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Abstract: The methyl (•CH3) + 3O2 radical is an important reaction in both atmospheric and combus-
tion processes. We investigated potential energy surfaces for the effect of CO2 and H2O molecules
on a •CH3+ O2 system. The mechanism for three reaction systems, i.e., for •CH3 + 3O2, •CH3 + 3O2

(+CO2) and •CH3 + 3O2 (+H2O), were explored using ab initio/DFT methods [CCSD(T)//M062X/6-
311++G(3df,3pd)] in combination with a Rice−Ramsperger−Kassel−Marcus (RRKM)/master-equation
(ME) simulation between a temperature range of 500 to 1500 K and a pressure range of 0.0001 to 10 atm.
When a CO2 and H2O molecule is introduced in a •CH3 + 3O2 reaction, the reactive complexes,
intermediates, transition states and post complexes become thermodynamically more favorable. The
calculated rate constant for the •CH3 + 3O2 (3× 10−15 cm3 molecule−1 s−1 at 1000 K) is in good agree-
ment with the previously reported experimentally measured values (~1 × 10−15 cm3 molecule−1 s−1

at 1000 K). The rate constant for the effect of CO2 (3 × 10−16 cm3 molecule−1 s−1 at 1000 K) and
H2O (2 × 10−17 cm3 molecule−1 s−1 at 1000 K) is at least one–two-order magnitude smaller than the
free reaction (3 × 10−15 cm3 molecule−1 s−1 at 1000 K). The effect of CO2 and H2O on •CH3 + 3O2

shows non-RRKM behavior, however, the effect on •CH3 + 3O2 shows RRKM behavior. Our results
also demonstrate that a single CO2 and H2O molecule has the potential to accelerate a gas-phase
reaction at temperature higher than >1300 K and slow the reaction at a lower temperature. The result
is unique and observed for the first time.

Keywords: •CH3 radical; 3O2 radical; water and CO2 catalysis; ab initio/DFT; RRKM/ME

1. Introduction

Methyl (•CH3) radical is the most stable intermediate species in many combustion-
reaction processes [1,2]. In the Earth’s atmosphere, •CH3 radical is formed by the oxidation
of methane by several tropospheric oxidizing agents such as OH, NO3 radicals and the Cl
atom. The kinetics of a •CH3 + O2 reaction have been a key topic in combustion chemistry
for the last five decades [2–17]. The reaction mechanism behind •CH3 oxidation is certainly
an important part of the kinetic modeling of volatile organic compounds (VOCs). Several
research groups have been proposed for the oxidation mechanism for the •CH3 + O2
reaction, as given below [2–17];

•CH3 + O2 → CH2O + •OH (R1)

•CH3 + O2 → HCO• + H2O (R2)
•CH3 + O2 → •CH3O + O (R3)

In the first reaction (R1), •CH3 radical primarily reacts with the O2 radical lead in
the formation of formaldehyde (CH2O) and the hydroxyl radical (OH), suggested as
major products [4,8,9,11]. In the second reaction (R2), the formation of the formyl radical
(HCO•) and H2O (R2) were suggested as minor products via a hydrogen-transfer reaction
followed by O-O breaking [8,9]. •CH3 can also be oxidized to form an oxygen-centered
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methoxy radical (•CH3O) and an O atom via O-O breaking (R3) [11]. Many experimental
and theoretical studies on the •CH3···3O2 reaction system have been performed under
atmospheric and combustion conditions [3–17]. Several research groups have used various
experimental techniques, such as flash photolysis, gas chromatography, and molecular
modulation spectrometry, to monitor the decay of reactants or products. By using a shock
tube, the rate constants of reactions for R1 and R2 have been measured between 1000 and
3000 K [3–12]. The proposed rate constants show large discrepancies between the groups.
Although vigorous experimental measurements have been carried out on the •CH3 + 3O2
reaction, surprisingly few theoretical calculations are available in the literature [8–11].
Zhu et al. [11] performed CCSD(T)/6-3111G(3df,2p)//B3LYP/6-311G(d,p) in combination
with the RRKM/master equation (ME), to compute the potential energy-surface and rate
constants. Their theoretically reported rate constants for R1–R3 reactions were in good
agreement with the experimentally measured values. Zhu et al. [11] also suggested that
reaction R3 is insignificant in their calculations due to the high energy barrier. Very recently,
Zhang et al. [8] re-visited the chemical kinetics mechanism for the •CH3 + 3O2 reaction
CCSD(T)-F12/cc-pVQZ-F12//QCISD/6-311++G(2df,2p), with RRKM/ME simulations.
They reported rate constants in the temperature range from 300 to 2500 K and pressure from
0.01 to 100 atm. Their theoretically calculated rate constants were in good agreement with
the recently measured values, within a factor of 2 at the temperature range of 1300–1500 K.
They also used the kinetic parameters of the •CH3 + 3O2 reaction in the methane-ignition
modeling and found good agreement with the experimental measurement. However,
in their calculations, a significant difference was observed at a higher temperature for
reactions R2 and R3. Therefore, the estimation of rate constants should not be based on
extrapolation from the experimental measurements over a limited temperature range. In
this study, we have re-investigated the chemical kinetic mechanism for the formation of
the most important reaction (R1), using a high-level quantum chemical method with an
advanced statistical-rate theory under combustion conditions.

It is well-known that CO2 is the most important greenhouse gas that is released into
the atmosphere from fossil-fuel burning, deforestation and natural processes, such as
respiration and volcanic eruptions [18]. Over the last few decades, CO2 emissions have
been increasing on a global scale, leading to global warming and acid rain [18,19]. Many
efforts have been made to reduce CO2 emissions by using carbon-capture technology and
sequestration methods [18,19]. CO2 can reach a supercritical state and is used as a diluent
in many combustion chambers [18]. It is well-known that CO2 molecules present in the
atmosphere can affect many important reactions [9,17]. To understand the significance
of CO2 in the two drastically different environments, it is necessary to understand the
chemical kinetics mechanism for the effect of CO2 on the •CH3 + 3O2 reaction. Although
several studies on the oxidation reaction of the •CH3 + 3O2 reaction are available, to the
best of our knowledge only a few studies [9,17] theoretically investigated the catalytic
effect of carbon dioxide (CO2) on the •CH3 + 3O2 and HO + CO reaction systems [9,17].
Masunov et al. [9] have investigated the mechanism for the •CH3 + 3O2 reaction with and
the without the presence of CO2, using M11/6-311G** + GD3. They have found that the
formation of a van der Waals (vdW) complex stabilized the transition states (TSs), which
lowered the barrier heights. Based on thermodynamics data, they proposed that the effect
of CO2 is significant under combustion conditions. They also suggested that the chemical
kinetic analysis for the effect of CO2 on CH3 + O2 reaction is underway. Therefore, in this
study, we have re-investigated the effect of CO2 on the •CH3 + 3O2 reaction using a similar
level of theory in combination with an advanced statistical-rate theory, to understand the
chemical kinetic behavior for the effect of CO2 on •CH3 + 3O2.

Over the last few years, numerous investigations have been made into the catalytic
effect of a single H2O molecule on many atmospheric and combustion reaction
systems, such as CH3OH+OH, HCHO + OH, C2H4 + OH, CH3CHO + OH, CH3C(=O),
CH3C(=O)CH3 + OH and CH2NH + OH as well as CH3O + O2, OH + CH4, CH2OH + O2
and H2O2 + OH reactions [20–36]. All of these studies indicate that a single H2O molecule
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makes complexes, transition states and post complexes thermodynamically more stable
than a water free-reaction, due to the formation of more hydrogen-bonded species. The
above studies suggested that the reaction-rate constant decreases due to the presence of
a high water concentration. In our recent works, we proposed the catalytic effect of H2O
molecule on the •CH2OH + O2 reaction system and suggested that the catalytic role of wa-
ter is insignificant under atmospheric and combustion conditions [26]. The calculated rate
constant for the •CH2OH + 3O2 reaction at room temperature (298 K) is in good agreement
with the previously measured values at the same level of theories. We suggested that when
H2O molecule is added to the reaction, the formation of CH2O and HO2 is dominated
under higher temperature conditions.

There are no theoretical chemical kinetic details for the catalytic effect of the CO2 and
H2O molecules on the •CH3 + 3O2 reaction in the gas phase. In this work, for the first
time, we have investigated the rate constants for the effect of CO2 and H2O molecules on
the most important atmospheric and combustion prototype reactions, i.e., •CH3 + 3O2.
The temperature and pressure-dependent rate constants are computed in the temperature
range between 500 and 1500 K and 0.0001 to 10 atm, using the RRKM/ME simulation
for all three reaction systems. To assess the accuracy of our results, we have compared
the energies and rate constants for the •CH3 + 3O2 and •CH3 + 3O2 + (CO2) reaction
systems with the available literature values. We hope this study is potentially important to
design and analyze the possible forms of nonpetroleum-based fuel or fuel components in
combustion engines.

2. Computational Methodology
2.1. Electronic-Structure Calculations

All the quantum chemical calculations were carried out with the Gaussian 09 suite
of programs [37]. All the species involved in the •CH3 + O2, •CH3 + 3O2 (+CO2) and
•CH3 + O2 (+H2O) reactions were optimized using the hybrid-density functional theory,
i.e., M062X [designated as [M0] [38]] with Pople basis set 6-311++G(3df,3pd) [designated
as [p] (see Table S1)]. We have used a reasonably high polarized and diffuse function of the
Pople basis set 6-311++G(3df,3pd), which is reasonably good for the system studies here.
We have used 6-311++G(3df,3pd) for a similar system in our earlier calculations [26–28],
which has been used by many other researchers for the rate constants’ calculation. To add
the correction from the van der Waal interaction on M0-p, the Grimme empirical dispersion
correction” GD3”, was used. The vibrational frequency of each species was calculated
to estimate the zero-point corrections (ZPE) and the vibrational partition functions and
density of the states. All the optimized structures have real vibrational frequency except
the transition states, which have one imaginary mode (see the Table S2). The vibrational
mode, which corresponds to the Hindered Rotor (HR), was treated as HR approximation
in the densum-input file. To further improve the accuracy of energy, the single-point
energy calculations were performed at CCSD(T)/6-311++G(3df,3pd) [designated CC-p]
level [28–33]. The RCCSD(T) method was used for closed-shell species, such as CH2O and
H2O, CO2, and for all open-shell species the UCCSD(T) method was used. The combination
of CC-p and M0-p generally gives the result that is accurate of ~1 kcal mol−1, which is ~20%
error in the computed rate constant at 1000 K. Several research groups have already used
M0-p with CC-p to calculate the energies and rate constants. The results reported by them
were in good agreement with the experimentally measured values [28,30]. The entrance
channels for the addition reactions have no intrinsic energy barriers. For a better description
of the wave function “GUESS=MIX” keyword was used for the addition reactions. The
“GUESS=MIX” option mixes the HOMO and LUMO orbitals to break spatial symmetry.
The “GUESS=MIX” option was only used for geometry optimization.
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2.2. Chemical Kinetics Calculations

For pressure-dependent reactions, the energy-dependent specific unimolecular rate
constant k(E) was calculated using RRKM statistical rate theory given by [39] Equation (1):

k(E) = L 6=
1
h

G 6=(E− E0)

ρ(E)
(1)

The details of each term in the Equation (1) are given in the Chemical Kinetics Section
of Supporting Information and MultiWell user manual [39].

At each temperature and pressure, master equation simulations were initiated us-
ing the chemical-activation energy distribution, which is appropriate for recombination
reactions [39]. The pressure-dependent total rate constants kbimol(T, M) for •CH3 + O2,
•CH3 + O2 (+CO2) and •CH3 + O2 (+H2O) were calculated using [39] Equation (2):

kbimol(T, M) = Keq × kuni
∞ (1− fR) (2)

The MultiWell code was used to calculate the branching fraction (f ) for each re-
action and calculate the unimolecular rate constants (kuni). The pressure-dependent
rate constants were simulated using estimated energy-transfer parameters for the com-
plexes and intermediates. The tunnelling corrections were implemented based on asym-
metric Eckart potential. The approximated temperature-dependent exponential down
<∆E>down = 200 ∗ (T/300)0.85 cm−1 [28,32] was used to calculate the rate constants. The
details about the energy-grain parameter to calculate the rate constant are given in the
chemical kinetic section of the Supporting Information.

The equilibrium constant (Keq) for the formation of the complexes was calculated using
THERMO code as given in Equation (3):

Keq =
QComplex

Qreactants
exp

(
−

Ecomplex − Ereactants

kBT

)
. (3)

The equilibrium constant values were tabulated in Supporting Information Table S3.

3. Results and Discussion

3.1. Reaction Pathways for •CH3 + 3O2

Figure 1 shows the zero−point corrected PES for the •CH3 + 3O2 reaction and the
energies of reactants, pre−reactive complex (RC), intermediates (Ints), transition states
(TSs,) post complexes (PCs) and products are tabulated in Table 1. The optimized geome-
tries of reactants, RCs, Ints, PCs, TSs and products are given in Supporting Information
Table S1. In the •CH3 radical, an unpaired electron resides on the carbon atom. When
O2 molecule attacks the carbon atom of •CH3, the new C−O bond leads to the formation
of an intermediate •OO-CH3 (Int-1). The pathway is shown using a red dashed line in
Figure 1. Recently, Masunov et al. [9] proposed a mechanism for the formation of the
reactive complex (RC) with ~1 kcal/mol energy, followed by a transition state TS1 leading
to form Int-1. We have also optimized the RC and TS1 using the M0-p method, and our
results are very similar to Masunov et al.’s values [9]. The computed stabilization energy
of Int-1 (RO2) is −29.3 kcal mol−1, which is in very good agreement with the previously
reported values [8,9]. In the RO2 (Int-1), the adduct can further rearrange to form QOOH
(Int-2) via 1–3 hydrogen shift TS2 with +15.9 kcal mol−1, with respect to the reactants. The
barrier height for this pathway is ~45 kcal mol−1 (relative to Int-1), which is in very good
agreement with the previous studies. As discussed in the earlier studies, this step is the
rate-determining step of the reaction and is most favored in the high-temperature range.
The stabilization energy of Int-2 is calculated to be −16.7 kcal mol−1, which can further
dissociate via a barrierless-transition state TS3 (−19.0 kcal mol−1). The stabilization of
this TS is due to the formation of a five-membered hydrogen-bonded complex (PC). The
calculated energy for Int-3 is −55.8 kcal mol−1, which subsequently leads to the formation



Catalysts 2022, 12, 699 5 of 14

of OH and CH2O. The calculated energies for TS1, TS2, Int-2, TS3, PC and HO + CH2O
are also in good agreement with the previously reported values [9,11]. It is important to
mention how the H-bonding interaction affects the energies of the TS and complexes. In the
PC, the hydrogen bond is formed between the H-atom of the OH radical and the O-atom of
the CH2O, whereas Int-1 and Int-2 are non-hydrogen bonded moieties. Therefore, the PC is
the most stable among all these species.
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Table 1. Enthalpies of reaction (∆Hrxn (0 K) in kcal mol−1 for •CH3 + O2 reaction.

•CH3 + O2→ This Work Literature

OO···CH3 (RC) −0.8 −0.4 b

OO···CH3 (TS1) 1.3 1.6 b

CH3OO (Int-1) −29.3 −30.4 a, −33.8 b

HOO···CH2 (TS2) +15.9 15.0 a, 13.7 b

HO···CH2O (Int-2) −16.7 −18.5 a, −20.6 b

HO···CH2O (TS3) −19.0 −21.3 b

HO···CH2O (PC) −55.8 −58.2 b

CH2O + OH −53.2 −53.7, −52.10 c

•CH3 + O2 + CO2→ This Work Literature

CH3···O2 + CO2 −0.8 −0.4 b

CO2 ···CH3OO (RC-c) −2.5 −2.6 b

CO2 ···CH3OO (TS1-c) 3.3 −0.3 b

CO2 ···CH3OO (Int-1c) −31.0 −37.0 b

CO2 ···CH3OO (TS2-c) 13.0 8.7 b

CO2 ···CH3OO (Int-2c) −19.5 −25.0 b

CO2 ···CH3OO (TS-3c) −22.0 −25.4 b

HO···CH2O···CO2 (PC-c) −56.9 −61.6 b

•CH3 + O2 + H2O→ This Work

CH3···O2 + H2O −0.8
H2O···CH3OO (RC-h) −4.8
H2O···CH3OO (TS1-h) 0.3
H2O ···CH3OO (Int-1h) −32.5
H2O·····CH3OO (TS2-h) 13.6
H2O···CH3OO (Int-2h) −21.7
H2O·····CH3OO (TS3-h) 13.6
HO···CH2O···H2O (PC-h) −61.7

a Zhu et al. [11], b Masunov et al. [9] and c ATcT thermochemical data [40–42].
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Our calculated reaction energies for •CH3 + 3O2→ CH2O + OH are also in good agree-
ment (−53.7 kcal/mol) with the most recent release thermochemical value
(−52.1 kcal/mol) [40–42]. The literature’s thermochemical values (ATcT) are a new paradigm
of how to develop the most accurate thermochemical data given by Argonne National Lab,
Lemont, Illinois, USA [40–42]. As discussed in the previous section, the most important
channel in the combustion condition for the •CH3 + 3O2 reaction is leading to form the
CH2O, so we focused only on the R1 channel in the current study, and the energies of
other pathways are neglected. To avoid any repetition, we have restricted our discussion
to only reaction R1, as related discussion to the R2 and R3 channels can be found in the
literature [9,11].

3.1.1. Reaction Pathways for •CH3 + 3O2 (+CO2)

Figure 2 shows the PES for the CO2-catalyzed •CH3 + 3O2 reaction, and the energies
are tabulated in Table 1. The optimized parameters of RC-c, Ints-c, TSs-c and PC-c are
given in Table S1. As suggested in the previous work [20–37], the possibilities of molecular
collisions between O2, •CH3 and CO2 are very unlikely, therefore, we believe that •CH3 and
O2 collide first to form an RC complex, and this complex collides with CO2 to form a three-
molecular complex, i.e., RC-c. Based on our previous knowledge and the previous studies,
we believe that the RC is more important (negative energy) than CH3···CO2 and •CO2···O2
(positive energy). Therefore, the complexes •CH3···CO2 and CO2···O2 are not considered
in PES profile. As discussed in the earlier study [9], the CO2-catalyzed reaction proceeds
via similar reaction channels as the uncatalyzed pathways, but the reaction mechanism
becomes quite different, resulting in different energies than the uncatalyzed species. For
more simplicity, we have used only the minimum energy structure in the current study.
As shown in Figure 2, the binding energy of RC is −0.8 kcal mol−1 combined with CO2,
leading to form a CO2 ···CH3···O2 (RC-c) with stabilization energy of −2.5 kcal mol−1.
This value is in good agreement with previously reported values [9] (Table 1). The RC-c
can further proceed by binding the diatomic oxygen to the methyl group, to form an
intermediate CO2 ···CH3OO (Int-1c) via TS1-c. The calculated barrier height (~6 kcal/mol)
is ~4 kcal/mol higher than the uncatalyzed reaction. Therefore, we can say that CO2 does
not act as a catalyst for this pathway. It is also important to mention that CO2 acts as
a catalyst for RC-c and Int-1c. This result is due to the formation of a hydrogen bond
between the H-atom of CH3O2 and O-atom CO2 (2.6 Å). The Int-1c can further transfer
to the Int-2c via an intramolecular hydrogen-atom transfer from the terminal oxygen of
CH3OO via a four-membered cyclic-transition state with a high energy barrier. The barrier
height (44 kcal/mol) for this pathway is 2 kcal/mol lower than the uncatalyzed pathway.
In this pathway, the CO2 acting as a catalyst reduces the energy barrier by 2 kcal/mol. The
intermediate Int-2c can further transfer to PC-c with a barrierless transition state TS3-c,
which can dissociate into CH2O + OH + CO2.

The stabilization energy of Int-2c and PC-c are lower than the corresponding uncat-
alyzed structures (see Table 1). This can be also explained by the formation of hydrogen
bonds. Int-2 (Figure 1) is a non-hydrogen-bonded structure, whereas the corresponding
CO2-catalyzed analog Int-2c formed a strong hydrogen-bonded complex between the
H-atom of OH and the O-atom of CO2 (2.1 Å). On the other hand, PC-c formed a seven-
membered ring-like structure with two strong hydrogen bonds, between the terminal
H-atom of CH2O and the O-atom of OH (2.5 Å) as well as the H-atom of OH and the
O-atom of CO2 (2.0 Å), compared to the less stable five-membered ring-like structure with
two hydrogen bonds in the uncatalyzed analog (PC). Similarly, TS3-c (−22.0 kcal mol−1) is
more stable than the corresponding unanalyzed-transitions state (TS3), due to the hydrogen-
bonding interaction. In general, the RC-c, TSs-c, Ints-c and PC-c are thermodynamically
more favorable by 2 kcal/mol than the RC, TSs, Ints and PC species. The calculated energies
of all the CO2-catalyzed structures are in good agreement with the recently reported values
(see Table 1) [9].
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Figure 2. Zero−point corrected potential energy surface for •CH3+O2 (+CO2) reaction calculated
using CC−p//M0−p level.

3.1.2. Reaction Pathways for •CH3 + 3O2 (+H2O)

Figure 3 shows the zero-point corrected PES for the effect of H2O on the •CH3 + 3O2
reaction. The energies for effect of H2O on complex (RC-h), intermediates (Ints-h), TSs-h
and PC-h are tabulated in Table 1. The geometrical parameters for all the species are
tabulated in Supporting Information Tables S1 and S2. The effect of H2O on the •CH3 + 3O2
reaction proceeds via similar reaction channels, as discussed in the CO2-catalyzed reaction
with different reaction energies. As mentioned earlier, the three molecular collisions are
very uncommon. Therefore, we believe the RC formed first, which collides with H2O to
form H2O···CH3···O2 (RC-h) with a stabilization energy of −4.8 kcal mol−1. This value
is nearly 2 kcal/mol lower than the CO2-catalyzed reaction and 4 kcal/mol lower than
the uncatalyzed reaction. This is due to the formation of a higher number of H-bonds
in the RC-h. The RC-h can further proceed via TS1-h to form H2O···CH3OO (Int1-h). It
is important to notice that the effect of H2O lowers the stabilization energy of Int-1h by
3 kcal mol−1, however, the effect of CO2 lowered the energy by ~1.5 kcal mol−1 compared
to the uncatalyzed pathway. The result suggests the catalytic behavior of H2O is more
significant than CO2. This is due to the formation of a strong hydrogen bond between the
H atom of CH3O2 and the O atom of H2O (2.0 Å), in comparison with the formation of
a weaker hydrogen bond (2.6 Å) in the case of CO2. Similarly, the barrier height of the
H2O-catalyzed transition state (TS1-h) is 3 kcal mol−1 more stable than the CO2-catalyzed
transition state (TS1-c); this difference can be seen by the formation of two hydrogen bonds
in TS1-h between the O-atom of O2 and the H-atom of H2O (2.2 Å) as well as the O-atom of
H2O and the H-atom of CH3 (2.6 Å), whereas, in the case of TS1-c, only one hydrogen bond
is formed between the O-atom of CO2 and the H-atom of CH3 (3.0 Å). A hydrogen atom is
transferred intramolecularly from Int-1c via a four-membered cyclic-transition state, TS2-h,
with high energy. The barrier height of TS2-h is ~46 kcal/mol is higher than the barrier
height of a similar transition state of a CO2-catalyzed species, i.e., TS2-c (~44 kcal/mol).
It has been observed that the stabilization energies of H2O-catalyzed species, i.e., Int2-h
and PC-h, are lower than the corresponding CO2-assisted reaction. These results are due
to the formation of a stronger H-bond in the water environment than a weak interaction
in the CO2 environment. In general, the reaction species in the presence of a H2O is
thermodynamically more favorable by 3–5 kcal/mol than the uncatalyzed reaction and
~2 kcal/mol more favorable than the CO2-assisted reaction. The result of the water effect
on the CH3 + O2 reaction is unique and has not been published in the literature.
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3.2. Rate Constants

3.2.1. •CH3 + 3O2 Reaction

Figure 4 shows the rate constants for the •CH3 + 3O2 reaction obtained using the
CC-p//M0-p method coupled with RRKM/ME simulations in the temperature range of
500–1500 K under a high pressure limit. The •O2-CH3 that is assumed to play important
roles in the •CH3 + 3O2 reaction system is formed via the entrance channel, which has a
well depth of ~30 kcal/mol. The rate constants for the formation of •O2-CH3 are pressure-
dependent and negative-temperature dependent. This result is consistent with previously
reported ones [8,11]. The rate constants are also calculated for the new reaction mechanism,
i.e., R→RC→Int-1→Int-2→PC→CH2O + OH, as shown in Figure 1. In this case, we have
observed that the reaction is independent of pressure, and the rate constant is at least
two-order magnitude smaller than the R→Int-1→Int-2→PC→CH2O + OH channel. The
proposed mechanism, based on Masunov et al. [9], is inconsistent with the previously
reported rate constants [9]. Therefore, we believe that the mechanism via Int-1 is the most
appropriate way to deal with the combustion-reaction system. Therefore, the formation of
RC should be neglected from the •CH3 + 3O2 reaction channel. The formation of RC may
not even be important in the atmospheric condition due to its short lifetime. The calculated
rate constants are also compared with some of the previous studies, as shown in Figure 4.
Our values are in good agreement with the value of Zhang et al. [8] at higher temperature.
We have observed that the formation of CH2O+OH is almost negligible (<1300 K), which
is also consistent with Zhang et al. [8] and Zhu et al. [11]. Due to the large number of
data available for the •CH3 + 3O2 reaction, we restrict our discussion to only a few of the
literature values to avoid repetition, plus the main focus of the current study is to compare
the results of the catalytic effect of CO2 and H2O on the •CH3 + 3O2 reaction.

3.2.2. Effect of CO2 on •CH3 + 3O2 Reaction

The scheme for the formation of CH2O and OH from the •CH3 + O2 reactions in the
presence of a CO2 catalyst can be expressed as:

CH3 + O2 + CO2< =
k1

k−1
= >CH3 . . . O2 + CO2< =

k2

k−2
= >O2 > CH3 . . . CO2 = kuni => Products + CO2

The high-pressure limit-rate constant was calculated using Equation (2), and the
Keq = k2

k−2
are the equilibrium constants of each reaction pathway involved in the •CH3 + O2

reaction. The rate constants for •CH3 + 3O2 (+CO2) in the temperature range of 500 to 1500 K
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are tabulated in Table 2 and shown in Figure 5. Our results show that the rate constants,
without including the concentration of CO2, are higher than the •CH3 + 3O2 reaction in
the temperature range of 500 to 1500 K. In general, the rate constants of the CO2-catalyzed
reaction are higher than the •CH3 + 3O2 reaction in the entire temperature range (see
Figure 5). As discussed in our previous studies [26–32] under pseudo-first-order con-
ditions, the relative equilibrium concentrations strongly depend on the concentration
of the excess CO2, and the correct equation to calculate the effective rate constant is
ke f f

c = Keq(1) × k(RRKM)× [CO2]. The concentration of CO2 diluent was converted from
the pressure and temperature using real-gas behavior, as tabulated in the NIST database [43],
which is based on Masunov et al.’s study analysis [9]. Masunov et al. [9] suggested that the
•CH3 + 3O2 reactions are catalyzed by CO2, based on the analysis of PES. They suggested
that the details of the chemical kinetics mechanism and a comparison with the experimental
verification and improvement of the chemical kinetic details are underway [9,44]. Due
to the missing information of the rate constants for the effect of CO2 on the •CH3 + 3O2
reaction, we have investigated the effect of CO2 on •CH3 + 3O2, and the rate constants’
details are given in Table 2 and shown in Figure 5.

Figure 4. Rate constants for •CH3 + 3O2 reaction in the temperature range of 500–1500 K [3,5,8,11].

Table 2. Calculated rate constants for •CH3 + O2, •CH3 + O2 +(CO2) and •CH3 + O2 (+H2O) in the
temperature range of 500 to 1500 K.

Temp kCH3+O2 keff
c keff

h

500 5.5 × 10−14 7.6 × 10−17 1.7 × 10−19

600 2.9 × 10−14 9.6 × 10−17 6.4 × 10−19

700 1.5 × 10−14 1.3 × 10−16 1.8 × 10−18

800 9.4 × 10−15 1.7 × 10−16 4.5 × 10−18

900 5.3 × 10−15 2.3 × 10−16 9.5 × 10−18

1000 3.2 × 10−15 3.0 × 10−16 1.8 × 10−17

1100 2.1 × 10−15 3.9 × 10−16 3.4 × 10−17

1200 1.0 × 10−15 5.04 × 10−16 5.8 × 10−17

1300 5.9 × 10−16 6.41 × 10−16 9.5 × 10−17

1400 4.0 × 10−16 8.2 × 10−16 1.5 × 10−16

1500 2.1 × 10−16 1.02 × 10−15 2.3 × 10−16

k = ATn exp(−B/T)
A = 2.8 × 1014

n = −9.1
B = 3516

A = 2.5 × 10–33

n = 4.4
B = −1711

A = 3.3 × 10–33

n = 5.4
B = 1338
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500–1500 K.

As expected, the effective rate constants are two-order magnitude smaller at tem-
perature < 1000 K, with a one-order-magnitude difference between 1000–1200 K. The
effective rate constants suggest that the catalytic effect may be pronounced at a high tem-
perature > 1400 K, due to a high entropic factor. The new chemical kinetics results might
help to understand and design the experimental measurement. Our chemical kinetics
analysis also suggests that the catalytic effect of CO2 is dominated at higher temperature
(>1400 K), which is consistent with the result of Masunov et al. [9], who suggested that
the catalytic effect of CO2 may be important at >1000 K. It is interesting to mention that
the formation CH2O is unfavorable in the RRKM/ME simulation, and the calculated rate
constants are independent of the pressure, therefore, we can say that the effect of CO2 on
the CH3 + O2 reaction shows a non-RRKM behavior, which can be treated using a simple
canonical transition state method. However, the result reported in the current study in the
high-pressure limit condition can be similar to a CTST method.

3.2.3. Effect of H2O on •CH3 + 3O2 Reaction

The formation of CH2O and OH from •CH3 + 3O2 reactions in the presence of H2O
can be expressed as:

CH3 + O2 + H2O ≤ k1

k−1
=> CH3 . . . O2 + H2O ≤ k2

k−2
=> O2 . . . CH3 . . . H2O = kuni => Products + H2O

The bimolecular-rate constant can be calculated as given in Equation (2). The equi-
lib rium constant Keq(1) = k1

k−1
and the Keq = k2

k−2
constants of each reaction pathway

involved in the •CH3 + O2 reaction were calculated and given in Supporting Informa-
tion Table S3. Figure 6 shows the rate constants for •CH3 + 3O2 (+H2O), calculated
in the temperature range of 500 to 1500 K. The rate constant for the RC + H2O reac-
tion (6 × 10−9 cm3 molecule−1 s−1 at 1000 K) is ~six-order magnitude higher than the
•CH3 + O2 reaction (3 × 10−15 cm3 molecule−1 s−1 at 1000 K. The rate constants for the
effect of water are higher than the CH3 + O2 reaction in the entire temperature range of
500–1500 K (see Figure 6).
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500–1500 K.

The total effective-rate constants were calculated using ke f f
h = Keq(1h) × k (RRKM)×

[H2O]. Where Keq(1) are the equilibrium constants of the •CH3 + O2 →RC reactions and
[H2O] is the water concentration, as discussed in earlier studies [21,25]. The effective rate
constant (7 × 10−17 cm3 molecule−1 s−1 at 1000 K) is ~two-order magnitude lower than
the •CH3 + 3O2 reaction (~6 × 10−15 cm3 molecule−1 s−1 at 1000 K). Our result is also
consistent with the previously reported value for a similar combustion-reaction system,
i.e., •CH2OH + 3O2 [26]. The effective rate constant suggests that the catalytic effect may
be pronounced at a high temperature >1500 K, and the catalytic effect of H2O may be
important under a combustion condition >1500 K.

Figure 7 shows the comparison of the rate constants in all three reaction systems,
and the rate constant values are given in Table 2. The rate constants for CH3 + O2 are
negative-temperature-dependent, however, the rate constants for the effect of CO2 and
H2O are positive-temperature-dependent. These results are due to fact that the TSs and
RCs of CO2 and H2O have different values of energies, entropic factors and concentrations.
In general, the effective rate constants for the CO2-assisted reactions are higher at >1400 K,
while those for the H2O-assisted reactions are almost similar at >1500 K to the •CH3 + O2-
reaction system (Figure 7). The rate constant at 1000 K is at least one–two-order magnitude
smaller than •CH3 + O2. As a result, the effect of •CH3 + O2 catalyzed by CO2 and H2O
is of only minor importance for the sink of •CH3 in a gas-phase-combustion reaction.
Such results are interesting. We believe the present results provide insights into a better
understanding of the gas-phase catalytic effect of CO2 and H2O molecules on the most
important combustion-prototype molecule.
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4. Conclusions

We have predicted the rate constants for the •CH3 + 3O2 reaction, and the effect of
CO2 and H2O molecules on the •CH3 + 3O2 reaction using the CC-p/M06-p method,
coupled with the RRKM/ME simulation, between a temperature range of 500 to 1500
K and a pressure range of 0.0001 to 10 atm. The results show that •CH3 + 3O2 leads to
form CH2O and OH at a temperature > 1300 K, which is consistent with the previous
studies. The calculated rate constants for •CH3 + 3O2 are in good agreement with the
previously measured experimental values. When CO2 and H2O molecules are introduced
to the •CH3 + 3O2 reaction, the reaction unfavored the formation of CH2O below 1300 K.
The calculated rate constants for the effect of CO2 and H2O are independent of pressure
and show positive-temperature dependence. The result suggests that the effect of CO2 and
H2O shows a non-RRKM behavior, and the CH3 + O2 reaction shows an RRKM behavior.
This result is unique, and it was observed for the first time. Our results also demonstrate
that single CO2 and H2O molecules have the potential to accelerate a gas-phase reaction at
a higher temperature > 1300 K and slow the reaction at a lower temperature.

Under the combustion condition, the kinetics of •CH3 + O2 (+CO2) are quite different
from those of •CH3 + O2 (+H2O). This difference is possibly due to the reaction energies
and concentrations of CO2 and H2O being different. These kinds of results are interesting,
so experimental measurements are required to validate these findings. Based on current
findings and previous findings, we can conclude that the main kinetic mechanism of •CH3
+ 3O2 →CH2O + HO via •CH3OO (Int-1) and other mechanisms, such as the formation of
RC via a TS1 to Int-1, is almost negligible. Such a weakly bound complex RC should not
be included in the kinetic calculations under the combustion condition. In the case of the
effect of H2O and CO2, the formations of RC-c and RC-h are important, and the catalytic
effect has a negative effect under combustion conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12070699/s1. The optimized geometries of all the species
involved in •CH3 + 3O2, •CH3 + 3O2 (+CO2), and •CH3 + 3O2 (+H2O) are given in Table S1. The
rot-vib parameter for all the species is given in Table S2, and the equilibrium constants are given in
Table S3. The details of the chemical kinetic calculations are given in the Supporting Information.

https://www.mdpi.com/article/10.3390/catal12070699/s1
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