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Abstract 

The methoxymethyl radical, CH3OCH2, is an important intermediate in the low temperature combustion 

of dimethyl ether. The kinetics and yields of OH from the reaction of the methoxymethyl radical with O2 

have been measured over the temperature and pressure ranges of 195 – 650 K and 5 – 500 Torr by 

detecting the hydroxyl radical using laser induced fluorescence following the excimer laser photolysis 

(248 nm) of CH3OCH2Br. The reaction proceeds via the formation of an energised CH3OCH2O2 adduct, 

which either dissociates to OH + 2 H2CO or is collisionally stabilised by the buffer gas.  At temperatures 

above 550 K, a secondary source of OH was observed consistent with thermal decomposition of stabilized 

CH3OCH2O2 radicals. In order to quantify OH production from the CH3OCH2 + O2 reaction, extensive 

relative and absolute OH yield measurements were performed over the same (T, P) conditions as the 

kinetic experiments. The reaction was studied at sufficiently low radical concentrations (~1011 cm-3) that 

secondary (radical + radical) reactions were unimportant and the rate coefficients could be extracted from 

simple bi- or tri-exponential analysis.  Ab initio (CBS-GB3) / master equation calculations (using the 

program MESMER) of the CH3OCH2 + O2 system were also performed to better understand this 

combustion-related reaction as well as be able to extrapolate experimental results to higher temperatures 

and pressures. To obtain agreement with experimental results (both kinetics and yield data), energies of 

the key transition states were substantially reduced (by 20 – 40 kJ mol-1) from their ab initio values and 

the effect of hindered rotations in the CH3OCH2 and CH3OCH2OO intermediates were taken into account. 

The optimised master equation model was used to generate a set of pressure and temperature dependent 

rate coefficients for the component nine phenomenological reactions that describe the CH3OCH2 + O2 

system, including four well-skipping reactions. The rate coefficients were fitted to Chebyshev 

polynomials over the temperature and density ranges 200 to 1000 K and 1×1017 to 1×1023 molecule cm-3
 

respectively for both an N2 and He bath gas. Comparisons with an existing autoignition mechanism show 

that the well-skipping reactions are important at a pressure of 1 bar but are not significant at 10 bar. The 
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main differences derive from the calculated rate coefficient for the CH3OCH2OO ĺ CH2OCH2OOH 

reaction, which leads to a faster rate of formation of O2CH2OCH2OOH. 

Keywords: Dimethyl Ether Combustion, Well-Skipping, Methoxymethyl Radicals, OH Yields, Master 

Equation Calculations. 
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1. Introduction 

Dimethyl ether (DME), CH3OCH3, is easily liquefied and can be produced from a variety of feed-stocks 

such as natural gas, crude oil, coal, and bio-mass.1,2 China, having abundant coal resources, but minor oil 

and natural gas reserves, has strong interest in coal gasification to produce transportation fuels and 

production of DME is considered as an efficient end-product.3,4 DME is a very promising alternative 

diesel fuel or fuel additive5 due to its high cetane number (>55), resulting in a low auto-ignition 

temperature and fast vaporization. Unlike conventional diesel fuel, DME creates little or no soot when 

combusted at relatively low temperatures, due to the absence of carbon – carbon bonds in its molecular 

structure. While DME use clearly reduces sooting in compression-ignition engines, controversies exist 

with respect to its capability to reduce NOx, hydrocarbon, and CO emissions as well.6,7 

 Detailed chemical kinetic models of DME autoignition, pyrolysis, and oxidation under varying 

temperature / pressure / equivalence ratio / residence time conditions have been developed and tested 

against data from several experimental systems, including jet stirred reactors,8-10 rapid compression 

machine11, variable-pressure flow reactors,12-16  shock-tubes17-19 and direct sampling from flames.20,21 

Despite considerable experimental and modelling effort there is still a significant lack of understanding22 

of rates, products, and mechanisms of several important reactions, particularly reactions of the 

methoxymethyl radical (CH3OCH2).  

The methoxymethyl radical plays an important role both in combustion and in the atmospheric 

degradation of dimethyl ether. The main source of the CH3OCH2 radical under low temperature 

combustion conditions and in the Earth’s atmosphere is the reaction of the OH radical with DME:23-25 

OH + CH3OCH3 ĺ H2O + CH3OCH2    (R1) 

This reaction is followed, in both low temperature combustion and atmospheric chemistry, by reaction 

with O2. However, in addition to the simple pressure dependent addition of O2 and the formation of a 

relatively stable RO2 peroxy radical, an additional pathway is open to the newly formed, energised peroxy 

radical CH3OCH2O2*, see Scheme 1. In competition with stabilisation of CH3OCH2O2* to CH3OCH2O2, 
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R2a, and re-dissociation to reactants, formation of OH + 2 H2CO, R2b, can occur via CH2OCH2OOH*, 

following an internal H abstraction and decomposition of the resultant QOOH species, CH2OCH2OOH. 

 

Several experimental kinetic studies of reaction 2 have been performed. At low pressures (0.6 – 6 

Torr of N2, 298 K) Masaki et al.26 and (0.8 – 4 Torr of He, 302 – 473 K) Hoyermann et al.27, both employed 

mass-spectrometry for CH3OCH2 radical detection. Using a UV-absorption method, Sehested et al.28 

studied the kinetics of reaction (R2) over wide pressure range (20 – 14000 Torr of SF6) at 296 K and as a 

function of temperature (296 – 473 K) at 14000 Torr (18 bar). Also employing a UV-absorption method, 

Maricq et al.29 measured the kinetics of reaction 2 over the pressure range (5.4 – 690 Torr of N2) at 295 

K and studied the temperature dependence of the reaction at about 120 Torr pressure in the temperature 

range 220 – 355 K. In previous investigations of the CH3OCH2 + O2 reaction, methoxymethyl radicals 

were generated via the fast reaction between DME and chlorine or fluorine atoms, (k(Cl/F + DME) ≈ (1.5 

− 2) × 10−10 cm3 s−1). However, relatively high DME concentrations were needed and so formation of OH 

radicals via reaction 2b complicated data interpretation because CH3OCH2 radicals are reformed in 

reaction 1, even though Cl + DME and F + DME are much faster than R1: k(Cl/F + DME) / k(OH + DME) 

≈ 60 at 295 K. Another important problem, associated with the use of high DME concentrations to achieve 

fast CH3OCH2 radical formation for kinetic analysis, stems from the fact that DME undergoes thermal 

degradation in the presence of O2 at temperatures above ~500 K, as has been observed by Rosado-Reyes 

et al.30 Recently, in this laboratory, Eskola et al.31 measured the kinetics and yields of OH radical at 295 

CH3OCH2O2* OH + 2H2COCH3OCH2 + O2

CH3OCH2O2

kC

kM[M]

(R2b)

(R2a)

Scheme 1.

CH2OCH2OOH*
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K from reaction 2 using a direct photolytic source of the CH3OCH2 radical, CH3OCH2Br, for the first 

time. 

 There are some computational studies of reaction 2. Yamada et al.32 performed CBS-q and G2 

composite ab initio calculations with a QRRK analysis to calculate energy-dependent rate constants, 

which were employed in master equation simulations to account for collisional stabilization of 

intermediate species. In order to fit the experimental H2CO yield of reaction 2 at 296 K in the pressure 

range 0.38 – 940 Torr, measured by Sehested et al.33, Yamada et al. reduced the energy of the transition 

state for CH2OCH2OOH decomposition (TS2, highest energy transition state between reactants and OH 

+ 2H2CO products) by about 20 kJ mol-1, which is large compared to the typical uncertainties of such 

calculations. Subsequently Anderson and Carter34 performed UDFT/6-31G** and UDFT/6-311G** 

calculations for reaction 2 and obtained energies of the potential energy surface that were significantly 

different from those of Yamada et al.32 

 In this article the kinetics of the CH3OCH2 + O2 reaction has been investigated as a function of 

pressure (5 – 500 Torr) over the temperature range 195 – 650 K by monitoring hydroxyl radical formation 

using laser induced fluorescence (LIF). Relative determinations of OH yields from reaction 2 were 

performed, as a function of pressure and temperature, using several CH3OCH2 radical sources and 

employing a Stern Volmer analysis.31 The results from the Stern Volmer analysis are compared with those 

from absolute yield / recycling measurements of the OH radical from reactions 1 and 2, which were also 

performed over comparable pressure and temperature ranges. In addition, CBS-GB3 composite ab initio 

calculations of reaction 2 have been performed to obtain energetics, vibrational frequencies, and moments 

of inertia for intermediates, transition states, and stable species. Internal rotation barrier heights and 

moments of inertia of certain intermediates have also been calculated. This information was subsequently 

used in master equation simulations, which were performed using the MESMER-program.35 The effect 

of treating certain lowest-frequency vibrations as internal rotations (hindered internal rotation model) 
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instead of considering all calculated frequencies as vibrations (vibration-only-model) is also investigated 

in the current work. 

 

2. Experimental 

The apparatus, which uses conventional slow flow laser flash photolysis combined with LIF detection of 

OH, has been described previously.24,31,36-39 The CH3OCH2 or OH radical precursor(s), reactant (O2), and 

buffer gas (He or N2) were premixed in a mixing manifold before being flowed through the reaction cell. 

Two different reaction cells, both made of stainless steel, were used for sub-ambient and for high-

temperatures. For sub-ambient temperature studies, the cell was cooled by an i-propylalcohol/dry-ice –

mixture down to 195 K, whereas for high-temperature experiments, the cell was heated by cartridge 

heaters. In both cases, the temperature was measured using a K-type thermocouple in the central portion 

of the cell. Gases were flowed through calibrated mass flow controllers and the pressure in the cell was 

measured using capacitance manometers and adjusted by throttling the exit valve on the cell. 

In the current work two methods were employed to produce methoxymethyl and hydroxyl radicals. 

Photolysis of CH3OCH2Br at 248 nm has been shown to be convenient direct source of CH3OCH2 radical 

and it was used in all kinetic and some OH-yield studies of reaction 2.31  

CH3OCH2Br + hȞ (Ȝ = 248 nm) ĺ CH3OCH2 + Br      (P1a) 

    ĺ other products      (P1b) 

Alternatively methoxymethyl radicals were produced indirectly via photolysis of oxalyl chloride40 and 

subsequent fast chlorine atom reaction with DME.41 The chlorine atom yield from 248 nm photolysis is 

uncertain, especially at low pressures and temperatures.40 

(COCl)2 + hȞ (Ȝ = 248 nm) ĺ CO + Cl + COCl / CO + Cl     (P2) 

(COCl)2 + hȞ (Ȝ = 193 nm) ĺ 2 CO + 2 Cl       (P3) 
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Cl + CH3OCH3 ĺ CH3OCH2 + HCl            (R3) 

Cl ĺ loss               (R4) 

Several methods to produce OH radicals were also employed. Excimer laser photolysis of t-

C4H9OOH (or formic acid) at 248 nm was used to produce OH directly. 

t-C4H9OOH + hȞ (Ȝ = 248 nm) ĺ t-C4H9O + OH      (P4a) 

   ĺ other products      (P4b) 

At 195 K no peroxides or acids can be used due to their low vapour pressure and other methods to produce 

OH radicals had to be invoked. In the absence of molecular oxygen and using helium buffer gas, 

photolysis of N2O at 193 nm and the subsequent fast reaction of O(1D) with DME was employed. 

N2O + hȞ (Ȝ = 193 nm) ĺ O(1D) + N2       (P5) 

O(1D) + CH3OCH3 ĺ OH + products       (R5) 

O(1D) ĺ loss           (R6) 

The presence of O2 in high concentrations in recycling measurements precludes the above method 

for the production of OH due to rapid quenching of O(1D) by oxygen. However, Carr et al.37 have shown 

that photolysis of acetone at 248 nm in the presence of O2 is a potential source of OH: 

   CH3COCH3 + hȞ (Ȝ = 248 nm) ĺ CH3CO + CH3      (P6a) 

    ĺ other products      (P6b) 

CH3CO + O2 ĺ OH + products        (R7a) 

CH3CO + O2 + M ĺ CH3CO(O)2 + M       (R7b) 

  The photolytic precursors, CH3OCH2Br, (COCl)2, t-C4H9OOH, HCOOH and CH3COCH3 were 

photolysed using an excimer laser operating at 248 nm (KrF, Lambda Physik, Compex) with a photon 
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density typically between 1 and 7 × 1016 photon cm−2. The same laser, but operating at 193 nm (ArF), was 

used to photolyse N2O, but with a much lower photon density, typically about 6 × 1013 photon cm−2, in 

order to avoid photolysis of DME. Typical radical concentrations, for all methods of generation were 1011 

molecule cm-3. 

OH radicals were probed using off-resonance laser induced fluorescence. Probe light at ~281.9 

nm, corresponding to the energy of the OH (A2Ȉ(v = 1) ĸ X2Ȇ(v = 0),Q1(1)) transition, was obtained 

from the frequency doubled output of a dye laser (Spectra-Physics, Quanta-Ray, PDL-3, Rhodamine 6G 

dye), which was pumped at 532 nm by an Nd:YAG laser (Spectra Physics, Quanta-Ray, QCR 100-series). 

Off-resonance fluorescence at ~308 nm was collected by a quartz lens and passed through an interference 

filter (Barr Associates Inc., 308.5 ± 5 nm) before it was detected using a photomultiplier (EMI 9813). The 

signal from the photomultiplier was integrated with a boxcar averager, whose output was digitised and 

passed to a personal computer for subsequent data analysis. The delay time between the photolysis laser 

and probe laser was scanned using a delay generator such that the recorded OH temporal profile typically 

consisted of 500 time points, each averaged over 3 – 5 laser shots. The pulse repetition frequency of the 

lasers was varied between 10 and 5 Hz, and the total flow rate of gas ensured there was a fresh sample for 

each laser shot. The typical initial concentration of radicals in the system was estimated to be about 1 × 

1011 cm−3. 

 Radical precursors, CH3OCH2Br (bromomethoxymethane) (tech. 90 %), CH3OCH3 (dimethyl 

ether) (99 %), (COCl)2 (oxalyl chloride, >99%), CH3COCH3 (acetone) and t-C4H9OOH (t-butyl 

hydroperoxide, 70 % aqueous solution), supplied by Aldrich, were degassed and diluted in He. O2 (Air 

Products, high purity, 99.999%) gas was either diluted in He or used straight from the cylinder. Helium 

(BOC, CP grade, 99.999%), N2 (BOC, UHP grade), and N2O (BOC, 99.9% ) were used straight from the 

cylinder. 
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3. Experimental results 

3.1 Kinetics of CH3OCH2 + O2 reaction 

The rate coefficients for reaction 2, as a function of temperature and pressure, were obtained using 

bromomethoxymethane as the photolytic precursor. When CH3OCH2Br was photolysed at 248 nm in the 

presence of added O2 in the reaction mixture, OH formation was observed; a typical kinetic trace is shown 

in the inset of Figure 1. This behaviour is qualitatively consistent with OH formation as a primary product 

of a reaction involving O2.
33  No direct photolytic hydroxyl radical formation was observed. OH is formed 

in reaction 2, and the subsequent slow loss of OH from the system, reaction 8, is due to the reaction with 

CH3OCH2Br and diffusion out of the measuring volume, which depends on the total pressure. 

 OH ĺ loss           (R8) 

 The solution for the kinetics of OH formed in reaction 2b and reacting subsequently by reaction 8 

gives the following biexponential equation, E1: 

           tkktk
kk

k
i )(expexp

OCHCH
OH 28

82

2023 






    (E1) 

where 22b kk ,  023OCHCH = initial methoxymethyl radical concentration,  222 Okk  , the pseudo 

first-order rate coefficient for reaction 2, obtained under conditions where [O2] » [CH3OCH2]0 and 8k  is 

the first-order rate coefficient for loss of OH by reaction 8. The parameters of equation (E1) were fitted 

to the experimental data using a non-linear least-squares method, treating 2k , 8k , and the relative values 

of   023OCHCH , as variable parameters. The returned values of 8k  were typically in the range 1000 

− 3500 s−1 and [O2] was always high enough so that 2k  » 8k . The bimolecular reaction rate coefficient k2 

was derived from the slope of the plot of 2k+ki versus [O2] An example of such a plot is shown in Figure 
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1; a good linear relationship was observed for all bimolecular plots, with an intercept corresponding to ki  

due to other methyoxymethyl loss processes 
31

 (equation E1). 

 

Figure 1. Plot of the first order CH3OCH2 decay rate coefficient k’2 versus [O2] 250 Torr He. Linear least-square 

fit of the data and the corresponding upper and lower 95 % confidence limits are also shown. The inset shows a 

kinetic trace for OH formation from the CH3OCH2 + O2 reaction 2 at 250 Torr He, and [O2] = 6.48×1015 molecule 

cm−3. The solid line represents a fit to the data using equation 1, returning k'2 = (42970 ± 2030) s-1 where the error 

is statistical at the 1ı level. 

 

The bimolecular rate coefficients for reaction 2 at various temperatures, buffer gas densities (0.11 – 

12.5)×1018 cm-3, and corresponding experimental conditions are given in Table S1 of the Supplementary 

Information.  

Above 500 K the kinetic traces became more complex as illustrated in Figure 2. A fast production 

of OH via reaction 2b was still observed, consistent with that at lower temperatures, but rather than the 

OH signal reaching a maximum and slowly decaying due to diffusive or other first order loss processes 
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(inset to Figure 1), the OH signal continued to grow more slowly on a ms timescale as illustrated in Figure 

2. At 550 K and above, the OH profiles were analysed by fitting to a triexponential equation incorporating 

both the primary and secondary OH production and OH loss by reaction 8: 

[OH(t)] = Dexp(e1t) + Eexp(e2t)+ Fexp(-k8t)      (E2) 

where D, E and F are constants and the experimental eigenvalues eand ecorrespond to the reciprocal 

time coefficients for secondary and primary OH production respectively. The full scheme of 

phenomenological reactions for the CH3OCH2 + O2 system comprises: 

CH3OCH2 + O2 ĺ RO2 (CH3OCH2O2)       (R2a) 

CH3OCH2 + O2 ĺ OH + 2CH2O        (R2b) 

CH3OCH2 + O2 ĺ QOOH (CH2OCH2OOH)         (R2c) 

RO2 ĺ CH3OCH2 + O2         (R9a) 

RO2 ĺ OH + 2CH2O           (R9b) 

RO2ĺQOOH           (R9c) 

QOOH ĺ CH3OCH2 + O2                               (R10a) 

QOOH ĺ OH + 2CH2O         (R10b) 

QOOHĺRO2                      (R10c) 

and the potential energy surface for the reaction is shown in more detail in Figure 8 in section 4.1. Using 

the above scheme, a steady state analysis can be performed in order to equate the eigenvalues, eand 

efrom the tri-exponential analysis with combinations of the phenomenological rate coefficients and this 

analysis is presented in the supplementary information. Master equation calculations have also been 

performed, which are described in section 4.2, and to complement the analysis in the supplementary 

information, the calculated eigenvalues and phenomenological rate coefficients are shown as a function 

of temperature in Figures S2 and S3 of the supplementary information. Assuming the chemistry is 

described entirely by the above scheme, the experimental eigenvalues e and e are equivalent to the 
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theoretical eigenvalues 1 and  after suitable correction for the intercept in Figure 2.From the master 

equations calculation, under all experimentally relevant conditions, it is found that the modulus of the 

eigenvalue  can be equated with the total loss rate coefficient for CH3OCH2 (k2). In the 550 - 650 K 

window, the largest contribution to is from the well skipping thermal decomposition of RO2 

(CH3OCH2O2) to form OH (k9b). Isomerisation of RO2 to QOOH (k9c), followed by dissociation to form 

OH (k10b) is less important because QOOH rapidly isomerises back to RO2 so that its steady state 

concentration is low. There is a small contribution to secondary OH formation via re-dissociation of RO2 

back to reactants followed by the well skipping reaction R + O2 to form OH (k9a, k2b). 

 

 

 

 

 

 

Figure 2. The main figure shows the tri-exponential OH profile at 550 K and 500 Torr of He. The upper inset at 

short time shows that, at this temperature, the primary and secondary growth can readily be separated; the lower 

inset shows the same but over longer time.  

However there is an alternative explanation for the secondary OH production due to the possibility 

of interception of the QOOH species by O2. The bimolecular reaction between QOOH and O2 can 

potentially form two OH radicals leading to chain branching and, if QOOH is sufficiently long lived under 

our experimental conditions, then the secondary OH formation observed could be attributed to OH 

production via the QOOH + O2 reaction. The origins of the long-time OH production are discussed in 

more detail in Section 6 with the aid of master equation calculations and numerical integration. 

0 5000 10000 15000 20000 25000 30000

0 1000 2000 3000 4000 5000

0 50 100 150 200

time, s

time, s

time, s
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At higher temperatures, ewas obtained more precisely by working at longer timescales, treating 

the primary production as essentially a prompt OH source, and analysing the secondary production and 

OH loss as a bi-exponential process, with an equation similar to E1. The data for the temperature 

dependence of e are tabulated in Table S2. 

The results of the kinetics studies of the primary OH production are shown in Figure 3. A detailed 

comparison of the room temperature measurements with the previous literature can be found in our 

previous publication.31  

 
Figure 3. Plots of the bimolecular rate coefficients for the CH3OCH2 + O2 reaction (R2) versus buffer gas density. 

Black squares correspond to data at 195 K, blue triangles to 296 K, red circles to 450 K, purple hexagons  to 550 

K and green stars corresponds to 650 K. Both rate coefficient and bath gas density are plotted on logarithmic scales.  

 

Apart from 298 K, there are no previous pressure dependent studies with which to compare our current 

temperature and pressure dependent data. The 295 K data measured in helium, obtained as part of a 

previous publication,31 but using the same apparatus and methods as this work, are not directly comparable 



 15 

with the previous literature which used N2
29 and SF6

28 as a bath gas. Our rate coefficients at 295 K in 

helium are approximately 10 – 30% higher than the previous literature values (see Figure 2 of Eskola et 

al.31). Somewhat surprisingly, experiments in N2 and SF6 appear to lie on a common line.  

 

3.2 Relative determination of OH yield 

OH yield measurements, together with the rate coefficient determinations for reactions (R2) and (R9) 

discussed above, provide essential information for the overall characterisation of the CH3OCH2 + O2 

reaction system and the master equation analysis and fitting described below. This section discusses OH 

yield measurements using a relative technique and section 3.3 discusses an absolute method. The results 

are analysed using a simple Lindemann approach in order to convert the relative yields into absolute yields 

and to facilitate comparisons with results from other laboratories.  

 

3.2.1 CH3OCH2Br photolysis 

As is shown in Scheme 1, the excited peroxy radical (CH3OCH2O2*) can either be collisionally stabilized 

or, alternatively, an internal abstraction can take place with subsequent dissociation producing OH, with 

the fraction of the latter process decreasing with the total gas density [M]. Back-to-back experiments at 

reference and test pressures, were performed to measure the relative OH yield as a function of gas density 

at 195, 450, 550 and 650 K using the CH3OCH2Br radical precursor.31 The concentrations of O2 and 

bromomethoxymethane (and thus [CH3OCH2]0) were held constant as the total helium gas density was 

varied. The parameters in equation 1 were fitted to the data from these experiments to obtain relative 

values of   023OCHCH over a range of helium total gas densities. 
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A simple Lindemann analysis of Scheme 1 gives   HeMCC kkk   with  = 1 at [He] = 0. 

This analysis assumes that there are no additional bimolecular product channels that do not produce OH 

and that helium does not quench OH fluorescence. 

The relative yield, ȕ, is defined as:  

 
  
   ]He)[/(1

]He)[/(1

OCHCH

OCHCH

CHe

refCHe

ref023ref

023

kk

kk











      (E3) 

where ref is the OH yield at the reference gas density, [He]ref, and   023ref OCHCH  is the 

corresponding value, multiplied by [CH3OCH2]0, returned by fitting equation (E1) to the data. kHe is the 

stabilising rate coefficient for helium. For equation 3 to be valid, [CH3OCH2]0 has to be independent of 

pressure. Then 

  ])He[1(
1

C

He
ref k

k



         (E4) 

A plot 1  vs. [He] is a straight line, with the slope/intercept ratio = cHe / kk , which allows 

  refCHeref He)(11 kk  to be determined and hence to be determined at all pressures, by rescaling 

the relative yields  to absolute yields using  = ref. Note that these values are based on the assumption 

that  = 1 at [He] = 0. In designing the experiments, the most accurate rescaling of  is achieved by 

making [He]ref close to zero, so that uncertainties resulting from the determination of CHe / kk are 

minimised. 

For example, fitting equation 4 to the weighted data obtained at 195 K with [He]ref(195 K) = 7.52 

× 1017 molecule cm-3 gives a straight line with slope/intercept ratio =  K195CHe kk = (4.35 ± 0.07) × 

10−18 cm3 and ref(195 K) = (0.251 ± 0.002) where the uncertainties quoted refer to the 95% confidence 

limits and that for CHe kk  includes the propagated uncertainties derived from both the slope and the 

intercept. The absolute values of  obtained at 195 and 450 K by rescaling the relative yields are given in 

Table S3 and are shown in Figure 4. 
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Figure 4. Inverse of the OH radical yield from CH3OCH2 + O2 reaction 2 versus [He] at 195, 295, 450 K and [N2] 

at 295 K. Results were obtained by the relative yield method using CH3OCH2Br. The gradients (k|M/kc) are: 195 K 

He; (4.35 ± 0.07) × 10−18 molecule cm3, 295 K He; (1.40 ± 0.14) × 10−18 molecule cm3, 450 K He; (8.06 ± 0.41) × 

10−19 molecule cm3, 295 K N2; (6.05 ± 0.54) × 10−18 molecule cm3. The values at 295 K, He are from our earlier 

work.31  

 

In this work relative OH yield experiments were also performed at 298 K using N2 buffer gas 

instead of helium and additional experimental considerations for these experiments are given in the 

supplementary information. As for the helium buffer gas studies, back-to-back experiments were 

performed to measure the relative OH yield as a function of [N2] at 295 K using the CH3OCH2Br radical 

precursor. The weighted data at 295 K gives the slope/intercept; cN /
2

kk = (6.05 ± 0.54) × 10−18 molecule 

cm3 and ref = (0.191 ± 0.016) where the uncertainties quoted refer to the 95% confidence limits and that 

for CN2
kk  includes the propagated uncertainties derived from both the slope and the intercept. The 

absolute values of  obtained at 295 K in N2 by rescaling the relative yields are given in Table 1 and are 

shown in Figure 4. 

 



 18 

3.2.2 (COCl)2 photolysis in the presence of CH3OCH3 

In addition to the photolysis of bromomethoxymethane, oxalyl chloride photolysis at 193 or 248 nm (P2a, 

P3a) and subsequent reaction of Cl-atoms with DME (P2b, P3b) was used to produce CH3OCH2 at 298 

and 450 K. The Cl + DME reaction is much faster than OH + DME, k(Cl + DME)41 / k(OH + DME)24 ≈ 

59 and 35 at 295 and 450 K, respectively. The simple Lindemann analysis returned values of

  023OCHCH from fitting equation (E1) to the data, which were used in equation 3 to calculate values 

of . Plots of 

1

vs [He] obtained at 295 and 450 K using both 193 and 248 nm photolysis are shown in 

Figure 5 and CHe kk values from fitting equation 4 to the weighted data are given in Table 1. 

 

 

3.3 Absolute determination of the OH yield; kinetics of OH + CH3OCH3 with and without O2 

Absolute yields of OH radicals from the CH3OCH2 + O2 reaction (R2) were determined using recycling 

experiments,42-44 which do not entail any assumption of the value of the yield of OH at zero pressure and 

provide an additional independent test of Scheme 1. Absolute yield experiments were performed by 

measuring the kinetics of the OH + CH3OCH3 reaction 1 in the absence and presence of O2 at different 

total (He or N2) gas densities, see Scheme 2. 
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Figure 5. Comparison of Stern-Volmer plots from relative (open symbols) and absolute (filled symbols) OH radical 

yield measurements of CH3OCH2 + O2 reaction 2 versus [He] at 195, 295, and 450 K. The methods of fitting these 

data are discussed in the text. 
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Table 1. Quenching coefficients, kM/kC (M = He, N2), for the CH3OCH2 + O2 reaction obtained in the 

current work and comparison with previous measurements from literature.a 

Reference 

Product 

detected 

Bath 

Gas  Precursor  Techniqueb T / K P / Torr kM/kC 
c 

        

Sehested et al. 
33 

CH3OCHO + 

CH3OCH2OOH + 

N2 Cl+DME FTIR/PS 296 0.38 − 940 3.13 ± 0.51 

 CH2O + CO 

 

      

Maricq et al. 29 CH2O N2 Cl+DME TIR/CM 230 4.9 – 34.7  d4.8 

     295 4.9 – 80.3 d 4.3 

     350 5.0 – 50.0 d 2.9 

 

Rosado-Reyes 

et al. 30 

CH2O and 

CH3OCHO 

N2 Cl + DME TIR/CM  295 

450 

10-200 

10-200 

e 7.15 
e 0.87 

This work and OH He CH3OCH2Br  LIF/RM 195 3.15-153  4.35 ± 0.07 

Eskola et al.31   + hv (248 nm)  295 9.90-151 f 1.40 ± 0.14 

     450 

 

 

9.93-147 

 

 0.81 ± 0.41 

 

        

This work OH He Cl + DME  

(248 nm) 

LIF/RM 295 

450 

10.1-99.3 

30-152 

 2.5 ± 3.1 

 0.48 ± 0.02 

        

This work OH He Cl + DME  

(193 nm) 

 

LIF/RM 295 

450 

9.9-151 

9.98-150 

1.84 ± 0.36 

0.58 ± 0.07 

This work OH N2 CH3OCH2Br  LIF/RM 295 5.3-95.3 6.05 ± 0.54 

   + hv (248 nm)     

        

This work and OH He OH + DME LIF/AM 195 5.92-153 4.36 ± 1.50 

Eskola et al.31      295 5.01-249 f 2.00 ± 0.44 

     450 

 

 

10.02-250 0.39 ± 0.04 

 

        

This work OH He Cl + DME  

(248 nm) 

LIF/AM 295 

450 

10.1-40.2 

50.1-80.2 

1.86 ± 0.17 

1.83 ± 0.17 

        

This work OH He Cl+DME    

(193 nm) 

LIF/AM 295 

450 

10.0-75.11 

5.02-80.1 

2.50 ±0.95 

1.50 ± 0.06 

        

This work OH N2 Cl + DME LIF/AM 295 5−25.01 4.71 ± 0.14 

   (193 nm)  450 5-99.98 2.36 ± 0.12 

        

 

a Errors represent 2ı for the absolute method and the half width of the 95% confidence limits for the relative 
methods. b Explanations of used abbreviations: FTIR - Fourier transform infrared spectroscopy, PS – product study, 

TIR – transient infrared, CM – fit to a chemical model, LIF – laser induced fluorescence, RM – relative method, 

AM – absolute method. c
 Units – 10−18 cm3 molecule−1. d Values area lower limits. e Given in the reference in 

Arrhenius form kM/kC= 1.6
4.2
0.1


 × 10−20 exp(1800±400/T) cm3 molecule−1 (295 ≤ T ≤ 600 K). f Reference Eskola et 

al.31  
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 In these recycling experiments several CH3OCH2 and OH radical sources were employed. 

Photolysis of t-C4H9OOH at 248 nm, (P4a), was an instant source of OH, while the other methods used, 

P2, P5, and P6, rely on fast chemical reactions to produce either CH3OCH2 or OH or both. When O2 was 

present, its concentration was set sufficiently high that k7[O2] » k1[CH3OCH3], k2[O2] » k1[CH3OCH3], 

and [CH3OCH3] » [OH]. Under these conditions, OH regeneration via reaction 2 is rapid and the hydroxyl 

radical decay is a single exponential and can be described as: 

         tkk 8210t O expOHOH  ,      (E5) 

 where  211 O  kk  means [O2] = 0 and  21 O k  refer to experiments where O2 was present. At low 

[He, N2] the O2 addition has the most pronounced effect on the hydroxyl radical decay, because OH 

radicals are reformed efficiently via reaction 2b. Phenomenological rate coefficients were determined as: 

     331121 OCHCHO kkk         (E6) 

         331332121 OCHCH1OCHCHOO  kkk     (E7) 

From equations 6 and 7 the absolute OH yield from reaction 2, , can be obtained: 

  
 








 


1

21 O
1

k

k          (E8) 

CH3OCH2 OH + 2H2COCH3OCH3+ OH

CH3OCH2O2

kR2b

O2, [M]

Scheme 2.

Initiation
t-C4H9OOH + 248nm

CH3CO + O2

Cl + CH3OCH3+ O2

k1

kR2a

O2

OH is recycled, if O2 present
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 Bimolecular plots of ( 1k+ 8k ) and (  21 O k + 8k ) versus [CH3OCH3] at different total helium 

pressures at 195 K are shown in Figure 6. In the absence of O2 OH was generated via P5 and reaction 5, 

while in the presence of O2 it was produced via P6 and reaction 7.37 Recycling measurements were 

performed at different total helium pressures under conditions where k2[O2] » k1[CH3OCH3]. The absolute 

yield measurements are given in Table S4 and the corresponding bimolecular rate coefficients as well as 

the values of   obtained are shown in Table S5 along with the experimental conditions.  

 

Figure 6. Bimolecular plots of OH + CH3OCH3 reaction (R1) in the absence (filled symbols) and presence (open 

symbols) of O2 from experiments used to determine the absolute OH yield from CH3OCH2 + O2 reaction 2 at 195 

K.  

 

Plots of 1  determined by the absolute and relative methods at 195, 295, and 450 K are shown 

in Figure 5 as a function of total helium gas density, as well as weighted linear fits of the data to the 

equation ]He)[(11 CHe kk . The slope for the values determined by the absolute method at 195 K 

gives CHe kk  = (4.36 ± 1.50) × 10−18 cm3 in good agreement with the relative method ((4.35 ± 0.07) × 
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10−18 molecule-1 cm3 with an intercept (1.03 ± 0.23). The uncertainties quoted refer to the 95% confidence 

limits.  

The absolute method was also employed to determine OH-yields using nitrogen as buffer gas and 

results are shown in Figure 7. Values of kM/kC (M = He, N2), quenching coefficients, obtained for the 

CH3OCH2 + O2 reaction in the current work as well as comparison with previous measurements from 

literature are shown in Table 1. 

 

Figure 7. Results from absolute (filled) and relative (open) OH radical yield measurements of CH3OCH2 + O2 

reaction (R2) versus [N2] at 295 (black squares) and 450 K (red triangles). The solid lines correspond to master 

equation calculations with the hindered rotor model.  

 

Values of CM kk  were determined as a function of temperature using both helium and nitrogen 

buffer gases employing two independent methods (relative and absolute) and with different methods of 

radical generation. In general, the values of CM kk  from these determinations agree within the combined 

uncertainties, particularly at 195 and 295 K. This good agreement verifies the assumption made in 
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defining equation 2 that the yield of [CH3OCH2]0 from the photolysis and subsequent thermalisation is 

independent of pressure, within the experimental uncertainty. In addition, the intercept, 1/ from the 

absolute method is compatible, within experimental error, with the value of unity assumed in the relative 

yield determinations, demonstrating that OH is the dominant product at zero pressure. However, while 

the relative method still produced consistent results for CM kk at 450 K, at this temperature agreement 

with the absolute method was less good. With OH generated directly from t-butyl hydroperoxide, the 

value of CM kk , (0.39 ± 0.04) × 10−18 cm3, is similar to the average of the relative methods, (0.62 ± 0.17) 

× 10−18 cm3. However, values of CM kk  determined with the more indirect oxalylchloride/DME method 

give values more than a factor two greater than the average of the relative methods. We prefer our values 

obtained with the relative method, because the absolute data are obtained over a much longer timescale 

(~10 ms) than the relative yield data (~0.5 ms) and hence there is potential for interference from unknown 

secondary chemistry in the longer timescale experiments. 

 

4. Theoretical Methods 

4.1 Electronic structure calculations 

The stationary points on the CH3OCH2 + O2 surface were characterised by calculations at the CBS-

Q//MPW1K/ aug-cc-pVTZ level of theory using the Gaussian 03 suite of ab initio software. The resulting 

surface is shown in Figure 8. Various other levels of theory were explored but it was found that, when 

performing the statistical rate theory calculations, the CBS-Q//MPW1K/aug-cc-pVTZ energy for RO2 

(CH3OCH2O2) gave the best agreement between experiment and theory. As discussed below, there are 

large variations in the energies of the different transition states with different levels of theory and the 

energies for these were ultimately varied in order to fit the experimental data as will be described in 

Section 5. Hessian matrices were also calculated at the MPW1K/ aug-cc-pVTZ level of theory in order to 

obtain harmonic frequencies for each species. The connectivity between wells and transitions state was 
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confirmed by intrinsic reaction co-ordinate calculations at the MPW1K/ aug-cc-pVTZ level of theory. 

The structures of the important species are shown in the supplementary information. 

 
Figure 8. Schematic of the CH3OCH2/O2 potential energy surface calculated at the CBS-Q//MPW1K/aug-cc-pVTZ 

level. RO2 = CH3OCH2O2, QOOH = CH2OCH2OOH, c-OCOC = cyclic(OCH2OCH2). 
 

It is noted that there appears to be significant multireference character in the region of both TS1 

and TS2/3/4 and for all transition states different composite model chemistries, all of which would be 

expected to reproduce the correct energy to within 4-8 kJ mol-1, instead yield an energy range of ~26 kJ 

mol-1 for TS1 and ~40 kJ mol-1 for transition states in the TS2/3/4 region. These results are shown in Table 

2 and it is noticed that the energies are particularly sensitive to the levels of theory used to perform the 

geometry optimisations. The geometries of the different stationary points are shown in Figure S1 of the 

supplementary information. Commonly, the extent to which a species is affected by multireference 

character can be explored by the T1 diagnostic developed by Lee and Taylor.45 These diagnostic values 
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were calculated using Molpro46 at the CCSD(T)-F12/VTZ-F12 level of theory and are also shown in Table 

2. A T1 diagnostic of > 0.02 indicates problems with a single reference wavefunction and the result for 

TS2 in particular is well in excess of this. 

 

Table 2. Energies for TS1, 2 3 and 4 (including ZPE correction) in kJ mol-1 calculated at different levels 

of theory. 

 G4//B3LYP/
6-311G(d,p) 

G4//MP2(full)
/6-311G(d,p) 

CBS-Q 
//MP2  
/6-311G(d,p) 

CBS-Q 
//MPW1K/ 
aug-cc-pVTZ 

CBS-APNO// 
MPW1K/ aug-
cc-pVTZ 

RCCSD(T)-
F12/VTZ-F12// 
MPW1K/aug-
cc-pVTZ 

T1 
diagnostic 

TS1 -32.4 -46.8 -58.1 -41.2 -44.8 -31.8 0.019 

TS2 4.1 30.5 39.8 12.3 10.0 0.1 0.036 

TS3 7.7 10.6 7.7 5.0 5.0 9.1 0.026 

TS4 16.8 33.1 24.4 8.1 -0.7 9.2 0.023 

 

4.2 Master Equation Calculations 

The form of the energy grained master equation (ME) used in this work has been described in detail 

previously.47-49 Collisional energy transfer and isoenergetic inter-conversion between species was 

described with a set of coupled differential equations. Briefly, the form used in this work is: 

pMp 
dt

d

                  (E9) 

where p is the population vector containing the populations, pi(E,t),  of the energy grains, i refers to the 

ith isomer, and M is the matrix that determines grain population evolution due to collisional energy 

transfer and reaction. Two isomers, CH3OCH2O2 (RO2) and CH2OCH2OOH (QOOH), were included in 

the calculation. The phase space for each isomer was divided into energy grains with a width of 50 cm-1.  

p contains an additional element that represents the minority reactant, CH3OCH2; [O2] was in great excess 

and its concentration was incorporated in the pseudo-first-order rate constant for reaction of CH3OCH2. 
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Collisional energy transfer was described using an exponential down model, parameterised with the 

appropriate Lennard-Jones parameters and the average energy transferred in a downward direction, ۃοୢۄܧ୭୵୬. The ۃοୢۄܧ୭୵୬ parameter was determined using a least squares fit to the experimental data, as 

discussed below. 

For the barrierless, methoxymethyl + O2 reaction and the reverse dissociation, conventional 

transition state theory is not appropriate because the location of the transition state is not fixed, but  varies 

along the reaction coordinate as function of energy, a situation which is typical of association reactions 

between open shell species.50 In principle such reaction can be treated by variational transition state 

methods, however, such methods demand accurate knowledge of the potential energy surface along and 

orthogonal to the reaction coordinate. The association k(E)s have been calculated using a more pragmatic 

approach, by taking the Inverse Laplace Transform (ILT) of the modified Arrhenius form of the 

experimental high pressure association rate coefficient to derive the sum of states, W(E), for the 

association transition state.49,51 In this work, the form of the modified Arrhenius expression used was: 

))/(exp()( ba
0

a TkE
T

T
ATk

n











         (E10) 

where T0 was set to 293 K.  Ea was set to 0 kJ mol-1, i.e., supported by the electronic structure calculations, 

the association was assumed barrierless.  Both A and n were left as variable parameters, and were 

determined according to a least squares fit to the experimental data. The fitting methodology is discussed 

in further detail below. For each ME calculation performed in this work, the discretized matrix M was 

diagonalized, and the eigenpairs were determined to give a solution of the form: 

)0()( -1pUUp tet ˉ               (E11) 

where p(0) contains the initial conditions (i.e., at t = 0) for each grain (i.e., pi(E,0)), U is a matrix of 

eigenvectors obtained from diagonalization of M, and  is a diagonal matrix of the corresponding 
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eigenvalues. Within our formulation of the ME, products are represented using the infinite sink 

approximation.35   

 There are three chemically significant eigenvalues, closely related in magnitude to the 

reciprocal lifetimes of RO2 (CH3OCH2O2), CH3OCH2 and QOOH(CH2OCH2O2H), in order of decreasing 

lifetime (see Supplementary Information). is too large in magnitude, and the impact of related reactions 

have too small an impact on [OH], to be observed under any of the conditions examined experimentally.  

Over the temperature range 195 – 450 K, the OH profile provides a direct measurement of while  

corresponds to timescales which are much longer than that of the experiments. At temperatures above 550 

K the magnitude of is such that the reactions of RO2 occur on the experimental timescale and contribute 

to the secondary OH formation shown in Figure 2. At temperatures above 650 K (i.e. above the range 

investigated here) and approach one another in magnitude and eventually cross (see Figure S2, 

Supplementary Information). 

In the ME analysis of the available experimental data, the calculated total loss rate coefficients 

(k2) and the theoretical OH yields, obtained from fits to the time resolved species profiles at 1 ms, were 

fitted to the corresponding experimental quantities. The eigenvalues and yields can be obtained directly 

from solution of the chemical master equation. In order to obtain a complete set of phenomenological rate 

coefficient for the system,  reactions 2 - 10, however the microcanonical information contained in the ME 

solution (equation 13) must be transformed using a procedure similar to that described by Bartis and 

Widom.39,48  OH yields were calculated by integrating the flux (i.e. the product of the solution to equation  

11 with the microcanonical rate coefficients) through those channels leading to OH, from time zero to a 

time equal to the experimental measurement time, which was taken to be 1 ms. The data used in the 

analysis are given in Tables S1 – S4 of the Supplementary Information. All ME calculations and the 

subsequent eigenvalue-eigenvector analysis were carried out using our recently developed MESMER 

(Master Equation Solver for Multi Energy-well Reactions) program, which is freely available on the 

web.35  
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4.3 Hindered Rotors  

A key requirement for the ME/ILT/RRKM modelling of a reaction is knowledge of the density of states 

of the species involved in the reaction scheme. In the initial analysis, densities of states were calculated 

using the rigid rotor harmonic oscillator approximation. As discussed in Section 5, a subsequent set of 

calculations used a hindered rotor model for some intermediates and transition states. The states of a 

hindered rotor were calculated by representing the Hamiltonian in a basis set of one-dimensional rotor 

eigenfunctions and diagonalizing, as described previously.35 Before this approach can be used a hindered 

rotor potential must be obtained and electronic structure theory methods were used to find the torsional 

potentials.  

For each torsional mode the dihedral angle corresponding to the internal rotation was incremented 

and constrained geometry optimisations were performed at the MPW1K/6-31+G(3d,2p) level of theory 

as implemented by Gaussian 03.52 The potentials from these calculations were delivered as a set of discrete 

points which were then fitted by a Fourier expansion which was then taken as the input potential. Finally 

vectors corresponding to the torsional motions were projected from the Hessian for each species, and the 

resulting Hessian was subsequently re-diagonalized to yield new harmonic frequencies. The methodology 

used has been described by Sharma, Raman and Green.53 

Torsions were included for CH3OCH2, RO2, QOOH, TS2, TS3 and TS4. Treatment of torsions 

within TS1, the cyclic TS linking RO2 and QOOH was more problematic. There are a number of low 

frequency vibrational normal modes for this species which are likely to be poorly described by a harmonic 

oscillator model but these are less clearly identified as hindered rotations. The complications arise due to 

the hydrogen bonded, ring like structure which is formed as the terminal oxygen and carbon atoms co-

ordinate with each other in order to undergo hydrogen transfer. Similar transition states have been 

considered previously and in previous publications it has been noted that the internal rotational modes in 

this type of molecule cannot be adequately modelled using a separable hindered rotor assumption.53,54 In 
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the current work we have been unable to obtain hindrance potentials for rotation about any of the bonds 

in TS1 and in order to probe the effect of anharmonicity within TS1, some calculations have been 

performed with the vibrational frequencies of this species scaled by 0.9 and 0.8 respectively relative to 

the other species in the system. It is noted that there is no physical justification for varying the frequencies 

in this way and the energy dependence of the resulting state densities is unlikely to reproduce the energy 

dependence from a fully coupled hindered rotational model. However, these calculations do allow an 

exploration of the sensitivity of the calculated results to the density of states of TS1, and give an idea of 

the trends expected if anharmonicity in TS1 were treated more accurately. 

 

5. Fits to the Experimental Data 

In principle the only unknown parameter in calculating the temperature and pressure dependence of the 

OH kinetics and yields is the energy transfer parameter, ۃοୢۄܧ୭୵୬, used in the ME calculations.  

Potentially the ILT parameters could also be treated as unknowns; however, since the experimental 

kinetics measurements appear to reach the high pressure limit at 195 and 293 K, these values were used 

to constrain the ILT A factor,  giving an value for A of 1.03×10-11 cm3 molecule-1 s-1. The ILT n∞ parameter 

(equation 10) was allowed to vary. Initial calculations, using typical values of ۃοୢۄܧ୭୵୬, were unable to 

reproduce the experimental data and the uncertainties in the transition state energies suggest that these too 

should be considered as variable parameters. The large quantity of experimental data allows for the 

realistic investigation of a number of parameters. 

Comparison to the experimental data was carried out using a built-in Levenburg Marquardt fitting 

algorithm in MESMER, in order to minimise the merit function 2: 

 


2

2
calcobs2 )(

obsk

kk




                                                                                        (E12) 

where kobs are the experimental rate coefficients for the reaction, kcalc are the corresponding calculated rate 

coefficients and kobs is the experimental error. In these calculations a temperature dependence was used 

as given by the following equation: 
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൏ ȟܧ ୢ୭୵୬ൌ൏ ȟܧ ୢ୭୵୬ǡ୰ୣ ቀ ்ଶଽ଼ቁௗ       (E13)  

and both ۃοୢۄܧ୭୵୬,ref  and the exponent d were fitted for both the He and N2 bath gas experiments giving 

a total of four parameters.  In all calculations ۃοୢۄܧ୭୵୬ was constrained to be identical for both RO2 and 

QOOH.  The energies of both TS1 and TS3 were also allowed to vary in the fitting calculations, and the 

difference between the energies of TS3 and TS2, and TS3 and TS4 were constrained at the ab initio values 

such that the energies of all three of the transition states to OH formation varied simultaneously and 

equally. The calculated energies for RO2 and QOOH were used unchanged. The vibrational and energetic 

properties of the different species are given in Table S6 of the Supplementary Information. For those 

wishing more detailed information, an example MESMER input file is also included in the supplementary 

information and the hindrance potentials for each species may be found there with each potential enclosed 

by the xml element <me:HinderedRotorPotential …… <me:HinderedRotorPotential/>. 

 The fitting calculations were carried out for both a hindered rotor model and a harmonic oscillator 

only model. Additionally given the hindered rotor considerations described above for TS1, further models 

were used in which the vibrational densities of states were scaled by 0.9 and 0.8. These results are shown 

in Table 3 with 1 errors taken from the diagonal elements of the correlation matrix. In these fitting 

calculations the statistical 2 errors for each measurement were used and an additional 5% error was 

propagated with these in order to account for non-statistical sources of error. 

It is apparent from these calculations that in all cases it is necessary to substantially reduce the 

barrier heights corresponding to TS1 and TS3 (ab initio energies of -41.2 and 5.0 kJ mol-1 for TS1 and 

TS3 respectively at the CBS-Q //MPW1K/ aug-cc-pVTZ level). Normally an error of ~±4 kJ mol-1 55 

would be considered appropriate for the CBS-QB level of theory; however, in this case, the significant 

multireference character in the vicinity of these transition states raises questions over the reliability of the 

CBS-QB energies. 
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Table 3. Optimised parameters for the CH3OCH2 + O2 system from fitting calculations in MESMER. 

Errors are given at the 1level from the fitting calculations with an additional 5 % error propagated with 

the statistical error for each experimental point.  

 Hindered 

Rotor  

Harmonic 

oscillator 

Hindered 

rotors  

TS1 scaled 

by 0.9 

Hindered 

rotors  

TS1 scaled 

by 0.8 

Ab initio 

calculation 

RO2 / kJ mol-1 - - - - -145.46 

QOOH / kJ mol-1 - - - - -100.32 ۃοୢۄܧ୭୵୬,ref (He) / 

cm-1 

 173 ± 11   289 ± 9  165 ± 4  181 ± 5 - 

d(He) -0.02 ± 0.37 -0.05 ± 0.11 -0.10   ± 0.07 -0.10 ± 0.9 - ۃοୢۄܧ୭୵୬,ref (N2) / 

cm-1 

523 ± 53 1640 ± 200 486 ± 24 
 

576 ± 32 - 

d(N2) 0.01 ± 0.17  -0.72 ± 0.48  -0.06 ± 0.25 -0.13  ± 27 - 

TS1 / kJ mol-1 -56.7 ± 1.0 -50.2 ± 1.5 -47.8 ± 0.8 -42.0 ± 0.4 -41.2 

TS3 / kJmol-1 -34.5 ± 0.6  -25.9 ± 0.5  -38.0 ± 1.2  -47.6 ± 4.2 5.0 

ILT n -0.67 ± 0.13 -0.64 ± 0.13 -0.75 ± 0.12 -0.90 ± 0.09 - 

inimum / 

No. of degrees of 

freedom 

1.2 1.2 1.2 1.1 - 

 

Furthermore, it was found that the fitted barrier heights depend strongly upon the way in which 

the vibrational degrees of freedom are treated. A purely harmonic treatment gives transition state energies 

for TS1 which are closer to the ab initio data than are those from a more physically realistic hindered rotor 

treatment. However, as has been noted above, the treatment of anharmonicity in TS1 raises significant 

problems in this system and, while no hindered rotational potentials have been obtained for this species, 

the low frequency vibrations are likely to be poorly described by a harmonic oscillator approximation. By 

treating hindered rotations in all species other than TS1, the density of states within TS1 will then be 
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artificially low relative to that for the other species, whereas in the harmonic oscillator only model there 

could be some degree of cancellation of error due to the density of states of RO2 being treated on the same 

basis as those in TS1. In support of this rationale it can be seen that when increasing the densities of states 

of TS1 by scaling the vibrational frequencies, the fitted energy of TS1 is increased, in better agreement 

with the ab initio result. 

From the  values in Table 3 of 1.2 for both the hindered rotor and harmonic oscillator models 

respectively, it can be demonstrated that both models yield equally good agreement with the experimental 

data. However the main deficiency in the harmonic oscillator only model concerns the fitted values for ۃοୢۄܧ୭୵୬. The harmonic oscillator model requires a large ۃοୢۄܧ୭୵୬,ref(He) in order to fit the data of (289 

± 9) cm-1 compared to (173 ± 11) cm-1 for the hindered rotor model. Considering other reaction systems 

with a He bath gas, a value of 289 cm-1 seems unreasonably large compared to typical values of around 

100 - 200 cm-1. 47,49,56,57 With a nitrogen bath gas the situation is exacerbated with  a ۃοୢۄܧ୭୵୬,ref(N2) of 

1643 cm-1 required in order to fit the data with a harmonic oscillator model compared to a value of 523 

cm-1 for the hindered rotor model. It can also be seen that the harmonic model gives a significantly 

negative temperature dependence for ۃοୢۄܧ୭୵୬,ref(N2)  which is unrealistic. It is noted that the hindered 

model also gives a slightly negative temperature dependence to ۃοୢۄܧ୭୵୬,ref(N2) , but in this case it is 

temperature independent within error.  The reason for the difference between models is likely due to the 

fact that CH3OCH2 has two internal rotors, while RO2 has three (See Figure S1, Supplementary 

Information). As a result, the harmonic oscillator model would be expected to under predict the densities 

of states of RO2 relative to those of CH3OCH2. From these results we can conclude that the more 

physically realistic hindered rotor model is necessary to model the CH3OCH2 + O2 system.  

  The experimental yields and measurements of k2 with a He bath gas are compared with theoretical 

values using the hindered rotor model in Figures 9a and 9b and it is demonstrated that good agreement is 

obtained.   
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Figure 9a. Comparison between experimental and theoretical rate coefficients (k2) with theoretical data obtained 
from MESMER using the best fit parameters from the hindered rotor model (solid line). The black squares, blue 
triangles, red circles, purple hexagons and stars, correspond to data at 195 K, 298 K, 450 K, 550 K and 650 K 
respectively. 

 

Experiments in the temperature range 550 – 650 K range provide information on , as shown in 

Figure 3. These data were also used in the fits. As discussed above, the main contributor to this eigenvalue 

is formation of OH by well-skipping from RO2 (k9b), with smaller contributions from reaction sequences 

initiated by reactions 9a and 9c. The simulated eigenvalues were fitted to the experimental eigenvalues, 

so that all of these processes were automatically and appropriately included in the fits. The most sensitive 

parameter was the energy of TS2. 
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Figure 9b. Comparison between experimental and theoretical OH yields with theoretical data obtained from 
MESMER using the best fit parameters from the hindered rotor mode (solid line). The black squares, blue triangles 
and red circles correspond to data at 195 K, 298 K, and 450 K, respectively. 

 

The 1 values from the best fit hindered rotor model are compared with the experimental values in 

Figure 10. The modelled eigenvalue underestimates the experimental value at the lowest temperature by 

a factor of 2-3. A contribution to secondary OH formation via reaction of QOOH with O2 to form a 

peroxyhydroperoxy radical, followed by dissociation, provides a possible explanation of this discrepancy: 

QOOH + O2 ĺ O2CH2OCH2OOH (O2QOOH)      (R11) 

O2CH2OCH2OOH (O2QOOH) ĺHO2CH2OCHO+OH     (R12) 

HO2CH2OCHO ĺ OCH2OCHO+OH       (R13) 
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Figure 10. Arrhenius plot of eigenvalue e, comparing best fit from the master equation analysis (line) and 

experimental values. The lowest temperature points (shown in red) were not included in the fits for reasons 

discussed in the text.  

 

These reactions provide the branching steps in DME autoignition mechanisms. The last step, 

reaction 13, is too slow to contribute on the timescales of the present experiments at 550 K, but it is found 

that reaction 12 rapidly follows reaction 11, leading to production of a single OH under our conditions. 

Simulations of the secondary OH time profile, using these reactions in addition to OH formation from 

RO2, adequately explain the discrepancy, and provide the required increase in the rate of OH formation 

on the required timescale, using the value for k11 proposed by Fischer et al.12 These simulations are 

discussed in more detail below. Since k11 is independent of temperature, the contribution of this route to 

secondary OH formation in our experiments is unimportant at 600 K and above, as shown in Figure 10, 

because of the rapid increase in 1, while k11[O2] is independent of T (in all cases the contribution was 
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less than 10%). Accordingly, the datapoints at 550 and 578 K were omitted from the master equation fits. 

For the purpose of representing the individual pressure and temperature dependent rate coefficients from 

the best fit ME model, we have fitted them with Chebyshev polynomials using the methodology described 

by Naik and co-workers58 which has been automated in MESMER. The method and the results are given 

in the Supplementary Information tables S7 to S15 for He and for S16 to S24 for N2.  

 

6. Application of rate coefficients to DME ignition chemistry 

A crucial issue in determining the ignition chemistry of DME is the competition between addition of O2 

to QOOH and QOOH decomposition, either to form OH (reaction 10b), or to regenerate RO2 (reaction 

10c). The latter reaction substantially decreases the steady state concentration of QOOH, thus limiting the 

rate of the dissociation reaction. Disagreement exists as to the exact chain branching mechanism,34,59,60,14 

but ignition is postulated to occur via the production of O2QOOH followed by subsequent isomerization’s 

and chain branching decompositions, as discussed briefly above.  Well-skipping reactions, which do not 

significantly sample the QOOH well, are important at lower pressures and will reduce the yield of 

O2QOOH, whereas, at high pressures, excited QOOH species will be stabilized.  Numerical integration 

by Fischer, Dryer and Curran12,13 (FDC) has been used to explore this reaction system, but the current 

work offers more information on the elementary rate coefficients than was previously available. 

Specifically the FDC model does not include the pressure dependence of the elementary rate coefficients 

or rate data for the well-skipping reactions. The full mechanism obtained from the Bartis Widom analysis 

consists of reactions 2, 9, 10. The well-skipping reactions are 2b, 2c, 9b, 10a. 

Using the nine rate coefficients for reactions 2, 9 and 10 from the master equation calculations 

with the best fit parameters from the hindered rotor model, the numerical integration software Kintecus61 

was used in order to predict the importance of chain branching from reaction of O2 with QOOH. Reactions 

11-13 were also included from the FDC model with the slightly modified more recent values for the rate 

coefficients from Zhao et al.14 
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The Arrhenius parameters for these reactions are given in Table 4. Numerical integrations were 

performed under the conditions at which experimental eigenvalues for secondary OH formation were 

obtained and from these calculations the time resolved concentrations of the component species could be 

obtained with and without the additional QOOH + O2 chemistry. Examples of the simulated time profiles 

at 550 K are shown in Figure 11 including simulations with both the FDC value for the QOOH + O2 rate 

coefficient (1.16×10-12 molecule-1 cm3 s-1) and a doubled value of 2.32×10-12 molecule-1 cm3 s-1. It is noted 

that there is likely a large uncertainty in the value for the QOOH + O2 rate coefficient. This figure suggests 

that the sequence of reactions initiated by QOOH + O2 (reaction 11) provides an explanation of the 

underestimation of the rate of secondary OH formation by the MESMER model of the R + O2 system at 

550 K. Further, more direct studies, are currently in progress. 

   

Table 4. Arrhenius parameters for key branching reaction from Zhao et al.14   

 A / (molecule-1 cm3)a s-1 n Ea / kJ mol-1 

QOOH  +  O2  ĺ  O2QOOHb 1.16×10-12 0.00 0.00 

O2QOOH ĺ HO2CH2OCHO+OH 4.00×1010 0.00 77.3 

HO2CH2OCHO ĺ OCH2OCHO+OH 3.00×1016 0.00 167.2 

aunits for A are s-1 in the case of unimolecular reactions and cm3 molecule-1 s-1 in the case of the 

bimolecular QOOH + O2 reaction. bO2QOOH = O2CH2OCH2OOH. 
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Figure 11. Modelling of OH profiles using a model based upon MESMER rate coefficients (reactions 2, 9 and 10) 

from the current work at 550 K and 500 Torr with [O2] = 1×1017 molecule cm-3. These use different values for the 

QOOH + O2 rate coefficient of 0 (black short dashed line), 1.16×10-12 (red long dashed line) and 2.32×10-12 (blue 

solid line)  molecule-1 cm3 s-1. 

In order to demonstrate the differences between the current model and that used by FDC additional 

numerical integrations have been performed comparing simulated concentrations of the QOOH-O2 adduct 

(O2QOOH), using the full MESMER model plus reactions 11-13 and a reduced model based on the FDC 

chemistry. The latter model consisted of the reactions 2a, 9a, 9c, 10b and 10c, (i.e. the mechanism listed 

above but without the well-skipping reactions) plus reactions 11-13, and using the pressure independent 

rate coefficients from FDC. These results are shown in Figure 12 for simulations at 550 K with total 

pressures of 1 bar and 10 bar of air. Table 5 shows the rate coefficients for reactions 9c, 10c and 11 at 550 

K from the FDC model and from the Mesmer calculations. 
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Table 5. Rate coefficients at 1 bar and 10 bar of air for reactions 9c, 10c and 11 from the FDC model and 

from the master equation analysis. 

 k9c/s
-1 k10c/s

-1 k11[O2] /s
-1 

FDC (1bar)   1.6 × 102 3.7 × 105 3.8 × 106 

Present model (1 bar) 1.2 × 103 6.8 × 106 3.8 × 106 

FDC (10 bar) 1.6 × 102 3.7 × 105 3.8 × 107 

Present model (10 bar) 1.3 × 103 7.2 × 106 3.8 × 107 

 

 

Figure 12. Modelling of O2QOOH formation using a model based upon MESMER rate coefficients (2, 9 and 10) 

from the current work (black) at 1 bar (solid line) and 10 bar (dashed line) of air (T = 550 K). These are compared 

with results using rate coefficients from the FDC model (red). Time is plotted on a logarithmic scale. 
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Under these conditions, the timescale for formation of O2QOOH is primarily determined by reactions 

whose rate coefficients are given in Table 5.  

 At 1 bar, reaction 11 is the fastest reaction in this reaction sequence in the FDC model and 

establishes a steady-state in QOOH. The timescale of formation of O2QOOH is determined by 

reaction 9c. In the model based on the master equation calculations, the energy of TS1 is much 

lower than that used by FDC, so that both k9c and k10c are substantially increased. An equilibrium 

between RO2 and QOOH is established on a short timescale and the effective rate constant for 

formation of O2QOOH from RO2 becomes (k9c/ k10c) k11. The final yield of O2QOOH is lower in 

the present model because of the formation of OH by well-skipping, which is not included in the 

FDC model. Very recent results from Kurimoto et al.62 following HO2, H2O2, DME, CO and 

HCHO at atmospheric pressure also suggest that less O2QOOH is formed than the Zhao et al. 

model predicts. Model and measurements could be brought into better agreement by increasing 

the ratio of QOOH decomposition to O2 addition, although well-skipping was not considered in 

this study.  

 Well-skipping is suppressed at 10 bar, so the final yields of O2QOOH are similar in both models. 

The timescale is unchanged in the FDC model and is still governed by k9c. Formation is much 

faster with the master equation model and is largely determined by k9c, although contributions 

from both k10c and k11 reduce the timescale somewhat.  

The low energy of TS1 derived from master equation fits to the experimental pulsed photolysis data 

clearly leads to a substantial reduction in the modelled timescale for formation of O2QOOH, which leads 

on to branching reactions in the combustion of DME. The FDC mechanism successfully reproduced 

experimental ignition delays, suggesting that further changes are required in the mechanism to incorporate 

the present results and still successfully model ignition behaviour. Further experiments are in progress to 

examine these and related reactions under higher pressure conditions, and Tomlin et al.63 have recently 

examined this issue.  Note that the effects of well-skipping reactions play a significant role at lower 

pressures. While this result is less significant under practical combustion conditions, it can be important 
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under laboratory conditions, where rate coefficients used in combustion modelling are frequently 

determined. 

For the purpose of combustion modelling, the rate coefficients from the ME calculations have 

been represented as an expansion of Chebyshev polynomials as described in the supplementary 

information. These Chebyshev representations cover the temperature range from 200 to 1000 K and a 

density range from 1×1017 to 1×1023 molecule cm-3 to represent the low temperature combustion regime. 

It should be noted that the Chebyshev representations will not yield rate coefficients outside of these 

ranges. The Chebyshev coefficients are presented in the supplementary information. More detailed 

modelling studies will form the basis of a future publication.  

 

7. Summary and Conclusions 

1. The reaction between CH3OCH2 and O2 has been studied by probing the time dependent formation of 

OH. Three complementary datasets were obtained: 

(i) The rate coefficient for CH3OCH2 + O2 (k2) over the ranges 195 – 650 K and 1 - 550 Torr. 

(ii) Eigenvalues e1 for secondary formation of OH at 550 – 650 K and 550 Torr. 

(iii) The yield of OH in reaction 2 (195 – 450 K, 1 - 550 Torr) 

2. The use of OH laser induced fluorescence allowed the reaction to be studied at sufficiently low radical 

concentrations (~1011 cm-3) that secondary (radical + radical) reactions were unimportant and the rate 

coefficients / eigenvalues could be extracted from simple bi- or tri-exponential analysis.   

3. Stationary points on the potential energy surface were calculated using CBS-Q//MPW1K/ aug-cc-pVTZ 

level of theory. 

4. The rate coefficient and OH yield data were fitted using a master equation analysis, based on the ab 

initio calculations and using a hindered rotor model. The following parameters were floated in the fits: 
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(i) The high pressure limit for reaction 2 was fitted using the pressure dependent data for k2 at 

195 K and 295 K, where this limit is closely approached. 

(ii) ۃοୢۄܧ୭୵୬ and the energies of the transition states TS1 and TS3.  

Substantial changes were required in the energies of the transition states in order to fit the experimental 

data, lowering them by ~20 kJ mol-1 (TS1) and ~ 40 kJ mol-1 (TS2), emphasising the importance of    

tuning ab initio calculations using experimental data for reaction systems which show substantial 

multireference character. 

5. The best fit parameters were used to extract the nine phenomenological rate coefficients, k2a-c, k9a-c and 

k10a-c from the master equation model using an analysis similar to the Bartis Widom procedure. Four of 

these rate coefficients relate to well-skipping reactions. The rate coefficients were fitted to Chebyshev 

polynomials covering the temperature range from 200 to 1000 K and the density range from 1×1017 to 

1×1023 molecule cm-3 to represent the low temperature combustion regime. 

6. Numerical integration was used in order to simulate OH formation from the QOOH + O2 reaction. 

Comparison of these results with both the eigenvalues from the master equation analysis, and the 

experimental time coefficients for secondary OH formation suggests that the long-time OH formation 

observed above 550 K has a contribution from the reaction QOOH +O2. 

7. A comparison was made with a section of the DME low temperature autoignition mechanism of Fisher, 

Dryer and Curran (FDC)12. The rate of formation of the peroxy hydroperoxy radical, O2QOOH, a key 

species in the route to autoignition, was simulated. At atmospheric pressure, the well-skipping reactions 

depressed the yield of O2QOOH, but these reactions were unimportant at 10 bar. The main difference was 

a   more rapid formation of O2QOOH with the present mechanism and this appears to be due to an 

increased rate of isomerisation from RO2 to QOOH in the current model.  
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8. The results in this work demonstrate the use of extensive experimental data to optimise a master 

equation model incorporating ab initio parameters to generate an accurate parameterisation a key set of 

reactions in the low temperature combustion chemistry of dimethyl ether. Additionally through fitting 

these data, the importance of accurately treating hindered rotations is demonstrated. 
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