from Gonzalez’s calculation.[33! Therefore, the effect of
SP!st (3A”) and SP?™ (°E)) cannot be ignored.

The conventional TST in the present work locates the
transition state dividing surface at the SP!s'(34’) and it seems
to overestimate the rate constants, presumably due to the ne-
glect of barrier recrossing. Since the harmonic approxima-
tion, which leads to an overestimation of the variational ef-
fects, is used in the present CUS/CVT calculations, their re-
sults could not perfectly match the experimental data at high
temperature.3>38 Qur CUS/SCT results are larger at lower
temperatures than theirs with CUS/LAT on PES-2014 and
smaller at higher temperatures, but both results are in accor-

dance with the available experimental data.

4. Conclusions

In the present work, we have presented two SPs!s' and
one SP?™ on an ab initio PES of CHy + OCP) — OH
+ CHj reaction.
level strategy extensive electronic structure determinations
at the CASSCF(14e,120) level with a kind of optimized
CVDZ basis set for the geometry optimizations, vibrational

These calculations are based upon dual-

frequencies and reaction coordinate calculations, and at the
icMRCI+Q(14e,120) level for single point energies calcula-
tions. The core and core-valence correlation effects are in-
cluded, which are necessary for an accurate quantum chem-
ical description of the title reaction. Our calculations give a
fairly accurate description of the regions around SP'' (3A’)
and SP'*t (A”), which may play some role in the OC’P) at-
tacking a collinear/near-collinear H-CHj3 direction. For the
first time, a second-order SP?™ (3E) between the above twin
SPs with two imaginary vibrational frequencies at 162i cm™!
and 2519i cm~! are found for this reaction. The corresponding

2519i cm~! normal mode displays the beginnings of the trans-
fer of a hydrogen atom from the minimum reactant side to that
of the product side, and the other corresponding 162i cm~! to
the OHC bending from one SP'*! to another. Our results indi-
cate that the existence of SP™ (°E) enriches the mechanism
of reaction. Studying SP>™ (3E) can therefore help in under-
standing the nature of the transition states now recognised as
being important for molecular reactions.

The thermal rate constants for this hydrogen-abstraction
reaction are calculated with several dynamical methods in-
cluding using the canonical unified statistical theory method
over a large temperature range. These calculated rate con-
stants of CVT and CUS are in agreement with experimental
results; however, TST results are much higher and present no-
ticeable difference in the Arrhenius plots, indicating the im-
portant role played by tunneling. The reasonably good agree-
ment with available experimental results confirms the accu-
racy of our present work. The rate coefficient obtained from
CUS/CVT is significantly lower than its previous RPMD result
at low temperature below the crossover temperature, suggest-
ing underestimation of the tunneling contribution. It may be
attributed to the inaccuracies of CUS and CVT.

This theoretical study will play an important role in shap-
ing our deeper understanding of SPs and bimolecular reactions
with polyatomic molecules. Further work on the construction
of the global PESs for CH4 + O(P) — OH + CH3 reaction,
suitable for the reactive scattering studies, is in progress, and
various saddle points and PES intersections as revealed in our
work, in particular conical intersections, will be included. A
final judgment about the quality of our theoretical study on the
mechanism and kinetics of the title reaction will only be pos-
sible once the further PES construction based on our present
work and detailed dynamics calculations on the PES have been
performed.
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Appendix A: Supplementary material

Some supporting materials for better understanding this
paper are presented in the following figures in this appendix.

The one-dimensional stretching 34’ and 3A” potential en-
ergy curves as a function of the OH (a) and CH (b) bonds, re-
spectively, are shown in Fig. S1. For these calculations the
other internal coordinates were fixed at SP!St (34”) values.
The zero energy is taken at the Jahn—Teller conical intersec-
tion.
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b2l

H"

Fig. S1. (color online) Coordinate definition geometry of CH4O.

The two imaginary frequency modes of the secondary or-
der saddle point SP*™ (3E) between SP'®' (3A) and SP'*
(3A"). Mode I: 2519 cm™! for the transfer of a hydrogen atom;
Mode II: 262 cm™! for the OHC bending.
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Fig. S2. (color online) One-dimensional stretching A’ and A" potential en-
ergy curves as a function of the OH (a) and CH (b) bonds, respectively. For
these calculations the other internal coordinates were fixed at SP'st (A7)

values. The zero energy is taken at the Jahn—Teller conical intersection.
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Fig. S3. (color online) The two imaginary frequency modes of the secondary
order saddle point SP?" (°E) between SP's' (*A’) and SP'' (*A”). Mode I:
2519 cm™! for the transfer of a hydrogen atom; Mode II: 262 cm ™! for the
OHC bending.
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S4. (color online) O(3P)+CH4 (X;A;) reaction path through SP'*

(3A") obtained at the CASSCF(14e, 120)/optCVDZ level.
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