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Abstract

Oxymethylene ethers (OMEs) have been studied in recent years for use as compression ignition fuel blendstocks,
but the methyl-terminated OMEs commonly studied exhibit properties that are poorly optimized for engine use
and distribution. Recent work has shown that OMEs with larger (ethyl, propyl, or butyl) end groups may have
superior properties for fuel usage/storage. In this work, we consider ignition of four OMEs - diethoxymethane
(E-1-E), dipropoxymethane (P-1-P), ethoxy-(methoxy)2-ethane (E-2-E), and diisopropoxymethane (iP-1-iP) - as
representatives of the possible effects of changes to OME structures. To our knowledge, ignition behaviors of the
latter three fuels have not been studied prior to this work. We find that all of the tested linear OMEs (E-1-E, P-1-P,
and E-2-E) show two-stage ignition at low temperatures and nonlinear ignition behavior, consistent with literature
on methyl-terminated OMEs and E-1-E. The nonlinear, branched OME (iP-1-iP) required higher pressure and
temperature to ignite than the linear OMEs; further, this fuel experienced only single stage ignition and a linear
ignition delay curve. By analogy to existing kinetic mechanisms for ethers and higher alcohols, the chemical
basis for the observed trends are hypothesized. Faster ignition of E-2-E results from the additional oxymethylene
group providing additional sites for ROO formation and more possible QOOH structures. Slower low temperature
ignition of P-1-P is driven by lower H abstraction rates in comparison to E-1-E, however at high temperatures
P-1-P ignites faster, driven by increasing abstraction from the additional H site on the propyl group that opens
up additional QOOH formation pathways. iP-1-iP ignition is slowed significantly by preferential H abstraction
from the central carbon of the isopropyl group, which is crowded and unlikely to bond with O2, however at high
temperatures, abstraction from H sites on the methyl groups allows for the ROO cascade initiation and subsequent
rapid ignition.
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1. Introduction

In recent years, there has been a global effort to
improve the operation of internal combustion engines
in order to increase efficiency and reduce emissions.
Multiple jurisdictions have implemented programs
targeting improvements in fuel and engine technology
to achieve these goals, such as the European Union
under the Transport Research and Innovation Moni-
toring and Information System, and the United States
under the Department of Energy Co-Optimization of
Fuels & Engines initiative. Efforts to combat climate
change factor strongly into these initiatives, as well
as possible cost reductions from improved efficiency,
and health benefits from reduced emissions.

A promising alternative fuel type that has been in-
vestigated for use in compression ignition (CI) en-
gines is the class of molecules known as oxymethy-
lene ethers (OMEs). These molecules comprise of
at least one oxymethylene (-CH2O-) unit bonded to
an additional oxygen and terminating alkyl groups;
dimethoxymethane is the simplest OME with only
one oxymethylene unit terminated by two methyl
end groups. More recently, larger methyl-terminated
OMEs with 3-7 oxymethylene units (also referred to
as polyoxymethylene dimethyl ethers) have garnered
significant interest for use as a diesel fuel blendstock
as they have potential to be renewably sourced either
from biomass feedstocks or via electrofuel produc-
tion pathways while exhibiting favorable combustion
properties including high cetane numbers and very
low sooting propensity [1–4].

While methyl terminated OMEs exhibit extraordi-
nary promise with regards to their combustion, con-
cerns with their low energy density [5], high wa-
ter solubility [6], and poor seal material compatibil-
ity [3, 7], are likely to prevent wide spread adop-
tion. Most research has focused on methyl-terminated
OMEs, with some works also considering ethyl-
terminated ethers [5, 8–11], however, recently, Bart-
holet et al. [6] published a predictive modeling ap-
proach which explored a large range of possible OME
molecules and demonstrated that the optimal OME
structures for use in CI engines, when accounting
for not only combustion behaviors but also proper-
ties important for fuel handling and storage, may
be those with higher terminating alkyl groups (e.g.,
ethyl, propyl, and butyl groups) and moderate length
(1-3) oxymethylene chains.

In this work, we test several candidate OMEs with
larger (C2 and C3) alkyl end groups in a rapid com-
pression machine (RCM) to determine their ignition
characteristics, and observe the effects of changing
various aspects of the molecular structure, namely,
extending the alkyl length, extending the oxymethy-
lene chain, and the use of linear vs branched end
group structures, on their ignition behavior. As there
are no existing chemical mechanisms for several of
the tested molecules, analogies are drawn to the reac-
tion chemistry of well-understood molecules such as
simple ethers, methyl-terminated OMEs, and higher

alcohols to explain the observed behaviors of the var-
ious OMEs. Several prior works [8–11] have con-
sidered the ignition behaviors and chemical kinetics
of one of our candidates (diethoxymethane), and we
draw upon this literature to compare with and ensure
consistency, but to our knowledge, there has not been
any published research into the ignition behavior of
the other tested OME fuels.

2. Methods

2.1. Candidate Fuels & Chemical Preparation

Four OMEs were selected for this analysis, each
representing a unique modification in the structure of
the OME. For simplicity, we abbreviate each fuel, X-
n-Y, representing the first alkyl end group, X, the num-
ber of oxymethylene units, n, and the second alkyl
group, Y. The structures for these molecules are pre-
sented in Fig. 1. Here we label each of the carbons for
ease of discussion, starting with the end group carbon
closest to the ether oxygen labeled as α, and so forth.
For all OMEs presented, all carbons between the ether
moieties are labeled δ for consistency.

Fig. 1: OME Structures: Red greek letter indicate carbon
labels. Blue numbers indicate bond dissociation energies in
kcal/mol from [12–14]

The simplest OME tested in this study is di-
ethoxymethane (3,5-dioxaheptane, referred to here as
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Table 1: Relevant properties of sample and reference fuels.
n-C7, i-C8 data from [15]a , [16]b

Fuel ICN Boiling Flash LHV
Point [°C] Point [°C] [MJ/kg]

E-1-E 41.1 88 <20 28.8
E-2-E 60.3 142 35.5 25.9
P-1-P 53.2 141 31.7 32.0

iP-1-iP 11.2 119 21.3 31.4
n-C7 57.6a 99b <20b 44.9b

i-C8 5.2a 114b <20b 44.7b

Diesel >40 n/a >52 >42

E-1-E), the ignition and kinetics of which have been
previously studied, providing a basis for compari-
son to our results [8, 9, 11, 17]. Dipropoxymethane
(4,6-dioxanonane, here P-1-P) has been character-
ized for fuel properties by Drexler et al. [18],
but has not, to our knowledge, been tested for ig-
nition behaviors. We use this fuel to consider
the effects of lengthening the alkyl terminations.
Ethoxy-(methoxy)2-ethane (3,5,7-trioxanonane, here
E-2-E) has been studied prior by Lautenschutz [5],
but no kinetics or ignition delay experiments have
been performed. Finally, diisopropoxymethane (2,2’-
[methylenebis(oxy)]bis-propane, here iP-1-iP) is a
new, unstudied molecule, representing a change from
a linear OME structure analogous to normal alka-
nes, to a branched OME structure analogous to iso-
alkanes. Each of these molecules have similar bond
dissociation energies (BDEs) for equivalent bonds as
shown in units of kcal/mol in Fig. 1. All BDE val-
ues were obtained using the ALFABET tool from the
National Renewable Energy Laboratory (NREL) [12–
14]. When available, density functional theory values
were preferred over machine learning values.

E-1-E was purchased from Sigma-Aldrich at
>99% purity. P-1-P was provided as a sample from
Lambiotte & Cie at 97.5% purity (balance P-2-P). E-
2-E and iP-1-iP are not commerically available and
were synthesized. Synthesis of extended oxymethy-
lene ethers is a well-developed process, reviewed in
detail in works such as [19]. The most common
method of producing extended oxymethylene ethers
is through the reaction of n=1 OMEs with trioxane
over acid catalyst; for this work we reacted E-1-E
with trioxane over Amberlyst 15 to produce a mix-
ture of E-1-E, E-2-E, and higher oligomers. After re-
action, the mixture was washed with a sodium car-
bonate and sodium bicarbonate buffer solution (pH =
9) to remove remaining trioxane and paraformaldehy-
des, and then distilled in a BR Instruments spinning-
band vacuum distillation column to 95.3% purity, bal-
ance 1.6% E-1-E and 3.1% E-3-E.

Synthesis of extended-alkyl oxymethylene ethers
can be performed in multiple ways; the simplest
method in literature is the trans-acetalization reac-
tion of methyl-terminated OMEs with higher alco-
hols [20], which also produces asymmetric OMEs
with two different end group types. It has been

demonstrated that dimethoxymethane can be syn-
thesized from methanol and a formaldehyde source
[21]; we apply this same method to higher al-
cohols to produce novel OMEs. Having verified
that this method reliably produces diethoxymethane,
dipropoxymethane, and dibutoxymethane by compar-
ison of distilled products with commercially available
samples, we react isopropanol with trioxane in 6:1 ra-
tio (2:1 ratio to formaldehyde) to produce the iP-1-
iP sample (the same buffer solution and distillation
process described earlier is used to wash and purify)
with purity 97.5%, balance 2% iP-2-iP and 0.5% tri-
oxane. Due to the hydrophilic nature of oxygenated
compounds, samples for RCM use were stored over
4A molecular sieves to prevent uptake of atmospheric
water vapor.

Physicochemical properties relevant for diesel fuel
were measured or extracted from the literature for the
tested OMEs and are provided in Table 1. These and
addtional fuel properties for a wide range of OMEs
are documented in [22]. Indicated Cetane Numbers
(ICN) were measured using a constant volume com-
bustion chamber (the details of which are provided in
[15, 23]) following ASTM D8183 [24]. Flash Points
were measured per ASTM D93A [25], and the lower
heating value (LHV) was measured in an IKA C200
calorimeter. Values for n-heptane (n-C7) and iso-
octane (i-C8) along with minimum diesel fuel spec-
ifications are also provided in Table 1 for reference.
While the linear OMEs have ICNs close to or exceed-
ing diesel fuel requirements, similar to n-heptane, iP-
1-iP has a very low cetane number, more comparable
to iso-octane [15] and perhaps better suited for gaso-
line than diesel blending.

2.2. Rapid Compression Machine System Description

The RCM used in this work is a dual piston,
hydraulically locked, pneumatically driven machine.
The pistons used are creviced to capture roll-up vor-
tices and improve the uniformity of the compressed
gas core [26, 27]. Monitored low speed variables in-
clude pressure and temperature in a heated mixing
tank, temperature of the heat-traced fill line, chamber
fill pressure, and temperature of the piston sleeves,
which we assume to be equivalent to uncompressed
gas temperature. High-speed data were recorded for
chamber pressure (Kistler 601CAA with Kistler Type
2018 charge amplifier) and piston position (2x Positek
P100.230GL100NSUZ465). A schematic of the sys-
tem is provided in supplementary material Fig. S1;
a more detailed description of the machine systems
may be found in Boissiere [28].

All fuels were tested in a dilute environment (12
mol inert gas : 1 mol O2), as has been done in
prior work with OMEs for ignition delay time (IDT)
[9, 11], with a stoichiometric fuel/O2 ratio. To allow
for the range of desired temperatures, multiple inert
gas mixtures were used with varying ratios of CO2,
N2, and Ar. A summary of conditions used is pro-
vided in Table 2; supplementary Table S1 includes
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Table 2: Description of test conditions used in RCM. Effec-
tive CR is compression ratio required to achieve observed
TDC pressure if compression was isentropic. See Table S1
for exact data from each test point.

Inert Typical Temp Typical
Composition Range [K] Eff. CR

0.5 CO2, 0.5 N2 675-715 10.5
0.25 CO2, 0.75 N2 690-755 10.4

N2 730-840 10.7
0.8 N2, 0.2 Ar 830-930 10.3
0.6 N2, 0.4 Ar 910-1010 9.8
0.4 N2, 0.6 Ar 990-1110 9.3

composition data for each test point. DOIs for access-
ing the full test dataset are provided in Table S2. The
gas mixtures were created barometrically at 60 °C in
a separate, heated and stirred mixing tank (fuels were
added first, volumetrically, as liquids prior to gas ad-
dition), and no tests were run sooner than 1 hour after
forming the mixture to allow for the gases to become
uniformly mixed. Accelerated autooxidation testing
indicated acceptable stability of these molecules [22]
and no reactions are expected in the mixing tank.

2.3. Analysis Algorithm Methodology

Fig. 2: Pressure traces for representative tests at approxi-
mately 700K and 20 bar.

In this work, the IDT was defined as the intersec-
tion of tangents of maximum gradient and of the local
minimum pressure prior to the pressure rise due to
reaction; this method is essentially equivalent to that
described in [29] but applied to the dynamic pressure
here rather than [OH*]. We note that this is differ-
ent from common methods for RCMs; as reviewed by
Zhang et al. [30], RCM IDT is often defined as ei-
ther the root of the tangent line at the inflection point
of pressure rise, or the inflection point itself. This
alternative method is used due to the low dP/dt of
these fuels at lower temperatures, where the first of
the common methods would significantly underpre-
dict, and the second would overpredict, the time when

reactions begin to rapidly branch. Tests were per-
formed with n-heptane confirming that these low heat
release rates were not unique behaviors of OMEs;
sample pressure traces shown in Fig. 2 indicate that n-
heptane experiences similar slow pressure rise at the
low temperature and dilute conditions. At higher tem-
peratures and higher dP/dt, there is little difference
between the two common methods and our approach
here, while at lower temperatures we may observe dif-
ferences of approximately 5-8 ms. An example of this
method is shown in Fig. S2.

As the compressed temperature at TDC is calcu-
lated from the pressure trace, assuming an isentropic
core [27], the method of filtering the pressure trace
can affect peak (TDC) temperature and pressure. We
find the variance to be approximately +/-5 K and +/-
0.1 bar within the range of frequencies that produce
an accurate, low-noise pressure curve from a low-
pass filter. The compression stroke produced the tar-
get pressure to an average of 20.1 bar with 1.55%
(0.311 bar) standard deviation. Transient tempera-
tures are calculated using the change in pressure, as-
suming isentropic compression at each time step (Δt
= 5x10-7s), with the specific heat ratio (γ) of the oxy-
gen and inert gases calculated using polynomials from
the Lawrence Livermore n-heptane mechanism [31].
For the fuels, specific heat for E-1-E was calculated
from the polynomials used in Li et al. [11]; the other
OMEs do not have published thermodynamic data, so
specific heat polynomials were calculated from the
MIT Reaction Mechanism Generator (RMG), which
uses group additivity methods [32]. The RMG calcu-
lation was compared with results from Li for E-1-E
and was within 5% for 600K-1000K, indicating ac-
ceptable accuracy of these methods for this work. Ini-
tial temperatures were measured via a thermocouple
to an accuracy of +/- 1 K, which transforms to +/- 3.55
K at TDC temperature for an average effective com-
pression ratio of 10 (see Table S1 for these values) in
a 40% N2 / 60% Ar bath gas environment (the highest
γ gas mixture used). Combining errors, the pressure
is accurate to +/- 0.327 bar, and the temperature to +/-
6.13 K. Using sample E-1-E pressure traces at 720 K
and 915 K (experiencing two stage and single stage
ignition, respectively), testing the range of reasonable
filtering techniques provided a range of +/-7% for first
stage IDT and +/-5% for primary IDT. Temperature
errors of +/-6.13 K at 720 K and 915 K produce IDT
errors of +/-6% and +/-1%, respectively. Combining
these errors, we expect an accuracy of +/-11% for IDT
measurements.

3. Results

The observed ignition behavior of the OMEs gen-
erally fell into three categories: at lower temperatures,
the linear OMEs (E-1-E, E-2-E, and P-1-P) demon-
strated multi-stage ignition with relatively low pres-
sure gradients (see Fig. 2). As the temperature in-
creased, the first stage ignition disappeared, resulting
in single stage ignition with a faster rate of pressure
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Fig. 3: Calculated primary IDT of tested OMEs at 20 bar compressed pressure, compared with a simulation of n-heptane
(Lawrence Livermore National Lab n-Heptane Detailed Mechanism Version 3 [31]) at comparable conditions.

Fig. 4: 1st stage ignition timing for E-1-E, P-1-P, and E-
2-E, when observed, compared with a simulation of n-
heptane (Lawrence Livermore National Lab n-Heptane De-
tailed Mechanism Version 3 [31]) at comparable conditions.

rise. Finally, the branched OME (iP-1-iP) only ever
demonstrated single stage ignition; further, this fuel
was incapable of ignition at the 20 bar compressed
pressure used in earlier tests. At 30 bar, high temper-
atures were required to initiate ignition and the IDT
fell rapidly with increasing temperature afterward.

The primary IDT for all of the tests at 20 bar where
ignition occurred (tests at temperatures too low for
ignition were performed, but are not shown here) is
shown in Fig. 3. First stage IDT, when observed, are
shown in Fig. 4. Trend lines are provided for each
data set as dotted lines; a third-order polynomial de-
scribes the linear OME behavior to R2 > 0.90. iP-
1-iP ignition required higher pressure (30 bar) and its
IDTs are shown in Fig. 5 alongside those of P-1-P

Fig. 5: Ignition delay of iP-1-iP at 30 bar compressed pres-
sure, compared with simulation of iso-octane at comparable
conditions (Lawrence Livermore National Lab Iso-Octane
Version 3 [33]), and P-1-P at 20 bar.

at 20 bar for comparison; iP-1-iP behavior is linear
on this chart (exponential fit R2 = 0.98). In Figs.
3 and 4, the calculated IDT of n-heptane [31] using
Chemkin simulation provides a reference to a more
well-studied fuel; similarly, Fig. 5 includes calculated
iso-octane IDT [33]. We consider the chemical basis
of observed behavior later in this section; however,
on a broad scale there are some basic observations.
First, we observe that all of the tested linear OMEs
show strong nonlinear temperature dependencies, but
not true negative temperature coefficient behavior as
seen with n-heptane. Secondly, iP-1-iP behaves sim-
ilar to iso-octane without apparent nonlinearity, but
has delayed ignition.

Prior literature, e.g. [26], notes that discontinuities
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in IDT curves may occur with changes in diluent gas
composition, particularly with increasing argon con-
centration, where ignition slows for a given tempera-
ture condition due to thermal effects. We note some
of this behavior in our data, most apparently for the
P-1-P at just above 1000/T = 1.1; for E-1-E and E-
2-E these effects are observable but less apparent as
they occur in a region where the IDT is nearly unaf-
fected by the temperature and thus thermal effects will
produce less noticeable changes in IDT. Prior litera-
ture studying fuels with established chemical mecha-
nisms, e.g. [34, 35], have noted that at higher temper-
atures and shorter IDTs, the effects on IDT of radical
formation during the compression stroke may not be
negligible. Consequently, we caution the reader that
the reported high-temperature IDT may be shorter
than would occur if TDC conditions were achieved
instantaneously without facility effects, and simula-
tions of these conditions should include the compres-
sion stroke.

As a primary point of comparison, we will first
consider the behavior of E-1-E, as its ignition has
been characterized; we direct the reader to [8, 10, 11]
for detailed discussion of the kinetics of this fuel.
Here, E-1-E shows a wide region (750 - 1000 K)
where IDT is essentially independent of temperature.
Lehrheuer et al. [9] observed similar behavior in prior
RCM testing of this fuel at these dilute conditions (we
note that their observed IDT is faster as their tests
were performed at 30 bar compressed pressure); simi-
larly, kinetic modeling by Li et al. [11] shows a small
temperature-independent region, although their mod-
eling is primarily performed with standard air (3.76:1
inert to oxygen ratio).

3.1. Effect of Extending the Oxymethylene Chain
Using E-1-E as a reference, it can be observed that

adding an additional oxymethylene unit (E-1-E −→
E-2-E) advances the ignition at moderate to high tem-
peratures (although it is worth noting that at low tem-
peratures, <750 K, E-1-E and E-2-E have compara-
ble IDT), and advances the temperature where IDT
begins to rapidly decrease. This behavior is simi-
lar to that observed by Cai et al. [36] when transi-
tioning between methyl-terminated OMEs of various
oxymethylene chain lengths, although one can note
from the above work that this reduction appears to
have a diminishing effect as the chain length contin-
ues to increase, with the largest change occurring with
an increase from one to two oxymethylene units. Ad-
ditionally, as shown in Fig. 2, at low temperatures,
the first stage ignition of E-2-E is faster by a few mil-
liseconds - not a large change in comparison to the
primary IDT, but roughly twice as fast as E-1-E for
the first stage only. A test of n-heptane at compara-
ble conditions shows that the n=1 OMEs have similar
first stage ignition timing to n-heptane, while the all
of the OMEs have slower primary ignition at these
low-temperature conditions.

In their analysis of diethoxymethane decomposi-
tion, Jacobs et al. [10] found that as temperature was

increased, the diethoxymethane radical formed after
H-abstraction from the central methylene group (anal-
ogous to the δ-E-1-E radical) and rapidly β-scissioned
to form ethyl formate rather than react bimolecularly
with O2 to form a peroxyl radical, essentially inhibit-
ing hydroxyl formation and retarding ignition. No-
tably, the reaction rates for the decomposition of δ-
E-1-E used in their model were the highest pressure
rates from Kroger et al. [8] and may be too fast by as
much as a factor of 20 for the 10 bar IDT experimental
conditions, potentially exaggerating the observation.
Li et al. [11] similarly noted the importance of the δ-
E-1-E radical on inhibiting ignition at higher temper-
atures, though they attributed the effect to the lesser
number of unique peroxyl radicals that can be formed
as compared to the other diethoxymethane radicals.
Similar arguments may be made to explain the faster
reactivity of E-2-E. Fig. 1 shows that the C-O bond at-
tached to α-carbon is slightly stronger for E-2-E (2.6
kcal/mol), which would slow β-scission of the δ-E-
2-E radical and provide more opportunity for ROO
formation. Furthermore, the symmetry of E-1-E is
broken with the addition of another methylene group.
The extended chain would allow for 5 unique QOOH
products to be made from the δ-E-2-E ROO, which
would increase possible reaction paths leading to OH-
radical production.

At low temperatures, Li et al. [11] and Jacobs et
al. [10] both conclude that reactions of the α-E-1-
E ROO and β-E-1-E ROO radicals are the primary
drivers of ignition. Cai et al. [36] confirmed that this
remains true for n=2 methyl-terminated OMEs. Thus,
the additional central H-atom sites would not be ex-
pected to affect the low-temperature IDT, as observed
in Fig. 3. However, the first stage IDT for low tem-
perature reactions does decrease with the oxymethy-
lene addition (see Fig. 4). Merchant et al. [37] note
the first stage IDT can be directly attributed to gener-
ation of ketohydroperoxides (KHPs) in the low tem-
perature ignition regime. In order for KHPs to form,
ROO must isomerize to QOOH, undergo a second O2
addition to form OOQOOH, and finally undergo an
internal H-atom abstraction before decomposing to
form a KHP. Comparing the BDEs for E-1-E and E-
2-E in Fig. 1 highlights why E-2-E has a faster first
stage IDT. With the addition of another oxymethy-
lene unit, the influence of the O-atoms on neighboring
bonds is enhanced, slightly increasing the C-O bond
strengths. This creates a stabilizing effect, slowing
down β-scission to increase likelihood of O2 addition
to the E-2-E radicals. Paired with the previously dis-
cussed increased number of possible QOOH configu-
rations for E-2-E, which in turn, increases the number
of possible second O2 addition sites, E-2-E is more
likely to form KHPs, enhancing first stage IDT.

3.2. Effect of Lengthening the Terminating Alkyl
Groups

Again referencing E-1-E as a base, the shift to P-
1-P demonstrates the effect of extending the alkyl
termination groups by one additional methylene per
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side. In this case, the larger molecule shows simi-
lar trends to E-1-E, but at lower temperatures (up to
approximately 900 K) is less reactive, and transitions
towards rapid ignition at lower temperatures (around
1000 K compared to 1100 K for the E-1-E), leading
to a smaller region of temperature independence than
E-1-E. The rapid ignition at high temperatures speeds
up to the point that above 1000 K, P-1-P reacts an or-
der of magnitude faster than E-1-E, and slightly faster
than E-2-E. Despite observable differences in the pri-
mary IDTs for E-1-E and P-1-P, the first stage ignition
of both fuels have quite similar behavior.

To understand the variations in ignition behavior
with the increase of the end group alkyl chain length,
we consider the differences in H-abstraction kinetics
between methyl ethyl ether (MEE) and methyl propyl
ether (MPE). MEE and MPE are similar to E-1-E and
P-1-P respectively, terminating the molecule at the
first oxymethylene group. In a theoretical kinetics
study of HO2 + various ethers, Mendes et al. [38]
calculated the reaction rates for abstraction at each
unique H-atom site in MEE and MPE. At low temper-
atures (up to 500 K), 99% of all H-abstraction from
the C2 and C3 end groups occurs on the α-carbon,
and the total rates for H-abstractions at all sites on
the C2 and C3 end groups are similar (within a factor
of 1.5 with DEE abstraction occurring slightly faster).
It is reasonable to expect that abstraction at the α-
carbon on E-1-E and P-1-P would dominate at low
temperatures, and the resultant fuel radicals would
combine with O2 to form α-ROO radicals. It is facile
for the α-ROO radicals to form 6-membered ring tran-
sition states to internally abstract an H-atom. For E-
1-E, a 6-centered transition state is formed to abstract
the weakened δ-hydrogen, and would be expected
to be the only competitive route. P-1-P has two 6-
centered transition state options: internal abstraction
of the δ-hydrogen similar to E-1-E, or to abstract the
stronger (4.2 kcal/mol stronger) γ-hydrogen, which
is unlikely to occur. Given the similar chemistry for
low-temperature oxidation of E-1-E and P-1-P, it is
unsurprising that first stage ignition behavior and low-
temperature primary IDTs are similar.

As temperature increases, so do the deviations
between the IDTs of E-1-E and P-1-P. E-1-E H-
abstraction reactions increase in total rate, but con-
tinue to occur >97% at the α-hydrogen site. Thus, the
E-1-E oxidation mechanism is unchanged with tem-
perature, though temperature can affect subsequent
branching of the ROO/QOOH/OOQOOH radical cas-
cade to HO2 and OH. For P-1-P, the chemistry begins
to change around 1000 K, at which point only 87%
of abstraction occurs at the α-hydrogen site, with the
balance occurring at the β-hydrogen site. This opens
a second possible OOQOOH pathway, in which the
expected second O2 addition site is still expected to
be the δ-carbon. With the relocation of one peroxyl
group one atom further from the oxymethylene back-
bone, the subsequent β-C-O bond would be expected
to be weakened, promoting faster decomposition to
reactive radicals. This may account for the rapid in-

crease in P-1-P reactivity but warrants further study to
confirm the role of β-hydrogen abstraction on IDTs.

3.3. Effect of Branching Terminating Alkyl Groups
The final molecule to consider is the branched

OME, iP-1-iP. For this, we will compare to linear
P-1-P, which shares the same chemical composition
but with a different structure. In this case, iP-1-iP
did not react at all in the measured time frame (400
ms after TDC) under the original test conditions of
20 bar compressed pressure, even at temperatures ex-
ceeding 1000 K. Therefore, to get reliable ignition,
the pressure was increased to 30 bar, and even at
these elevated pressure conditions, measurable igni-
tion still did not occur until 900 K. However, upon
reaching a point where ignition occurs, the IDT ad-
vanced rapidly, decreasing two orders of magnitude
from more than 200 ms to slightly more than 3 ms
in a very small temperature range, as seen in Fig. 5.
No multi-stage ignition behavior occurred with this
molecule at any test condition, although the ignition
required temperatures outside of the multi-stage re-
gion for P-1-P.

To explain this behavior, we compare the ignition
of P-1-P and iP-1-iP to previously published work
by Johnson et al. [39], who studied the ignition
of n-propanol and isopropanol in a shock tube at 1
atm and found that isopropanol has a longer IDT
than n-propanol. However, the somewhat increased
IDT for isopropanol is not enough to explain the dis-
parate IDT behavior of P-1-P and iP-1-iP. A theoret-
ical study on H-abstractions of n-propanol and iso-
propanol by OH may further clarify this behavior.
Guo et al. [40] showed that for n-propanol, abstrac-
tion at the α-carbon is preferred at all temperatures
above room temperature. The equivalent H-atoms in
P-1-P would be either the α-hydrogens or potentially
the δ-hydrogens. Both resultant radicals can readily
accept addition of O2, promoting low-temperature ig-
nition kinetics. In contrast, Guo et al. [40] showed
that for isopropanol, abstraction at the the α-carbon
is only preferred below ∼1000 K (above ∼1000 K
methyl group abstraction is preferred). This has sig-
nificant consequences for iP-1-iP ignition. Even more
so than isopropanol, the α-hydrogens in iP-1-iP are
crowded. O2 would be unlikely to add at the α-site;
β-scission to less reactive products such as acetone,
formaldehyde, and propene is preferred. The result
would be an arresting of the ROO cascade necessary
for ignition at low temperatures.

As temperature increases, the abstraction at the β-
carbon sites becomes more important. At 900 K, Guo
et al. [40] observed ∼40% of all abstraction from iso-
propanol occurs at the terminal methyl sites. Sim-
ilarly for iP-1-iP, abstraction at the terminal methyl
sites is expected to become significant at ∼900 K,
creating β-iP-1-iP radicals which are unencumbered
enough to accept the addition of O2. These ROO rad-
icals can then begin the ROO cascade required for ig-
nition, and hence, this phenomenon explains the lack
of observed ignition until ∼900 K in this work.
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4. Conclusions

In this work, we consider the effect of selec-
tively varying the molecular composition, namely,
the length and structure of the terminating alkyl end-
group and the number of oxymethylene units, on
non-methyl-terminated OME ignition. We find that
for linear OMEs, two-stage low temperature igni-
tion continues to occur with similar chemical path-
ways to methyl-terminated OMEs, and the general
trends in ignition behavior are similar. Further, for
the branched OME, we find that the crowding of the
α-hydrogen sites inhibits low temperature reactions
and that at higher temperatures the β-hydrogen sites
dominate reaction, in a similar manner to analogous
alcohols. The effects of the changes in structures are
summarized as follows:

Oxymethylene Units: By adding an additional
oxymethylene group to form E-2-E, additional
QOOH structures are possible, leading to more rapid
first stage low temperature IDTs and high temperature
IDTs, however, the dominant pathways leading to low
temperature primary ignition are unchanged.

Alkyl End Group Length: Extending the alkyl
group from ethyl to propyl has little effect on reac-
tion pathways at low temperatures, however, slower
H-abstraction rates from the propyl groups slightly
delay low temperature ignition. At high tempera-
tures, additional OOQOOH structures possible via H-
abstraction from β-propyl sites open up additional OH
formation pathways and accelerate ignition of P-1-P.

End Group Branching: Reorienting the propyl
group to an isopropyl configuration severely inhibits
ignition at low to moderate temperatures due to pref-
erential α-H-abstraction which is crowded and un-
likely to bond with O2. As a result, no low tem-
perature ignition behavior is observed. However, at
high temperatures, β-H-abstraction becomes accessi-
ble, spurring rapid ignition.

This work provides data and discussion of the igni-
tion behaviors for several unstudied OMEs important
for future chemical kinetic studies of these novel class
of potentially renewable fuel blendstocks. Additional
work is necessary to fully characterize the effects of
the additional ROO sites for P-1-P high temperature
combustion. Additionally, testing of other possible
branched OMEs such as diisobutoxymethane should
be performed to advance the understanding of these
novel fuel molecules and determine their feasibility
for engine use.
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