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A B S T R A C T   

Organic peroxy radicals (RȮ2), formed by association reaction of Ṙ + O2, are important intermediates in low- 
temperature combustion of hydrocarbon fuels. A fate of RȮ2 is isomerize to QOOH, and the downstream re-
actions of QOOH are known to profoundly fuel reactivity. However, both experimental measurements and high- 
level theoretical calculations of RȮ2 kinetics are scarce, leading to a large gap in our understanding of RȮ2 fate. 
In this study, methoxy-methyl-peroxy radical (CH3OCH2OȮ) is investigated as a model compound to elucidate 
the fate of RȮ2. Based on a high-level quantum chemical calculation and RRKM/master equation calculation, we 
report a detailed RȮ2 unimolecular reaction surface, as well as the corresponding temperature- and pressure- 
dependent rate coefficients. All the calculated results can be used to estimate the corresponding rate co-
efficients of larger oxygen-centered fuels and to construct the chemical kinetic model of dimethyl ether in 
combustion science.   

1. Introduction 

Oxidation of biogenic and anthropogenic organic compounds in such 
disparate processes as ozone/secondary organic aerosol (SOA) forma-
tion in Earth’s troposphere and fuel autoignition in combustion systems 
is governed by a surprisingly similar set of reactive intermediates [1–3]. 
An important and ubiquitous class of intermediate is the organic peroxy 
radical RȮ2. In the atmospheric, the autoxidation of RȮ2 can generate 
highly oxygenated organic molecules (HOMs), which increase second-
ary organic aerosol production thus promote new particle formation [1, 
4-6]. In combustion, chain branching reactions initiated by peroxy 
radicals are at the heart of low-temperature chemistry [7,8]. These 
radicals are formed when a carbon-centered radical (Ṙ) combines with 
O2, and can react via a number of competing degradation pathways 
(Fig. 1). Macroscopic phenomena such as fuel auto-ignition, flame 
propagation, and atmospheric visibility depend on which of the many 
competing reactions dominates the fate of these RȮ2 species. 

In combustion systems, degradation of RȮ2 is dominated by intra-
molecular hydrogen migration to a carbon-centered hydroperoxyalkyl 
radical (QOOH), which can undergo β-scission yielding a reactive ȮH 
and therefore plays an important role in radical chain propagation. In 
contrast, unimolecular reactions of RȮ2 in the atmosphere assumed to be 
too slow, and thus these radicals are assumed to degrade primarily via 
bimolecular reaction with NOx, ȮH, HȮ2 and other RȮ2 species [9,10]. 
However, the importance in the isomerization of RȮ2 arises from the 

formation of highly oxygenated organic molecules (HOMs), which 
greatly contribute to the formation and growth of atmospheric particles 
[1,4-6]. It means that the RȮ2 chemistry known to occur in one regime 
cannot be discounted in the other [11–13]. 

Here, focus is placed on the simplest ether, dimethyl ether (DME), 
which is considered an attractive alternative and/or a fuel additive due 
to its high octane number (CN ≥ 55), low gaseous and particulate 
emissions [14]. Upon the extensive usages, it can enter the atmosphere, 
where it is oxidized and affect the air quality [15,16]. It is therefore 
important to understand the chemistry of RȮ2 in DME under a wide 
condition, which spans the typical range of atmospheric and combustion 
conditions. Despite this awareness of the importance of RȮ2 in-
termediates, its branching ratio (i.e., the percentage of reaction channels 
generating RO2 or producing ȮH in the CH3OĊH2 + O2 reaction) and the 
temperature-/pressure-dependent effects have eluded due to the limited 
experimental detection [17–24]. Therefore, experimental measurements 
combined with theory are essential to fill a gap in the knowledge of 
CH3OCH2OȮ chemistry. 

In this study, with a combination of single reference and multi- 
reference electronic structure calculations, we conclusively determine 
the detailed potential energy surface (PES) of multichannel CH3OĊH2 +

O2 reactions, and with microcanonical variational transition state theory 
(μVT), 1-D tunneling approximation, multi-conformer and torsional 
potential contribution, corresponding temperature-/pressure-dependent 
rate coefficients are determined. 
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2. Theoretical and computational approach 

2.1. Electronic structure calculations 

Twenty stationary points were computed for the CH3OĊH2 + O2 
reaction potential energy surface (PES). For each species and transition 
state (TS), systematic conformer searches were carried out using the 
B3LYP method [25] with the 6-311+G(d,p) basis set [26,27]. The B3LYP 
method was chosen because its implementation is usually very efficient 
and it has been widely tested [28–30]. In addition, it has been found to 
accurately predict the energy ordering of conformers [31–33]. In a 
systematic conformer search, since the target reaction system involves 
only small molecules or radicals, the default setting of rotations (a factor 
of 3 for bonds composing of sp3 hybridized atoms while a factor of 2 for 
bonds composing of sp2 hybridized atoms) was assigned for each single 
bond. In the case for searching conformers of transition states, constrains 
were placed on bond lengths of “transition regime” (bonding and 
breaking) before the conformer search was initiated, as no conformer 
sampling algorithms for transition state structures were available [34]. 
Although transition state force fields (TSFFs) exists, it need to be 
parametrized specifically for the reaction studied [35,36]. 

The geometry of the lowest energy conformer was re-optimized for 
all the stationary points using the M06-2X method [37] with the 
Def2-TZVP basis set [38]. The M06-2X method [37] was adopted to 
obtain more accurate thermokinetic calculations due to its wide accep-
tance in the treatment of the main group thermochemical kinetics 
[39–43]. For step-by-step verification of the transition states (TSs), 
intrinsic reaction coordinate (IRC) calculations were used to identify 
saddle points connecting reactants and products at the same level of 
theory. 

Coupled cluster theory CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ 
[44,45] energies were calculated using the density function theory 
(M06-2X/Def2-TZVP) geometries. The CCSD(T) complete basis set (CBS) 
limit was extrapolated from the triple and quadruple zeta basis set cal-
culations assuming an inverse power law [46–48] 

ECBS = ECC
QZ +

(
ECC

QZ − ECC
TZ

)
×

44

54 − 44 (1)  

where the ECBS is the energy extrapolated to CBS, and the ECC QZ and 
the ECC TZ means the calculated energies at the CCSD(T)/cc-pVQZ and 
the CCSD(T)/cc-pVTZ level respectively. The CCSD(T)/CBS enthalpies 
at 0 K, including the 0.971 scaled M06-2X zero point energies, for the 
CH3OĊH2 + O2 PES are listed in Tables S5 and S6. Also included in these 
tables are the CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ T1 diagnostic 
for the equilibrium and saddle point geometries, which is a measure of 
the importance of multi-reference configuration interaction [49]. Single 
reference calculations are capable of treating the wave functions of the 
stationary points that possess the tiny T1 diagnostics. That is, T1 diag-
nostic values larger than 0.03 for radicals or 0.02 for closed shell species 
are often taken to be indicative of the possibility for significant 
multi-reference effects [50]. 

On the other hand, as the addition of molecular oxygen to a 

methoxymethyl radical proceeds without an intrinsic barrier, the multi- 
reference characteristic is crucial in describing such processes. 
Figures S2 and S3 compared the present calculated points of potential 
curve for the target reaction CH3OĊH2 + O2 → CH3OCH2OȮ at various 
levels of theory. On this basis, second-order multi-reference perturba-
tion theory (CASPT2) with aug-cc-pVTZ basis set [51–54] optimizations 
were performed along the minimum energy path (MEP) from 1.6 to 6.0 
Å. It is well known that the size of the active space directly affects the 
accuracy of the calculation results. In general, the larger the active space 
is the more accurate the calculation results will be, but it is often more 
computationally expensive. In order to give consideration to the re-
quirements of accuracy and computational cost, the active space of (7e, 
5o) was selected, specifically six electrons in four orbitals for molecular 
oxygen and one electron in one orbital for the carbon-centered radical 
[55–57]. All single reference calculations were performed using 
Gaussian 09 [58] and CASPT2 calculations were done using MOLPRO 
version 2019.2 [59–61]. 

2.2. Kinetics calculations 

The Rice-Ramsperger-Kassel-Marcus (RRKM)/Master Equation (ME) 
method [62] was employed to compute the temperature- and 
pressure-dependent rate coefficients. For the calculation of 
pressure-dependent rate coefficients, the chemically significant eigen-
state approach proposed by Klippenstein and Miller [63,64] provides the 
basis for relating the eigenstates of the transition matrix to the 
phenomenological rate coefficients. The pressure-dependent rate co-
efficients were determined by solving the time-dependent multiwell 
master equation, which is usually written as: 

d|w(t)〉
dt

= G|w(t)〉 (2)  

where the Hermitian matrix G describes chemical exchanges between 
different well and products, as well as collisional energy transfer in each 
well. |w(t)〉 is a vector containing populations of energy states in all the 
wells at time t [63–65]. To account for the weak temperature- and 
size-dependence of the energy transfer parameter, <ΔEdown> (200×
(T/300)0.85 cm–1) [66] was used for the CH3OĊH2 + O2 reaction PES. 
The collision frequency was estimated using a Lennard-Jones (L-J) 
model, with L-J parameters of σ = 4.36 Å and ε =292 cm–1 for 
CH3OCH2OȮ, and σ = 3.6 Å, ε = 68 cm–1 for N2 as the bath gas. The L-J 
parameters refer to those from the C3H7O2 system studied by Goldsmith 
et al. [66]. For each requested temperature and pressure the global 
relaxation matrix was constructed by appropriate discretization, the 
chemically significant eigenstates were used to evaluate all of the 
phenomenological rate coefficients. 

The barrier-less process was treated by microcanonical variational 
transition state theory (μVT) [67], while reactions with intrinsic barrier 
were treated with conventional transition state theory (TST) [68] 
employing RRHO assumptions for most modes. More details on the 
description of the microcanonical variational treatment of the barrier-
less channel of CH3OCH2 plus O2 are provided as the Supporting 

Fig. 1. Unimolecular (red)/bimolecular (blue) reactions of RȮ2, and chain reactions (gray) initiated by these radicals.  
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Information (S1.2 and S2.1). Considering anharmonicity of the target 
system and the systematic error caused by the theoretical method, an F 
scale factor of 0.946 was adopted to correct the vibrational frequencies. 
This treatment results in comparable frequencies between the theoret-
ical calculations and experimental measurements [69]. For low fre-
quency vibrational modes corresponding to the rotation of a single bond, 
1-D hindered rotor approximation were used to describe the torsional 
modes. For the tunneling coefficient, the widely employed 1-D Eckart 
approach [70] was used in this study. All 1-D master equation calcula-
tions were performed using the PAPR solver at pressures of 0.01 – 100 
atm over the temperature range of 298.15 – 1200 K. Since the current 
modification of the PAPR solver [71] to the direct diagonalization 
method incorporate key elements of the low eigenvalue method for cases 
where the span of eigenvalues is too large, the direct diagonalization 
method was selected in the calculation of the PAPR master equation 
code [71]. Note that in the PAPR input, μVT calculations were per-
formed by using the “Variational” keyword, which represents a varia-
tional approach to the evaluation of the transition state number of states. 

3. Results and discussion 

3.1. Potential energy surface 

Due to the special C–O-C–O-O backbone structure of CH3OCH2OȮ 
radical, yielding an alkene and HȮ2 radical is not possible as there is no 
abstractable H-atom on the central oxygen atom. The absence of this 
reaction type has important impact on the fuel reactivity in the low- 
temperature regime. Fig. 2 shows the zero-point corrected PES for 
CH3OĊH2 + O2 reactions. The relative energies for the minima and 
saddle points on this PES are listed in Supporting Information (Table S5 
and Table S6, respectively). 

The CH3OCH2OȮ radical is formed from CH3OĊH2 + O2, which 
proceeded without an intervening potential energy barrier (Figure. S5). 
Systematic conformer searches were carried out at the B3LYP/6-311+g 
(d,p) level, and the optimized conformers with an electronic energy (Ee) 
difference larger than 2 kcal•mol− 1 and/or Boltzmann distributions 
smaller than 0.05 were removed. The following is to re-optimize the 

retained conformers at the M06-2X/Def2-TZVP level. The M06-2X 
optimized conformers with Ee difference smaller than 1 × 10− 5 Har-
tree and a dipole moment difference smaller than 1.5 × 10− 2 Debye 
were regarded as identical conformers, and duplicates were removed 
[34]. Four unique conformers of CH3OCH2OȮ were identified (Figure. 
S6). 

It is well established that isomerization of CH3OCH2OȮ to a carbon- 
centered hydroperoxy-methyl-methoxy radical (ĊH2OCH2O2H) can 
occur via intramolecular hydrogen migration. The 1,3 H-shift reaction of 
CH3OCH2OȮ can generate the CH3OĊHOOH radical, but the formed 
CH3OĊHOOH is unstable and immediately decomposes to P1, CH3O-
CHO + ȮH (Figure. S7). However, this reaction pathway is rather 
difficult due to the significant barrier (TSH-shift2). In contrast, the 1,5 H- 
shift reaction through a six-member ring TS (TSH-shift1) shows greater 
dominance. The formed ĊH2OCH2O2H has conformers (Figure. S8) 
analogous to those for CH3OCH2OȮ, however, the O–OH bond in the 
former allows for more minima, as rotation about the O–O bond is 
hindered (Figure. S9). 

Decomposition of ĊH2OCH2O2H into two formaldehyde molecules 
(CH2O) and a hydroxyl radical (ȮH) completes the propagation path. 
This reaction channel also be regarded as the dominant reaction 
pathway via the fission of ĊH2OCH2O2H in previous theoretical studies 
[20,75-77]. Two transition states for ĊH2OCH2O2H dissociate into 
2CH2O + ȮH (P2), TSdec1 and TSdec1’, were found in this study. The 
transition state, denoted by TSdec1, possesses lower energy with respect 
to the entrance energy of CH3OĊH2 + O2. This transition state involves 
first a scission of O–O bond, forming CH2OCH2O fragment and ȮH 
fragment, the resulting CH2OCH2O is unstable and rapidly dissociates 
into two formaldehyde molecules. For TSdec1’, another transition state 
connecting ĊH2OCH2O2H and products 2CH2O + ȮH, it is higher in 
energy than TSdec1. In this transition state, the C–O bond in 
ĊH2O–CH2O2H radical breaks first, and the resulting ĊH2O2H fragment 
is not stable and readily dissociates into one formaldehyde molecule and 
one hydroxyl radical. It makes considerable sense that the reaction 
barrier to break an O–O bond should be weaker than one to break a 
C–O bond. The reason is that lone pair-lone pair repulsion between 
these two oxygen weakens the O–O bond relative the C–O bond, 

Fig. 2. Energy diagram for the fate of CH3OCH2OȮ radical. The relative energy of TSdec1, TSOH-shift, and TSdec4 were determined by multi-reference methods (more 
details are provided in the SI), and orbital isosurfaces were plotted by Multiwfn 3.8 [72,73] and VMD 1.9.3 [74]. HOQO means HOCH2OCH2O. 
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resulting in a lower barrier. 
Considering that both of TSdec1 (T1 = 0.059 for the CCSD(T)/cc- 

pVTZ level and 0.052 for the CCSD(T)/cc-pVQZ level) and TSdec1’ (T1 
= 0.031, 0.031) show strong static correlation due to the T1 diagnostics 
are over the thresholds for concern (T1 > 0.03), the MRCI//CASPT2 
calculations were further employed for these two TSs and the interme-
diate (ĊH2OCH2O2H) to which they are connected. Optimization and 
frequency analysis of ĊH2OCH2O2H and TSdec1 were finally optimized at 
the CASPT2 (7e,5o)/aug-cc-pVDZ level. The active space of (7e,5o) 
contains the σ and σ* orbitals for the breaking O–O bond 
(HO•••OCH2OĊH2), lone pair orbital of each oxygen atom for the O–O 
bond, and one electron in one orbital for the carbon-centered radical. 
The MRCI energy calculations were performed at the CASPT2 optimized 
geometry. Optimization for TSdec1’ geometry was carried out at the 
CASPT2 (3e,3o)/aug-cc-pVDZ level. The active space of (3e,3o) contains 
the σ and σ* orbitals for the breaking C–O bond (HOOCH2•••OĊH2) 
and one electron in one orbital for the carbon-centered radical. The 
result shows that the ground state of TSdec1’ (with the configuration 
interaction (CI) vector of 0.962 computed by MOLPRO) accounts for 
about 92.5 %, and its T1 diagnostic (0.031) is only slightly above the 
threshold of concern (0.03). This means that the influence of multi- 
reference can be ignored, and the single-reference method is accept-
able. Therefore, in plotting the PES shown in Fig. 2 and in the subse-
quent kinetic calculations, the relative energy of TSdec1 is derived from 
the multi-reference calculations while the relative energy of TSdec1’ is 
retain from the CCSD(T) calculations. 

On the other hand, ĊH2OCH2O2H may rearrange and decompose via 
TSdec4 into 1,3-dioxetane and hydroxyl radical (P4), or, there are also 
two other possible channels that ĊH2OCH2O2H could follow in rear-
ranging or decomposing into products. One is ĊH2OCH2O2H connects to 
ethylene oxide + HȮ2 (P6) via TSdec6, and the other is ĊH2OCH2O2H 
undergoes intramolecular –OH group migration to form HOQȮ 
(HOCH2OCH2Ȯ), which then connects to 1,2,4-trioxolane + H (P5) via 
TSdec5. However, the barrier heights of TSdec5 and TSdec6 are entirely 
over the entrance energy of CH3OĊH2 + O2. Therefore, these two 
channels are the least favorable pathways for CH3OĊH2 + O2 to follow. 

Similar to the case of TSdec1 and TSdec1’, the transition state TSdec4, 
possessing a higher T1 diagnostic (0.038 for the CCSD(T)/cc-pVTZ level 
and 0.039 for the CCSD(T)/cc-pVQZ level), shows a strong static inter-
action. Considering that TSdec4 describes the fission of O–OH bond and 
the bonding of terminal C atom and O atom, geometry of ĊH2OCH2O2H 
and TSdec4 were optimized at the CASPT2 (7e,5o)/aug-cc-pVDZ level. 
Since TSdec4 describes the trend of O–O fission following by C–O 
bonding, the active space of seven electrons in five orbitals was chosen. 
It consists of one electron in one orbital for the carbon-centered radical, 
the bonding and antibonding orbital of O–O bond, and lone pair orbital 
of each oxygen atom for the O–OH bond. Frequency analysis and the 
MRCI energy calculations were performed at the CASPT2 optimized 
geometry. Again, the reaction barrier of TSdec4 (i.e., the relative energy 
provide in Tables S6) in Fig. 2 is the energy calculated at the MRCI 
method. 

In addition, ĊH2OCH2O2H also appears to be able to undergo an OH 
migration to form HOCH2OCH2Ȯ (HOQȮ), following by rearranging 
and decomposing to generate 2CH2O + ȮH (P2) and HĊO + H2O +
CH2O (P3) via TSdec3 and TSdec2 respectively. For the product channel 
of generating P3, Suzaki et al. [20] first proposed this mechanism to 
reproduce the amount of HȮ2 through their experimental measurement. 
The barrier of OH migration in this study is 0.6 kcal•mol− 1 above 
CH3OĊH2 + O2, while the value reported by Suzaki et al. [20] is below 
CH3OĊH2 + O2. The CASSCF calculation adopted by Suzaki et al. can 
well describe static interaction, but it cannot accurately describe the 
dynamic correlation. Moreover, considering the theoretical methods 
involved in this study are completely different from that of Suzaki et al., 
it is indeed difficult to directly compare the differences between the 
reaction barriers. 

Since the T1 diagnostic values for TSOH_shift (0.061 for calculation at 

the CCSD(T)/cc-pVTZ level and 0.053 for calculation at the CCSD(T)/cc- 
pVQZ level) are above the thresholds for concern (T1 > 0.03), CASPT2 
(7e,5o)/aug-cc-pVDZ calculation was performed to attain the geometry 
of the transition state (TSOH-shift) of OH migration. The active space of 
(7e,5o) consist of the highest singly occupied molecular orbital, the 
bonding and antibonding orbital of O–O bond, and lone pair orbital of 
each oxygen atom of O–OH bond. Frequency analysis was performed at 
the same level of theory for the CASPT2 optimized geometry. Further-
more, the MRCI energy calculation were performed for the CASPT2 
optimized TSOH-shift geometry. In order to calculate the MRCI reaction 
barrier, the single-point energy of QOOH was calculated at the MRCI/ 
aug-cc-pVDZ// CASPT2 (7e,5o)/aug-cc-pVDZ level of theory. 

The formed HOCH2OCH2Ȯ undergoes rearrangement and decom-
position to generate 2CH2O + ȮH via TSdec3 and HĊO + H2O + CH2O 
via TSdec2, respectively. TSdec3 is a looser transition state than TSdec2 
and possesses a higher value of T1 diagnostic (T1 = 0.032). Geometry of 
HOCH2OCH2Ȯ and TSdec3 were finally optimized at the CASPT2 
(13e,11o)/aug-cc-pVDZ level. This active space consists of the highest 
singly occupied molecular orbital, the bonding and antibonding orbital 
of each C–O bond, and lone pair orbital of each oxygen atom. As in the 
case of TSdec1’, the T1 diagnostic of TSdec3 (0.032) is slightly above the 
threshold of 0.03, and the ground state of TSdec3 accounts for about 94.2 
% due to 0.970 of CI vector. It seems that the influence of multi- 
reference can be ignored, and the single-reference result is acceptable. 

3.2. Torsional modes calculation 

The torsional modes play a significant role in calculating density of 
states through the Laplace transform of the partition function. For ro-
tations of each single bond of stationary points present in Fig. 2, the 
rotational PES were calculated by a relaxed scan at the M06-2X/Def2- 
TZVP level of theory. The internal rotational PES of CH3OCH2OȮ is 
displayed here for instance, Fig. 3. In general, if the barrier to internal 
rotation is ≈ 2RT (the thermal energy) or greater than that at the highest 
temperature of interest, it is likely safe to treat the degree of freedom 
using the vibrational partition function without a loss of accuracy in the 
computed thermodynamic or kinetic functions. In other word, if the 
rotational barrier is lower than thermal energy (2RT, T ≥ 298 K), this 
barrier can be overcome, it is then better to treat this low-frequency 
vibrational mode with 1-D hindered rotor. Therefore, the vibrational 
modes corresponding to the CH3–OCH2OȮ and CH3OCH2–OȮ bonds 
are described by 1-D hindered rotor in kinetics calculation. 

As introduced above, in the calculation process of this study, the 
Rigid-Rotor Harmonic-Oscillator (RRHO) model was adopted except for 
the vibrational modes that correspond to low-frequency torsional mo-
tions. These low-frequency torsional motions in calculating partition 
functions were treated as the one-dimensional hindered rotor (1-DHR). 
In order to more visually show the impact of the 1-DHR treatment on the 
calculated rate coefficients, Fig. 4 compares the calculations including 1- 
D HR treatment (solid lines) with that calculating only by Rigid-Rotor 
Harmonic-Oscillator (RRHO) model (dashed lines). Moreover, the MC- 
TST calculated rate coefficient of CH3OCH2OȮ → ĊH2OCH2O2H reac-
tion (at 298 K) from Kristian et al. [10] is also plotted in Fig. 4 for 
comparison. In the studied temperature range, the hindered rotor effect 
can influence the rate coefficient by factors of 2.7–3.0, 3.2–8.3 and 
4.0–6.6 for the addition, isomerization and decomposition, respectively. 
It’s clearly that the discrepancy appears to be more prominent with 
increasing temperature. It is no surprise because the RRHO model per-
forms well at lower temperatures but it cannot accurately describe the 
vibrational potential at higher temperatures. 

3.3. Quantum mechanical tunneling effect 

Considering quantum-mechanical tunneling has a great contribution 
to chemical rate coefficients at low temperature, especially for reactions 
involving the low mass of the hydrogen atom being transferred [78]. 
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Chemical reaction rate coefficients of reactions with intrinsic barrier 
were calculated using TST including quantum-chemical tunneling. In 
TST, the reaction rate coefficient (k) is given by: 

k = κ
kBT

h
QTS

QR
exp

(

−
ETS − ER

kBT

)

(3) 

Where κ is the quantum-mechanical tunneling coefficient, kB is 
Boltzmann’s constant, T is the absolute temperature, h is Plank’s con-
stant,QTS and QR are the total partition functions of the transition state 
and reactants, respectively. The difference in energy between the re-
actants and transition state is the reaction barrier. 

Here, the widely employed 1-D Eckart approach [70] was used to 
calculate the tunneling coefficient κ. Eckart tunneling is a simple 
one-dimensional tunneling approach in which the tunneling coefficient 
is calculated by solving the Schrödinger equation for an asymmetrical 
one-dimensional Eckart potential. It is the exact solution to an approx-
imate potential derived from the barrier heights on both sides of the TS 
and its imaginary frequency. 

The quantum mechanical tunneling effect for the main reaction 
sequence was plotted here for instance (Fig. 5). As expected, the 
tunneling effect on the rate coefficients decreases and gradually con-
verges as the temperature increases. Specifically, with considering the 
tunnelling effect, the calculated rate coefficients can be increased by 
factors of 1.4–7.6 (900 – 400 K) and 2.0–248 (900 – 400 K) for the 
isomerization and decomposition, respectively. 

3.4. Theoretically calculated rate coefficients 

The present predicted rate band for CH3OĊH2 + O2 →products (at 
298.15 K and various pressures) are compared in Fig. 6 with the cor-
responding experimental measurements [17,19,21,24,79]. Where the 

gray shadow represents the calculated uncertainty of rate coefficient for 
the CH3OĊH2 + O2 reaction. The experimental data shown in Fig. 6 
correspond more or less to a temperature of 298 K. 

In particular, for this calculated rate band, it is obtained by taking 
into account the uncertainty from the energy, frequency and collisional 
parameters at each point of this barrier-less reaction process (A brief 
discussion about the uncertainty estimation was provided in the Sup-
porting Information). With a combination of the above factors (energy, 

Fig. 3. Rotational PES of CH3OCH2OȮ radical. From the left are R-CH3 group, CH3O-R group and R-OO group.  

Fig. 4. Effect of internal rotors on calculated rate coefficients.  Fig. 5. Influence of quantum mechanical tunneling effect on calculated rate 
coefficients. 

Fig. 6. Comparison of the present calculations with the experimental data 
available in literatures. The experimental data correspond more or less to a 
temperature of 298 K. 
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frequency and collision parameters), there is a difference ranging from 
1.7 to 1.5 times between the calculated upper limit and lower limit as 
the pressure increases. The experimental data almost lie within the 
calculated rate band of this study, implying that the present calculations 
are generally in reasonable agreement with the experimental data with 
considering the experimental uncertainty. It thus verifies the reliability 
of the theoretical rate coefficients calculated in this study. 

With reference to saturated straight-chain alkanes system, depending 
upon the temperature and pressure, the reactants (CH3OĊH2 + O2) can 
proceed directly to the various product channels on the same time scale 
as collisions without first being stabilized into the peroxy radical. 
Similarly, the individual CH3OCH2OȮ and ĊH2OCH2O2H isomers can 
decompose across multiple transition states directly to nonadjacent 
products. These well-skipping pathways are an essential component of 
the CH3OĊH2 + O2 reaction system, and quantitative description of the 
temperature- and pressure-dependent rate coefficients can be obtained 
from the eigenvalue solution to the master equation (Table S9). In order 
to test the well-skipping that could be described by the PES constructed 
in this study, Fig. 7 is plotted to compare the theoretical ȮH yield with 
the experimental one at 295 and 450 K. Although the theoretical 
calculation tends to slightly under-estimate the experimental measure-
ments, in general, such errors are acceptable. 

On the other hand, considering that the input parameter involved in 
RRKM/ME calculations can be divided into three categories: energy, 
frequency and collisional parameters. Therefore, the combined influ-
ence of these three aspects as well as the low-frequency torsional mo-
tions on calculations is also considered. The uncertainty of the input 
parameters for kinetic calculations are provided in Table S4. The com-
plete set of temperature-/pressure-dependent rate coefficients (as well 
as the computational uncertainty) for the calculated CH3OĊH2 + O2 
reactions are provided as a CHEMKIN-compatible PLOG format with 
modified Arrhenius parameters (Tables S7 – S10). 

The calculated high-pressure limit (HPL) rate coefficients of the 
entrance channel for CH3OĊH2 + O2 reaction are compared in Fig. 8 
with that used in literature models [77,80-86], as well as the theoretical 
calculations [20,75,76]. Even considering the computational uncer-
tainty, most of literature recommendations deviate from the computa-
tional error band especially at higher temperatures (T > 450 K). This is 
perhaps due to an incomplete picture of the bond-breaking process. 
Since there is a fact that the theoretical researches from Andersen [75] 
and Yamada et al. [76] were performed at the B3LYP/6-311G** level 
and the CBS-q//MP2(full)/6-31G** respectively. 

The B3LYP method (~20 % Hartree-Fock exchange) [25] has limited 

ability to deal with the current system with strong static correlation. The 
CBS-q method (and variants) have “special problems” with (population) 
localization in molecules having multiple lone pairs on the same atom, 
spin contamination, and molecules with symmetry. That is, the CBS-q 
method may be expected to have particular problems with peroxy rad-
icals, where two of the three features mentioned above are present. 

The RRKM/ME calculations for CH3OĊH2 + O2 are plotted in Fig. 9. 
For simplicity, the discussion will be limited to the result at 1 atm (other 
pressures are provided as Figure. S12). 

The dominant product channel is generating CH3OCH2OȮ at tem-
perature below 1250 K. The rate coefficients of ĊH2OCH2O2H and 
2CH2O + ȮH are 2 and 4 orders of magnitude smaller than CH3OCH2OȮ 
ones at 298 K, respectively. As the temperature increases, the rate co-
efficients of association reaction generating CH3OCH2OȮ and well- 
skipping channel producing ĊH2OCH2O2H decrease, while the chemi-
cally activated reaction resulting in 2CH2O + ȮH increases. This 
behavior is roughly similar at the other pressures (Figure. S12). How-
ever, the temperature of branching ratio changeover decreases as the 
pressure decreases, and thus we believe that pressure-dependent rate 
coefficients are still needed to accurately describe the competition of 
association and well-skipping reactions. 

On the other hand, the rate coefficients for the directly HĊO + CH2O 
+ H2O generation are 5 orders of magnitude smaller than CH3OCH2OȮ 
one at 400 K and a factor about 65 smaller than that of CH3OCH2OȮ at 
1450 K, respectively. It shows that the three-products channel do not 
appear to be favorable. 

For the isomerization reaction (CH3OCH2OȮ → ĊH2OCH2OOH), as 
Andersen et al. [75] have reported, the pressure dependence of the 
present calculated rate coefficient (p ≥ 1 atm) can be negligible. In 
practice, the present calculated rate coefficients at 1 atm are 2–3 times 
different from high-pressure limit rate coefficients at 850 – 1000 K 
(Fig. 10), which is beyond the calculated uncertainty about a factor of 
1.5 (Tables S9 and S10). Note that the rate coefficient of isomerization 
under atmospheric condition is 99 % close to the HPL value (Figure. 
S13). At lower pressures however, the rate coefficient deviates more 
significantly from the HPL as the temperature increases. 

This phenomenon is consistent with the pressure-dependent rate 
coefficients usded in the Hashemi model [86]. Note that the data used in 
the Hashemi model were obtained by fitting the the chebyshev poly-
nomial provided by Eskola et al.[22], see Figure. S14. However, 
Rodriguez et al. [77] predicted the fastest isomerization rate coefficients 
based on the G4 level energies, which are about five times faster than the 
present calculations. The recommendation from Yamada et al. [76] is 
~2.5 times faster than the present calculation at 1000 K, while the de-
viation between Yamada et al. recommendation and the present 

Fig. 7. Comparison between experimental and theoretical ȮH yields of 
CH3OĊH2 + O2 reaction versus [N2] at 296 and 450 K. The solid lines corre-
spond to master equation calculations of this study, while the symbols mean the 
experimental data provided by Eskola et al. [22]. 

Fig. 8. Comparison of HPL rate coefficient for CH3OĊH2 + O2 → CH3OCH2OȮ 
reaction channel. The data used in the Hashemi model were obtained by fitting 
the chebyshev polynomial provided by Eskola et al. [22]. 
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calculation at 500 K is about 5 times (Figure. S15). In the investigation of 
Yamada et al.[76], the activation energy of H-shift isomerization TS is 
estimated from the reactant (CH3OCH2OȮ) and product (CH2O-
CH2O2H). Andersen and Carter [87] under-predicted the rate co-
efficients in the temperature range below ~775 K, however, 
over-predicted the rate coefficients in the temperature range above 
~775 K. The lack of “special treatment”, such as hindered rotor for 
lower frequency vibrational modes from harmonic oscillators and 
quantum-chemical tunneling, increases the uncertainty of their 
calculations. 

For the ĊH2OCH2OOH decomposition, a pressure-dependent 
behavior of the currently calculated rate coefficients can be observed 
from Fig. 11. There is a deviation between the rate coefficients at various 
pressures, and this difference becomes more significant with decreasing 
pressure and increasing temperature. For instance, at a pressure of 1 
atm, the difference between the rate coefficient and the HPL is within a 
factor of 2.2 at 500 K, however, as the temperature increases to 1000 K, 
the difference is up to a factor of 14.5. This implies that it is challenging 
to accurately predict the combustion behavior of DME at various pres-
sures if only HPL is used to describe the decomposition kinetics of 
ĊH2OCH2OOH. 

The comparison result shows that Andersen and Carter [87] appear 
to over-predicted the HPL rate coefficient. At 298.15 K, the HPL pro-
vided by Andersen and Carter [87] is about 81,900 times faster than the 
present calculated HPL, and at a temperature of 1200 K the HPL given by 
Andersen and Carter is about 740 times faster than the calculation of this 
study, Figure. S16. The possible reasons are as follows: 1) lacking of 
treatment for lower frequency vibrational modes; 2) quantum-chemical 
tunneling effect; 3) the potential of multi-reference character of the TS 

for ĊH2OCH2OOH decomposition has not been noticed. Yamada et al. 
[76] also provided the excessively fast HPL rate coefficient, as well as 
the recommendations (360 < T < 820 K) from the SI (Table S25) of 
Eskola et al.[22]. For Yamada et al. [76], they had to decrease their 
activation energy about 20 kJ•mol− 1 to get good agreement with 
experiment in their QRRK calculations. For Eskola et al. [22], their 
recommendations (300 – 1000 K and 0.004 – 1362.551 atm) were 
extrapolated from the experimental results (195 – 650 K and 0.004 – 
0.667 atm) using ab initio (CBS-GB3)/master equation calculations. The 
reliability of adjusting calculated active energy or extrapolating rate 
coefficient according to experimental results is unknown. 

3.5. Implications for DME kinetic mechanism 

The present calculations were incorporated into four DME mecha-
nisms, the Burke model [82], the Wang model [83], the Reuter model 
[85] and the Dames model [84] to investigate effect of new CH3OĊH2 +

O2 → CH3OCH2OȮ kinetics on model performance. Simulations were 
performed by CHEMKIN-PRO[88] using Closed Homogeneous Reactor. 
To explore whether the new CH3OĊH2 + O2 kinetics have an impact on 
model performance in terms of predicting combustion macro phenom-
ena (e.g. ignition delay times), the original and updated models were 
used to predict the auto-ignition of DME at two pressures (3 atm and 
39.47 atm), Fig. 12. 

In the case of lower pressure (3 atm), the new CH3OĊH2 + O2 → 
CH3OCH2OȮ kinetics results in a longer ignition delay in the negative 
temperature coefficient (NTC) region as well as at temperatures slightly 
below the NTC region, when compared with the original models. About 
two times differences in predicted ignition delay times was observed 

Fig. 9. RRKM/ME rate coefficient (left) and branching ratio (right) for CH3OĊH2 + O2 reactions at 1 atm.  

Fig. 10. RRKM/ME calculated pressure-dependent rate coefficients for isom-
erization from CH3OCH2OȮ to ĊH2OCH2O2H. 

Fig. 11. RRKM/ME calculated pressure-dependent rate coefficients for 
decomposition reaction from ĊH2OCH2O2H to 2CH2O + ȮH. 
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before and after incorporating the current calculations. In contrast, the 
inclusion of the new CH3OĊH2 + O2 kinetics has a limited effect on DME 
reactivity at temperatures higher than the NTC regime. It is no surprise 
because the kinetics of fuel radicals with molecular oxygen (CH3OĊH2 +

O2) governs auto-ignition features such as multistate ignition and NTC 
behavior at lower temperatures. 

For the engine relevant condition (39.47 atm), the Burke model and 
the Dames model show the same sensitivity to the incorporating 
CH3OĊH2 + O2 kinetics in terms of predicting ignition delay times. That 
is, the effect of new CH3OĊH2 + O2 kinetics on the Burke model and the 
Dames model is mainly concentrated in the NTC region, whereas is has 
little effect in the high temperature region and limited effect in the low 
temperature region. For the Wang model and the Reuter model, 
although the main effect of the new CH3OĊH2 +O2 kinetics is in the NTC 
region, the Wang model is also moderately affected in predicting high- 
temperature ignition of the DME after incorporating the new 
CH3OĊH2 + O2 kinetics. It is not surprising because Dames et al. [84] 
retained the reactions corresponding to the first O2 addition from the 
model of Burke et al. [82]. The CH3OĊH2 + O2 kinetics has relatively 
limited effect on the Wang model and the Reuter model, while it results 
in an approximately two times deviation in the ignition delay predicted 
by the updated Burke model (as well as the Dames model). 

In general, the effect of CH3OCH2 + O2 kinetics on DME reactivity is 
mainly concentrated at NTC regime and temperatures below the NTC 
regime. This phenomenon can be well explained by the fact that IDT is 
essentially insensitive to the first O2 addition reaction sequences at 
higher temperatures [82,85,86]. 

The above is for the impact of the entrance reaction channel of the 
first O2 addition mechanism in DME low-temperature oxidation (i.e. 
CH3OĊH2 + O2 → CH3OCH2OȮ) on the model performance, so does the 
updating of the CH3OĊH2 + O2 reaction surface have any impact on the 
model performance? To further explore the effect of the first O2 addition 
mechanism (CH3OĊH2 + O2 reaction surface) of DME low-temperature 

oxidation on model performance, the key reaction channels shown in 
Table 1 were incorporated into the above four models to predict the 
auto-ignition of DME at 3 atm and 39.47 atm respectively (Fig. 13). 

It is apparent that updating the kinetics of CH3OĊH2 + O2 reaction 
surface has limited impact on the model performance in terms of pre-
dicting auto-ignition for the vast majority of the models tested in this 
study. That is, the simulation results for these four DME models are in 
reasonable agreement with the experimental measurements before and 
after incorporating the main reaction channels on the CH3OĊH2 + O2 
reaction surface listed in Table 1. This is in contrast to the aforemen-
tioned case where only the kinetics of the entrance channel of the first O2 
addition mechanism is updated. It follows that the satisfactory macro-
scopic performance of the existing kinetic models describing DME 
oxidation in reproducing the ignition delay times (IDTs) is due to the 
compensation of errors in the kinetic parameters of the CH3OĊH2 + O2 
reaction system. This may cause a cognitive illusion about the validity of 
the elementary reaction mechanisms. 

It’s not the authors’ intention to judge the quality of a model’s 
description of detailed chemistry, and it is out of the scope of the present 
paper to consolidate modeling efforts. However, the purpose of this 
study is to provide the theoretical kinetic parameters of CH3OĊH2 + O2 

Fig. 12. Influence of new calculation of CH3OĊH2 + O2 → CH3OCH2OȮ kinetics on IDT for DME in “air” at different conditions. Blue line: fuel-rich (φ = 5.0) 
mixtures at 3 atm over the temperature range of 600 – 1350 K; black line: stoichiometric mixture at 39.47 atm over the temperature range of 650 – 1250 K. Symbols: 
Experiments, lines: model simulations with Burke model (a), Wang model (b), Reuter model (c) and Dames model (d). 

Table 1 
Reaction channels of CH3OĊH2 + O2 kinetics incorporated into 
literature models.  

No. Reaction channel 

1 
2 
3 
4 

CH3OĊH2 + O2 = CH3OCH2OȮ 
CH3OĊH2 + O2 = ĊH2OCH2O2H 
CH3OĊH2 + O2 = 2CH2O + ȮH 
CH3OCH2OȮ = ĊH2OCH2O2H 

5 
6 
7 

CH3OCH2OȮ = 2CH2O + ȮH 
ĊH2OCH2O2H = 2CH2O + ȮH 
CH3OĊH2 + O2 = HCO + CH2O + H2O  

Q. Zhao et al.                                                                                                                                                                                                                                    



Combustion and Flame 262 (2024) 113339

9

reactions and to verify whether it has effect on low temperature auto- 
ignition and oxidation of DME. Moreover, in the atmosphere, under 
the scenarios of low NOx, the H-shift provides an alternate route for 
DME oxidation without the involvement of NO/NO2, also representing 
an autoxidation and self-cleaning of ethers. This process is also 
enhanced by ȮH recycling in the ethers oxidation. 

4. Conclusions 

Here we carried out a theoretical investigation of CH3OĊH2 + O2 
reactions, covering the full range of temperature and pressure found 
across both atmospheric and combustion. Geometries, frequencies, in-
ternal rotation models, single point energies and zero-point corrected 
energies were computed to construct the potential energy surface of 
CH3OĊH2 + O2 system. Pressure-dependent rate coefficients have been 
computed for the reaction of CH3OĊH2 + O2 PES using the RRKM/ME 
method with microcanonical variational transition state theory, and 
conventional transition state theory together with an Eckart tunneling 
correction is used to calculate high-pressure limit rate coefficients. 

The CH3OCH2OȮ formation is absolute dominant channel for the 
reaction of CH3OĊH2 + O2 at pressure above 1 atm, while the temper-
ature has a controlling influence on the branching ratio of products at 
lower pressures (≤ 1 atm). The rate coefficient of isomerization (from 
CH3OCH2OȮ to ĊH2OCH2O2H) at 1 atm is ~ 99 % of the HPL, however, 
the rate coefficient deviates more significantly from the HPL as the 
temperature increase, especially at lower pressures (≤ 1 atm). 

The formed ĊH2OCH2O2H presents many possible decomposition 
pathways, the dominant and widely recognized channel is the channel 
generating 2CH2O + ȮH. Two possible decomposition pathways of 
ĊH2OCH2O2H to 2CH2O + ȮH are identified, first a scission of O–O 
bond or the C–O bond of ĊH2O–CH2O2H breaking first to eventually 
form two formaldehyde molecules and one hydroxyl radical. The former 
is more favourable since lone pair-lone pair repulsion between these two 

oxygen weakens the O–O bond relative the C–O bond, resulting in a 
lower barrier. 

Another possible reaction channel of ĊH2OCH2O2H assumed by 
Suzaki et al.[89], namely though reaction sequence ĊH2OCH2O2H → 
HOCH2OCH2Ȯ → HĊO + CH2O + H2O, are found in the present calcu-
lation. However, this three-product channel (CH3OĊH2 + O2 = HĊO +
CH2O + H2O) do not appear to be as favourable. 

The present calculation (only the entrance channel of the first O2 
addition mechanism in DME low-temperature chemistry) used directly 
in previously constructed reaction mechanisms were not necessarily 
lead to better agreement with experimental measurements (especially in 
the NTC region). Instead, incorporating the kinetics of all key reaction 
channels of CH3OĊH2 + O2 reaction surface into previously constructed 
reaction mechanisms yields predictions that are in reasonable agree-
ment with experimental measurements. It is because the kinetics pa-
rameters of CH3OĊH2 + O2 system in previously constructed DME 
models are in a situation of compensation error. If only the kinetics of a 
single reaction channel is improved, it would inevitably lead to the 
amplification of errors in the kinetic parameters of other associated re-
action, which would further affect the model performance. 

Again, it’s not the authors’ intention to judge the quality of a model’s 
description of detailed chemistry, and it is out of the scope of the present 
paper to consolidate modeling efforts. However, the purpose of this 
study is to provide the theoretical kinetic parameters of CH3OĊH2 + O2 
reactions and to verify whether it has effect on low temperature auto- 
ignition and oxidation of DME. 

Associated Content 

Supporting Information. The supporting information for this 
article is available free of charge on the WWW under https://doi.org/10. 
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Fig. 13. Influence of the present calculated kinetics of CH3OĊH2 + O2 reaction surface on IDT for DME in “air” at different conditions. Blue line: fuel-rich (φ = 5.0) 
mixtures at 3 atm over the temperature range of 600 – 1350 K; black line: stoichiometric mixture at 39.47 atm over the temperature range of 650 – 1250 K. Symbols: 
Experiments, lines: model simulations with Burke model (a), Wang model (b), Reuter model (c) and Dames model (d). 
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[4] J. Tröstl, W.K. Chuang, H. Gordon, M. Heinritzi, C. Yan, U. Molteni, L. Ahlm, 
C. Frege, F. Bianchi, R. Wagner, M. Simon, K. Lehtipalo, The role of low-volatility 
organic compounds in initial particle growth in the atmosphere, Nature 533 (2016) 
527–531. 

[5] J.D. Crounse, L.B. Nielsen, S. Jørgensen, H.G. Kjaergaard, P.O. Wennberg, 
Autoxidation of organic compounds in the atmosphere, J. Phys. Chem. Lett 4 (20) 
(2013) 3513–3520. 

[6] F. Bianchi, T. Kurtén, M. Riva, C. Mohr, M.P. Rissanen, P. Roldin, T. Berndt, J. 
D. Crounse, P.O. Wennberg, T.F. Mentel, J. Wildt, H. Junninen, T. Jokinen, 
M. Kulmala, D.R. Worsnop, J.A. Thornton, N. Donahue, H.G. Kjaergaard, M. Ehn, 
Highly oxygenated organic molecules (HOM) from gas-phase autoxidation 
involving peroxy radicals: a key contributor to atmospheric aerosol, Chem. Rev. 
119 (6) (2019) 3472–3509. 
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