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Abstract: High-level coupled-cluster calculations in combination with two-dimensional master
equation simulations were used to study the HO, + CH3O; reaction, which plays an important
role in the oxidation of methane and hydrocarbons in the Earth’s atmosphere and low-temperature
combustion. The main reaction pathways taking place on the lowest-lying triplet and singlet potential
energy surfaces (PES) were characterized. Interestingly, methyl hydroperoxide (CH3OOH), the
sole product, could be produced from both the triplet and singlet PESs, with a ratio of roughly 9:1.
Formaldehyde is not made as a primary product, but can be formed via secondary chemistry. The
formation of methyl tetraoxide (MTO) from the singlet PES is unimportant. The calculated reaction
rate coefficients were found to be practically pressure-independent for p < 760 Torr and can be given
by k(T) = 2.75 x 10713 x 1175 keal mol “Y/RT (in em3/s), an expression useful for kinetics modeling
over the range T = 200-800 K. The rate constant has a slight negative Arrhenius energy dependence
of about —1.75 kcal mol™, falling about a factor of 30 from 200 K to 800 K.

Keywords: kinetics; SCTST; 2DME; CH3;OOH; HO,; CH30;

1. Introduction

Methane is the simplest stable hydrocarbon and is released in tremendous quantities
into the Earth’s atmosphere from both natural (biogenic) and anthropogenic processes [1-3].
In the atmosphere, it is mainly oxidized by highly reactive hydroxyl radical (OH) via
Equation (1) to yield methyl radical (CHs), followed by the association of CH3 with oxygen
molecule (O;) to make methyl peroxy radical (CH30O;) via Equation (2) [4-8]. In polluted
environments (i.e., urban or industrial areas) where NOy concentrations are high, CH30O,
radicals primarily react with NO via Equation (3) to yield CH30 and NO;. Subsequent
photolysis of NO, will then lead to the formation of tropospheric ground-level ozone,
which is a contributor to smog, harmful to both animal and plant life. However, in clean
environments (such as rural or forest areas), CH30, is mainly consumed by reacting with
HO; radicals (Equations (4) and (5)) [4-8]. The same sequential reaction steps are expected
to occur in the flames of CHy (or hydrocarbons) at low temperatures.

CH, + OH — CHj3 + H,O (1)

CH; + O, + M — CH30, + M (2)
CH30; + NO +M — CH30 + NO, + M ©)]
CH30, + HO; — CH300H + O, 4)
CH30;, + HO; — CH,0O + H,O + O, 5)

It is well established that the title reaction mainly (if not exclusively) produces methyl
hydroperoxide (CH3OOH) via Equation (4) [9-19]. Conversely, the formation of formalde-
hyde (CH;O) via Equation (5) remains debated. Some experiments [12,19] have found
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CH,O while others [13-15] did not. It is widely believed that the production of CH,O is at
most minor, less than 10% [3,13]. It should be mentioned that the CH,O observed in some
experiments could be produced (as a secondary product) through the (photo-) oxidation
processes of the primary product CH30O0H, Equations (6) and (7).

CH300H + X — CH,OOH (unstable) + HX — CH,O + OH + HX (6)
CH;00H ™CH;0 +0H ™% CH,O + OH + HO, )

Earlier, the title reaction was theoretically studied using CCSD(T)//B3LYP [20,21]
and CASPT2//CASSCEF [22] levels of theory. Both the lowest-lying triplet and singlet
electronic state potential energy surfaces (PES) were characterized [20,22]. The reaction
pathway taking place on the triplet PES to yield CH3OOH (Equation (4)) was reported
to be dominant while the contribution of the singlet PES was postulated to be negligibly
small [20,22]. The potential catalytic role of one water molecule was also investigated, but
found to be insignificant [23,24]. The reaction rate coefficients were computed by assuming
the thermal equilibrium condition [22], which can only be achieved at extremely high
pressures. Such conditions cannot be fulfilled in the Earth’s atmosphere and in experiments
for this reaction system, which features a shallow well (i.e., van der Waals complex) and
a submerged TS (see Figure 1). The title reaction as displayed in Figure 1 is expected to
be (slightly) pressure-dependent above 1 atm. In such a case, solving a master equation is
required to obtain the reaction rate constants.

kcal mol ~! Singlet path Triplet path
RS 2%,
od N\ I o
5
-104

—15-(~13.880.24)
T CH-,OOH

\Y
+'0
i M CH;00H+30,

mHEAT -36.14
(ATCT) (-36.45+0.24)

Figure 1. Schematic reaction energy profiles for the reaction of HO, and CH30O,, constructed using
the mHEAT method (see text). The left-hand side shows the important reaction pathways on the
singlet PES while the right-hand side displays the reaction pathway on the triplet PES. Benchmark
ATcT values (in parentheses) are also included for comparison.

In this work, the title reaction is restudied using high-level accuracy coupled-cluster
calculations. We reexamine the potential roles of the singlet PES; particularly, we address
questions of the potential formation of methyl tetraoxide (MTO, CH3;0OOOH), methyl
peroxide (CH3OOH), and formaldehyde from the singlet PES. We then solve an E J-resolved
master equation for the temperature range 200-800 K and a pressure range of 1-1000 Torr
(i.e., conditions applicable to the Earth’s atmosphere and low-temperature combustion
processes) to quantify product branching ratios and to provide reliable phenomenological
rate constants for kinetics modeling.
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2. Theoretical Methodologies
2.1. High-Level Coupled-Cluster Calculations

The radical-radical association of HO, and CH30O; can, in principle, take place on
both the lowest-lying triplet and singlet PESs. The geometries of all key stationary points
were fully optimized using the frozen-core (fc) CCSD(T) method [25-27] in combination
with a triple-zeta atomic natural orbital (ANO1) [28,29] basis set. As usual, unrestricted
and restricted Hartree—Fock reference wave functions in the CCSD(T) calculations were
used for triplet and singlet stationary points, respectively. However, for singlet open-shell
structures (such as TS2, TS3, and 'PRC, see Figure 1), broken-symmetry UHF reference
wave functions were used. Harmonic vibrational frequency analyses were then carried out
to verify the located stationary points as well as to compute harmonic force fields. To obtain
anharmonic zero-point vibrational energy (ZPE) corrections and anharmonic constants for
subsequent kinetics simulations, cubic and quartic force constants were also computed
using fc-CCSD(T)/aug-cc-pVDZ [30] level of theory.

Total electronic energies (including anharmonic ZPE corrections) of all stationary
points were then obtained with the composite mHEAT-345(Q) method. As detailed else-
where, the mHEAT-345(Q) protocol [31] generally comprises a series of high-level (single-
point energy) coupled-cluster calculations; it recovers a large part of electron correlation
with the perturbative triple excitations method (CCSD(T)) and a smaller part of elec-
tron correlation with the fully iterative triple (CCSDT) and non-iterative (perturbative)
quadruple (CCSDT(Q)) methods [31]. In addition, other smaller corrections include the
diagonal Born—-Oppenheimer correction (DBOC), scalar relativity, and spin-orbit [31]. As
seen in Figure 1, mHEAT calculations provide a high accuracy (relative) energy of about
+0.3 kcal mol ! as compared to benchmark ATcT [32] for the reaction enthalpies. Although
experimental activation energies are not available to be compared with the theory in this
circumstance, a (conservative) accuracy energy of + 1.0 kcal mol~! may be expected for
other stationary points.

The calculations made for the al A, state of 1O, (an RHF-based treatment starting from
the blZéIr state) are clearly not adequate (as evidenced by the fairly large discrepancy with
ATcT), but it should be emphasized that the thermodynamic energy of this species is not
important for the kinetics calculations presented in this work. Nevertheless, the (relative)
energy of the a' A, state of 10, is estimated using the energy of triplet ground state of O, ob-
tained with the mHEAT method and a singlet-triplet energy gap of 22.57 + 0.24 kcal mol !
taken from ATcT [32].

A comparison of relative energies of various stationary points calculated with the
mHEAT method in this work and values obtained with lower levels of theory reported in
the literature are given in Table 1. A difference of a few kcal mol™! can be seen there. To
the best of our knowledge, the mHEAT method used in this work is the highest level of
theory that has ever been applied to the title reaction. It is well known that kinetic results
are sensitively dependent on the accuracy of the calculated barrier heights. Therefore,
high-accuracy relative energies are required for the following kinetic analysis.
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Table 1. A comparison of relative energies (in kcal mol~!) of various stationary points for the title
reaction occurring on the triplet and singlet PESs calculated with mHEAT method and values in
the literature.

Species mHEAT Anglada et al. ® Zhang et al. ©© Hou et al. ‘@
3PRC —5.92 405 —45 —5.99 —7.65
3TS1 —2.77+05 -38 —224 —3.76
IPRC -592 £+ 1.0 —49 n/a n/a
1Ts2 —0.13+1.0 55 10.72 8.24
1Ts3 —0.15+ 1.0 -1.8 n/a n/a

1CH;0000H —14.00 £ 0.5 —6.4 —11.29 -9.22
CH300H + 30, —36.14+05®@ —36.9 —36.08 —37.82
CH;00H + 'O, —1357 £ 05 @ —12.6 —5.37 —6.93

@ Benchmark ATcT values [32] are —36.45 + 0.24 kcal mol ! for CH3;00H + 20, and —13.88 + 0.24 kcal mol~?
for CH;00H + '0,. ® Calculated at CASPT2/6-311+G(3df,2p)/ /CASSCF level of theory [22]. () Obtained with
CCSD(T)/6-311++G(3d,2p)/ /B3LYP level of theory [23]. @ Reported using CCSD(T)/cc-pVDZ/ /B3LYP level of
theory [20].

2.2. Two-Dimensional Master Equation Calculations

As shown in Figure 1, the title reaction proceeds via energized adducts (pre-reactive
complex (PRC) and methyl tetraoxide (MTO)) before leading to products; it is therefore
expected to depend on pressure. As a result, a master equation approach must be used
to compute phenomenological rate constants as functions of temperature and pressure.
An E J-resolved master equation [33-39] for a chemically activated reaction (see Figure 1),
which describes the competition of unimolecular dissociation reactions and energy transfer
processes through collisions between a bath gas and vibrationally excited intermediates as
a function of time, can be expressed by Equation (8) for the reaction pathway on the triplet
PES and in Equation (9) for the reaction pathways on the singlet PES.

On the triplet PES
Emax Jmax
G = [ X Pl B JulEnJu) 01 CaEn Jn) B = o1y CalEn ) )
E,=0 Jn=
—{k3—cHy0, (Ems Jm) + k3—sch;008 (Ems Jm) }-C3(Emy Jm) + OST3(Em, Jm)
On the singlet PES

Emﬂx Imux
GiEutn) — ]zoPn(<Em,Im|En,In)-wu-cl(En,In>~dEn—wu~c1(£m,1m>
E,=0Ju=

~{k1-cH30, (Em, Jon) + k15 cr;008 (Emy Jn) + K152 (Em, Jon) }

Eiax Imux
% = f ]ZOPH((Em/]mlEn/In)'wL]'CZ(EnIIn)'dEn7wL]'C2(Eml]m)
E,=0Jy,=

_kZHl(Em/]m)CZ(ETn/Im) + kl%Z(Em/Im)Cl(En'l/Im)

Here 1, 2, and 3 designate for singlet PRC, MTO, and triplet PRC, respectively. In
Equations (8) and (9), Jiuax is the maximum angular momentum; Ej;;y is the maximum in-
ternal energy; C3 (Em, Jm, t) represents the (time-dependent) mole fractions of triplet PRC in
the state (Ey;, ;) and time t; wyj (in s~ 1) is the Lennard—Jones collisional frequency [40-42];
and k12 (Ep, Jim) (in s~ 1) is the (Epm, Jm)-resolved microcanonical rate coefficient for the
isomerization step of singlet PRC to MTO. P3(E;, J|En, Ju) is the E,J-resolved collisional
transfer probability distribution function of triplet PRC from the state (E,, J,) to state
(Em, Jm)- OST stands for the original source term, and is given by [43—46]:

OST3(Em, Jm) = F3(Em, Jm) k3,00(T)-[HO2]-[CH30;], (10)

OSTi(Em, Jm) = F1(Em, Jm)-k1,00(T)-[HO2]-[CH30], (11)
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k30o(T) =

where k3 o (T) is the capture rate constant—that can be calculated using micro-variational
transition state theory (uvIST) [47-50] (see Equation (13) below)—for the barrier-less
association step of HO, and CH3O; leading to triplet PRC. F3(Ey,, J;) is the E,J-resolved
initial distribution function for the nascent energized triplet PRC and given by [43,46]:

PS (Em/ Im)
(2];n+1)- k3aCH302 (Emdm) PB(Emr]m) exp(—Ey /RT) (12)

T (2 1) [ Koty 0, (Emodm)P3 (Em/J)-exp(—Em /RT)-dEn”

In Equation (12), p3(Em, ) is the density of ro-vibrational states for triplet PRC, and
k3—cH;0,(Em, Jm) is the microcanonical rate constant for the triplet PRC — HO, + CH30,
step, which is calculated using micro-variational TST [50,51].

(o #Qzé oS © . +
X e < Lal2l 1) || MinlGE(E. )]  exp(—E/kaT)dE (13)
HO, <CH;0,

Here, h is Planck’s constant, kp is Boltzmann's constant, and o is the reaction path
degeneracy, which is equal to 3 x 2/2 + 2 = 3/2 for the triplet PES in this case, 2 on the
nominator is because TS1 is a chiral structure. Note that electronic partition functions for
all stationary points are set to 1, 2, and 3 for singlet, doublet and triplet electronic states,

respectively. T is the reaction temperature and E is the total internal energy. Min[GZf,(E, )]
stands for minimizing the chemical reaction flux at the given E and J. Q, and Q¢ ), are
the complete partition functions for HO, and CH30,, respectively. Qy, is the translational
partition function, and Q, is the electronic partition function of the TS (the superscripts
“re” and “#" designate reactants and transition state (TS), respectively). GZf, is the sum of
ro-vibrational quantum states of the TS for the given E and ], which can be obtained from its
vibrational counterpart using the J-shifting approximation [52-54], Equations (14) and (15):

Glo(E,J) = Y1 GF (E — Er(],K)) (14)
pro(E, J) = . +§Pv (E—-E/(],K)) (15)

In Equation (14), GZé is the anharmonic (coupled) vibrational sum of states of TS
that is calculated using Miller’s semiclassical TST (SCTST) theory [55-59] based on the
Wang-Landau algorithm [60-63]. SCTST theory [55-59] automatically includes coupled
anharmonic vibrations and multidimensional quantum mechanical tunneling. E; is the
(external) rotational energy level of TS, which is approximated by a symmetric top, [64]
Equation (16):

(] K)_I(]+1)B+(A B) WlthB_\/ﬁand_]SKS_i_] (16)

In this work, hindered internal rotations with low vibrational frequencies in stationary
points are separated and approximately treated as separable one-dimensional hindered
internal rotors (1IDHR). We then solve 1D Schrodinger equation independently to obtain
a spectrum of eigenvalues for each 1IDHR mode, whose sums of quantum states are then
counted directly. Finally, we convolve these 1IDHR motions with the remaining vibrations
to obtain the overall density of vibrational states.

The phenomenological rate coefficients can be determined in two ways. First, they can
be associated with the lowest (negative) eigenvalues (i.e., chemically significant eigenvalues,
CSE) that are obtained by solving Equations (8) and (9). Second, the rate coefficients can
also be calculated at a pseudo steady-state condition using Equations (17) and (18):

ks(T,p) = ( 7H02> % k3,0 (T), for the triplet PES (17)
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ki(T,p) = (1 - 7{102) x k100(T), for the sin glet PES (18)

koverall(T/p) = kS(T/p) + kl(T/p) (19)

In Equations (17) and (18), MOz is the mole fraction of HO,, which is produced by
unimolecular re-dissociation of the triplet (or singlet) energized PRC back to initial reactants
(HO; and CH30,), obtained at a pseudo steady state condition at a given T and p.

3. Results and Discussions
3.1. Reaction Mechanisms

The association of HO, and CH30; can proceed on both the triplet and singlet elec-
tronic state PESs. The reaction pathways on the triplet PES are displayed on the right-hand
side of Figure 1 while those on the singlet PES are presented on the left-hand side.

On the triplet PES: the barrier-less association of HO, and CH30O; leads to the for-
mation of the vibrationally excited triplet pre-reactive complex (*PRC), which is a van
der Waals complex stabilized by two H-bonded with a binding energy of 5.92 kcal mol .
Starting at 3PRC, there are two feasible dissociating pathways: it can re-dissociate back
to the initial reactants (HO, + CH30O;) or it can carry out the internal H-abstraction from
HO; to yield CH30O0H and triplet O,. The latter pathway has a submerged barrier of
—2.77 kcal mol~! (relative to reactants), and thus formation of products is facile. This is
the major (if not sole) product pathway, which was previously confirmed by both experi-
mental [9-19] and theoretical [20,22] studies. It should be noted that HO, could abstract
an H atom from the CHj3 group of CH30; leading to H,O, and triplet CH,OO, but this H-
abstraction pathway (not shown in Figure 1) has a very high barrier of ca. 28.6 kcal mol~!
at mHEAT method, and can be safely disregarded.

On the singlet PES: the barrier-less combination of HO, and CH30; can also lead
to an energized singlet adduct, 'PRC. Because the two unpaired electrons in PRC are
far apart, their interaction is extremely weak. As a result, the binding energy of 'PRC
(5.92 kcal mol ') is nearly identical to that of PRC. When formed, 'PRC can carry out three
plausible dissociative pathways. First, it can return without a potential barrier to the initial
reactants. Second, it can undergo an O-O association via TS3 to lead to vibrationally excited
methyl tetraoxide (MTO), overcoming a barrier of 5.77 kcal mol~1. When produced, MTO
mostly isomerizes back to PRC because further decomposition of MTO yielding various
products must overcome much higher barriers (not shown in Figure 1), which are therefore
irrelevant under the conditions studied here. Third, it can do an internal H abstraction
via TS2 to make CH3OOH and singlet O,, surmounting a barrier of 5.79 kcal mol 1. Itis
worthy of mention that, in addition to the triplet channel, this singlet channel provides
an additional contribution (about 10%) to the overall formation of CH30OH observed
in experiments. To the best of our knowledge, this new finding has not previously been
reported in the literature.

3.2. Statistical Kinetics Analysis

To solve a master equation, one must have the collisional parameters of energized
adduct (CH404) and bath gas (both N, and He used here) as well as the energy/angular
momentum transfer probability distribution function. These parameters were empirically
selected based on similar (known) systems [65] and are tabulated in Table S2. It is worth
mentioning that the calculated rate constants in this work depend only slightly on pressure
(see Figure 2), at pressures typical of atmospheric conditions (p < 760 Torr), they are
practically constant, as seen in Figure 2.
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Figure 2. Two falloff curves for the reaction of HO, and CH30, calculated at T = 298 K and a function

of pressure.

Figure 2 shows two falloff curves calculated at T = 298 K. The reaction on the triplet
PES appeared to be pressure-independent (for p = 1-10,000 Torr) while that on the singlet
PES depended slightly on pressure when P was greater than 1000 Torr. These results are
completely consistent with experimental results, which show that the reaction does not
depend on pressure when p < 760 Torr.

To examine the formation of methyl tetraoxide (MTO), mole fractions of various
species from the reaction on the singlet PES were computed at 298 K and a function of
pressure. As revealed in Figure 3, the yield of the thermalized MTO—which is formed
through collisional stabilization—was negligible (<0.1%) even at p = 10,000 Torr. There are
two reasons for this observation: first, the chemical flux via the tighter TS3 is about two
orders of magnitude smaller than that proceeding via the looser TS2; second, the energized
intermediate MTO, when produced, prefers to isomerize back to ' PRC.

1 T=298 K

10" F —— T ———— T ——— ] — T
HO, + CHZ00 ]
T ¥R LSRN M -
o' B 10, + CHzO0H .
]
o o e 1
= 10°F 3
3 i ]
= 10%F WO e B ke -
(o) - cedWMTO e 3
2 1o T = .
wsE —-= HO2 + CH300 3
i d«pv\G__..----"' —— 102 + CH300H 3
oL em\a\'\le'__..---"' ——— Thermalized MTO ]
10 W™ e Thermalized 1PRC 7
0T BT ;
n ol " MR | N PR | N

1 10° 102 108 104

Pressure (Torr)

Figure 3. Mole fractions of various species in the reaction of HO, and CH30O; occurring on the singlet
electronic state PES, calculated at T = 298 K and a function of pressure.

Figure 3 also indicates that most of vibrationally excited IPRC, when formed, returned
to initial reactants (HO, + CH30O,) while the rest further reacted to yield CH;00OH and
singlet O,. Furthermore, the yield of collisional stabilization of 'PRC was found to be
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minor, especially at atmospheric pressures. It can be predicted that the thermalized PRC
decreases significantly at higher temperatures in combustion environments. In practical
applications, the reaction pathway on the singlet PES must be considered at the low-P limit
as well. This finding differs from a previous theoretical study [22] where the high-P limit
model (i.e., the thermal equilibrium was assumed) was used to compute k(T), which would
appear to be inappropriate.

The results from the master equation analysis show that CH3OOH is the sole product
under the conditions considered in this work. Importantly, CH3OOH can be produced
from both the triplet and singlet PESs with a relative ratio of about 9:1, which is found to be
very marginally dependent on temperature (see Figure 4). The yield of CH3OOH from the
triplet PES is dominant for two reasons: first, the formation rate of 3PRC is three times as
fast as that of 1PRC, due to the electronic degeneracy; and second, TS1 lies lower in energy
than TS2.

1 ! ; ' T ’ J J T g ! ! T
L Triplet PES i
0.8 - 1
3 06t _
L I 1
>_ L
04| -
02 -
I Singlet PES
D
0 I n " L 1 L L " 1 " L " 1 L " L
200 400 600 800 1000
T(K)

Figure 4. A comparison of the yield of CH3OOH produced from the triplet and singlet PESs as a
function of temperature.

Figure 5 shows the reaction rate coefficients calculated as a function of temperature,
experimental data in symbols are also included for comparison. An inspection of Figure 5
reveals that the ab initio k(T) results (the dashed blue curve) were in good agreement with
experiments at low temperatures (T < 260 K), but slightly too low at higher temperatures.
By lowering the calculated barriers by 0.5 kcal mol~!, which is within the range of error
expected with the mHEAT method, we were able to reproduce most experimental data
within 20% (see the red solid curve). Combining the high-level theoretical results obtained
in this work and available experimental data, we carried out curve fitting and obtained an
Arrhenius equation:

k(T) = 2.75 x 10713 x ¢*175 keal mol /RT3y o3 /s, for T = 200-800 K (20)

As seen in Figure 6, Equation (20) presents a new set of predicted reaction rate con-
stants, which agree well (within 10%) with most experimental data where they are available.
In addition, it provides reliable rate constants where experimental data are absent. There-
fore, we believe that Equation (20) can be useful for kinetics modeling.
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Figure 5. Calculated thermal rate coefficients for the reaction of HO, and CH3O;: ab initio k (T):
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(symbols) are also included for comparison.
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recommended in this work. Experimental data (symbols) are also included for comparison.

4. Conclusions

The reaction of HO, and CH30, was reinvestigated using high-accuracy coupled-
cluster calculations, followed by computing phenomenological rate coefficients with an
E,J-resolved master equation technique. Methyl hydroperoxide (CHzOOH) was found to
be the sole product and can be produced from both triplet and singlet PESs with a ratio of
about 9:1, a factor which is nearly independent on temperature and pressure. The formation
of CH300H on the singlet PES is a new finding in this work. The yield of methyl tetraoxide
(CH30000H) from the singlet PES formed through collisional stabilization was found
to be negligibly small. Formaldehyde (CH,O) was not found to be a primary product; if
formed, it is most likely via succeeding photo-oxidation processes of CH3OOH in some
experiments. The reaction was found to proceed through hydrogen-bonded pre-reactive
complexes, followed by internal H-abstraction steps via submerged barriers leading to
products, thus the reaction rate constant had a slight negative temperature dependence and
did not depend on pressure (when p < 1 atm). The rate coefficients fitted to the expression
of k(T) = 2.75 x 10713 x e +1.75 keal mol ™ /RT (in cm3/s) for a temperature range of 200-800 K
are recommended for kinetics modeling. These findings are completely consistent with
experimental knowledge on this system.
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