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Abstract

The OH-initiated oxidation of methyl hydroperoxide, which plays an important role in the 

atmospheric chemistry of methane, was theoretically characterized using high-accuracy 

composite amHEAT-345(Q) coupled-cluster calculations followed by a two-dimensional E,J 

resolved master equation analysis. The reaction is found to proceed through two distinct 

hydrogen-bonded pre-reactive complexes leading to two product channels, in accord with the 

experimental observations: (i) OH + CH3OOH  CH3OO + H2O with a yield of 0.8  0.1, and (ii) 

OH + CH3OOH  HCHO + OH + H2O with a yield of 0.2  0.1. The calculated reaction enthalpies 

are within 0.2 kcal mol-1 of the benchmark ATcT values. Overall thermal rate coefficients obtained 

from first principles are found to be in the low-pressure limit at atmospheric pressure; the total 

rate coefficient can be expressed over the T = 200-450 K range as k(T) = 5.0 × 1012 × T0.152 × 

exp(287/T) cm3 s1, strongly supporting the experimental results of Vaghjiani and Ravishankara 

(J Phys Chem 1989, 93, 1948), with which this expression agrees within ca. 15%. The current 

results show that (i) is the principal reaction channel and support the view that, due to its 

inherently fast transformations, CH3OOH is an important redistribution species for HOx
 radicals 

in the Earth’s atmosphere.         
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INTRODUCTION

Methyl hydroperoxide (CH3OOH), the simplest organic peroxide, is mainly produced by 

the oxidation of methane in the atmosphere under low NOx conditions (equations 1-3).1, 2 

CH3OOH is also a key intermediate product in the photo-oxidation of several non-methane 

volatile organic compounds (NMVOCs), that can proceed through methyl radicals.3, 4   

CH4 + OH  CH3 + H2O (1a)

CH4 + O(1D)  CH3OH*  CH3 + OH (1b)

CH3 + O2  CH3OO (2)

CH3OO + HO2
  CH3OOH + O2 (3)

In the atmosphere, methyl hydroperoxide can be found either in aqueous aerosols due to its high 

solubility,5 or in the gas phase. In the aerosol phase, it can be washed out from the atmosphere 

by physical removal processes, i.e. wet and dry deposition. In the gas phase, its most important 

chemical removal pathways are photolysis and OH-initiated oxidation. These processes are 

known to play an important role in the redistribution of HOx
 radicals in the troposphere where 

the oxidation of CH4 is dominant.2, 3 The oxidation of CH3OOH by OH is known to proceed via 

two major pathways,6, 7 (i) abstraction of the hydroperoxide-H to produce CH3OO + H2O (eq. 4), 

and (ii) abstraction of an αH-atom from the CH3 group to yield CH2OOH + H2O (eq. 5). 

CH3OOH + OH  CH3OO + H2O (4)

CH3OOH + OH  CH2OOH + H2O  HCHO + OH + H2O (5)

The CH2OOH radical is intrinsically unstable, and dissociates spontaneously into HCHO + OH.7, 8 

Thus, H-abstraction from the methyl group results in HCHO + H2O, with regeneration of OH, such 
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that the contribution of channel (5) is not included when the reaction rate coefficient is measured 

through the decay of OH. On the other hand, the CH3OO from channel (4) reacts at low-NOx 

concentrations for a large part with HO2
 to re-generate CH3OOH by reaction (3) such that the 

net effect will be a chain termination reaction of OH with HO2
, resulting in the effective removal 

of HOx
 radicals:

OH + HO2
  H2O + O2 (6)

At higher NO levels, CH3OO can oxidize NO to form CH3O and NO2 of which the first reacts with 

O2 to give HO2
 and HCHO, while NO2 photolyzes quickly into NO and an O atom that immediately 

adds to O2 to yield O3:

CH3OO + NO  CH3O + NO2 (7)

CH3O + O2  HCHO + HO2
 (8)

NO2 + hv  NO + O (9)

O + O2 + M  O3 + M (10)

As a result, different from channel (5), pathway (4) will either lead to termination or 

redistribution of HOx
 radicals. Therefore, both the total rate coefficient and the branching ratio 

of the title reaction have an impact on atmospheric chemistry, and have to be known for 

atmospheric modeling.

The overall thermal rate constant at room temperature was measured by Niki et al.6 to 

be 1.0 × 1011 cm3 s1, while a value half this magnitude (5.5 × 1012 cm3 s1) was determined by 

Vaghjiani and Ravishankara.7 The partial rate constant k4 for channel (4) was recently re-

measured at 295 K by Blitz et al.3 to be (9.0 ± 0.2) × 1012 cm3 s1, which is much higher than the 

two prior measurements, taking into account the branching ratio k4/k5 (see below). In the most 
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recent study, Wang and Chen,9 using a relative-rate method, re-determined the overall thermal 

rate constant at 293 ± 2 K to be (4.0 ± 0.15) × 1012 cm3 s1, even lower than that of Vaghjiani and 

Ravishankara.7 A possible reason for such large discrepancies in the absolute rate determinations 

could be the challenge to accurately determine the gas-phase concentration of methyl 

hydroperoxide.

There are two experimental determinations of the branching ratio k4/k5 at room 

temperature: 1.30 ± 0.26 by Niki et al.6 and the twice higher value 2.52 ± 0.36 by Vaghjiani and 

Ravishankara7. An averaged value of 1.91 ± 0.31 has been recommended,10 corresponding to 

yields of 0.65  0.11 and of 0.35  0.11 for channels (4) and (5), respectively. The ratio has been 

estimated to be nearly independent of temperature in the range of T = 220-430 K.7, 10

The title reaction has been theoretically studied previously using QCISD11 and 

CCSD(T)/CBS(aT,aQ)12 calculations based on the DFT-BHandHLYP optimized geometries. The rate 

coefficients of the two H-abstraction pathways were computed at the high-pressure limit, 

assuming thermal equilibrium12 between the initial reactants and pre-reactive complexes (PRC), 

implying a Boltzmann thermal energy distribution for the van der Waals complexes. For the title 

reaction mechanism passing through a shallow PRC well as displayed in Figure 1, such an 

assumption can only be fulfilled at very high pressures, but cannot be justified in the Earth’s 

atmosphere (P  1 atm) and in the laboratory where low pressures are often used. The thermal 

equilibrium model is always to overestimate thermal rate constants significantly. This matter has 

been discussed recently.13-16 

Given the large spread of the experimental rate coefficient and branching ratio values, 

and in view of the invalid assumption - for atmospheric pressures - made in the earlier theoretical 
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studies above, the aim of the present work is a high-accuracy theoretical investigation of the title 

reaction at the best currently feasible ab initio and theoretical kinetics methods for such a 

reaction. As anticipated above, qualitative consideration of Figure 1 indicates that the title 

reaction is dependent on pressure; thus, solving a master equation must be carried out to obtain 

reliable thermal rate coefficients. 

 To this end, high-accuracy coupled-cluster calculations are brought to bear in this work, 

giving calculated reaction enthalpies that are validated against benchmark ATcT thermochemical 

data.17 Phenomenological rate coefficients are then obtained by solving the E,J-resolved master 

equation. On this basis, we derive high-level theoretical k(T, P) and branching ratio values in the 

temperature range 200-450 K and the pressure range 0 – 10000 Torr, providing also an analytical 

expression for k(T) at atmospheric pressures useful for atmospheric modeling. Finally, we also 

compare our theoretical k(T) with the available experimental data.          

THEORETICAL METHODOLOGIES

High-Accuracy Coupled-Cluster Calculations

First, key stationary points for the kinetics treatment relevant to two H-abstraction 

pathways on the lowest-lying doublet electronic state potential energy surface were fully 

optimized using frozen-core (fc) CCSD(T)/aug-cc-pVTZ level of theory.18-20 Harmonic vibrational 

analyses were then performed at the same level of theory to verify all stationary points located: 

all positive vibrational frequencies for a minimum and only one imaginary frequency (that is 

corresponding to the reaction coordinate vibration) for a transition structure. To obtain 
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anharmonic zero-point vibrational energy (ZPE) corrections, anharmonic force field calculations 

were performed using the same fc-CCSD(T) method, but with a smaller basis set, aug-cc-pVDZ,21, 

22 to save computational time. Total energies including ZPE contributions were then refined using 

a composite amHEAT-345(Q) method,23 which gives an accuracy of about 0.2 kcal mol1 as 

compared to benchmark ATcT values for the two reaction enthalpies as can be seen in Table 1 

and Figure 1. The improved amHEAT is obtained by a slight modification of the original mHEAT 

protocol,23 in which the basis sets cc-pVXZ (with X=T,Q, and 5)21, 22 used in the CCSD(T)18-20 

calculations are, respectively, replaced by aug-cc-pVXZ. As detailed elsewhere, the mHEAT-

345(Q) protocol23 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 (CCSD(T)) method and a smaller part of electron correlation with the fully iterative 

triple (CCSDT) and non-iterative (perturbative) quadruple (CCSDT(Q)) methods.23 In addition, 

other small corrections including diagonal Bohr-Oppenheimer correction (DBOC), scalar 

relativity, and spin-orbit are also included.23 As demonstrated in Table 1, the anharmonicity ZPE 

corrections can be important, and are essential in bringing the calculated energies in agreement 

with the experiment. It should be noted that for the few other reactions13, 24-26 to which it has 

already been applied, the amHEAT-345(Q) protocol gives also reaction energies within 0.2 kcal 

mol1 of the ATcT benchmark values. All calculations (except for the CCSD(T)/ aug-cc-pVQZ and 

CCSD(T)/ aug-cc-pV5Z single point energy calculations where we have used the ACES III program 

suite27) were done using the CFOUR quantum chemistry package.28  
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Table 1: Individual contributions (kcal mol–1) of various terms to total relative energies of CH3O2 
+ H2O, HO + HCHO + H2O, TS1, and TS2 (calculated at 0 K relative to initial reactants, OH + 
CH3OOH) using amHEAT-345(Q) method.

Term OH + HCHO + H 2O CH 3O 2  +  H 2O TS1 TS2
ES C F –60.013 –25.544 15.629 17.940
EC C S D ( T ) 9.191 –8.100 –14.792 –17.011
EZ P E

 a ) –4.141 (–4.214)  0 .737 (0.792)  –1.006 (–0.707)  –0.273 (–0.051)  
ET - ( T ) –0.103 –0.271 –0.719 –0.364
E ( Q ) - T 0.158 –0.077 –0.282 –0.222
EC o r e –0.221 –0.135 –0.013 0.007
ES c a l a r 0.050 0.055 0.010 0.009
ED B O C –0.007 –0.048 0.085 0.001
ES p i n - o r b i t 0.000 0.109 0.109 0.109
amHEAT –55.09 ± 0.2 –33.27 ± 0.2    –0.98 ± 0.2   0 .20 ± 0.2   
ATcT  b ) –54.82 ± 0.15    –33.17 ± 0.21   

a) The values in parentheses are obtained using harmonic ZPE contributions calculated at fc-CCSD(T)/aug-cc-
pVTZ level of theory.

b) Taken from ATcT TN ver. 1.124r.17

Two-Dimensional E,J-Resolved Master-Equation Calculations

The title reaction proceeds via formation of energized pre-reaction complexes (PRC) of 

OH and CH3OOH (see Fig. 1), thus it is, in principle, expected to be pressure-dependent. The 

shallow PRC wells of depth ≤ 4 kcal/mol suggest that the high-pressure limit is attained only well 

above 10 atm. The E,J-resolved master equation for a chemically activated reaction as shown in 

Fig. 1, which describes a competition of collisional energy transfer processes and unimolecular 

reactions as a function of time, can be given by:29-37

∂𝐶𝑖(𝐸𝑚,𝐽𝑚)
∂𝑡 =

𝐸𝑚𝑎𝑥

∫
𝐸𝑛 = 0

𝐽𝑚𝑎𝑥

∑
𝐽𝑛 = 0

𝑃𝑛((𝐸𝑚,𝐽𝑚|𝐸𝑛,𝐽𝑛) ∙ 𝜔𝐿𝐽 ∙ 𝐶𝑖(𝐸𝑛,𝐽𝑛) ∙ 𝑑𝐸𝑛 ― 𝜔𝐿𝐽 ∙ 𝐶𝑖(𝐸𝑚,𝐽𝑚)

― {𝑘i→OH(𝐸𝑚,𝐽𝑚) + 𝑘i→Products(𝐸𝑚,𝐽𝑚)} ∙ 𝐶𝑖(𝐸𝑚,𝐽𝑚) + 𝑂𝑆𝑇𝑖(𝐸𝑚,𝐽𝑚)

(11)
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In eq. 11,  is the maximum angular momentum;  is the maximum internal energy;  𝐽𝑚𝑎𝑥 𝐸𝑚𝑎𝑥 𝐶𝑖(

 represents the (time-dependent) mole fractions of PRCi in the state  and time t; 𝐸𝑚,𝐽𝑚,𝑡) (𝐸𝑚,𝐽𝑚)

and  (in s1) is the Lennard-Jones collisional frequency.38-40  (in ) is the 𝜔𝐿𝐽 𝑘𝑖→𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠(𝐸𝑚,𝐽𝑚) 𝑠 ―1 (

-resolved microcanonical rate coefficient for the dissociation step of PRCi to products. 𝐸𝑚,𝐽𝑚)

 is the microcanonical rate constant for the PRCi  OH + CH3OOH step, which is 𝑘𝑖→𝑂𝐻(𝐸𝑚,𝐽𝑚)

calculated using micro-variational TST.41, 42  is the E,J-resolved collisional transfer 𝑃𝑖(𝐸𝑚,𝐽𝑚|𝐸𝑛,𝐽𝑛)

probability distribution function of PRCi from the state  to state . OSTi stands for (𝐸𝑛,𝐽𝑛) (𝐸𝑚,𝐽𝑚)

the original source term, and is given by:43-46  

   (12)𝑂𝑆𝑇𝑖(𝐸𝑚,𝐽𝑚) = 𝐹𝑖(𝐸𝑚,𝐽𝑚) ∙ 𝑘𝑖,∞(𝑇) ∙ [𝑂𝐻] ∙ [𝐶𝐻3𝑂𝑂𝐻],

𝐹𝑖(𝐸𝑚,𝐽𝑚) =
(2𝐽𝑚 + 1) ∙ 𝑘𝑖→𝑂𝐻(𝐸𝑚,𝐽𝑚) ∙ 𝜌𝑖(𝐸𝑚,𝐽𝑚) ∙ exp ( ― 𝐸𝑚/𝑅𝑇)

∑𝐽𝑚𝑎𝑥

𝐽𝑚 = 0(2𝐽𝑚 + 1)∫𝐸𝑚𝑎𝑥

𝐸𝑖 = 0𝑘𝑖→𝑂𝐻(𝐸𝑚,𝐽𝑚) ∙ 𝜌𝑖(𝐸𝑚,𝐽𝑚) ∙ exp ( ― 𝐸𝑚/𝑅𝑇) ∙ 𝑑𝐸𝑚
,

(13)

 (14)𝑘𝑖,∞(𝑇) =
𝜎𝑖

ℎ ×
𝑄𝑖

𝑡𝑟𝑄𝑖
𝑒

𝑄𝑟𝑒
𝑂𝐻 ∙ 𝑄𝑟𝑒

𝐶𝐻3𝑂𝑂𝐻
× ∑∞

𝐽 = 0(2𝐽 + 1)∫∞
0 𝑀𝑖𝑛[𝐺0𝑖

𝑟𝑣(𝐸,𝐽)] × exp ( ―𝐸 𝑘𝐵𝑇)𝑑𝐸

Here i is an index, which equals 1 or 2 for the reaction pathway (4) or (5), respectively.  𝐹𝑖(𝐸𝑚,𝐽𝑚)

is the E,J-resolved initial distribution function for the nascent energized PRCi and given by eq. 

12;43, 46 and  is the density of ro-vibrational states for PRCi.  is the capture rate 𝜌𝑖(𝐸𝑚,𝐽𝑚) 𝑘𝑖,∞(𝑇)

constant (see eq. 14) – that can be calculated using micro-variational transition state theory 

(VTST)41, 47-49  – for the barrier-less association step of OH and CH3OOH leading to PRCi. h is 

Planck’s constant, kB is Boltzmann’s constant, and σ1=σ2=1 is the reaction path degeneracy. T is 

the reaction temperature and E is the total internal energy.  and  are the complete 𝑄𝑟𝑒
𝑂𝐻 𝑄𝑟𝑒

𝐶𝐻3𝑂𝑂𝐻
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partition functions for OH and CH3OOH, respectively. It should be emphasized that for OH(X2) 

(with a spin-orbit splitting of 139 cm–1), there is a strong coupling of the 2D rotation and the 

electronic motion.50 Thus, the rotational energy values of the components of doublet states of 

OH were computed using Hill and Van Vleck’s formalism.50-52 The coupled rotational-electronic 

partition function of OH was then obtained by a direct state count.  is the translational 𝑄𝑖
𝑡𝑟

partition function, and  is the electronic partition function of the TSi.𝑄𝑖
𝑒

It is worth mentioning that at the zero-pressure limit, an analytical solution of E,J-resolved 

master equation34 can be derived, and its expression is the same as that of a two-TS kinetic 

model.13, 14 Thus, the analytical solution can be given by

𝑘𝑖(𝑇,𝑃 = 0) =
𝜎𝑖

ℎ ×
𝑄𝑖

𝑡𝑟𝑄𝑖
𝑒

𝑄𝑟𝑒
𝑂𝐻 ∙ 𝑄𝑟𝑒

𝐶𝐻3𝑂𝑂𝐻

×
∞

∑
𝐽 = 0

(2𝐽 + 1)
∞

∫
0

𝑀𝑖𝑛[𝐺0𝑖
𝑟𝑣(𝐸,𝐽)] × 𝐺𝑖

𝑟𝑣(𝐸,𝐽)

𝑀𝑖𝑛[𝐺0𝑖
𝑟𝑣(𝐸,𝐽)] + 𝐺𝑖

𝑟𝑣(𝐸,𝐽)
× exp ( ―𝐸 𝑘𝐵𝑇)𝑑𝐸,

(15)

And  is the sum of the  of the two channels (4) and (5). 𝑘𝑜𝑣𝑒𝑟𝑎𝑙𝑙(𝑇) 𝑘𝑖(𝑇,𝑃 = 0)

For the loose, variational TS0i for the barrier-less association of OH and CH3OOH leading 

to formation of PRCi*, microvariational TST theory41, 42 is used to find the kinetic bottleneck, a 

minimum of the chemical reaction flux ( ) at the given E and J through the dividing 𝑀𝑖𝑛[𝐺0𝑖
𝑟𝑣(𝐸,𝐽)]

surface, eq. 16a.   is the sum of ro-vibrational quantum states of the TS0i for the given E and 𝐺0𝑖
𝑟𝑣

J, which can be obtained from its (harmonic) vibrational counterpart ( ) using the J-shifting 𝐺0𝑖
𝑣

approximation,53-55 eq. 16a: 

, for a loose TS (16a)𝑀𝑖𝑛[𝐺0𝑖
𝑟𝑣(𝐸,𝐽)] = 𝑀𝑖𝑛[∑𝐾 = +𝐽

𝐾 = ―𝐽𝐺
0𝑖
𝑣 (𝐸 ― 𝐸𝑟(𝐽,𝐾))]
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Tables S1 and S2 list the relative energies and rovibrational parameters of grid points along the 

variational reaction coordinate for OH + CH3OOH  PRC1* and PRC2*, respectively, used in the 

minimizations. 

For the tight, well-defined TS1 and TS2:

, (16b)𝐺𝑖
𝑟𝑣(𝐸,𝐽) =  ∑𝐾 = +𝐽

𝐾 = ―𝐽𝐺
𝑖
𝑣(𝐸 ― 𝐸𝑟(𝐽,𝐾))

in which  is the anharmonic (coupled) vibrational sum of states of TSi that is calculated using 𝐺𝑖
𝑣

Miller’s semiclassical TST (SCTST) theory,56-60 eq. 16b. Non-separable SCTST theory56-60 

automatically includes fully coupled anharmonic vibrations, variational effects, and multi-

dimensional quantum mechanical tunneling in the framework of the second-order vibrational 

perturbation (VPT2) approach. We have used the Wang-Landau algorithm61-64 as implemented in 

the Multiwell software package52 to compute .  is the (external) rotational energy level of 𝐺𝑖
𝑣 𝐸𝑟

TS1, assuming a symmetric top,65 eq. 17:

, with  and –J ≤ K ≤ +J (17)𝐸𝑟(𝐽,𝐾) =  𝐽(𝐽 + 1)𝐵 +(𝐴 ― 𝐵)𝐾2 𝐵 = 𝐵 ∙ 𝐶

For three low harmonic vibrational frequencies that are corresponding to large amplitude 

motions, two for CH3OOH and one for TS1 (see the Supplementary Material, SM), we consider 

these vibrations separately from the remaining motions, and treat them as non-coupled one-

dimensional hindered internal rotors (1DHR) using the Multiwell software package.52 We 

computed the torsional potentials (Figs. S3-S8) and solved the 1D Schrödinger equation to obtain 

a full set of eigenvalues of each 1DHR (see the SM).50-52 For each 1DHR, the direct state count 

was used to compute the quantum states sums; they are combined with those of the remaining 

motions to obtain the overall sum of ro-vibrational quantum states.       
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Figure 1: Unscaled potential energy surface for the reaction of OH and CH3OOH, constructed 

using the amHEAT-345(Q) method. Benchmark ATcT17 values (in parentheses) are also included 

for comparison.

RESULTS and DISCUSSION

Potential Energy Surface and Reaction Mechanism

Figure 1 shows the two feasible H-abstraction pathways for the title reaction. The first 

proceeds through barrier-less association of OH with CH3OOH forming pre-reactive complex 

PRC-1, a five-membered ring stabilized by two hydrogen bonds and located 4.0 kcal mol-1 below 

the initial reactants (Figure 1). Starting from PRC-1, two plausible reaction pathways are open: 

re-dissociation back to the initial reactants via a loose, variational transition state or an 

intramolecular abstraction of the hydroperoxide-H by the OH moiety via TS1, leading to CH3OO 
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+ H2O. This latter step faces a barrier of 3.0 kcal mol-1. TS1 is submerged, lying 1.0 kcal mol-1 lower 

in energy than the free reactants in accord with the experimental negative Arrhenius activation 

energy7 for this channel. It should be mentioned that there is a higher-lying rotamer of TS1 that 

is not shown in Fig. 1, and similar for TS2; in the SM these are designated as TS1a and TS2a, 

respectively. Proper treatment of the hindered internal rotations (1DHR) involved, see below, 

takes both configurational isomers into account for each case. 

Analogously, the second pathway (towards the left in Figure 1) is association without 

energy barrier leading to PRC-2, a six-membered cyclic complex with an even smaller binding 

energy of 2.64 kcal mol-1 in which H-abstraction from the methyl group by the OH moiety gives 

rise to a van der Waals complex of CH2OOH and H2O (see Fig. S1 in the SM). This step needs to 

surmount TS2 presenting a barrier height of 2.8 kcal mol-1. Note that the energy of TS2 is ca. +0.2 

kcal/mol relative to the reactants, and ca. 1.2 kcal/mol above that of TS1 making the second 

pathway energetically less favored than the first one. The van der Waals complex of CH2OOH 

and H2O on the product side dissociates spontaneously into HCHO + OH + H2O without barrier 

(see Fig. S1).  Our previous calculations8 revealed that the CH2OOH radical is not a local 

minimum, and is therefore intrinsically unstable, dissociating into HCHO and hydroxyl radical, in 

accordance with the non-observation of CH2OOH in experiments.7

It may be noted that for the title reaction, with the lowest TS1 submerged for only 1 kcal mol1, 

the first term in the denominator of the integrand in eq. 15 is an order of magnitude larger than 

the second term for most of the effective energy range, meaning that PRC redissociation far 

outruns the reaction to products, such that the PRC are in microcanonical quasi-equilibrium with 

the reactants. As a result, the possible imperfections of the µVTST approach for PRC 
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redissociation (eq. 15) are of little consequence for the title reaction. The non-separable SCTST 

theory inherently includes all possible corrections including variational effects in the framework 

of the second-order vibrational perturbation (VPT2) approach used in this work. In any case, as 

the tight TS1 and TS2 for H-shifts are well-defined with sharp energy maxima (imaginary 

frequencies around 1500 cm-1), variational effects should be negligible for the product formation 

steps, at least at the fairly low temperatures of interest (200-450 K).      

Reaction Rate Coefficients and Product Yields

The master equation calculations (see Fig. S2 in the SM) display falloff curves of the title 

reaction as functions of temperature (200 – 450 K) and pressure (1 – 10000 Torr). Fig. S2 shows 

that the calculated rate coefficients decrease when temperature increases, while they increase 

with pressure, but the high-pressure limit is reached only at pressures far above 10000 Torr, as 

expected. Therefore, these findings are fully consistent with experimental observations.7 In the 

range 0 – 10000 Torr considered in this work, the reaction is only slightly dependent on pressure 

and closely follows the zero-pressure limit under atmospheric conditions (P   760 Torr). The 

rationalization is the very fast redissociation of the large majority of the weakly bound energized 

PRCs, much faster than the collision frequency, up to ca. 10000 Torr. Fig. S3 in the SM shows the 

high-pressure limit (HPL) rate coefficient (i.e. ‘one-TS model’) far exceeding the low-pressure limit 

at lower temperatures. Because of these reasons without loss of generality, the following results 

will be reported for the zero-pressure limit.

Page 13 of 20 Physical Chemistry Chemical Physics



14

Figure 2: Calculated overall thermal rate constants at the zero-pressure limit as a function of 

temperature. Dashed lines show the confidence limits for the calculated rate coefficient. 

Experimental data are also included for comparison; the result of Blitz et al.3 is k4, for channel 4 

only (see text).

The low-pressure limit k(T) given by eq. (15) were computed as a two-layer function of 

total energy and total angular momentum using Emax = 30,000 cm-1, Jmax = 200, E = 10 cm-1, and 

J = 5. These parameters were selected to ensure that the calculated results converge to within 

1% for the temperature range of 180-450 K. The calculated k(T) values are shown in Figure 2, in 

which all available experimental data are also included for the purpose of comparison. The 

confidence region of k(T) is indicated by the dashed lines, adopting an error on the energy 
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barriers of +/‒ 0.2 kcal mol1 (see Table 1). Inspection of Figure 2 shows that the calculated k(T) 

from first principles only (without any empirical parameters) show a negative temperature 

dependence, and agree very well, within ~15%, with the experimental results of Vaghjiani and 

Ravishankara7 for the whole temperature range (T = 200-450 K). Our results can be fitted to a 

modified Arrhenius expression of , 𝑘(𝑇) = 5.0 × 10 ―12 × 𝑇 ―0.152 × exp (287
𝑇 ), 𝑖𝑛 𝑐𝑚3 ∙ 𝑠 ―1

useful for atmospheric modeling. The value at 298 K is 5.5 × 10‒12 cm3 s‒1. To the best of our 

knowledge, this is the only first-principles theoretical work that brings to bear E,J resolved 

microcanonical rate coefficients, resulting in a quantitative agreement with the data of ref. 7. On 

the other hand, we slightly overestimate the rate constant measured by Wang and Chen,9 while 

we underestimate the results of Niki et al.6 and Blitz et al.3 by a factor of ca. 2. 

Figure 3: Calculated product branching fractions  as a function of temperature. Experimental 

data are also included for comparison.
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Our results show that reaction channel (4) to CH3OO + H2O is the principal pathway. A 

comparison of product branching fractions  between theory and experiment for the two distinct 

H-abstraction pathways is shown in Figure 3. As seen there, our theoretical results are higher 

than the experimental data for formation of CH3OO + H2O, and lower for HCHO + OH + H2O. In 

addition, the calculated results depend slightly on temperature in a range of 180-450 K, 

consistent with the findings in the experimental work of Vaghjiani and Ravishankara.7 The current 

study suggests  = 0.8  0.1 for CH3OO + H2O and  = 0.2  0.1 for HCHO + OH + H2O.         

CONCLUSIONS and ATMOSPHERIC IMPLICATIONS

In the present work, the overall thermal rate coefficient and the branching fractions of 

the title reaction were derived using high-accuracy ab initio and advanced theoretical kinetics 

methods, involving E,J resolved microcanonical rate constants. A master equation analysis 

reveals that the reaction rate constant depends on pressure, although the dependence is only 

moderate up to 10000 Torr and k(T) is at the low-pressure limit in atmospheric conditions: 

, at T = 200 – 450 K (18)𝑘(𝑇) = 5.0 × 10 ―12 × 𝑇 ―0.152 × exp (287
𝑇 ) 𝑐𝑚3 ∙ 𝑠 ―1

which reproduces the experimental results of Vaghjiani and Ravishankara,7 within ~15%, but 

differs considerably from the other experimental determinations – all at room temperature. 

In accord with previous experimental and theoretical studies the title reaction is found to 

proceed via two channels (4) and (5), which, through their subsequent reactions, have differing 

impacts on atmospheric chemistry as outlined in the Introduction:

OH + CH3OOH  CH3OO + H2O,          Hr = 33.2 kcal mol-1,  = 0.8  0.1 (4)

OH + CH3OOH  HCHO + OH + H2O, Hr = 54.8 kcal mol-1,  = 0.2  0.1 (5)
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The branching fractions  obtained in this work indicate channel (4) as the major if not dominant 

pathway. Therefore, it can be stated that at very low NO concentrations the title reaction acts 

mainly as an HOx
 sink by the sequence (4) and (3), whereas at higher NO levels it results in OH 

to HO2
 conversion by the subsequent CH3OO + NO and CH3O + O2 reactions (7) and (8). It can 

be added that the product CH3OO of channel (4) has recently been shown to react very fast with 

OH to yield largely CH3O + HO2
, 66-68 which implies overall conversion of 2 OH to 2 HO2

. 

In the minor reaction channel (5) the OH reactant is regenerated while HCHO is 

produced. The fate of formaldehyde, resulting also from channel (4) at higher NO levels, is well 

established.10, 69 It mainly photolyzes into either HCO + H or CO + H2, while a smaller fraction 

reacts with OH to form HCO + H2O. The first route constitutes a chain-initiation process, the 

second is neutral with regard to HOx
 radical chain carriers, while the third converts OH to HO2

. 

Therefore, the minor pathway (5) is on the whole a net source of HOx
 radicals through the 

photolysis of formaldehyde. 

On the other hand, the photolysis of CH3OOH, with rate of (1.1-1.3) × 106 s1,70, 71 i.e. a 

few times slower than the OH-initiated oxidation at [OH] = 1.0 × 106 cm3, mainly generates 

HOx
 radicals. Since also the production of CH3OOH from CH4 by reactions (1a) to (3) acts a HOx

 

sink, it can therefore be concluded that CH3OOH chemistry is indeed an important redistribution 

process for HOx
 radicals in the atmosphere.      
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Supplementary Material

Optimized geometries, ro-vibrational parameters, anharmonic constants, the calculated rate 

coefficients, and additional figures and tables are provided in the Supplementary Material.    
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