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Abstract

Despite the great interest in oxygenated methyl ethers as diesel fuel additives and as fu-

els themselves, the influence of their methylenedioxy group(s) (O−CH2−O) has never been

quantified using ab initio methods. In this study we elucidate the kinetics and thermochem-

istry of dimethoxymethane using high-level ab initio (CCSD(T)/aug-cc-pV(D+T)Z//B2PLYPD3BJ/6-

311++g(d,p)) and statistical mechanics methods. We model torsional modes as hindered

rotors which has a large influence on the description of the thermal behavior. Rate con-

stants for hydrogen abstraction by
.

H and
.

CH3 are computed and show that abstraction from

the methylenedioxy group is favored over abstraction from the terminal methyl groups. β-

Scission and isomerization of the radicals is computed using master equations. The effect

of rovibrationally excited radicals from preceding hydrogen abstraction reactions on subse-

quent hot β-scission is computed and has large influence on the decomposition of the formed

dimethylether radical. In the second part of this study, the computed kinetics and thermo-

chemistry is used in a detailed model. The quantification of the effect of the dominant

methylenedioxy group using ab initio methods can guide modeling of oxygenated methyl

ethers that contain that group several times.
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1. Introduction

Dimethoxymethane (DMM) is the smallest member of the family of oxygenated methyl

ethers (OMEs). OMEs (CH3−O−(CH2−O)n−CH3) turn out to be beneficial additives for

diesel fuels: They reduce soot [3, 2, 29], noise [47] and increase the efficiency by altering

viscosity, lubricity, and cetane number [18]. Especially their positive influence onto the soot–

NOx tradeoff [38, 50] makes them attractive in the context of current pollutant challenges.

DMM has been tested as a fuel itself [19, 22]. Its production pathways have been studied

in recent years [3] and it can be produced from renewable feedstocks [40, 39], biomass [49],

and CO2 [30].

The first detailed chemical kinetic model for DMM has been obtained in 2001 by Daly et

al. from jet-stirred reactor experiments [6]. In 2010, Dias et al. performed mass spectrometry

studies for DMM-flames and proposed a 90-species model [8]. Experiments for high-pressure

oxidation [32] and atmospheric flames [31] contribute to the recent model of Marrodán et

al. [31]. Most hydrogen abstraction and β-scission rate constants are taken from the study

of Dias et al. [8], which in turn have been taken from analogies from the literature. So far,

no ab initio calculations have been conducted for the methylenedioxy group (O−CH2−O)

that is characteristic for OMEs.

In this work, we elucidate origin and fate of DMM radicals with ab initio calculations.

We compute enthalpies, entropies, and heat capacities for DMM, the primary radicals (
.

R1:
.

CH2−O−CH2−O−CH3 and
.

R3: CH3−O−
.

CH−O−CH3), R
.

O2 and
.

QO2H species. We com-

pute rate constants for hydrogen abstraction by
.

H and
.

CH3 because oxidation and pyrolysis

is found to be sensitive to these reactions in recent flow reactor measurements [31]. The

hydrogen abstraction products are initially rovibrationally excited. If subsequent reactions

as e.g. beta-scission take place before collisions thermalize these excited molecules, the cor-

responding reaction rates do not correspond to the reactants’ Boltzmann distribution. We

therefore not only compute thermal isomerization and β-scission but compute branching

ratios for the so called hot β-scission of rovibrationally excited radicals. Altogether, these

insights help to quantify the impact of the O−CH2−O group onto the combustion kinetics
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of OMEs.

2. Methods

All electronic structure calculations in this study have been performed with the Gaus-

sian09 software, revision d01 [13]. Geometries and vibrational harmonic frequencies have

been obtained at the B2PLYPD3BJ/6-311++g(d,p) level for the following reasons: First,

harmonic frequencies from B2PLYP have proven to outperform the widely used B3LYP fre-

quencies [1] (used e.g. in the CBS-QB3 and the G4 compund methods). The mean unsigned

error (MUE) in wavenumbers for B3LYP/N07D1 on the F38 benchmark set amounts to

34 cm−1 [52] and for B2PLYP/N07D to 23 cm−1 [1]. Second, in addition to the fact that

one should use the same method for the geometries that one uses for the frequencies, bond

lengths from B2PLYP show a MUE of 0.3 �A while the MUE for B3LYP is twice as large [34].

Third, the addition of the empirical 3-parameter dispersion with Becke-Johnson damping

(D3BJ) has been shown to improve reaction energies [16] and is therefore included in our

density functional theory (DFT) calculations.

We compute single-point CCSD(T) energies for the geometries from the aforementioned

B2PLYPD3BJ/6-311g++(d,p) level using an extrapolation of coupled-cluster energies ac-

cording to:

EX =
a

X3
+ ECBS (1)

We use the basis sets aug-cc-pVDZ with X = 2 and aug-cc-pVTZ with X = 3 to obtain

both parameters of eq. 1. This scheme yields a MUE of 0.57 kcal/mol on the DBH24/08

database of reaction barrier heights [53]. The single-reference approach is adequate for our

systems because the T1-diagnostics [27] yields maximum values of 0.023 that is well below

the threshold of 0.04.

We compute partition functions Q for the isobaric-isothermal ensemble (N, p, T ) using

the python package TAMkin [15] to derive thermal energies and entropies. In addition to

1The N07D basis set is constructed from addition of a reduced number of diffuse and polarization functions

to the 6-31g set and is thus most comparable to the 6-311g++(d,p) basis set [17] used in this study.
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the rigid rotor harmonic oscillator (RRHO) model for the stiffer stretching and bending

modes, we use a one-dimensional hindered rotor model for all torsional modes. The poten-

tial energy profiles are obtained from the method used for the geometries (B2PLYPD3BJ/6-

311g++(d,p)). When a lower minimum is found during the dihedral angle scan, all scans

for that molecule are restarted from that lowest-energy structure. Fourier series are fitted to

represent the computed potential energies as function of the corresponding dihedral angle.

The number of Fourier functions is varied to yield a good compromise between deviation

from the computed points and unphysical oscillations in the fitting function. The resulting

potential energy function is used in a one-dimensional Schroedinger equation to compute

the eigenenergies of the torsional mode. The corresponding partition function is obtained

from accurate eigenvalue summation. The potential energy scans, the fitted Fourier func-

tion and the lowest energy eigenvalues for all torsional modes are depicted in the Supporting

Information. We use 1000 and 2000 eigenfunctions to check whether the partition function

changes at high temperature when higher energy levels are included. The increase of the

number of energy levels hardly has an effect even at 4000 K. Since the hindered rotor parti-

tion function has been determined for an internal coordinate, not for a normal coordinate,

the frequency that needs to be replaced is computed from the curvature at the minimum of

the scan following the recommendation of Ghysels et al. [15].

Several torsional modes can influence each other (coupling), rendering the validity of the

superposition of one-dimensional hindered rotor models questionable. Coupling will have a

large effect when oxygen atoms are involved that may form intramolecular hydrogen bonds

during the rotation [25]. Treating coupled degrees of freedom can be very tedious; complete

coupled treatments are currently limited to seven-atomic systems [42]. Approximations still

require the determination of all possible conformations. In the case of n-butanol this leads

to 262 transition state conformations for a single abstraction channel [41]. The superposition

of one-dimensional hindered rotors is shown to yield for larger alkanes errors below 1% in

the entropy [46, 44]. For dimers and tetramers of alcohols, where hydrogen bonds play a key

role, the superposition of one-dimensional hindered rotation yields excellent reproduction of

experimental enthalpies and entropies [43]. In this study we therefore use the superposition
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of one-dimensional hindered rotors as feasible means to include a large part of torsional

anharmonicity.

Thermochemical values are calculated from the isobaric-isothermal (N, p, T ) partition

functions Q and the well-known statistical thermodynamic relations H = RT 2∂ ln(Q)/∂T ,

Cp = ∂H/∂T and S = −R ln(Q) − H/T using again the TAMkin python package [15].

DeTar [7] investigated the accuracy of heat capacity and entropy obtained from ab initio

calculations for several alkanes and found that the deviations to experimental data are mostly

less than 0.5 cal/(mol K) for heat capacities and less than 0.6 cal/(mol K) for entropies.

Reaction rate constants for hydrogen abstraction are calculated using conventional tran-

sition state theory (cTST). Since the potential energy barriers and the imaginary frequencies

are rather high, we expect the change of potential energy along the reaction coordinate to

dominate the free energy curve and therefore variational effects to be small. Tunneling is

taken into account via the zero-curvature Eckart approach. Eckart tunneling was shown

to outperform both Wigner and Skodje & Truhlar tunneling methods [45]. Therefore we

decided to use this combination of cTST / Eckart-Tunneling. Extended Arrhenius forms

k(T ) = AT n exp (−E/T ) are fitted2 to reproduce the computed rate constants from 500 K

to 2000 K.

Temperature- and pressure-dependent rate constants for the unimolecular isomerization

and β-scission of the two DMM radicals and the dimethylether (DME) radical3 are cal-

culated from master equations (MEs) using the MESS software [14]. The microcanonical

rate constants are calculated from Rice-Ramsperger Kassel Marcus (RRKM) theory includ-

ing Eckart tunneling. Collisional energy transfer is modeled using the weak collider bath

gas argon according to 〈∆Edown〉 = 200 cm−1 (T/300 K)0.85. The Lennard-Jones collision fre-

quency [4] is calculated from σ = 3.41 �A, 5.85 �A, and 4.94 �A and ε = 81.1 K, 327 K, and 275 K

for argon, DMM, and the DME radical, respectively. All Lennard-Jones collision parame-

ters are taken from Hippler et al. [21], but for DMM and the DME radical the parameters

2We actually fit ln k which is linear in the three parameters lnA, n, and E and weights the rate constant

at high temperature similarly to the rate constant at low temperature.
3Here, the QCISD(T)/6-31+G(d,p) information from Li et al. [28] was used.
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for C5H12 and C3H8 are used as close analogs, respectively. The three parameters of the

modified Arrhenius form are fitted to the calculated k(T, p) at various pressures from 0.01

to 100 atm.

Döntgen et al. [9] recently proposed the concept of hot β-scission, which describes the

dissociation of rovibrationally excited fuel radicals
.

R* formed via hydrogen abstraction.

Due to the excess energy available from hydrogen abstraction, the rovibrationally excited

fuel radicals can dissociate faster than one would expect under the assumption of thermal

equilibrium. Here, this concept is used to quantify the fraction of DMM radicals undergoing

hot β-scission, using the hydrogen abstraction information generated for abstraction by
.

H or
.

CH3. As described by Döntgen et al. [9], the hydrogen abstraction rate constants can be used

to compute the non-Boltzmann energy-distribution of the DMM fuel radicals, which in turn

is used to weight the energy- and pressure-dependent branching ratios for β-scission obtained

from the RRKM/ME simulations. These non-Boltzmann-weighted energy- and pressure-

dependent branching ratios must be integrated over energy to obtain the temperature- and

pressure-dependent branching ratios for hot β-scission.

3. Results and Discussion

3.1. Potential energy surface

The potential energy surface (PES) in figure 1 represents zero-point energy (ZPE)-

corrected and extrapolated coupled-cluster energies as described in the methods section.

Hydrogen abstraction from the DMM molecule forms one of two radicals: Either
.

R1

(
.

CH2−O−CH2−O−CH3) by abstraction from one of the two terminal CH3 groups of DMM

or
.

R3 (CH3−O−
.

CH−O−CH3) by abstraction from the central carbon in the methylenedioxy

group. Abstraction from the methyl groups leads to the left part of the PES in figure 1;

abstraction from the central carbon leads to the right part. The barrier heights for hydrogen

abstraction by
.

H are lower than the corresponding barrier heights for abstraction by
.

CH3; for

both channels the difference amounts to approximately 4 kcal/mol. The
.

R3-channel barrier

is about 1 kcal/mol lower for both abstracting radicals than the barrier to the
.

R1-channel.
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Figure 1: Potential energy surface of DMM hydrogen abstraction, radical isomerization and β-scission, and

RO
.

O chemistry. The zero-point of energy is located at the terminal DMM radical
.

R1; the central radical
.

R3 is 0.12 kcal/mol higher in energy. Energetic differences between systems containing different atoms are

compared by subtracting the energies of the hydrogen abstraction products (H2/CH4) or molecular oxygen

(O2). The hydrogen abstraction transition states TS1 and TS3 (solid line) lie roughly 4 kcal/mol lower for

abstraction by
.

H compared to abstraction by
.

CH3 (dashed line).

Nevertheless, abstraction from the terminal group (yielding
.

R1) offers six abstraction sites in

contrast to the central carbon (yielding
.

R3), which offers only two abstraction sites.
.

R1 and
.

R3 are separated by a large barrier for isomerization. Once formed, the respective radical

will therefore not isomerize but rather undergo β-scission or O2 addition. The preferred
.

R3-

pathway possesses the lower β-scission barrier of the two radicals. In fact, the barrier is of

similar height as the reverse barrier for hydrogen abstraction by
.

H. This may even allow for

sufficient rovibrational excitation of the
.

R3 to dissociate directly according to the concept

of hot β-scission [9, 10]. We therefore expect the β-scission to be more important than the

O2 addition especially at high temperatures or under fuel-rich conditions. A quantitative
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statement on the competition between DMM radical dissociation and O2 addition, however,

would require numerical simulations that are planned for the second part of this study [23].

3.2. Thermochemistry

We calculated enthalpies, entropies, and heat capacities as described in the methods

section for use in detailed combustion models. We fitted NASA-polynomial expressions

from 100 K to 1000 K and from 1000 K to 4000 K to our calculated values and report them

in the supporting information. The largest deviations of the fit from the calculation amount

to 0.073 kcal/mol for the enthalpies and to 0.128 cal/(mol K) for the entropies.

Despite our expectation of O2 addition to be not prominent under various conditions,

we calculated thermochemical data for the fuel (RH), fuel radicals (
.

R), fuel radical perox-

ides (R
.

O2), and internal hydrogen abstraction products (
.

QO2H). In addition, to allow for

comparison with group additivity schemes for non-radical substances, we calculated RO2H

species. Experimental values exist for a few substances, so that we can compare the respec-

tive calculated values: Pilcher and Fletcher [37] measured the DMM heat of combustion in a

flame calorimeter from which one can compute the heat of formation to be −83.21 kcal/mol.

Our calculated value (cf. table 1) is 1.09 kcal/mol higher. The standard entropy of DMM

has been determined from calorimeter experiments by McEachern Jr. and Kilpatrick [24] to

amount to 80.24 cal/(mol K). Our calculated value is 1.07 cal/(mol K) lower. For the radical
.

R3, the enthalpy of formation is 0.4 kcal/mol higher than for the terminal DMM radical
.

R1.

For this central radical
.

R3, we can make a comparison to the structurally similar DME.

Yamada et al. [48] determined thermodynamic properties for the CH3OCH3 + O2 reaction

system using isodesmic reactions, CBS-q and G2 calculations and the experimental DME

data from Stull et al [26]. The C−H bond-dissociation energy (BDE) at the central group

of DMM is 1.1 kcal/mol higher than the BDE of DME. Subsequent O2 addition to the
.

R3

radical of DMM releases 4.13 kcal/mol more enthalpy than the analogous process for DME.

Internal hydrogen abstraction from the other methyl group in DME requires an energy of

8.4 kcal/mol. The comparison to DMM (yielding 8.9 kcal/mol) does not involve the same

groups: The
.

Q1O2H (cf. figure 2(a)) involves internal hydrogen abstraction from the central
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Species Quantity hf(298.15 K) s0(298.15 K)
cp

298.15 K 500 K 1000 K 1500 K 2000 K

RH -82.125 79.170 25.50 36.52 50.78 58.75 62.58

RH [37] -83.21 80.24 - - - - -

CH3OCH3 [26, 48] -43.99 - - - - - -
.

R1 -37.352 81.737 26.27 35.68 47.49 53.71 56.89
.

R3 -36.927 84.680 25.23 33.53 46.57 53.54 57.18

CH3O
.

CH2 [48] 0.1 67.67 14.794 20.74 30.10 34.84 -

R1
.

O2 -71.352 96.822 31.62 43.77 57.55 64.77 67.81

R3
.

O2 -75.061 93.882 32.32 42.73 57.05 63.31 66.40

CH3OCH2OO· [48] -33.9 83.1 21.34 29.30 40.36 45.51 -

R1O2H2H -110.905 87.266 30.77 47.93 68.89 74.41 76.24

R3O2H2H -111.053 94.719 35.28 46.78 62.23 69.38 72.99

CH3OCH2OOH [48] -70.7 - - - - - -
.

Q1O2H -62.910 93.982 34.07 46.57 61.25 66.57 69.05
.

Q1fO2H -63.616 90.571 34.52 49.87 64.48 68.45 70.04
.

Q3O2H -65.330 92.865 36.02 48.20 59.75 65.39 68.17
.

CH2OCH2OOH [48] -26.5 88.02 22.99 31.38 41.20 45.41 -

Table 1: standard heats of formation are reported in kcal / mol; entropies and heat capacities are reported

in cal / (mol K).
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(a) Q1O2H (b) Q1O2H far side (c) Q3O2H

Figure 2: Three possible products of internal hydrogen abstraction in the RO2.

methylenedioxy group that is different from the methyl group in DME. Structurally more

similar to the DME case is perhaps the internal hydrogen abstraction in
.

R1 from the “far”

carbon, yielding
.

Q1fO2H (
.

CH2−O−CH2−O−CH2O2H, cf. figure 2(b)). The formation of

QO2Hf requires an enthalpy uptake of 7.736 kcal/mol. This substance is not formed via

a six-membered ring transition state (TS) and therefore probably produced at lower rate.

Nevertheless, its thermochemistry can be included in detailed models.

Yamada et al. calculated the standard enthalpy of formation for the RO2H of DME

from CBS-q calculations via isodesmic reactions [48]. Incorporating O2 into the DME fuel

molecule would thus release an energy of 26.7 kcal/mol. The same process in the DMM

molecule would release an energy of 28.8 kcal/mol at the 1-site and of 28.9 kcal/mol at the

3-site. All in all, the computed thermochemical data agrees with available experiments and

similar species mostly within 1 kcal/mol uncertainty.

3.3. H-atom abstraction

We fit three-parameter Arrhenius expressions to the rate constants calculated from cTST

in steps of 100 K from 500 K to 2000 K. The maximum deviation of the fitted rate constants

from the calculated ones amounts to 4%. The expressions read for the four possible abstrac-
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tions (2 radicals at 2 sites):

RH +
.

H −−→
.

R1 + H2 (2)

k2(T ) = 2.2966× 104 cm3/(mol s)T 2.8977 exp (−2618.33 K/T )

RH +
.

H −−→
.

R3 + H2 (3)

k3(T ) = 5.2069× 107 cm3/(mol s)T 1.8855 exp (−2645.08 K/T )

RH +
.

CH3 −−→
.

R1 + CH4 (4)

k4(T ) = 1.4580× 10−2 cm3/(mol s)T 4.2458 exp (−3795.91 K/T )

RH +
.

CH3 −−→
.

R3 + CH4 (5)

k5(T ) = 1.3013× 102 cm3/(mol s)T 3.1234 exp (−4018.26 K/T )

(6)

Tunneling increases the rate constants by factors up to 3.5 at 500 K. At higher temperatures,

tunneling still plays a role for abstraction by
.

CH3. At 1000 K, the rate is increased by 35%.

Hindered rotation affects especially the 3-site by factors up to 3.8.

From 500 K to 2000 K (cf. figure 3) abstraction from the 3-site is always faster than

from the 1-site for both abstracting radicals, as expected from the PES. Although there

are 6 hydrogens to abstract from the 1-site compared to 2 hydrogens at the 3-site, the

effect of the weakened C−H bond at the central carbon dominates. Rate constants for

abstraction by
.

H are always larger than those for abstraction by
.

CH3. We compare our

rate constants to the rate constants of the mechanism by Marrodán [31] et al. from 2016.

These in turn are the same for the reactions considered here as in the first detailed DMM

model of Daly [6] et al. from 2001, except for RH +
.

H −−→
.

R3 + H2 where the frequency

parameter A was slightly decreased. We speak of rate constants calculated in this study

by ab initio methods as of ”calculated“ rate constants while we speak of rate constants

from the literature that stem from estimations based on analogies to similar compounds

or groups, eventually altered in light of experiments, as of ”modeled“ rate constants. For

abstraction by
.

H, the calculated rate constants coincide with the modeled rate constants

for the 1-site at 2000 K and for the 3-site at about 900 K. At other temperatures, the

11



0.5 1 1.5 2
106

107

108

109

1010

1011

1012

1013

1014

1000 K/T

k
p
/

cm
3
·m

ol
−
1
·s
−
1

.

R1 this study
.

R3 this study
.

R1 [6, 31]
.

R3 [6]
.

R3 [31]

(a) RH +
.

H −−→
.

R + H2

0.5 1 1.5 2
106

107

108

109

1010

1011

1012

1013

1014

1000 K/T

k
p
/

cm
3
·m

ol
−
1
·s
−
1

.

R1 this study
.

R3 this study
.

R1 [6, 31]
.

R3 [6, 31]

(b) RH +
.

CH3 −−→
.

R + CH4

Figure 3: Site-specific rate constants for hydrogen abstraction from DMM. The solid lines are the ones

computed in this study, the dashed and dotted lines refer to the rate constants modeled by Marrodán et

al. [31] and by Daly et al. [6].

calculated and modeled rates differ up to one order of magnitude. This affects especially the

branching ratio: While our calculations show that abstraction by
.

H produces mostly
.

R3, the

previously modeled rates would favor
.

R1. For abstraction by
.

CH3, the modeled branching

ratio favors
.

R1 above approximately 1200 K. For this abstraction, the modeled rate constants

are approximately one order of magnitude larger than our calculated ones. In conclusion,

the calculated hydrogen abstraction rates are mostly slower than previous estimations and

always favor abstraction from the methylenedioxy group. This can have large consequences

on the resulting species pool because of the different subsequent β-scission products of the

two radicals. We expect an increased formation of C−−O containing species instead of ether

radicals. A similar finding was observed in reactive molecular dynamics simulations of

larger OMEs [11]. Larger OMEs contain the methylenedioxy group several times so that the
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consequences that we discuss for the branching ratio can be even more severe.

3.4. Unimolecular radical kinetics

The ME calculations confirm our earlier assumption based on the PES data that both

radicals do not isomerize but rather undergo β-scission. Isomerization is computed to be

fastest at high pressure. The Arrhenius equation for the isomerization of
.

R1 to
.

R3 at 100 atm

is given by k(T ) = 2.9× 10−29/sT 11.8 exp (−11 823 K/T ) which reproduces the rate between

500 K and 1000 K. The reverse rate, i.e. isomerization of
.

R3 to
.

R1 is always slightly slower.

This is consistent with the higher standard entropy of
.

R3 and underlines again the key role

of the central radical
.

R3. The isomerization rate constants in that temperature and pressure

region remain below 1 cm3/(mol s), that is more than six orders of magnitude below the β-

scission rate for
.

R3. We therefore do not discuss the isomerization of the DMM radicals any

further.

The β-scission rate constants for both radicals show strong temperature- and pressure-

dependent fall-off. The fall-off for
.

R3 is shown in figure 4; the behavior of
.

R1 is not depicted

since it is very similar and that radical is not prominent compared to
.

R3. As expected,

the fall-off is getting stronger with increasing temperature and decreasing pressure. Even at

very high pressures of 100 atm, the β-scission rate of
.

R3 at 700 K is a factor of 2 below the

high-pressure limit and at 1000 K a factor of four below the high-pressure limit.

We can compare the rate constants as function of temperature and pressure to high-

pressure limits for similar substances that are available in the literature (cf. figure 5): For
.

R1, the decomposition kinetics of the DME radical reported by Li et al. [28] are used as a

reference due to the similar terminal −
.

CH2 group. For
.

R3, the decomposition kinetics of the

diethylether (DEE) radical reported by Yasunaga et al. [51] are used as a reference because

the −
.

CH− group can serve as closest analog. While the high-pressure limit of
.

R1 β-scission

can be reproduced reasonably well with the analogy to DME, the analogy to DEE for
.

R3

is off by a factor of two which shows once more the special behavior of the methylenedioxy

group. Over large temperature ranges, the modeled rate constants resemble closer the data at

pressures between 10 atm to 100 atm, staying below the calculated high-pressure limit at all
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Figure 4: Isotherms of the T, p-dependent fall-off behavior of thermal β-scission rate constants of
.

R3.

investigated temperatures. Both pathways exhibit major fall-off: The rate constants partly

drop by almost three orders of magnitude. To model the DMM radical kinetics accurately, it

therefore appears essential to include highly resolved pressure dependence. At low pressures,

the DMM radicals become chemically ill-defined with increasing temperature [10]. This is

due to the inseparability of chemical and collisional eigenvalues of the master equation at

low pressures and high temperatures [33]. The ends of the lines in figures 4 and 5 indicate

this region.

3.5. Hot unimolecular reactions

β-Scission following a precedent exothermic hydrogen abstraction may take place faster

if the rovibrationally excited radicals are not completely thermalized by collisions. This pro-

cess is called hot β-scission [9]. The β-scission products in turn can undergo hot β-scission

again, using the excess energy from hydrogen abstraction firstly, and from the radical dis-

sociation secondly. The products of the two β-scission pathways in DMM are substantially
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Figure 5: Temperature- and pressure-depending rate constants for thermal β-scission of
.

R1 and
.

R3 (solid

lines). Reference rate constants for β-scission of
.

R1 and
.

R3 are taken from rDME −−→
.

CH3 + CH2O by

Li et al. [28] and from rDEE −−→
.

CH2CH3 + CH3CHO by Yasunaga et al. [51], respectively (dashed lines).

different. The product of
.

R3 β-scission, methyl format (MF), does not show negative-

temperature coefficient (NTC) behavior in ignition delay time measurements [12]. Dissocia-

tion of MF is very unlikely (the smallest dissociation limit amounts to 68.05 kcal/mol [35]).

In contrast, the product of
.

R1 β-scission, dimethylether radical (rDME), shows rich low-

temperature chemistry and a NTC regime [20, 5, 36]. It possesses a β-scission barrier of

only 25.90 kcal/mol [28].

Temperature- and pressure-dependent branching ratios for hot β-scission of DMM radi-

cal
.

R3 formed via hydrogen abstraction by
.

CH3 are shown in figure 6. The branching ratio

refers to the fraction of DMM that reacts to β-scission products via the hot route compared

to the total amount of DMM that reacts via hydrogen abstraction by
.

CH3 and both kinds
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Figure 6: Temperature- and pressure-depending branching ratios for hot β-scission of the
.

R3 formed via

hydrogen abstraction by
.

CH3.

of subsequent β-scission. Some parts of the figure appear to have a step-wise nature, which

results from the temperature- and pressure-discretization of the ME simulations and has no

physical reasoning. Hot β-scission of
.

R3 formed via hydrogen abstraction by
.

H is similar

to that shown in Figure 6, but the branching ratios are roughly 50 % smaller. In case

that chemical and relaxational eigenvalues of the ME are indistinguishable, the approximate

scheme proposed by Döntgen et al. [10] is used to estimate the branching ratios. With this

approximation, the branching ratios are obtained via utilization of the energy-dependent

branching ratios of the highest temperature and lowest pressures for which the ME eigenval-

ues can be still clearly separated. In reality, the energy-dependent branching ratios would

slightly change with increasing temperature, increasing the fraction of rovibrationally ex-

cited radicals going the hot route [10]. Thus, this approximation will underestimate hot

β-scission branching ratios. Although hot β-scission of
.

R1 can be neglected at any presently
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studied condition, rDME formed via thermal
.

R1 β-scission is found to partly dissociate via

hot β-scission as shown in figure 7. For the dissociation of rDME, the barrier is 12 kcal/mol
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Figure 7: Temperature- and pressure-depending branching ratios for hot β-scission of the DME radical

formed via dissociation of DMM radical
.

R1. The unsteady parts of the plot result from numerical issues of

the ME simulations; we interpolated linearly where there were jumps due to numerical reasons in the ME.

higher than the β-scission barrier of
.

R1. Still, a significant amount (about 10% above 600 K)

of rDME undergoes hot β-scission. With increasing temperature, the branching ratio for hot

β-scission becomes larger. More than 25% of rDME dissociate via the hot route above 800 K

(cf. figure 7). The pressure-dependence of rDME hot β-scission exhibits a minimum with

respect to pressure (cf. the minima of the isolines in figure 7). These minima could poten-

tially result from the interplay of the increasing amount of rDME radicals being formed as

pressure increases and the decreasing lifetime of the rovibrationally excited rDME radicals.

As a consequence, more rovibrationally excited rDME radicals are formed with increasing

pressure, until thermalization becomes stronger.

In conclusion, hot β-scission can influence the
.

R3 channel in flames at high temperatures

17



and low pressures. The
.

R1 channel is not affected by hot β-scission at all. The resulting

rDME radicals of the
.

R1 channel in turn favor hot β-scission even at engine-relevant con-

ditions. This increased consumption of rDME will make the O2 low-temperature chemistry

path even less important in the combustion of DMM.

4. Conclusions

The central DMM radical
.

R3 is the favored product of hydrogen abstraction: While

the enthalpy of formation for
.

R3 is higher than for the terminal DMM radical
.

R1, the

abstraction barrier for abstraction by
.

H and by
.

CH3 is both 1 kcal/mol smaller for
.

R3 than

for
.

R1. The branching ratios for hydrogen abstraction – in contrast to previous models –

suggest that formation of
.

R3 is always favored. Subsequent β-scission of
.

R3 yields MF,

which does not show NTC-behavior. The MF formation is even more favored considering

hot β-scission. The rDME formed from
.

R1 is especially prone to hot β-scission, but less

important since
.

R1 plays an inferior role. The unimolecular pathways show strong pressure

dependence. Especially the β-scission of the dominant
.

R3 radical is far from its high-

pressure limit even at 100 atm. Computed thermochemical values for DMM, its radicals,

and subsequent species agree with experimental values and analogs from DME within about

1 kcal/mol uncertainty. The present insights into the kinetics and thermochemistry of DMM

and its radicals will allow for more accurate mechanism development (subject to the second

part of this work [23]), especially concerning low-temperature chemistry. The quantification

of the impact of the methylenedioxy group on kinetics will improve modeling of larger OMEs.
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