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Abstract 19 

This paper presents a systematic study of oxymethylene ethers (OMEs) oxidation in an atmospheric 20 

laminar flow reactor setup. Oxymethylene ethers with different number of oxymethylene ether groups 21 

(n=0-5) have been investigated under lean and rich conditions (750-1250 K). The flow reactor is coupled 22 

to an electron ionization molecular-beam mass spectrometer (EI-MBMS) with high mass resolution to 23 

measure speciation data. Additional isomer-selective speciation analysis was performed using a novel 24 

atmospheric laminar flow reactor combined with double-imaging photoelectron photoion coincidence 25 

(i2PEPICO) spectroscopy at the vacuum ultraviolet radiation (VUV) beamline of the Swiss Light 26 

Source. The results show a dominance of oxygenated intermediates during the combustion of all OMEs 27 

in the investigated temperature regime. The observed species pool is thereby nearly independent of the 28 

OME’s chain length. In particular the presence of significant fractions of ethanol is remarkable and 29 

indicates unknown or underestimated reaction pathways to form C-C bonds from OME structures. 30 

Formation of combustion intermediates during oxidation of longer OMEs occurs at lower temperatures 31 

and correlates with the ignition delay time. No hydrocarbons with more than four carbon atoms are 32 
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detected. The combination of high mass resolution provided by EI-MBMS detection and isomer-33 

selective analysis by i2PEPICO enables a complete overview of all intermediates. This allows for in-34 

depth discussion and analysis of systematic trends for several intermediate species. 35 

Keywords: Oxygenated fuels; Oxymethylene ethers (OMEs); Polyoxymethylene dimethyl ethers 36 

(POMDMEs); Photoionization molecular-beam mass spectrometry; i2PEPICO  37 
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1. Introduction 38 

Reducing the carbon footprint and greenhouse gas emissions have become a major driving force 39 

worldwide for fuels derived from renewable sources. In the wide range of applications, promising 40 

synthetic fuels as alternative or fuel additive in Diesel engines are oxymethylene ethers (OMEs). Diesel 41 

engines still play a major role in long distance transportation and 94 % of freight transportation with 42 

limited alternatives in short- to mid-term perspectives. OMEs, also commonly known as PODEs or 43 

POMDMEs (polyoxymethylene dimethyl ethers), have the general chemical structure  44 

CH3-O-[-CH2O-]n-CH3 with n as the number of CH2O groups (see Fig. 1). They are oxygenated fuels 45 

and can be fundamentally produced in CO2-neutral processes [1-3]. With no direct C-C bonds, 46 

oxymethylene ethers tend to form less soot during combustion processes [1, 2, 4]. Due to the low 47 

flashpoints of OME1 and OME2, as well as the high melting point of OME6, an OME3-5 fuel mix is most 48 

suitable for use in current internal combustion engines [1, 5]. To investigate the decrease in soot as well 49 

as the increase in aldehyde emissions, a general understanding of the combustion chemistry of OMEs is 50 

required.  51 

Several studies already addressed the combustion chemistry of OME1 and OME3. OME1 was 52 

investigated in flow reactor environments by Marrodán et al. showing that the soot precursor acetylene 53 

(C2H2) is only occurring under pyrolysis conditions [6]. Vermeire et al. focused on the low-temperature 54 

oxidation of OME1 in a jet-stirred reactor and developed a kinetic reaction model [7]. Jacobs et al. also 55 

generated a kinetic model for OME1 oxidation at engine relevant conditions [8]. Focusing on premixed 56 

flat flames, Sun et al. investigated OME1 and OME3 with synchrotron vacuum ultraviolet (VUV) 57 

photoionization mass spectrometry [9-11] and developed a kinetic model for the combustion of these 58 

two OMEs. In their paper, they combined the investigation of laminar burning velocities of OME3 59 

flames and identification of different intermediates with synchrotron VUV photoionization mass 60 

spectrometry. He and coworkers provided another model for OME3 and used ignition delay times 61 

measured by rapid compression machines alongside with theory for validation [12]. Ngugi et al. have 62 

studied laminar flame speed as well as ignition delay times and auto ignition of OME0-1 [13], as well as 63 

OME2 [14]. They have shown that OME2 reveals similar oxidation pathways compared to OME1. This 64 
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is confirmed by the work of Eckart et al., where OME1 and OME2 reach their maximum burning velocity 65 

at the same equivalence ratio of 1.2 [15]. Cai et al. have recently demonstrated in shock tube experiments 66 

that the impact on fuel activity vanishes at high pressures with increasing length of the OME [16]. A 67 

rapid compression machine study of OME2 and OME3 show similar ignition delay times for high 68 

pressures, while for lower pressures the ignition delay times differ more [17]. Yu et al. investigated the 69 

unimolecular decomposition of OME1 in a micro flow reactor. By applying PEPICO spectroscopy and 70 

quantum chemical computations they obtained a comprehensive potential energy surface. They 71 

suggested that the hydrogen migration and methanol formation to yield methoxymethylene carbenes 72 

(CH3-O-CH) are thermodynamically favored and direct C-H or R-O bond fission only plays a 73 

subordinate role, as previously suggested [18]. Kathrotia et al. have provided a new kinetic model 74 

including OME0-5 [19, 20], but speciation data for oxidation is absent in literature for the complete series 75 

of OME0-5.  76 

 77 

Fig. 1: Overview of all investigated OMEs 78 

Here, a systematic investigation of the combustion chemistry of a series of oxymethylene ethers is 79 

presented to give a better understanding of the influence and effects of different chain lengths. Two 80 

complementary experimental setups are used to gain detailed information about the combustion process 81 

of OMEs. First, an atmospheric laminar flow reactor was used to investigate the combustion 82 

intermediate formation as a function of the reaction temperature. The series covers the full range of 83 

OMEn with n=0-5 i.e. it starts with dimethyl ether as the simplest OME and extend to OME5. Special 84 

focus is on formation and mole fraction tendencies of combustion intermediates in relation to the chain 85 
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length of the fuel. Second, subsequent in-depth identification of oxidation intermediates with separation 86 

of isomers was performed at the i2PEPICO endstation (X04DB) at the Swiss Light Source (SLS) using 87 

tunable synchrotron VUV photoionization mass spectrometry.  88 

2. Experimental Setup 89 

The study was performed using two experimental setups for a detailed systematic investigation of the 90 

series of oxymethylene ethers: the high-temperature atmospheric laminar flow reactor coupled to an 91 

electron ionization molecular-beam mass spectrometer (EI-MBMS) [12, 13] at DLR Stuttgart and the 92 

atmospheric laminar flow reactor setup coupled to the i2PEPICO endstation [21-23] at the Swiss Light 93 

Source in Villigen, Switzerland. The DLR atmospheric flow reactor and the flame experiment at the 94 

i2PEPICO endstation have been described elsewhere, so only a brief description is given here for both 95 

experiments. The new flow reactor setup at the i2PEPICO endstation is developed on the basis of the 96 

DLR’s reactor design and flow rates to ensure comparability. A smaller inner diameter has to be chosen 97 

so that the reactor fit into the experimental chamber of the i2PEPICO endstation, but both reactors have 98 

similar flow velocities. The PEPICO reactor (PIRo) will be introduced and shown in greater detail here. 99 

The comparability of both reactor setups will be checked in section 3 based on their temperature profiles.  100 

For both experiments, DME (>99.9 % purity) was purchased from Linde and OME1, also known as 101 

methylal or dimethoxymethane, from Sigma-Aldrich (>99 % purity). All larger OMEs were purchased 102 

from ASG Analytik and had a purity of ~98 %. Small amounts of OMEs with different chain lengths 103 

account for the remaining 2 %. 104 

2.1 Atmospheric laminar flow reactor coupled to EI-MBMS at DLR Stuttgart 105 

For each OMEn (n=0-5), a set of three different equivalence ratios (ϕ = 0.8, 1.2, 2.0) was investigated at 106 

DLR’s atmospheric laminar flow reactor to get an overview from lean to very rich conditions. The 107 

experimental setup consists of an atmospheric high-temperature laminar flow reactor, which is coupled 108 

to an electron ionization molecular-beam mass spectrometry (EI-MBMS) system. The reactor is 109 

equipped with an alumina-ceramic (Al2O3) tube having an inner diameter of 40 mm and the reactor has 110 

an overall length of 1497 mm. Inlet conditions for all reactor measurements can be found in   111 
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Table 1. Flows of argon, oxygen, and fuels were controlled by Coriolis flow meters (Bronkhorst) to 112 

ensure a precise controlled flow rate. Liquid fuels were evaporated in a standard vaporizer system 113 

(Bronkhorst/CEM) with argon as carrier gas. Temperature of the vaporizer was set between 372.15 K 114 

for OME1 and 473.15 K for OME5. The vaporized fuel was fed over heating hoses to prevent 115 

condensation. Before entering the reactor, the fuel was premixed with oxygen and the remaining argon. 116 

Total argon dilution is about 99 % to avert heat release and self-sustaining reactions. The reactor has a 117 

reaction segment, i.e., a uniform temperature segment, with a total length of 1000 mm, 750 mm 118 

isothermal, heated by a customized high-temperature oven (GERO, Type HTRH 40-1000). The reactor 119 

diameter is chosen large enough to ensure the dominance of gas phase reactions.  All measurements 120 

feature constant inlet flow conditions, while the oven temperature was linearly decreased (-200 K/h) 121 

from 1273–748 K. A relative precision of the measured reactor temperatures of ±5 K can be stated [24]. 122 

Residence times are depending on the chosen gas temperature and range from 2.8 s (750 K) to 1.7 s 123 

(1250 K).  124 

For the MBMS system, gas is sampled at the end of the reactor by a quartz nozzle at the centerline of 125 

the reactor at ambient pressure (~960 hPa, 460 m above sea level). The nozzle has an opening of 50 µm. 126 

The molecular beam, which is formed by a two-stage expansion, is guided into an ion source of an 127 

electron impact (EI) time-of-flight mass spectrometer. The mass resolution of the spectrometer (R = 128 

3000) is suitable to resolves the exact elemental composition (C/H/O) in this system. Ionization energy 129 

was set to 10.6 eV (actual peak value of electron distribution).  130 

 131 

  132 
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Table 1. Inlet flow conditions in standard cubic centimeter per minute (sccm at 273K; 1013 mbar) and 133 

initial mole fractions for high-temperature flow reactor measurements. Carbon flow was identical 134 

(corresponding to 50 sccm-C) for all conditions diluted by 9.9 slm argon. 135 

  DME OME1 OME2 OME3 OME4 OME5 

 ϕ 
0.8 1.2 2.0 0.8 1.2 2.0 0.8 1.2 2.0 0.8 1.2 2.0 0.8 1.2 2.0 0.8 1.2 2.0 

Fuel / 

sccm 
25.0 25.0 25.0 16.7 16.7 16.7 12.5 12.5 12.5 10.0 10.0 10.0 8.3 8.3 8.3 7.1 7.1 7.1 

O2 / 

sccm 
93.8 62.5 37.5 83.3 55.6 44.4 78.1 74.4 44.6 75.0 50.0 30.0 72.9 48.6 29.2 71.4 47.6 28.6 

xfuel / 

10-4  
25.0 25.0 25.0 16.7 16.7 16.7 12.5 12.5 12.5 10.0 10.0 10.0 8.4 8.4 8.4 7.2 7.2 7.2 

xO2/ 

10-3 
9.4 6.3 3.8 8.3 5.6 3.3 7.8 5.2 2.8 7.5 5.0 3.0 7.3 4.9 2.9 7.2 4.8 2.9 

 136 

2.2 Atmospheric laminar flow reactor coupled to the i2PEPICO spectrometer at the SLS 137 

Figure 2 shows the design of the atmospheric flow reactor – PEPICO Reactor (PIRo). The design is 138 

based on the DLR atmospheric flow reactor. For utilization of an atmospheric laminar flow reactor at 139 

the i2PEPICO endstation, a reactor with a smaller diameter is needed due to available space fitting inside 140 

the experimental chamber. Its overall length is 1500 mm separated in a pre-heating zone of 500 mm 141 

with a constant temperature of 573 K and an adaptable heating zone of 1000 mm with an adjustable 142 

temperature range of 573-1123 K. Heating is provided by two heating sleeves by Horst GmbH. The 143 

reactor is equipped with a fused silica tube with an inner diameter of 22 mm and a thickness of 2 mm to 144 

prevent catalytic reactions during the oxidation of the fuel. The pre-heating zone provides controlled 145 

inlet conditions and prevents condensation of fuels with lower vapor pressures. For the adaption to the 146 

i2PEPICO system, the reactor is mounted in the experimental chamber of the i2PEPICO machine. The 147 

experimental chamber of the i2PEPICO machine remains open to provide the ambient pressure 148 

environment (970 hPa, 367 m above sea level). Gaining consistent flow conditions for the DLR as well 149 

as the i2PEPICO reactor, all flow rates used at the DLR reactor were scaled by the respective cross-150 

sectional area, i.e. by a factor of 0.3 to ensure consistent resident times. Due to limited beamtime, a fuel-151 

rich condition with the equivalence ratio of ϕ=1.2 was investigated. All flow conditions can be found in 152 

Table 2. Gas and fuel feeding were performed similar to the EI-MBMS system: Flows of argon, oxygen, 153 
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and fuels were controlled by Coriolis flow meters (Bronkhorst) to ensure a precise controlled flow rate. 154 

Liquid fuels were evaporated in a standard vaporizer system (Bronkhorst/CEM) with argon as carrier 155 

gas. Temperature of the vaporizer was set between 372.15 K for OME1 and 473.15 K for OME5. The 156 

vaporized fuel was fed over heating hoses to prevent condensation. The argon dilution was set to 99%. 157 

In contrast to the measurements at DLR’s reactor, all temperatures were set individually and 158 

measurements were started, when thermal equilibrium was reached. Residence times are similar to the 159 

DLR reactor by design, ranging from 2.8 s (750 K) to 2.1 s (1006 K). At the chosen gas temperatures 160 

for the energy scans, residence times are 2.2 s (959 K) for OME1 and 2.4 s (866 K) for OME3-5. 161 

To ensure sampling from atmospheric pressure, a quartz nozzle with an orifice of approximately 33 µm 162 

was used. Residuals gases were pumped out of the i2PEPICO experimental chamber immediately. Rapid 163 

expansion of the sampled gas into high vacuum forms a molecular beam, which is guided through a 164 

skimmer into the ionization chamber. Synchrotron VUV radiation within the range of 6–21 eV, provides 165 

soft photoionization (see Fig. 2). The i2PEPICO spectrometer [25, 26] enables simultaneous detection 166 

of electrons and ions formed during the same ionization event in a photoelectron photoion coincidence 167 

scheme (PEPICO). Both, photoelectrons and photoions are two-dimensionally imaged on micro channel 168 

plate (MCP) detectors with delay anodes (Roentdek, DLD 40) [26]. Used as a trigger signal in a multi-169 

start/multiple-stop coincidence scheme, electrons are used to start the time-of-flight mass spectrum, so 170 

each electron can be assigned to a single ionization event, enabling the measurement of mass-selected 171 

threshold photoelectron spectra (ms-TPES). Therefore, threshold electrons close to the center of the 172 

detector (see Fig 2.) and so-called “hot-electrons”, with significant kinetic energy but negligible off-173 

center momentum, are subtracted following the data evaluation by Sztáray et al [26, 27]. These ms-174 

TPES are following the Franck-Condon principle. Having the photoions also mapped at the i2PEPICO 175 

setup, the molecular beam can clearly be distinct from the background, due to its higher velocity (see 176 

Fig. 2).  177 
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 178 

Fig. 2: Schematic sketch of the double-imaging photoelectron photoion coincidence (i2PEPICO) setup 179 

for atmospheric flow reactor sampling molecular beam mass spectrometry (MBMS). PEPICO reactor 180 

(PIRo) design and setup is displayed.  181 

Table 2: Flow conditions for atmospheric laminar flow reactor measurements at the i2PEPICO 182 

endstation with a constant carbon flow of 15 sccm. Equivalence ratio is set on ϕ=1.2 for all 183 

conditions. All temperatures given are gas temperatures. 184 

 Ar/slm Fuel/sccm O2/sccm xfuel /10-4 xO2 /10-3 Temperature/K 

Ramp 

Temperature/K 

Energy Scans 

OME1 2.97 5.0 16.7 16.7 5.6 723 – 1006 959 

OME3 2.97 3.0 15.0 10.0 5.0 723 –   959 866 

OME4 2.97 2.5 14.6 8.4 4.9 723 –   959 866 

OME5 2.97 2.2 14.3 7.3 4.8 723 –   959 866 

 185 

2.3 Data evaluation and uncertainties 186 

Data evaluation follows the established procedures described in [24, 28] for EI-MBMS and [21, 23, 29] 187 

for i2PEPICO experiments. The short overview as follows: For EI-MBMS experiments, the integrated 188 

and corrected ion signals are connected to their mole fractions (xi) by comparison to the respective signal 189 

of the non-reactive species argon. Correction for background and fragmentation of species through the 190 

ionization process are performed with consideration of fragmentation patterns of the calibrated species. 191 
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Due to soft ionization at the i2PEPICO reactor experiment, no fragmentation correction except for the 192 

fuel was necessary for the measured species. If needed, signals were corrected for contributions of 13C 193 

isotopes. For both experiments, mole fractions of major species are calculated from direct calibration 194 

with CO/CO2 mixtures and internal calibration by element balances of C, H, and O. Labile species were 195 

not directly calibrated, but quantified by the relative ionization cross section (RICS) method [30] for the 196 

electron ionization experiment. In the i2PEPICO experiment, typically photoionization cross sections 197 

from the literature are used for quantification. For the EI-MBMS signal in the DLR reactor setup, the 198 

statistical and relative uncertainty is below 10 % [28]. For species using direct calibration, uncertainty 199 

ranges between 15–20 %, while for non-calibrated species the uncertainty can increases to a factor of 200 

2–4. For the i2PEPICO reactor setup, the uncertainty is estimated to be between 30–50 % for 201 

intermediate species with measured photoionization cross sections regarding the error from literature 202 

[22, 31]. For species with unknown cross sections, the uncertainty increases up to the factor 2–4.  203 

3. Results and Discussion 204 

The systematic investigation of oxidation of OMEs with different chain lengths (n=0-5) is presented 205 

here. To validate different OME intermediates, OME1,3,4,5 were investigated at the i2PEPICO 206 

spectrometer with a focus on intermediate detection and isomer separation. For the first time, a complete 207 

overview of the oxidation of a full series of OMEs was conducted.  208 

To support the interpretation of some results gained in this study, the DLR reaction mechanism by 209 

Kathrotia et al. [20] was used to provide rate-of-production analysis for ethanol at the 866 K (the 210 

temperature of the PIE scan) as well as comparison of experimental results with models by Jacobs [8], 211 

Sun [11], and Kathrotia [20] using the plug flow reactor module with a predefined temperature profile 212 

within the Chemical Workbench [32]. Temperature profiles can be found in Fig. 3 and Fig. 4 as well as 213 

in the supplementary material.  214 

3.1 Temperature profiles 215 

To ensure comparability of both experimental setups, gas temperatures are used when comparing both 216 

reactors in contrast to most previous flow reactor studies, in which the preset oven temperature was used 217 
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as the corresponding x-axis temperatures [19, 24, 28]. A slight systematic deviation to the actual gas 218 

temperature is known but was typically only corrected for comparisons to model calculations.  Since the 219 

correct temperature profile of the PEPICO reactor is mandatory for comparison with the DLR reactor 220 

as well as for proper kinetic interpretation, temperature profiles for the applied flow conditions were 221 

taken. For the PEPICO reactor, temperature profiles were measured along the longitudinal axis of the 222 

flow tube. A type N thermocouple with a length of 1600 mm and a thickness of 0.5 mm by OMEGA 223 

was used. The thermocouple was neither isolated nor coated and provides a temperature uncertainty of 224 

less than 4 K by its specifications. The thermocouple itself was encased by a silica tube with a thickness 225 

of 6 mm, which can be placed at any position on the reactor centerline. Temperature profiles are 226 

measured by successive downstream translation of the thermocouple for specific reactor temperatures 227 

and a constant argon flow of 2.97 slm. The pre-heating zone is set to 573.15 K, while the main heating 228 

zone is set to different temperatures between 573.15 – 1173.15 K. The spatial distance is measured in 229 

respect to the reactor inlet. To ensure correct temperature measurements, recording starts when thermal 230 

equilibrium is reached. The gas temperature according to the set reactor temperature can be seen in Fig. 231 

3: only a small isothermal zone between 1100-1350 mm was formed. The difference between the set 232 

reactor temperature and the measured gas temperature are a direct result of the narrowed thermal 233 

isolation of the heating sleeves. No scaling law can be adapted to determine the gas temperature due to 234 

the unsteady isothermal zone. Therefore, all valid reactor temperatures were set and directly measured 235 

maximum gas temperature for each specific reactor temperature is used. In the following, the maximum 236 

measured gas temperature is referred to as “gas temperature”. Comparison of different main and 237 

intermediate species’ profiles have proven the comparability of both reactors using the respective gas 238 

temperatures and will be shown later. 239 



11 
 

 240 

Fig. 3: Measured temperature profile for PEPICO reactor (PIRo). 241 

Temperature profiles for the DLR flow reactor are already published by Oßwald et al. [28] and can be 242 

seen in Fig. 4. It was shown that an isothermal region between 600 – 1300 mm is formed by the applied 243 

flow conditions of 10 slm. To ensure comparability between both used reactors, re-measurements of the 244 

temperature profile were obtained using the same thermocouple used for the PEPCIO reactor. A fixed 245 

position in the isothermal region was chosen for the measurements. Temperatures were recorded when 246 

thermal equilibrium has been reached. Correction of radiative heat loss has not been applied due to the 247 

negligible temperature difference to the reactor wall. The temperature data set measured by Oßwald et 248 

al. [24] could be confirmed and the equation was updated [28] to the following:  249 

𝑇𝐺𝑎𝑠 𝑓𝑙𝑜𝑤(𝑥) [𝐾] = (𝑇𝑟𝑒𝑓(𝑥) −  𝑇0 ) ∙
(0.9931∙𝑇𝑂𝑣𝑒𝑛+15.46 𝐾)−𝑇0  

𝑇𝑟𝑒𝑓(1000 𝑚𝑚)−𝑇0 
+  𝑇0      [1] 250 
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 251 

Fig. 4: Centerline temperature profiles for a constant oven temperature of 1273.15 K [24]. Lines are 252 

representing the Tref = 1273.15 K scaled by the respective oven temperature ratio. Re-measurements of 253 

gas temperatures for specific TReactor via thermocouple type N are displayed. 254 

3.2 Comparison of the complementary reactors 255 

Mass spectrometric investigation of the OME oxidation reaction is complicated by the fact that similar 256 

to OME1, all higher OMEs do not form stable molecular ions through electron ionization and 257 

photoionization [11, 33] and instantaneously fragments towards smaller ions. A fragment is used for the 258 

evaluation of the fuel signal in EI-MBMS: C2H6O is chosen for DME, C3H7O2 for OME1 and C4H9O3 259 

for all higher OMEs. Even though soft ionization is provided through the synchrotron VUV light source, 260 

all OME measurements are also complicated by the absence of a stable parent ion and show a variety of 261 

fragments. However, fuel fragmentation was corrected properly, but prohibits a direct measurement of 262 

the fuel radicals [23].  263 

The i2PEPICO experiment allows isomer-selective species identification using i2PEPICO spectroscopy 264 

but due to the low mass resolution isobaric species must be considered. The i2PEPICO results are 265 

focusing on characteristic mass-to-charge ratios (m/z) and identifies several intermediates on the basis 266 
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of their photoionization efficiency curves (PIE) as well as their threshold photoelectron spectra (TPES). 267 

Quantification and overall comparison between different stoichiometric conditions are gained via EI-268 

MBMS results, which concludes the systematic investigation on the DLR atmospheric reactor. The 269 

results gained here give a broad quantitative overview on the chemical species involved and are provided 270 

for model validation purposes with this contribution, while we are going deeper into the combustion 271 

chemistry and add another layer by adding identifications of relevant isomers by the i2PEPICO setup. 272 

Furthermore, the analysis of the photoionization data is used to validate calibration factors applied on 273 

EI-MBMS data. 274 

 275 

Fig. 5: Comparison of mole fraction profiles of formaldehyde measured for OME1 and OME3 by EI-276 

MBMS and i2PEPICO for equivalence ratio of ϕ=1.2. Temperatures are given in gas temperatures. 277 
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Figure 5 shows the mole fraction profiles of formaldehyde measured by EI-MBMS and i2PEPICO on 279 

the example of OME1 and OME3. For EI-MBMS, gas temperatures are calculated by using equation 1, 280 

while for i2PEPICO, gas temperatures were directly measured at the isothermal region (Fig. 3). As it can 281 

be seen here on the example of formaldehyde in OME1 and OME3, a clear fit of both detection methods 282 

can be observed using gas temperatures. Therefore, the results of both used reactors and detection 283 

methods are valid and comparable. The fact that both reactors supply similar results, even though they 284 

have significant difference in diameter and volume/surface ratio, supports the initial assumption that 285 

surface reactions are negligible in these setups.  Choosing the temperature for the energy scans, the 286 

maximum of the formaldehyde peak was used. Note that this chosen temperature is not the optimum 287 

condition for the separation of all intermediates, but was the best compromise to gain strong signals for 288 

all intermediates at a single energy scan with long averaging times and a ΔE=0.025 eV. Due to the high 289 

dilution of the gas mixture and the limited beamtime, we can only provide profiles of intermediates, 290 

having a strong mole fraction and signal intensity.  291 

  292 
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3.3 Main oxygenated intermediates 293 

 294 

Fig. 6: Mole fraction profiles of fuel, oxygen (O2) and water (H2O) for oxidation of OMEs at different 295 

equivalence ratios. Number of plotted datapoints is reduced for clarity. Uncertainty is ± 20 % for all 296 

species. 297 

Figure 6 shows mole fraction profiles of the used fuel, oxygen and water, as an example of the main 298 

species. In general, long-chain OMEs (OME3-5) are completely consumed at lower temperatures 299 

compared to OME0-2, hence a lower number of oxymethylene ether groups correlates with higher 300 

reaction temperatures, i.e., lower reactivity. This observation directly corresponds to the ignition delay 301 

time [5, 16, 34, 35]. It is also notable that OME2 is tending to react more like DME and OME1 for 302 

stochiometric conditions of 0.8 and 1.2, while for very fuel rich conditions (ϕ=2.0), the reaction 303 

behaviour is similar to OME3-5.  304 
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Furthermore, a pronounced step can be seen in the main species profiles of OME3-5 as well as OME2 305 

(ϕ=2). Such a step in the main species’ profiles was already observed in other oxidation studies, as for 306 

example for the oxidation of ethanol [36]. Detecting such a step in the species profiles indicates that the 307 

residence time of the gas mixture in the reactor is long enough to observe the onset of an NTC-region 308 

(negative temperature coefficient) or rather the ignition delay time of the chosen condition is fast enough 309 

to observe NTC-behavior. Note that significant larger residence times at typically needed to observe the 310 

full low temperature chemistry in these reactor setups [28]. The ignition delay time is thereby very 311 

sensitive to the stoichiometry [37]. Niu et al. have recently published a paper investigating the ignition 312 

delay times for OME1-6 under different pressures and stoichiometry [35]. They have shown that the 313 

discrepancy in ignition delay times between two adjacent OMEn is getting smaller with the length of the 314 

OME. This correlates with the cetane number of the OMEs [5, 16, 34].  This is why a step can be seen 315 

in the mole profiles for OME3-5, but not for OME0-1 where the residence time is too short for NTC. 316 

Regarding the different behaviour of OME2 for lean and fuel rich conditions, Niu et al. could show that 317 

for ϕ=0.5 the ignition delay time is slower than for ϕ=1.0 than for ϕ=2.0: the ignition delay time gets 318 

faster with the stoichiometry. Therefore, we conclude that for OME2, the chosen conditions (p=1 atm, 319 

residence times: 2.8 s - 1.7 s) are directly in between the ignition delay times, where the behaviour shifts 320 

from detecting the NTC region (ignition delay is short enough for chosen residence time) for ϕ=2, and 321 

being too fast at ϕ=0.8 and ϕ=1.2.  322 

In Fig. 7, mole fraction profiles of most abundant intermediates are shown. All of them are oxygenated 323 

species. Since most detected signals have been seen constituted by different isomers, the calibration was 324 

chosen according to the main isomer: CH2O is calibrated as formaldehyde, CH3OH as methanol, and 325 

C2H6O as a combination of ethanol and dimethyl ether, which will be specified in section 3.4. CH2O2 is 326 

quantified as formic acid, whereby RICS was applied using ethanol as reference [30]. C2H4O2 is 327 

calibrated as methyl formate that was also identified by Peukert et al. as stable reaction product during 328 

thermal decomposition of OME1 [2].  329 
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 330 

Fig. 7: Mole fraction profiles of formaldehyde (CH2O), methanol (CH3OH), dimethyl ether/ethanol 331 

(C2H6O), formic acid (CH2O2), and methyl formate (C2H4O2) for oxidation of OMEs at different 332 

equivalence ratios. Uncertainty for each species is displayed in the first column. 333 

For all OMEs, oxygenated species are the dominating intermediates with formaldehyde as the one with 334 

highest mole fraction. In all investigated fuels and stoichiometries, methanol and methyl formate peak 335 
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at the same temperatures and in similar concentrations. This can be interpreted as confirmation of the 336 

methanol formation process stated by Peukert et al. [2]. They showed that one main formation way for 337 

methanol is from methyl formate during thermal decomposition of OME1. Methyl formate is thereby 338 

built via two reactions initiated either by a) bond cleavage or by b) H-abstraction. According to [2], the 339 

H-abstraction is favored. 340 

a) CH3OCH2OCH3 = CH3 + CH3OCH2O 341 

CH3OCH2O = H + CH3OCHO 342 

CH3OCHO = CO + CH3OH 343 

b) H + CH3OCH2OCH3 = H2 + CH3OCHOCH3 344 

CH3OCHOCH3 = CH3 + CH3OCHO 345 

CH3OCHO = CO + CH2OH 346 

Indeed, for OME1,3-5, methyl formate is also directly identified by its threshold electron spectra, as it can 347 

be seen on the example of OME1 and OME5 in Fig. 8. Other isobaric species at m/z=60 as methoxy 348 

ethane or propanol (C3H8O) are not detected in both reactor setups. C2H4O2 calibrated as methyl formate 349 

in the EI-MBMS setup is therefore validated. A similar behavior can be seen for OMEs with longer 350 

chain length: less methyl formate and consequently less methanol is produced, but both intermediates 351 

appear at the same temperatures for all OMEs. This hints to the fact that methanol is produced through 352 

dissociation of methyl formate for all chain lengths. Another formation channel for methanol in thermal 353 

decomposition of OME1 was found by Yu et al. [18]: They suggest that the hydrogen migration and 354 

methanol formation to yield methoxymethylene carbenes (CH3-O-CH) are thermodynamically favored 355 

and direct C-H and R-O bond only plays subordinate role as previously suggested. Due to the similar 356 

decomposition behaviour of all OMEs, it can be assumed that this methanol formation route is also 357 

applicable for all higher OMEs. Ren et al. proposed in their shock tube study further decomposition 358 

pathways of methyl formate: CH3OCHO = CO2 + CH4 and CH3OCHO = HCO + CH3O [38-40]. For 359 

DME oxidation, no methyl formate and therefore only a small amount of methanol is formed. Also, the 360 

formation way by Yu et al. is not adaptable for DME.  At the current state, no final conclusion about the 361 
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main pathways can be drawn, noticeable effort in the model development have to be drawn. Main focus 362 

here is the discussion and sharing of the experimental findings.  363 

 364 

Fig. 8: Threshold photoelectron spectra (TPES) of m/z=60 in comparison with literature spectra [41-365 

43]. 366 

For all OMEs, the intermediate species pool is very similar. Small oxygenated species discussed in the 367 

oxidation of OME1 are therefore also relevant during the oxidation for higher OMEs. The largest 368 

detected species are methyl formate for all fuels and OME1 in the OME2-5 fueled measurements. 369 

Accordingly, higher OMEs must undergo a rapid decomposition into smaller fragments. All OMEs are 370 

“burning from the end”: main decomposition pathways are thereby primarily initiated by forming the 371 

primary radicals i.e. by H-abstraction from the terminal CH3 moiety of the initial OMEn, which is 372 

afterwards directly decomposed to next smaller primary OMEn-1 radical and formaldeyhde, and so on.  373 

This is also underlined by the fact that the same intermediates, i.e., CH2O, C2H4O, and C2H4O2, appear 374 

at similar temperatures for the fuels OME3-5. Sun et al. have shown with their simulations for OME1-3 375 

that a longer chain length of OMEs leads to an enhanced carbon flux to CH2O and less to CH3 [10]. The 376 

concentration raise of formaldehyde for larger OMEs cannot be seen at the conditions investigated 377 

herein. Especially the higher OME3, OME4 and OME5 show very similar concentrations for 378 
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formaldehyde, while for OME2 a smaller mole fraction of formaldehyde is observed compared to all 379 

other OMEs. Note that low-temperature chemistry was not investigated in this presented study [44]. 380 

Except for DME oxidation, reactivity can already be seen at low temperature, leading to substantial 381 

formation of formaldehyde even below 770 K. OME3-5 show the onset of a low temperature regime in 382 

all investigated conditions, as it can be seen in Fig. 6 from small steps in the profiles of oxygen and 383 

water. It should be noted that in particular OME2 clearly shows this onset for the rich conditions (ϕ = 384 

2.0) but less for the leaner condition (ϕ = 1.2 and 0.8). As a consequence, OME2 profiles are found to 385 

be closer to the shorter OMEs for the lean conditions and closer to the longer OMEs at the ϕ = 2.0 386 

measurement. 387 

3.4 Formation and impact of C-C bonds 388 

No soot precursors like benzene, typically observed during oxidation of hydrocarbons and other 389 

oxygenated fuels (e.g., higher alcohols) [45, 46], can be detected under the investigated conditions. This 390 

holds for even very fuel-rich conditions (ϕ =2.0). Figure 9 shows ethylene (C2H4) and propene (C3H6) 391 

profiles for all fuels. Beyond these intermediates, the longest detectable carbon chain in the complete 392 

series are butadiene (C4H6) and 1-butene (C4H8) using EI-MBMS, with a maximum mole fraction of 393 

1.4·10-7. Note that this is very close to the detection limit of the EI-MBMS system and even possible 394 

due to the high ionization cross section of these species. Therefore, no trend between the different chain 395 

lengths of the OMEs can be derived. For carbon chain lengths of C2 and C3, a trend can be seen as on 396 

the example of ethylene and propene (Fig. 9): higher OMEs tend to form less species with C-C bonds. 397 

The main reaction pathway for the formation of hydrocarbons is over methyl radical recombination 398 

reaction (CH3 + CH3 = C2H6). In general, available models for OME combustion [8, 11, 12, 20] show 399 

good prediction of hydrocarbon formation (Fig. 13). For higher OMEs, models can still be optimized. 400 

Data for all other hydrocarbons, e.g. CH3, C2H2, C4H6 and C4H8, can be found in Supplementary 1 as well 401 

as the maximum mole fraction in Supplementary 2.  402 
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 403 

Fig. 9: Mole fraction profiles of ethylene (C2H4) and propene (C3H6) for oxidation of OMEs at 404 

equivalence ratio of ϕ=2.0. Uncertainty for each species is displayed. 405 
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Identification of m/z=46 407 

 408 

Fig. 10: OME1,3-5 photoionization efficiency curves (PIE) of m/z=46 at a gas temperature of 959 K for 409 

OME1 and 866 K for OME3-5 in comparison with PIE literature spectra of dimethyl ethyl, ethanol and 410 

formic acid, and their weighted sum [47, 48]. 411 

Low concentrations for long chain hydrocarbon intermediates, however, are not unexpected for a highly 412 

oxygenated fuel such as the OME fuels. Oxygenated intermediates on the contrary show a significant 413 

contribution to species exhibiting a carbon-carbon bond. Figure 10 for example shows the 414 

photoionization efficiency curves (PIE) of m/z=46 for OME1,3-5 and compares the measured PIE curves 415 

to the weighted sum of respective literature photoionization cross sections. Weighting factors i.e. mole 416 

fraction ratios, are summarized in as shown in Table 3. The match proves the presence of dimethyl ether, 417 
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formic acid and ethanol in all investigated conditions and ethanol was found to be the dominating 418 

isomer.   419 

The low signal-to-noise ratios do not allow to provide threshold photoelectron spectra for m/z=46- 420 

Furthermore, due to the too low signal intensities at the temperature scans, ethanol and dimethyl ether 421 

cannot be separated for the complete temperature range for OME1,3,4. Only for OME5, an intermediate 422 

profile of dimethyl ether was obtained via photoionization and quantified via direct calibration of DME. 423 

The separated mole fraction of dimethyl ether and ethanol can be seen in Fig 11. Photoionization energy 424 

of 10.3 eV is used for the pure DME signal, while ethanol is calculated by the summed signal measured 425 

by EI-MBMS subtracted by DME, using literature photoionization cross section [32]. Overall 426 

quantification is done by the EI-MBMS signal.  427 

 428 

Fig. 11: Mole fraction of dimethyl ether and ethanol separated by photoionization energy of 10.3 eV. 429 

The respective temperature of the PIE scan is indicated. For combined C2H6O mole fraction measured 430 

by EI-MBMS, every second measured point is displayed. 431 

Formic acid can also be confirmed for OME1 in the PEPICO results, while no formic acid could be 432 

detected in the EI-MBMS setups. This can be traced back to the higher detection sensitivity of the 433 

i2PEPICO experiment. Note that the chosen gas temperatures are ~23-39 K higher than the maximum 434 

peak temperature of C2H6O for each OME, but the mole fraction at these temperatures are still high 435 
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enough to separate DME and ethanol. Quantitative fractions of dimethyl ether and ethanol are provided 436 

in  Table 3. For all measured OMEs, the mole fraction of ethanol is higher than for dimethyl ether for 437 

the chosen gas temperatures. The obtained isomer ratio was considered for quantification of the EI-438 

MBMS signal by applying weighted calibration factors for the actual C2H6O isomer mixture. For the 439 

equivalence ratios of 0.8 and 2.0, for each OME, the same calibration factor as for 1.2 was assumed. 440 

Note that this is a first approximation since the isomer ratio seen in the PEPICO experiment may change 441 

with temperature and stoichiometries. Photoionization curves of ϕ = 0.8 and 2.0 series have not been 442 

measured yet. However, the applied calibration factor gives better results than using solely the 443 

calibration factor for DME or ethanol.  444 

Table 3: Weighting factors ionization cross sections of mole fractions of ethanol and dimethyl 445 

ether at specific gas temperatures separated by i2PEPICO 446 

 Gas temperature / K fraction DME fraction ethanol fraction formic acid 

OME1 959 5.3 % 86.1 % 8.5 % 

OME3 866 7.7 % 60.0 % 32.3 % 

OME4 866 3.9 % 69.0 % 27.1 % 

OME5 866 2.6 % 54.1 % 43.3 % 

Sun et al. [11] have stated a rate of production analysis for OME3, where H-abstraction at the terminal 447 

C atom, followed by abstraction of three oxymethylene groups (-CH2O) leads to C2H5O. This leads to 448 

the statement that less dimethyl ether is reformed from C2H5O and instead directly decompose to 449 

formaldehyde [11] for all OMEs. This assumption is supported by our study of laminar oxymethylene 450 

ether flames, where we have investigated an OME1-doped hydrogen flame and pure OME flames: we 451 

could see that for the OME1-doped hydrogen flame, the mole fraction of DME is increasing significantly 452 

due to the greater importance of the formation route: CH3OCH2 + H2 = CH3OCH3 + H [49]. 453 

Nevertheless, it can be stated that using calibration for pure DME results for the EI-MBMS results highly 454 

underestimates mole fractions profiles and ethanol has a strong impact on the quantification of C2H6O. 455 

To capture the main routes of ethanol formation, the mechanism by Kathrotia et al. [20] was used to 456 

calculate ethanol at the measured gas temperatures, used for the mole fraction calculations in Table 3 457 

(see Fig. 12).  458 
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The main formation route seems thereby to be over CH2OH + CH3 = C2H5OH, followed by CH3CH2O 459 

+ H2 = C2H5OH + H. These two reactions also may be the starting point for further optimization. 460 

Formation routes via hydrocarbons are not playing a strong role at the chosen temperature for this 461 

mechanism. This point is underlined by the formation of hydrocarbons only at higher temperatures as 462 

seen in Fig. 7. Furthermore, Yu et al. have shown that the direct decomposition of OME1 to 463 

formaldehyde and ethanol is highly unlikely to occur due to its high energy barrier [18]. Further 464 

experimental and model investigation have to be undertaken to clarify the contribution.   465 

 466 

Fig. 12. Rate of production analysis (ROP) for ethanol in OME3-5 oxidation at measured gas temperature 467 

of 865.8 K using the mechanism by Kathrotia et al. [20]. 468 

Figure 13 shows a comparison of the models by Jacobs [8], Sun [11] and Kathrotia [20]: it can be seen 469 

that for formaldehyde and hydrocarbons all the models fit the experimental results quite well. For 470 

formaldehyde, the model by Jacobs et al. provides the best fit, while for the hydrocarbons, the model by 471 

Kathrotia fits better. DME and ethanol model results are combined in one graph. It can easily be seen 472 

that the mole fraction is thereby highly underestimated in all models. 473 

The presented photoionization experiments providing explicit ethanol and DME quantification, provide 474 

a valuable source for further refinement of the presented kinetic models. However, expansion and 475 

improvement of these mechanism are beyond the scope of this study. 476 
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 477 

Fig. 13: Comparison of experimental results with models by Jacobs [8], Sun [11], and Kathrotia [20] 478 

for OME1, ϕ=1.2. 479 

Identification of m/z=44 480 

 481 

Fig. 14: Photoionization efficiency curves (PIE) of m/z=44 in comparison with literature spectra and 482 

their weighted sum [47, 50-52]. 483 
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Figure 14 displays the PIE curve of m/z=44 for OME1 and OME5 oxidation. Similar to m/z=46, also no 484 

TPES can be provided here, due to too low signal-to-noise ratios. Since OME3-5 show very similar 485 

oxidation behavior, only OME5 results are shown in comparison to OME1. The ionization thresholds of 486 

the C2H4O isomers ethenol and acetaldehyde are clearly identified in the measured PIE curves. Both are 487 

common intermediates in hydrocarbon oxidation [53]. Also, the third C2H4O isomer, ethylene oxide can 488 

be identified. Quantification shows that only 7.6 % of the measured signal is ethenol, while acetaldehyde 489 

is responsible for 49.5 % and ethylene oxide for 42.9 %. Calibration of C2H4O as acetaldehyde in the 490 

EI-MBMS analysis is therefore justifiable. Using the mechanism by Kathrotia et al., the main formation 491 

routes are thereby at the measured gas temperature: CH3CH2O + M = CH3CHO + H + M and CH3CHO 492 

+ O2 = CH3CO + HO2. Kasper et al. have already shown for another oxygenated fuel, tetrahydrofuran 493 

in premixed flames that ethylene was detected as an intermediate using the PIE curve [52]. They claim 494 

that stabilization of (CH2)2O to the cyclic ethylene oxide as a viable reaction even at high temperatures.  495 

Furthermore, the strong increase of the PIE curve at 10.9 eV indicates the presence of propane as an 496 

intermediate in the OME oxidation even though it was not detected in the reactor measurements for 497 

OME0–5.  498 

Conclusions 499 

This study presents the first systematic investigation of oxymethylene ethers with different number of 500 

oxymethylene ether groups (n=0-5). Dimethyl ether (DME) was treated as OME0. Two complementary 501 

experimental setups were used to gain detailed information about the combustion process of longer 502 

OMEs. Isomer-selective intermediate identification was successfully performed at the i2PEPICO reactor 503 

setup for OME1,3-5. Furthermore, a high-temperature flow reactor was used to investigate the oxidation 504 

of the full series of OMEs by electron ionization molecular-beam mass spectrometry.  505 

For all OMEs, oxygenated species are the dominating intermediates in the combustion process with 506 

formaldehyde showing the highest mole fractions. Highest oxygenated combustion intermediate is 507 

methyl formate for OME1-5. No typical soot precursors, which are commonly observed during oxidation 508 

of hydrocarbons, are detected even for very fuel-rich conditions (ɸ=2.0). The flow reactor experiment 509 
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proves increased reactivity, i.e., a shift of the intermediate’s peak temperature, for OMEs with a higher 510 

chain length. The observed species pool is nearly independent of the chain length of the OME. 511 

For the isomer intermediates dimethyl ether and ethanol, quantitative separation was provided for 512 

OME1,3-5. Noticeable, it was found that for all OMEs, the mole fraction of ethanol is overshooting those 513 

of DME. Similar behavior of OME2 can be expected. As a consequence to this finding, ethanol is highly 514 

underestimated by present models and additional pathways or reaction rates have to be explored for 515 

OME combustion. Other intermediates, as acetaldehyde and methyl formate, could be confirmed and 516 

validated. The presented data is available and can be used for model development, further optimization 517 

of the reaction paths through its speciation and validation for OMEs with different chain lengths. 518 

  519 
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