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Surface for methane combustion: O(3P) + CH4 →OH + CH3
∗
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Kinetic investigations including quasi-classical trajectory and canonical unified statistical theory method calculations
are carried out on a potential energy surface for the hydrogen-abstraction reaction from methane by atom O(3P). The surface
is constructed using a modified Shepard interpolation method. The ab initio calculations are performed at the CCSD(T)
level. Taking account of the contribution of inner core electrons to electronic correlation interaction in ab initio electronic
structure calculations, modified optimized aug-cc-pCVQZ basis sets are applied to the all-electrons calculations. On this
potential energy surface, the triplet oxygen atom attacks methane in a near-collinear H–CH3 direction to form a saddle point
with barrier height of 13.55 kcal/mol, which plays a key role in the kinetics of the title reaction. For the temperature range
of 298–2500 K, our calculated thermal rate constants for the O(3P) + CH4→OH + CH3 reaction show good agreement with
relevant experimental data. This work provides detailed mechanism of this gas-phase reaction and a theoretical guidance
for methane combustion.

Keywords: methane combustion, potential energy surface, transition state, kinetic, ab initio electronic struc-
ture calculation
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1. Introduction
Hydrocarbon combustion involves many kinds of chemi-

cal reactions, in which reactions of O(3P) with hydrocarbons
play an important role in the key initial steps.[1–10] The reac-
tion O(3P) + CH4→OH + CH3 has been investigated in a lot
of experimental and theoretical studies over the decades as a
prototype of the hydrocarbon combustion.[11–18] In 2005, all
of the available and recommended data was summarized.[19]

The thermal rate constants was recommended as k(T ) =

7.3× 10−19T 2.3 exp(−3310/T ) cm3·molecule−1·s−1 over the
temperature range from 400 K to 2500 K, while the mea-
sured rate constants were distributed widely below 400 K.
It has also been investigated theoretically by using multifar-
ious approaches.[11,20–23] The Jahn–Teller conical intersection
has advanced nature and potential effectiveness.[1,20–22,24–26]

Its appearance as the oxygen atom gets close to the hydrogen
atom along the H–CH3 bond has not only aroused great the-
oretical concern but also brought some uncertainty to kinet-
ics. The 3-fold symmetry leads to a 3E state, which could be
split into one 3A′ and one 3A′′ after the break of C3v symmetry
surface.[27–29] Recently our group reported a series of studies
to obtain a better understanding of the reaction mechanisms
and clarify the role of saddle point. The barrier heights of
3A′ and 3A′′ first-order saddle points formed by O(3P) attack-
ing hydrogen in the near-collinear H–CH3 direction are 14.17
and 14.13 kcal/mol, respectively.[4–6] Our calculated imagi-
nary frequency for the TS is 2376i in cm−1, corresponding to
a narrow potential barrier.

To achieve accurate kinetic investigation of the title reac-
tion, an accurate potential energy surface (PES) is basically
required.[25,26,30–32] A series of ab initio PESs for the title
reaction have been constructed. Despite the first full dimen-
sional analytical one (labeled as PES-1998) was constructed
by Corchado and co-workers,[24] the most widely used one
was constructed by Espinosa-Garcia and co-workers.[33] The
PES-1998 was on the basis of studies by Joseph et al.[34] and
Jordan et al.,[35] in which PESs were found to be not com-
pletely symmetric in all the potential energy terms pertain-
ing to the four hydrogen atoms of CH4. Later, the PES-2000
and PES-2014 for O(3P) + CH4 were reported,[25,33,36] espe-
cially the full-dimensional analytical PES-2014 by González–
Lavado and co-authors which has been acted as a benchmark
to test the accuracy of approximate theories[31,37–40] and can
be applied to more complicated reactions. The PES-2014
predicts a barrier height of 14.0 kcal/mol with collinear O–
H–CH3 configuration. The ring polymer molecular dynam-
ics (RPMD) method[41] and transition state theory with the
least-action tunneling approximation (LAT) were employed
to obtain the thermal rate coefficients of this reaction. The
RPMD rate theory gives good estimate of quantum statistics
in low temperature range and better one as the temperature
goes higher.[26,41]

In this article, we present a ground-state PES for the
O(3P) + CH4→OH + CH3 reaction with the 3A′′ transition
state (TS) in gas phase. This PES is constructed with
a modified Shepard interpolation scheme,[42,43] which has
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been successfully applied in the PES construction of several
polyatomic reactions, including H + SiH4, H + CH4 reaction
systems.[44–48] Kinetic calculations obtained from this PES are
compared in detail with previous available data. The method-
ology for the construction of PES are described in Section 2.
The properties of the fitted surface are discussed and evaluated
in Section 3. Section 4 discusses kinetic calculation results.
Finally, a summary of the fitted PES is presented in Section 5.

2. Theoretical methodology
2.1. Electronic structure calculations

Extensive computational studies at different levels are
performed in this work to investigate the PES of the
O(3P) + CH4→OH + CH3 reaction. The Gaussian 09 suite of
ab initio programs[49] are chosen and used to perform all the
ab initio calculations. The geometry coordinates, electronic
structures symmetries and units for the reaction system defined
in our previous work[4–6] are used throughout, unless other-
wise specified. One of the major difficulties of the present
work is to find a reasonable balance between ab initio accu-
racy and computational cost to yield smooth PESs and reaction
barriers. A recent study by Truhlar et al. pointed out that the
ab initio with all electrons taken into account and larger ba-
sis sets would give a fairly accurate description of the reaction
barrier heights.[50] Good convergence could not be achieved
when methods or basis sets are changed since the existence of
PES crossing may make the estimate of saddle point unclear.
This effect also appears in such a similar system as O(3P) + HF
reaction, in which PES crossings originate from multiple states
correlating to the triplet oxygen and intersect many times.[51]

In fact, a completely satisfactory set for the global PES could
neither be found by using higher level method nor by larger
basis sets.

In our present work, the coupled-cluster singles and
doubles approach plus quasi-perturbative triples excitations
method, CCSD(T), is employed as it is suitable for ac-
curate description of polyatomic molecules.[25,33,52] In or-
der to reduce artificial error in the estimate of barrier
height and long range region, the contribution of the in-
ner core electron correlation effects for the energies are
taken into account by using large and cost basis sets aug-
cc-pCVQZ, which are modified and optimized in the form
of (12s6p5d4f1g)/[7s6p5d4f1g][33,50] (the discussion of this
ab initio scheme can be found elsewhere[4–6]). The paths of
chemical reactions are followed by integrating the intrinsic re-
action coordinate (IRC) with the Euler steepest-descent theory.
The minimum energy path with a total of 196 calculated points
is determined through IRC calculation from −1.9 a.u.1/2Bohr
on the reactant side to +1.4 a.u.1/2Bohr on the product side,
and it is shown schematically in Fig. 1 in which various sta-

tionary points are indicated.
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Fig. 1. O(3P) + CH4(X1A1) reaction path obtained at the all-electron
CCSD(T)/optACVQZ level. The energy of the reactants is set as zero.

2.2. Form of the PES

The energies, the energy first order derivatives and the en-
ergy second order derivatives at a set of data point geometries
are employed to construct the surface with the modified Shep-
ard interpolation method, which is proposed by Collins and
has been successfully applied to many systems of more than
four atoms for systematically generating ab initio PES.[42,43]

A 2nd order Taylor series expansions is employed to represent
the form of PES. The resulting continuous surface interpo-
lates all the data points with all their corresponding symmetry
equivalents in a 3N-dimensional underlying surface landscape,
which must be calculated at all data points scattered through-
out the whole configuration space.

In the present work, the six-atom reaction system is
represented using a general and straightforward system of
coordinates given by linear combinations of inverse inter-
atomic distances. It requires 0.5×[6×(6-1)] inverse inter-
atomic distances Qi to describe the positions of all atoms for
the PES construction. Therefore, at a given configuration
of the title reaction system and its all symmetry-equivalent
copies, the optimal coordinates are defined as a vector 𝑄 =

{Q1,Q2,Q3, . . . ,Q15}. The final approximation to the surface
is represented by the modified Shepard interpolation, which
sums over all reference data and their symmetry equivalent
configurations. The form of 2nd order local Taylor interpola-
tion expansions Ti(Q) centered on the set of Ndata data point
geometries is

Ti(Q) = V [𝑄(𝑖)] +
3N−6

∑
k=1

[ξk−ξk(i)]
∂V
∂ξk
|Q=Qi

+
3N−6

∑
k=1

3N−6

∑
j=1

0.5[ξk−ξk(i)]

× [ξ j−ξ j(i)]
∂ 2V

∂ξk∂ξ j
|Q=Qi , (1)

where

ξQ =
N(N−1)/2

∑
k=1

UnkQk (n = 1,2,3, . . . ,3N−6). (2)
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The final surface as a weighted average of these Taylor expan-
sions is

V (Q) = ∑
g∈G

Ndata

∑
i=1

wgoi(Q)Tgoi(Q), (3)

where g is the group element; g ∈ G means the inclusion of
all elements g in a group G, which acts to interchange sym-
metry equivalent atoms; goi means that the ith configuration
is transformed by g. Thus, the final and total symmetry of the
reaction system is gained from their total direct product. The
expressions for the normalized weight function ωgoi(Q) and
Tgoi(Q), which weight the contribution of the Taylor expan-
sion for each data point to the final surface energy function in
the corresponding configuration space, have been discussed in
detail elsewhere.[53,54]

2.3. Development of the surface

The selection of data points in Eq. (3) for the fi-
nal Shepard interpolation is determined with the GROW2.2
package,[55] in which a set configurations are chosen as
an initial start for generating subsequent coming points.
This iterative method was developed by Collins and co-
workers.[6,42,43,53] These points should provide an accurate
picture that gives the accurate description of important chemi-
cal and kinetic regions in the reaction reactant side to the prod-
uct side. Not only should the stationary points, points on min-
imum energy path and those close to the path be selected, but
also more data points should be taken into account in view of
physical considerations, particulary, the analysis of potential
contour plots. For all these points, the electronic energies as
well as the energy first and second order derivatives in all di-
rections are obtained by ab initio calculations. From the initial
points along the IRC, the size of data set will rise gradually
by using the above iterative procedure. The iterative devel-
opment in the construction of the surface is very efficient for
polyatomic molecule reactions (the discussion of this iterative
procedure can be found elsewhere[6,42,43,53]).

3. Properties of the PES
Our surface (denoted as PES-2019) is a 12-dimensional

potential energy surface and constructed utilizing the meth-
ods illustrated above for hydrogen-abstraction reaction in the
ground state from methane by triplet atom O. According to
the quasi-classical trajectory (QCT) simulations proposed by
Collins and Jordan,[42,43] the number of the data point sets
chosen is several hundreds to thousands. The data set for the
PES-2019 contains 9017 symmetry unique geometries. As the
initial set, 196 geometries come from the IRC and 370 ge-
ometries are chosen carefully to accurately represent the re-
gion of interest, especially the important areas near the sta-
tionary points and van der Waals (vdW) areas. All the other
geometries are determined by the QCT calculations. The cen-
tral differences are employed to evaluate numerical Hessians
to produce second derivative of energies at every small step.
The QCT simulations concentrate on the geometries with the
∠OHC angle larger than 100◦ and the geometries near the
region of reactant and saddle point (SP). To produce a sam-
ple of geometries for describing kinetic relevant region, more
than two thousand of molecular configurations are picked up
by randomizing the selection in the integration of trajectories
generated from the reactant side. The average absolute error
and the root-mean-square error (RMSE) from our surface are
obtained to be 0.511 and 0.804 kcal/mol, respectively, which
are quite smaller compared to the barrier height.

3.1. Weakly bound Interaction

This surface gives an accurate and clear topology of the
regions close to the stationary points and the weakly bound
interactions. The geometry parameters of various stationary
points obtained from ab initio geometry optimizations and
from the PES-2019 are collected in Tables 1 and 2, in which
the available computational and experimental data from liter-
ature are also collected, while Fig. 2 shows the optimized ge-
ometries of the saddle point and vdW wells.

Table 1. Properties of reactants, products and saddle points on the PES-2019 for O(3P) + CH4(X1A1)→OH(X2Π) + CH3(X2A′′2 ) in comparison with
the previous reported data (all bond length in Bohr, bond angle and dihedral angle in degree, frequency in wave number and energy in kcal/mol).

SP(3A′′) Reactants Products
PES-2019 ab initio other other PES-2019 ab initio other Exp. PES-2019 ab initio other Exp.

(a) (b) (c) (d) (a) (b) (d) (e) (a) (b) (d) (e)

V(f)
MEP 13.55 13.55 14.1 16.7(14.0) 0.0 0.0 0.0 0.0 5.49 5.49 5.70

ROH 2.216 2.214 2.268 2.253 30.0 30.0 – – 1.832 1.832 1.835 1.8324
RCH 2.643 2.643 2.417 2.470 2.104 2.102 2.058 2.062 30.0 30.0 – –
RCH′ 2.097 2.090 2.073 2.050 2.104 2.102 2.058 2.062 2.033 2.033 2.039 2.039
RCH′′ 2.097 2.090 2.073 2.050 2.104 2.102 2.058 2.062 2.033 2.033 2.039 2.039
RCH′′′ 2.097 2.090 2.073 2.050 2.104 2.102 2.058 2.062 2.033 2.033 2.039 2.039
∠CHO 179.2 179.1 180.0 180.0 180.0 180.0 – – 180.0 180.0 – –
∠OCH′ 103.3 103.8 – – 109.5 109.5 109.5 109.5 90.0 90.0 – –
∠OCH′′ 103.3 103.8 – – 109.4 109.5 109.5 109.5 90.0 90.0 – –
∠OCH′′′ 104.5 104.7 – – 109.4 109.5 109.5 109.5 90.0 90.0 – –
φOHCH′ 180.0 180.0 180.0 180.0 120.0 120.0 120.0 120.0 120.0 120.0 – –
φH′CHH′′ 120.2 120.2 – – 119.8 119.9 120.0 120.0 120.0 120.0 – –
φH′′CHH′′′ 122.3 122.6 – – 119.8 119.9 120.0 120.0 120.0 120.0 – –
φH′′′CHH′ 120.3 120.6 – – 120.1 120.1 120.0 120.0 120.0 120.0 – –
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Table 1. (Continued).

SP(3A′′) Reactants Products
PES-2019 ab initio other other PES-2019 ab initio other Exp. PES-2019 ab initio other Exp.

(a) (b) (c) (d) (a) (b) (d) (e) (a) (b) (d) (e)

V(f)
MEP 13.55 13.55 14.1 16.7(14.0) 0.0 0.0 0.0 0.0 5.49 5.49 5.70

υi 2315i 2315i 1919i 1900i – – – – – – – –
υ1 228 228 417 404 1336 1336 1344 1306 597 598 491 606
υ2 372 373 417 475 1336 1336 1396 1395 1430 1402
υ3 519 520 591 582 1336 1336 550 1393
υ4 1049 1049 1000 1044 1561 1562 1570 1534 3022 3023 3126 3004
υ5 1061 1061 1000 1163 1561 1562 3209 3209 3216 3171
υ6 1159 1161 1044 1210 2941 2941 3035 2917 3205 3207 3289
υ7 1359 1357 1362 1496 3071 3077 3153 3019 3206 3204
υ8 1422 1422 1362 1518 3071 3077 3744 3739 3743 3738
υ9 2992 2993 3019 3157 3071 3077
υ10 3119 3117 3168 3214
υ11 3136 3139 3168 3288

(a) Reactants and products on the PES are optimized using the quasi-Newton method while the saddle point is located using the Newton-Raphson method;
the frequencies are obtained by the normal-mode analysis;

(b) all-electron CCSD(T)/optACVQZ method;
(c) PES-2014 from Ref. [33];
(d) CCSD(T)=FC/cc-pVTZ values from Ref. [33] while values in parentheses at the CCSD(T) = FULL/aug-cc-pVQZ level;
(e) NIST Database from http://webbook.nist.gov/chemistry/;
(f) the energy of the reactants is set as zero.

Table 2. Properties of complexes at reactant side (WellR, Well′R) and product side (WellP) and previous reported values (bond length in Bohr,
bond angle and dihedral angle in degree, energy in kcal/mol and frequency in wave number).

WellR Well′R WellP
PES-2019 ab initio other other PES-2019 ab initio other other PES-2019 ab initio other other

(a) (b) (c) (d) (a) (b) (c) (d) (a) (b) (c) (d)
Energy(e) –0.53 –0.54 –0.5 –0.18 –0.59 –0.60 –0.3 –0.27 3.25 3.25 3.5 3.12

ROH 6.012 6.012 5.629 9.074 9.077 6.315 1.858 1.843 1.842
RCH 2.103 2.106 2.056 2.102 2.105 2.050 4.835 4.838 4.318
RCH′ 2.104 2.104 2.058 2.110 2.108 2.088 2.090 2.041
RCH′′ 2.104 2.104 2.058 2.110 2.108 2.088 2.090 2.041
RCH′′′ 2.104 2.104 2.058 2.110 2.108 2.088 2.090 2.041
∠CHO 179.9 179.9 180.0 0.0 0.0 0.0 180.0 180.0 180.0
∠OCH′ 109.1 109.2 109.5 109.5 90.5 90.7
∠OCH′′ 109.5 105.5 109.7 109.8 89.8 89.8
∠OCH′′′ 109.5 105.5 109.7 109.8 89.8 89.8
φH′CHH′′ 120.1 120.1 120.1 120.1 120.0 120.0
φH′′CHH′′′ 119.7 119.7 120.1 120.1 120.0 120.0
φH′′′CHH′ 120.1 120.1 120.1 120.1 120.0 120.0

υ1 57 57 42 50 50 65 57 57 85
υ2 78 78 72 86 85 98 130 130 123
υ3 78 78 99 113 113 100 160 160 156
υ4 1340 1340 1341 1399 1340 1401 301 301 293
υ5 1348 1348 1345 1467 1467 1410 335 335 323
υ6 1348 1348 1345 1467 1467 1410 593 593 570
υ7 1566 1566 1572 1787 1787 1777 1393 1393 1391
υ8 1566 1566 1572 1796 1796 1783 1399 1399 1418
υ9 3005 3005 3034 3133 3133 3134 3106 3107 3114
υ10 3016 3016 3152 3284 3284 3278 3224 3224 3285
υ11 3016 3016 3152 3331 3332 3327 3376 3375 3305
υ12 3019 3019 3159 3331 3332 3327 3610 3610 3650

(a) Reactants and products on the PES are located using the quasi-Newton method; the frequencies are obtained by the normal-mode analysis;
(b) geometry optimization and vibrational frequency from all-electron CCSD(T)/optACVQZ method;
(c) CCSD(T) = FC/cc-pVTZ values from Ref. [33];
(d) benchmark from Ref. [25];
(e) the energy of the reactants is set as zero.
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Fig. 3. Contour plot (kcal/mol) of the PES-2019 in the entrance chan-
nel. The energy of the reactants is set as zero.

The PES-2019 surface is a 12-dimensional hypersurface
and not easy to be represented graphically. Several two-
dimensional contour cut plots of the surface are made to check
the reliability of our interpolation. Typical cuts of the PESs
are shown in Figs. 3 and 4. The interaction of the O atom
with methane leads to more than one vdW wells.[25,33,36] The
van der Waals complexes play important roles in reaction
dynamics.[56] The PES-2019 reproduces our previous ab ini-
tio calculations[4–6] in the long range interaction region to sup-
port a vdW potential well H3CH· · ·O (WellR) in the entrance
channel in Fig. 3, where the contour is plotted as a function of
ROH [1.6 Bohr, 3.0 Bohr] and RCH [5.6 Bohr, 6.9 Bohr]. The
present PES properly describes the structure of WellR since
it has been identified to be reactive by the IRC calculation to
connect to the corresponding saddle point. Moreover, several
dozens of points around it have been chosen carefully in the
initial set. The second vdW potential well O· · ·H3CH (Well′R)
is optimized and confirmed by frequency calculation but no

IRC is found to connect with. Although additional (nearly one
hundred) nearby points are taken into account in our PES con-
struction, the contour plot of regions around the Well′R is still
not as smooth as that of WellR. The depth of reactant well
WellR obtained from the PES-2019 is −0.53 kcal/mol, which
corresponds to a vdW interaction between the triplet O atom
and CH4. It is weakly bounded but helpful to orient the reac-
tion toward WellR as the O· · ·H–C axis.
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Fig. 4. Contour plot (kcal/mol) of the PES-2019 in the region around
the transition state as functions of RCH and ROH. The energy of the
reactants is set as zero.

3.2. Saddle point

A quasi-collinear O· · ·H· · ·CH3 transition state appears
when the triplet oxygen atom gets close to the one of four hy-
drogen atoms along a carbon hydrogen bond after the reactant
well. The saddle point geometry in the title reaction has been
somewhat uncertain for a long time.[57] Three saddle points
for the CH4 + O(3P)→OH + CH3 reaction have been identi-
fied by more extensive electronic structure determinations in
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our previous work,[4,5] and it plays a key role in the kinetics
of the reaction. Under Cs symmetry, two SP1st are identified
in two symmetries 3A′′ and 3A′, respectively. They get sepa-
rated by one second-order SP2nd(3E) that arises on account of
the C3h symmetry Jahn–Teller coupling. In the present work,
the first two lowest saddle points are optimized and have a
length of the breaking carbon hydrogen bonds of 2.643 and
2.649 Bohr, respectively. The barrier height of the lowest
SP1st(3A′′) is 0.04 kcal/mol lower than that of the second low-
est one SP1st(3A′). The lowest SP1st(3A′′) with the IRC through
it and some points around it are taken into account in the initial
set. In the surface construction, the second lowest SP1st(3A′)
is also taken into account but without IRC or any other points
around it. Since one 3A′′ and one 3A′ surface propagate through
the corresponding saddle point region, respectively, and corre-
late with the same ground-state products, it is assumed in the
present work that the following rate constants are multiplied
by 2 times with the consideration of the flux through the rel-
ative lower 3A′′ surface. This approach has been employed in
some previous reports.[22,36] All discussions in this paper refer
to the 3A′′ surface unless otherwise stated.

A comprehensive comparison of barrier heights from
various reported references and our calculations is repre-
sented in Fig. 5. The barrier height obtained from our
surface is 13.55 kcal/mol, which is close to the best esti-
mated value 14.08 kcal/mol,[25] value 14.0 kcal/mol from
the PES-2014[33] and our previous reported theoretical value
14.13 kcal/mol from CASSCF calculation.[4] The previous
icMRCI+Q ab initio calculations[4] give a barrier height
(without zero-point-energy) much lower than the present
CCSD(T) = FULL/optACVQZ, which may due to the follow-
ing two reasons. First, the previous icMRCI+Q value for
the barrier height was obtained by single point energy cal-
culation without full geometry optimization. Second, the
CCSD(T) = FULL/aug-cc-pCVXZ (X = D, T, Q) calculations
show a dramatic influence of basis set on the description of
correction energies for the barrier height. It is clearly demon-
strated that the barrier height has a downward tendency with
further basis set extension.

In comparison with the high-accurate icMRCI+Q
calculations,[4] the CCSD(T) calculations in the present work
give a lower saddle point, which overestimates the rate con-
stant determined by the TST-based methods for the title reac-
tion. On the other hand, the subtle aspects topology derived
from the surface based on the CCSD(T) calculations gives a
better description than those points (or curve) obtained from
icMRCI+Q. The rate constant calculations from our surface
tend to average out the above two effects.

Contour plot (kcal/mol) for the PES-2019 in the region
around the lower saddle point as functions of RCH and ROH is
presented in Fig. 4. The length of the breaking carbon hydro-

gen bond of transition state on the PES-2019 is 2.643 Bohr, be-
ing 25.6% (0.539 Bohr) longer than that of the CH4 molecule
at equilibrium geometry as shown in Table 1. In Fig. 5 of
Ref. [33], the energy of the PES-2014 rises much slowly but
straightly as the system moves from the entrance/exit channel
to the saddle point. In our Fig. 4, however, the energy is not
slow or direct toward the saddle region. The different surface
shapes of the transition state could be caused not only by dif-
ferences of the barrier heights discussed above, but also by the
differences of the imaginary frequencies. The imaginary fre-
quencies at the transition states for the PES-1998, PES-2000,
and PES-2014 are 1507i,[24] 1549i,[36] and 1919i[33] cm−1,
respectively. It is clear that the PES-2014 has the thinnest po-
tential energy barrier among them. The harmonic frequencies
calculated on the PES-2019 agree well with ab initio ones and
give an imaginary frequency of 2315i cm−1.
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Fig. 5. The comparison of barrier heights from various reported ref-
erences and our calculations. a: from Ref. [11]; b: from Ref. [61]; c:
from Ref. [21]; d: from Ref. [22]; e: from Ref. [17]; f: from Ref. [25];
g: from Ref. [24]; h: from Ref. [36]; i: from Ref. [33]; j: present work at
the CCSD(T) = FULL/ACVxZ (x = d, t, q, and 5) level; k: present work
at the CCSD(T) = FULL/optACVxZ (x = d, t, and q) level; l: present
work PES-2019; m: from Ref. [6].

Although some noticeable discrepancy can be observed
in contour plots in Fig. 5 of Ref. [33] and Fig. 4, as well as in
the description of the second vdW well O· · ·H3CH, both sur-
faces are broadly similar in the overall region. Besides slightly
different aspect of ab initio calculation, the main difference
between the PES-2014 and PES-2019 is also caused by differ-
ent approaches used in surface constructions. The former is
constructed using an analytical polynomial which is basically
a valence bond-molecular mechanics, while the latter using
interpolation method, which may not be suitable for weakly
bound interactions but can be improved by adding more points
on interested regions. The contour lines in Fig. 4 are smooth
and without artificial oscillations in various regions. Although
the smooth procedure has little effect on quantum kinetics, it
can make a big difference on the QCT calculations.
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4. Kinetic calculations
Some quasi-classical trajectory calculations have been

performed on the prior version of this surface to study the
vibrational distributions.[6] The prior version was constructed
with 6100 symmetry unique geometries and it is converged.
The main difference is that more points near potential wells
were taken into account in the PES-2019 construction to give
a better description of the weakly bound interactions. For the
pair-correlated CH3(ν = 0) + OH(ν ′ = 0) products, the char-
acteristics of angular distributions were analyzed by the QCT
calculations. These results including the angular distributions
of the OH + CH3 products indicate that the distinct backward
scattering are fully stronger than other directions. The angu-
lar distribution of the OH product represents a predominantly
sharply backward scattering peak relative to the O(3P) beam
direction, where no forward scattering peak or any signal from
the sideways scattering is presented. This agrees well with the
experimental measurement that about 90% of the total avail-
able energy remains as OH co-products rotations.[1,57] The
QCT calculations on the PES-2019 in the present work and
those[6] on its prior version are very similar and no observable
divergence is found in the dynamic calculations, so similar
dynamics results were excluded in the present manuscript to
avoid redundancy. More dynamics properties have been calcu-
lated on the PES-2019 and compared with previous theoretical
and experimental information.

4.1. Probability of reaction

To evaluate the reaction probability of O(3P) + CH4→
OH + CH3, the QCT calculations are carried out on the PES-
2019. For the following calculations, the initial CH4 in its
ground rovibrational state is used for all trajectories. The
QCT calculations are started with the fragments separation
of 30.0 Bohr for the reactants asymptote O(3P) + CH4. In the
same way, the trajectories are stopped at products asymptote
OH + CH3 of 30.0 Bohr. The integration time step in the above
calculation is set as 0.05 fs. Figure 6 shows the reaction prob-
ability (derived from one thousand trajectories) as a function
of the Ndata. The reaction probability does not provide much
clue about the accuracy of the PES but gives some validation
to check the convergence of PES. The reaction probability is
multiplied by a factor of 4 during calculations since all the
hydrogen atoms in methane contribute equally and are treated
as distinguishable. Thus, the values of reaction probability
in Fig. 6 already include a factor of 4. When the reference
data set is grown to about 5000 points by the classical kinetic
calculations, our obtained reaction probability does not go up
and down eventually, and converges to 0.12 with very small
changes. At 300 K, when Ecol is set to be 30.0 kcal/mol for
the title reaction, about 600000 trajectories are obtained with
bmax of 5.0 Bohr. The maximum impact parameter b is the

largest value of the impact parameter, which is determined by
increasing its value until no new reactive trajectory is obtained.
To test the reliability of these parameters for the QCT calcu-
lations, nearly a same number of trajectories are computed at
several temperatures including 100 K, 200 K, and 500 K, and
these results are very similar.
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Fig. 6. The probability of reaction for O(3P) + CH4(X1A1)→
OH(X2Π) + CH3(X2A′′2 ) represented as a function of Ndata. The dot-
ted line displays the average value for Ndata = 7012, 7440, 7661, 7923,
8333, 8550 and 9017.

4.2. Thermal rate constant prediction

The traditional transition-state theory (denoted as TST)
and canonical variational TS (denoted as CVT) theory calcula-
tions have been applied into this reaction, as well as canonical
unified statistical (denoted as CUS) theory.[4,6] The spin–orbit
(SO) coupling of the triplet oxygen atom and singlet methane
molecular are integrated in the TST, CVT and CUS theory cal-
culations using the POLYRATE 2015 program, which is a gen-
eral polyatomic rate constants code and has been successfully
employed to many polyatomic molecule reactions.[58] In the
mass-weighted Cartesian coordinates, the reaction path starts
from the highest point of transition state and goes gradually to
the reactants side or in the opposite direction to products side.
The effect of tunneling for rate constant calculations is taken
into account by using the small-curvature tunneling (denoted
as SCT), large-curvature tunneling (denoted as LCT) and LAT.

The thermal rate constants of hydrogen-abstraction re-
action have been calculated at different temperatures rang-
ing from 298 K to 2500 K, which are plotted in Fig. 7.
It can be concluded from this figure that the thermal
rate constants show typical Arrhenius behavior at temper-
atures of 298–2500 K for the O(3P) + CH4→OH + CH3

reaction. The newly obtained rate constants at 300 K,
600 K and 1000 K are 8.91× 10−18 cm3·molecule−1·s−1,
4.32 × 10−15 cm3·molecule−1·s−1, and 1.22 ×
10−13 cm3·molecule−1·s−1, respectively, by using the ba-
sic canonical variational method. Compared with the pre-
viously reported values based on the PES-2014 (1.32 ×
10−17 cm3·molecule−1·s−1 with CUS/LAT or 1.50 ×
10−17 cm3·molecule−1·s−1 with RPMD) at 300 K,[59] our rate
constant value agrees better with the experimental data from
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the reported work[12,60] (5.50× 10−18 cm3·molecule−1·s−1

−9.00× 10−18 cm3·molecule−1·s−1). This rate constant dif-
ference derived from the PES-2014 and PES-2019 is due to
the different barrier heights as discussed in Section 3.2. The
barrier height of our new surface is 0.05 kcal/mol lower than
the benchmark value. As we know, the lower the barrier is,
the larger the TST rate constants will be. The CVT and CUS
are based on the TST method, but differ in the location of the
transition state from TST. The other possible relative max-
ima and re-crossing are also taken into account in the CUS
calculations, which reduce the rate constant values.
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Fig. 7. Arrhenius plot for the CH4+O(3P)→CH3+OH reaction.
RPMD(PES-2014) and CUS/LAT(PES-2014): RPMD and CUS/LAT
calculations with PES-2014 from Ref. [59]; Exp. 1: Experimental val-
ues from Ref. [60]; Exp. 2: Experimental values from Ref. [12].

The variational effects are induced into CVT calculations
by optimizing the dividing surface to minimize the rate con-
stant. The above reasons could account for that the TST rate
constants are much larger than those of CVT and CUS.

Under 300 K, our CUS/LAT results are larger than
the data of the previous corresponding work obtained
on the PES-2014, while at high temperatures ours are
smaller. The RPMD rate theory is believed to be ex-
act in the classical high-temperature limit, e.g., 2500 K,
it gives the rate constant with the PES-2014 as 4.05 ×
10−11 cm3·molecule−1·s−1, which is very close to the ex-
perimental data 4.20 × 10−11 cm3·molecule−1·s−1. The
CUS/LAT calculations on the PES-2014 and PES-2019 give
the value of 2.37× 10−11 cm3·molecule−1·s−1 and 3.00×
10−11 cm3·molecule−1·s−1, respectively. Notwithstanding at
low-temperature 300 K and high-temperature 2500 K the cal-
culated rate constants obtained from the PES-2019 are better
than those from the PES-2014 using the same method, we can-
not deny that the rate constants of the PES-2019 and PES-2014
at the most temperature are pretty close contest. In partic-
ular, the rate constant difference between our CUS/LAT on
the PES-2019 and RPMD (or CUS/LAT) on the PES-2014 be-
comes very small as the temperature goes higher, which shows
that all quantum mechanical effects in practice become vir-

tually invisible. On the whole, both the results are in basic
agreement with the available experimental work.

The ratio of the rate coefficients of the unsubstituted re-
action to the deuterated reaction, CH4/CD4, is obtained to an-
alyze the kinetic isotope effects (KIEs) which depend on the
masses of reactants. The KIEs at different temperatures ob-
tained from various PESs are listed in Table 3. It has been
pointed out that the KIE is less sensitive to the accuracy of the
PES, but a very sensitive test of dynamics approaches.[59] As
far as we know, not only are the experimentally determined
isotope data not available for comparison but also the vari-
ous theoretical reported values are wildly different. Our cal-
culated KIEs from CVT/SCT and the previous works show
similar trends, but their values do not agree well. Although,
in general, the present KIEs values obtained from CUS(PES-
2019) are lower than the RPMD/CUS calculation on the PES-
2000/PES-2014,[59] all these KIEs decrease rapidly as the tem-
perature goes higher in the whole temperature range. This phe-
nomenon is explained by Zhao and co-workers.[31] The quan-
tum tunneling effect of the H atom increases more rapidly than
that of the heavier D atom, which makes the difference be-
tween the rates of O + CH4 and O + CD4 larger and larger with
decreasing temperature.

Table 3. H/D kinetic isotope effects (KIEs) for the O(3P) + CH4/CD4
reaction.

Temperature/K
Method 300 600 1000 2500

CUS/LAT(PES-2019)a 12.276 2.081 1.057 0.985
Quantum Instanton(PES-2014)b 45.60 5.25 2.24 –

RPMD(PES-2014)c 30.8 3.8 2.0 1.1
CUS/LAT(PES-2014)c 18.6 2.4 1.43 1.10

Quantum Instanton(PES-2000)b 18.04 3.88 2.23 –
CUS/µOMT(PES-2000)d 18.9 3.4 1.4 0.93

Quantum Instanton(PES-1998)b 16.64 3.38 2.16 –
CUS/µOMT(PES-1998)e 29.1 4.2 1.78 1.22

aPresent work; bRef. [31]; cRef. [59]; dRef. [36]; eRef. [24];
TST: transition-state theory calculations;
CVT: canonical variational transition-state theory calculations;
CUS: canonical unified statistical theory calculations;
RPMD: polymer molecular dynamics approach calculations;
SCT: smallcurvature-tunneling;
LAT: least-action tunneling.

5. Summary
We have carried out kinetic studies of hydrogen-

abstraction reaction of CH4 + O(3P) on a 12-dimensional PES.
This PES is based on extensive all electrons CCSD(T) method
of ab initio theory together with basis sets of modified op-
timized aug-cc-pCVQZ. The modified Shepard interpolation
is used to construct the interpolated PES, of which the best
RMSE is 0.804 kcal/mol and all the contour plots are smooth.
The classical trajectories are calculated on this surface to
check the PES convergence. The canonical variational and
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statistical theory for thermal rate constant calculations are also
carried out on the PES-2019, and it is encouraging to see better
agreement between the computed CUS/LAT rate constants and
the available experimental measurements. This PES shows
that the triplet oxygen atom attacks methane in a near-collinear
H–CH3 direction to form a saddle point with barrier height
of 13.55 kcal/mol. The property analysis in various regions
shows the PES-2019 surface is physically reasonable.

The construction of PES with the 3A′′ TS and the cor-
responding rate constants discussed in this work can con-
tribute to a full understanding of the kinetics of reaction
O(3P) + CH4→OH + CH3. More work is needed on the other
reaction channel with the 3A′ TS, which requires the mapping
of PES with the 3A′ TS and characterization of the crossing
between the two electronic states PESs.
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