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Abstract

Diethoxymethane (DEM) is a promising oxygenated fuel and fuel additive,
which has similar positive combustion characteristics as dimethoxymethane.
DEM contains C-C bonds and can form ethylene via (-scission, which poten-
tially increases sooting tendency. Since DEM is rarely studied, however, ki-
netic modeling attempts are forced to rely on rate constant analogies. There-
fore, we employ high level CCSD(T)/aug-cc-pV(T+D)Z//B2PLYPD3BJ/6-
311++(d,p) theory along with transition state theory to predict reaction
rate constants for H-abstraction by H and CH; and the subsequent uni-
molecular reactions. We further prove that the DLPNO approximation to
CCSD(T) leads to a deviation of less than 0.25kcal/mol in barrier heights
for the presently studied open-shell electronic structures and use it for the

prediction of reaction rate constants for H-abstraction by C2H5 radicals. We
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find that H-abstraction by ethyl radicals might denote a significant pathway,
which should not be neglected in kinetic modeling studies of DEM. It is also
shown that reaction pathways leading to ethylene formation are of minor im-
portance and give thereby a first insight into the fate of the C-C bonds. To
the best of our knowledge, this study represents the first high-level ab-initio
study of DEM, which makes the reaction kinetics and thermochemistry data

provided by this study vital for future comprehensive kinetic modeling of

DEM.
Keywords: ethylal, 3,5-Dioxaheptane, thermochemistry, hot § scission

1. Introduction

Oxygenated fuels and fuel additives are known for their ability to ef-
fectively reduce soot emissions of diesel engines [1] and are consequently
studied with increasing interest. Moreover, most oxygenated fuels can be
produced from biomass [2], which contributes to their popularity because
oxygenated fuels may play a key role in the quest of reducing global car-
bon dioxide emissions. Nevertheless, despite their popularity, reaction ki-
netics research mainly focuses on smaller oxygenated molecules, while there
are only few studies on larger oxygenated molecules available, such as i.e.
poly(oxymethylene) dimethyl ethers [3]. In lack of reliable reaction kinetics
data, analogies to other chemical groups are commonly used when modeling
larger oxygenated fuels. However, a comprehensive ab initio kinetics pre-
diction study on dimethoxymethane (DMM) [4] recently revealed that such
kinds of analogies ill-describe the barely studied methylenedioxy group (O-
CH,-0O) [4]. The methylenedioxy group is also prominent in diethoxymethane



(DEM) and the molecular structures of DMM and DEM are similar, but
DEM contains C-C bonds in opposite to DMM. These C-C bonds might in
consequence influence the sooting tendency of DEM.

DEM itself can be produced on a large scale with gas-to-liquid technology,
which makes it a favorable potential diesel fuel additive [3]. Nevertheless, it is
rarely studied in the context of combustion. H-abstraction by OH was stud-
ied experimentally at 298 K [5], 230-372 K [6], 293-617 K [7], and abstraction
by O was studied at 298 K [8]. Herzler et al. [9] investigated DEM decom-
position in a single-pulse shock tube and observed 1.2-times and 0.5-times
the amount of ethylene and ethanol for each consumed DEM, respectively.
Ferndndez-Sanchez et al. [10] used oxygen-18 to perform DEM combustion
experiments at 170 °C and discussed the isotopic distribution of the tracer in
the reaction products.

There exist two combustion mechanisms of DEM in the literature: Zhang
et al. [3] were the first to report ignition delay time measurements of DEM
and proposed a chemical kinetic mechanism describing the high-temperature
oxidation of DEM. Dias et al. [11] derived a low-pressure kinetic model de-
scribing the effect of DEM addition to rich ethene flames and validated it
against speciation data. In lack of sufficient data, both mechanisms have to
rely mainly on analogies to describe most H-abstraction and S-scission reac-
tions. In addition, none of the mechanisms considers H-abstraction by ethyl
radicals despite the fact that ethyl radicals can be formed via (-scission of
the fuel radicals.

It is consequently the aim of this study to provide high level ab initio reac-

tion rate constants for DEM H-abstraction reactions by H, CHg, and C2H5,



and for the [-scission of DEM radicals. Thereby, a series of radicals rele-
vant at pyrolysis conditions is investigated. Also, these radicals correspond
to [-scission products and can therefore be of special importance to DEM
chemistry. The relevance of the rarely studied H-abstraction by ethyl rad-
icals will be discussed and a first insight into the fate of the C-C bonds
will be given. Further, branching ratios for the so-called hot S-scission of
rovibrationally excited fuel radicals are calculated to estimate the amount
of excited radicals undergoing (-scission before being thermalized by colli-
sions. Altogether, these rate constants will allow for more sophisticated and
detailed future investigations of DEM and further elucidate the impact of
the O-CH»-O group in combustion kinetics.

2. Methods

Geometries and vibrational harmonic frequencies are obtained at B2PLYPD3BJ/6-
311++(d,p) level throughout this study. Harmonic frequencies from B2PLYP
level are known to outperform the widely accepted B3LYP level [12]; the
same applies to bond lengths [13]. The geometries from the method men-
tioned above are used to calculate single point energies with CCSD(T) level
of theory using extrapolation to the complete basis set (CBS) [14] according
to

Ex = Ecps + % (1)
with augmented double- and triple-zeta basis functions (aug-cc-pV(T+D)Z).
The accuracy of this method for H-abstraction barriers has been bench-
marked to 0.57 kcal/mol [15]. T1-diagnostics [16] are used to check the

adequateness of the single-reference approach. Gaussian09.d01 software was



used for all electronic structure calculations (except DLPNO) calculations in
this work [17].

The transition state structures of the H-abstraction by ethyl radical reactions
are found to be too large for CCSD(T)/aug-cc-pV(T+D)Z level of theory.
Therefore, the recently developed DLPNO-CCSD(T) approximation [18, 19]
is employed in these cases for the required single point calculations using
the same basis sets and extrapolation to CBS recommended for DLPNO ap-
proximations [20], which is presented in the supporting information (SI). In
order to benchmark this approach, all reaction barriers in this work (except
barriers involving ethyl radicals) are calculated at both the CCSD(T) and
the DLPNO-CCSD(T) (with TightPNO settings) level of theory. DLPNO-
CCSD(T) calculations are performed via the ORCA program system (v.
4.0.1) [21]. The overall mean unsigned deviation (MUD) between the two
methods of 0.127 kcal/mol (mean signed deviation —0.074 kcal/mol), while
the maximum deviation amounts to 0.320 kcal/mol. A detailed list of the
energies and barrier heights can be found in the SI. These small deviations
justify the application of the DLPNO method in the present system. Subse-
quently, the DLPNO reaction barriers are used in the scope of this work for
predicting rate constants in the case of H-abstraction by ethyl radicals.
Relaxed 1D rotor scans were performed using the B2PLYPD3BJ /6-311g++(d,p)
method to ensure that the minimum energy conformer is found. If these
scans revealed a new minimum, new subsequent 1D scans are started from
this point again. Rate constants calculations are performed afterwards using
the found minimum energy conformer and 1D hindered rotors with poten-

tial energy profiles obtained from the scans. Thereby, it is implied that all



conformers can be reached from the minimum structures. We are aware that
this is in general not guaranteed, however, we are confident that this pro-
cedure is sufficient in case of small molecules such as DEM. For each mode,
torsional energy levels and the respective partition functions are obtained
by solving the one-dimensional Schrodinger Equation using the python pack-
age TAMKin [22]. The reaction rate constants for hydrogen abstraction are
calculated using conventional transition state theory (¢TST) and the zero-
curvature Eckart approach for tunnelling. Variational effects are expected to
be of minor importance because of the rather high potential energy barriers
and imaginary frequencies. The rate constants are calculated from 500 K to
2000 K and the modified Arrhenius form is fitted to In(k).

Temperature- and pressure-dependent rate constants for the unimolecular
[-scission reactions are calculated via the Master Equation (ME) using the
MESS software package [23]. The microcanonical rate constants are cal-
culated from Rice-Ramsperger Kassel Marcus (RRKM) theory and tunnel-
ing is considered via Eckart potentials obtained from the well depths and
imaginary frequencies of the transition states. The energy transfer via col-
lisions is modeled via the weak collider bath gas argon using (AFEqown) =
200 cm ™! (7'/300)°% while the Lennard-Jones collision frequency [24] is cal-
culated from ¢ = 3.41 and 6.65 A and € = 81.1 and 351.0K for argon and
DEM, respectively. The Lennard-Jones collision parameters of n-heptane are
used as close analog for DEM, while all other collision parameters are taken
from Hippler et al. [25]. Again, modified Arrhenius parameters are fitted and
reported for the calculated k(7' p) at various pressures from 0.01 to 100 atm.

Further, the concept of hot [-scission, which describes the dissociation of



rovibrationally excited fuel radicals formed via hydrogen abstraction, is em-
ployed. Due to the excess energy available from hydrogen abstraction, the
rovibrationally excited fuel radicals can dissociate faster than would be ex-
pected when assuming thermal equilibrium. Here, the rate constants calcu-
lated for hydrogen abstraction by H, CHg, and C2H5 are used to quantify the
fraction of DMM radicals undergoing hot S-scission. This is based on calcu-
lating the non-Boltzmann energy distribution of the DEM radicals, which in

turn is used as input for ME simulations.

3. Results and Discussion

3.1. Potential energy surface

Three different fuel radicals can be formed by H-abstraction: R1 (CHQCHQOCHQOCHQCHg)
is formed by H-abstraction from the outer methyl group, R2 (CH3CHOCHQOCHQCH3)
by abstraction of the adjacent CHy group, and R4 (CHgCHQOCHOCHQCHg)
by abstraction from the central carbon atom. The radical R2 is the most
stable out of these three and it has also the lowest barrier for formation by
H-abstraction (s. PESs in Fig. 1). The barriers presented if Fig. 1 refer to
H-abstraction by H, while the barriers for H-abstraction by CHg and C2H5
lie roughly 3 kcal/mol higher. Energetic differences between R2 and R4 are
small for both the stable structures and the transition state structures, while
the barrier is significantly higher in case of R1. Despite these close energetic
similarities of R2 and R4, they are connected via a large isomerization bar-
rier (even higher than the respective -scission barriers) indicating that such
an isomerization will be of no practical relevance. The isomerization barri-

ers for forming R2 or R4 from R1 are smaller than the (-scission barrier of



oY TS18024

w
(]
I

TSB,

DO
=)
I

—_
(e
T

E / keal-mol™!

=)
T

P N

|
—_
S
I

—20

Figure 1: Potential energy surfaces of DEM H-abstraction, radical isomerization, and
radical -scission. The energy of DEM + H is set to zero and energetic differences due
to different stoichiometric formulas are accounted for by subtracting the energies of Ha.

H-abstraction barriers shown here denote H-abstraction by H.

R1, making S-scission of R1 unlikely. R1 will consequently either isomerize
to one of the other radicals or undergo Os-addition. The difference of the
barriers for isomerization to R1 and [-scission deviate less than 3 kcal /mol
in case of R2 causing isomerization, §-scission, and Os addition to be com-
peting pathways here. R4 possesses the smallest [-scission barrier, which
is significantly smaller than the isomerization barriers. This suggests that
once R4 is formed it will either undergo O, addition or [-scission. Please
note that O, addition is not investigated in this study and that branching
ratios between (-scission and Oy addition can only be estimated from kinetic

simulations.

C,H,+OCH,0C,H

,H,OCHO
+CH,CH,




Since the (-scission barrier of R4 is of similar height as the reverse hydrogen
barrier, it might be possible that freshly formed R4 radicals have enough
excess energy to undergo [-scission directly (so-called hot S-scission [26])
without being thermalized.

When analyzing the S-scission products, ethylene and the ethyl radical stand
out. Ethylene can be considered as a soot precursor [27] and is formed by
[-scission of R1. However, it will be formed rarely due to the low significance
of the R1 f-scission pathway and thus, will not contribute to soot formation.
Ethyl radicals originate from R4 [-scission and from subsequent (-scission
of the R2-f-scission product CH,OCH,CH;. Because [-scission of R4 is a
predominant pathway, especially under fuel rich or pyrolysis-like conditions,
one expects significant ethyl radical production, which then contribute to

H-abstraction.

3.2. Thermochemistry

Enthalpies, entropies, and heat capacities were calculated for DEM and
its radicals to be used in detailed combustion models. The results are re-
ported in the SI along with fitted NASA-polynomial expressions. The stan-
dard enthalpy of formation of DEM is calculated via the isodesmic reaction
DEM+CyHg <+ DMM+CyHjp to Ahg(298.15 K) = —99.28 kcal/mol, which
agrees within 0.2kcal/mol with the experimental value of Ahy™ (298.15 K)
= —99.14 kcal/mol [28]. Please refer to the SI for details and experimental

values used [29].
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Figure 2: Site-specific rate constants for H-abstraction from DEM. The solid lines are the ones computed
in this study and the dotted lines denote rate constants from Zhang et al. [3]. Barriers used in ¢TST

calculations in case of C,Hy are obtained from CCSD(T)-DLPNO calculations (cf. method section).

3.3. H-atom abstraction

Three-parameter Arrhenius expressions are fitted to reaction rate con-
stants for DEM H-abstraction by H, CHg, and CyHj5 calculated and presented
in Tab. 1. Tunneling increases the rate constants by a factor up to 2 at 500 K
and the influence decreases with rising temperature. Hindered rotor contri-
butions effect the rate constants by a factor of up to 3.

All rates are plotted in Fig. 2 over the calculated temperature range along-
side with values used in the modeling study of Zhang et al. [3]. At first,
it can be seen clearly that abstraction from R2 and R4 is taking place at

comparable rate constants for all involved radicals and is always faster than
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abstraction from R1. Further, it can be observed that H-abstraction by H re-
sults in the largest rate constants. Both observations are in good agreement
with the conclusions drawn from the PESs presented before. Under some
conditions abstraction at R4 site is faster compared to the R2 site, which
results from differing reaction entropies.

The comparison of the rate constants calculated in this work to the values
used by Zhang et al. [3] reveals that despite showing the same trend, the
rate constants deviate by up to 2 orders of magnitude. Zhang et al. [3] use
analogies to diethylether for the abstractions leading to R1 and R2, and they
use analogies to DMM (the rate constants of which were obtained from analo-
gies, as well) for the central abstraction site (leading to R4). These rather
large deviations are in agreement with the observation made by Kopp et
al. [4] who concluded for DMM that rate constants obtained from analogies
appear to ill-describe the rarely studied methylenedioxy group and in turn
contribute to large deviations. In fact, comparing the rate constants of this
study to the rate constants of DMM [4] reveals that the rate constants of the
DEM-RA4 site correspond well to the DMM-R3 (central atom). As expected,
the DEM-R1 does not compare well to the DMM-R1, which is due to the
latter having one neighboring oxygen and the former having one additional
neighboring carbon. This indicates that rate constant analogies work well
for abstraction from the central carbon atom only, if both molecules contain
the methylenedioxy group.

Both available kinetic modeling studies do not consider H-abstraction by
ethyl radicals. The results of this work clearly show that rate constants

for H-abstraction by ethyl radicals are similar to those for H-abstraction by

12



Table 1: Modified Arrhenius equation! parameters of the temperature-dependent hydro-
gen abstraction rate constants for abstraction from DEM via H, CH3 and, C2H5. The
temperature limit is 500 K — 2000 K for all reactions and indicates the validity ranges for

the parameters.

. 3
Reaction A/ &

n /- E,/<

mol s mol
RH +H — R1+H, 1.403-1075 2.537 8320.8
RH+H — R2 + H, 6.858 - 1075 2.318 3810.8
RH+H — R4 + H, 6.078 - 1076 2.087 5009.2

RH+CH; — R1+CH, 3.732-10"! 3.727 9637.9
RH+CH; — R2+ CH, 1.898-1072 2.769 7175.6
RH + CH; — R4+ CH, 6.200- 1073 2.369 7916.2
RH + C,Hy, — R1+ C,Hy 9.721-1072 3.641 11096.3
RH + C,H, — R2 4+ C,H, 2.333-101° 1.842 9451.1
RH + CyHy — R4 + C,Hy 3.304- 1078 0.865 12430.6

TModified Arrhenius equation: k(T) = AT"exp(—Fa./R/T)

methyl radicals. Together with fact that ethyl-radicals are the predominant
[-scission product, we propose that abstraction by ethyl radicals should be
considered in DEM modeling studies. In fact, the previous overestimation
of the rate constants for H-abstraction by methyl radicals might origin from

neglecting the ethyl H-abstraction reactions.

3.4. Thermal unimolecular radical kinetics

[somerization between the three DEM radicals is of minor importance for
most conditions. While R2 and R4 practically never isomerize to any other
radical, R1 predominantly isomerizes at high-pressure and low-temperature
conditions. With increasing temperature and decreasing pressure, however,
isomerization of R1 becomes less important. It is noteworthy, however, that

at low pressure isomerization of R1 to R2 is about ten times faster compared

13
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Figure 3: Temperature- and pressure-depending rate constants for thermal S-scission of R1, R2, and R4

(solid lines).

to isomerization of R1 to R4. At high-pressure, this isomerization branching
is reversed, i.e. isomerization of R1 to R4 is ten times faster compared to
isomerization to R2.

The [-scission rate constants of all radicals show a strong temperature- and
pressure-dependent fall-of. The T, p-dependent fall-off behavior of all three
radicals is very similar, which is why only the results for R4 is shown in SI.
The fall-off is getting stronger with increasing temperature and decreasing
pressure, which is expected. This effect, however, is more pronounced than
for DMM radicals [4].

Figure 3 illustrates that R4 is associated with the largest (-scission rate

14



constants and R1 with the smallest, which confirms earlier observations from
the PES. At low temperatures the difference exceeds two orders of magnitude.
In addition, even at high pressures of 100 atm, the (-scission rate constants
have still not reached the high pressure limit. This is especially true at
high temperatures (cf. Fig. 3), which clearly indicates that the pressure-
dependence of these reaction needs to be considered when modeling DEM

combustion at engine relevant conditions. Rate constants are provided in the

SI.

3.5. Hot unimolecular radical kinetics

2’000 /”‘ 7T HHH[ AR
0.6
1,500 1
A 0.4
~
=
1,000 1
/’ 0.2

1072 101 10° 10' 102
log(p/atm)

Figure 4: Temperature- and pressure-depending branching ratios for hot $-scission of the

R4 formed via H-abstraction by CH;.

Dontgen et al. [26] studied the possibility of ”prompt” radical beta-

scission of radicals formed via hydrogen abstraction, the so-called hot (-

15



scission. Radicals may possess enough excess energy immediately after for-
mation, so that they dissociate before being thermalized. Earlier, it was
discussed based on the PESs that especially radical R4 might be prone to
hot [-scission, because the [-scission barrier is of similar height as the reverse
hydrogen abstraction barrier. Therefore, the temperature- and pressure-
depending ratios for hot [-scission of R4 formed via H-abstraction by CH,4
are presented in Fig. 4. The hot [-scission branching ratios of R4 formed by
the H or CHQCHg have a similar behavior. Hot (-scission turns out be rele-
vant at very low pressures and moderate to high temperatures only. Even at
latm and 1000 K hot (-scission has barely an effect, but at 1 bar and 1500 K
it accounts for roughly 20% of the S-scission reactions. Consequently, hot (-
scission can be neglected at engine relevant conditions, but might be relevant

when studying flames at atmospheric conditions.

4. Conclusions

The present work represents the first high level ab initio study of DEM
and provides valuable thermochemistry data as well as reaction kinetic data
for H-abstraction by H, CHg, and CHQCHg and for subsequent unimolecular
reaction. H-abstraction mainly leads to R2 and R4 formation at almost
similar rates. It could be demonstrated that H-abstraction by ethyl radicals
denotes a reasonable pathway due to the availability of ethyl radicals from
DEM radical (-scission and high rate constants. This pathway should be
investigated further by kinetic modeling studies. Further, S-scission effects
predominantly R4 and reveals that S-scission pathways leading to formation

of ethylene are of minor importance, which indicates that the formation of low

16



amounts of ethylene might be a reason for the lower sooting tendency of DEM
compared to other C-C bond containing species. The hot [-scission concept
was applied and found to mainly effect the R4 radical at high temperatures
and low pressures. In addition, it was once more observed that analogies
to other chemical groups seem to work poorly in case of the methylenedioxy
group. Analogies to compounds containing a methylenedioxy group, however,
pose adequate analogies (such as DMM). The presented insights into the
kinetics and thermochemistry of DEM and its radicals enable more accurate

and comprehensive kinetic modeling of DEM.
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