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red oxymethylene ether (OME)
fuels via transacetalization reactions†

Marius Drexler, Philipp Haltenort, Thomas A. Zevaco, Ulrich Arnold *
and Jörg Sauer

In the field of alternative diesel fuels, so-called oxymethylene ethers (OMEs) are currently intensely

investigated. Particularly OMEs of the type CH3O(CH2O)nCH3 with n ¼ 3–5 exhibit promising fuel

properties and combustion characteristics with strongly reduced particle and NOx emissions. According

to their molecular structure, OMEs can be produced from methanol thus enabling sustainable

production strategies from CO2 and renewable resources. Compared to the methyl derivatives,

analogous compounds with higher alkyl groups (oxymethylene dialkyl ethers, OMDAEs) have been

investigated to a much lesser extent. Thus, commercially available OMDAEs, i.e. compounds of the type

ROCH2OR bearing ethyl, propyl, butyl and 2-ethylhexyl groups, have been studied. Furthermore,

asymmetric compounds of the type R1OCH2OR2 have been synthesized from the symmetric compounds

employing transacetalization reactions catalyzed by zeolite BEA-25. The OMDAEs have been

characterized by spectroscopic and spectrometric methods and several physico-chemical,

thermodynamic and fuel-related data have been determined and compared. Despite their structural

peculiarities, such as the oxygen-containing acetal moiety in the molecular backbone, all OMDAEs

exhibit properties similar to conventional diesel fuels. Based on experimental and analytical data, the

development of tools for the prediction of properties by a simple regression method is described.

Furthermore, the suitability of group contribution modelling is investigated for OMDAE compounds.
Introduction

Oxymethylene ethers (OMEs) are currently attracting consider-
able interest due to their fuel properties and low emissions
formed during the combustion process. In particular, oxy-
methylene dimethyl ethers (OMDMEs) are considered as
a promising blending component for diesel fuels.1,2OMDMEs of
the structure CH3O(CH2O)nCH3 with n ¼ 3–5 exhibit properties
similar to conventional diesel fuel and can be produced from
renewable resources via methanol according to several
synthesis pathways.3–7 Thus, sustainable production with low
overall emissions is possible.8,9 Due to the absence of carbon–
carbon bonds in the molecular structure, formation of partic-
ulate matter during combustion is inhibited to a large extent.
This enables a higher rate of exhaust gas recirculation to reduce
NOx emissions as well.10–14 To employ a synthetic fuel as drop-in
fuel compatible with existing vehicles as well as infrastructures,
it is inevitable to full the respective diesel specications, e.g.
the EN 590 standard. Since many synthetic fuels do not meet all
tute of Catalysis Research and Technology

344 Eggenstein-Leopoldshafen, Germany.

(ESI) available: Reaction monitoring,
s tables with reference data. See DOI:

f Chemistry 2021
the specications for fossil diesel fuel, an appropriate work-up
and/or additives can be necessary to tune fuel properties.

In the case of OMEs, transacetalization reactions have
recently been proposed to modify their structures and to adjust
fuel properties.15 The reactions proceed readily in the presence
of acidic catalysts as outlined in Scheme 1. Thus, not only chain
lengths can be varied but also the end groups and a series of
oxymethylene dialkyl ethers (OMDAEs) bearing various alkyl
groups become accessible. Such transacetalization reactions are
a useful addition to the well-known acetalization reactions used
for the production of OMEs from alcohols, especially methanol,
and formaldehyde sources.3,4,16–18

Regarding low molecular weight OMDAEs with n ¼ 1, i.e.
dialkoxymethanes of the type ROCH2OR, numerous represen-
tatives are known and some of them are commercially available,
e.g. the derivatives with R ¼ methyl, ethyl, propyl, butyl and
2-ethylhexyl. Dimethoxymethane (DMM, methylal, OMDME1) is
the most known compound in this series and it is used
predominantly as a solvent.19–21 Fuel properties of DMM have
Scheme 1 General reaction scheme for transacetalization reactions of
OMDAEs.
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View Article Online
been investigated extensively and engine tests have been carried
out.22–25 It is also used for the synthesis of higher molecular
weight OMEs, e.g. by chain extension reactions with formalde-
hyde sources like trioxane.26–28 Regarding diethoxymethane
(DEM) and dibutoxymethane (DBM), a series of physico-
chemical data as well as fuel properties are available.29–31

Compared to DMM, their use as fuels has been investigated to
a much lesser extent.

As already stated above, transacetalization reactions of
OMDAEs can easily be performed employing acidic catalysts
and according to Scheme 1, asymmetric OMDAEs of the type
R1(OCH2)OR

2 can be prepared via exchange of end groups.
Some examples of such compounds are already known, e.g.
methoxyethoxymethane (R1 ¼ methyl, R2 ¼ ethyl).15 Regarding
branched OMDAEs, the synthesis of methoxymethyl ethers for
the protection of hydroxyl ethers has been described. In
2008, the preparation of (2-ethylhexyloxy)methoxymethane
((2-EH)MM) from 2-ethylhexanol and DMM has been reported.32

Another example is the homologous (2-ethylhexyloxy)ethoxy-
methane ((2-EH)EM). In 1981, synthesis of (2-EH)EM by reac-
tion of 2-ethylhexanol with DEM has been described.33 In 2003,
a patent on the production of ethoxymethyl ethers was led
which comprises the same reaction.34 More recent studies
report on the preparation of methoxymethyl ethers from alco-
hols by electrochemical methoxymethylation.35 Furthermore,
systematic investigations on physico-chemical properties,
including various OMDAE compounds, have been published
recently.36,37

Within this work, symmetric as well as asymmetric OMDAEs
have been investigated with a strong focus on physico-chemical
and fuel properties. Regarding the symmetric compounds,
diethoxymethane (DEM), dipropoxymethane (DPM), dibutoxy-
methane (DBM) and di(2-ethylhexyloxy)methane (D(2-EH)M)
have been purchased and extensively characterized.
Table 1 Labelling, molecular structure, CAS number, molar mass and o

Compound (abbreviation) Molecular structure

Diethoxymethane (DEM)

Dipropoxymethane (DPM)

Dibutoxymethane (DBM)

Di(2-ethylhexyloxy)methane (D(2-EH)M)

(2-Ethylhexyloxy)ethoxymethane ((2-EH)EM)

(2-Ethylhexyloxy)propoxymethane ((2-EH)PM)

(2-Ethylhexyloxy)butoxymethane ((2-EH)BM)

4312 | Sustainable Energy Fuels, 2021, 5, 4311–4326
Furthermore, a series of asymmetric compounds has been
synthesized by transacetalization reactions of D(2-EH)M with
DEM, DPM and DBM, respectively. In previous work, zeolite
BEA-25 proved to be a suitable acidic catalyst for such reactions
and therefore, it has been chosen for this study.15 The new
compounds (2-ethylhexyloxy)propoxymethane ((2-EH)PM) and
(2-ethylhexyloxy)butoxymethane ((2-EH)BM) have been charac-
terized comprehensively and compared to the other derivatives.

Furthermore, physico-chemical and fuel properties of the
OMDAEs are compared to OMDMEs and alkanes with similar
chain length. In this context, two methods for the prediction of
structure-related properties are suggested, a simple regression
technique and a thermodynamic group-contribution approach.
The methods can support the design of tailor-made OMDAEs
and the adjustment of properties according to the respective
requirements.
Methods
Materials

Diethoxymethane (DEM, $99%) was purchased from Merck
KGaA while dipropoxymethane (DPM, $99%) and dibutoxy-
methane (DBM, $99%) were obtained from Lambiotte & Cie.
Di(2-ethylhexyloxy)methane (D(2-EH)M, 95%) was purchased
from Chemos GmbH & Co. KG. All chemicals were used without
further purication. Zeolite BEA-25 (CP814E*) was provided by
Zeolyst International. Prior to use, it was calcined for 5 h at
500 �C and dried for 12 h at 110 �C under reduced pressure.
Synthesis of OMDAEs

The reactions have been carried out in a glass ask equipped
with a condensation cooler. An oil bath has been used for
heating and the reaction mixtures have been stirred magneti-
cally at 400 rpm. Experiments with dipropoxymethane (DPM)
xygen content of the investigated OMDAEs

CAS no. Molar mass g mol�1 Oxygen content wt%

462-95-3 104.15 30.72

505-84-0 132.20 24.21

2568-90-3 160.26 19.97

22174-70-5 272.47 11.74

80390-85-8 188.31 16.99

— 202.34 15.81

— 216.37 14.79

This journal is © The Royal Society of Chemistry 2021
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and dibutoxymethane (DBM) have been carried out at 80 �C
while a reaction temperature of 60 �C has been chosen in the
case of diethoxymethane (DEM). The zeolite catalyst BEA-25 has
been xed in a stainless steel basket, which has been placed in
the middle of the ask.

In each experiment 10 g of catalyst (0.78 wt%) were employed
and equimolar amounts of the educts have been used. The
reactions have been monitored by continuous sampling from
the reaction mixtures. Aer reaction, the mixtures were cooled
down to room temperature and ltrated. All investigated
compounds, the commercially available ones as well as the
synthesized compounds, are summarized in Table 1.

Characterization of products

The composition of the liquid samples as well as the purity of
the products have been determined by gas chromatography
employing a Hewlett Packard 6890 Series FID gas chromato-
graph equipped with a DB-5 column from Agilent. Helium has
been used as a carrier gas.

NMR spectra were recorded on a Varian Inova 400 instru-
ment employing concentrated benzene D6 (deuteration grade
99.8%) solutions. FTIR spectra have been recorded in trans-
mittance mode on a Varian IR-FT Carry 660 instrument
employing thin lms between KBr plates. The measuring range
was from 250 to 4000 cm�1 with 8 scans per measurement and
a resolution of 1 cm�1. The spectra were edited using “Spec-
tragryph – optical spectroscopy soware”.38 Mass spectra of the
samples were recorded with an Agilent 5973 mass spectrometer
coupled with an Agilent 6890N GC system.

Densities of the compounds have been measured at 20 �C
using a DMA 4500 M density meter from Anton Paar. Dynamic
viscosities have been determined with a Modular Compact
Rheometer model MCR 102 from Anton Paar. The measure-
ments have been carried out at 20 �C with a concentric cylinder
system. Melting points have been determined by DSC
measurements with a Netzsch DSC214 Polyma. The samples
were cooled down to �150 �C and subsequently heated to
�50 �C with a rate of 5 K min�1. Phase transitions have been
determined by observation of changes in the required heating
power. Regarding heat of combustion (DH0

c), a C5000 calorim-
eter from IKA has been employed. With these data, heat of
formation (DH0

f ) as well as lower and higher heating values of
the compounds have been calculated. Additionally, the indi-
cated cetane number (ICN, EN 17155), ash point (ASTM D
7094), lubricity (high frequency reciprocating rig test HFRR, EN
ISO 12156-1), cold behavior (cold lter plugging point CFPP, EN
116), auto ignition temperature (DIN 51794), surface tension
(EN 14370), refractive index (DIN 51423-2) and distillation
characteristics (EN 17306) have been determined by ASG
Analytik-Service AG (Neusäss, Germany) according to certied
standard methods.

Prediction of physico-chemical and fuel properties

Transacetalization reactions (Scheme 1) enable the synthesis of
versatile OMDAE compounds. Even if oligomeric products
(R1O(CH2O)nR

2 with n > 1) are neglected, the combination of
This journal is © The Royal Society of Chemistry 2021
different end groups leads to various species. Some of these
products might show well-suited properties for a technical use
as fuels, solvents or reactants. Therefore, the estimation of
properties, based on molecular structures, is highly desirable
for OMADEs. Current models for the prediction of physical
properties and especially fuel properties are very sophisticated,
relying on large databases and complex calculation
methods.36,37,39–47 A common type of predictive model described
in literature is the group contribution method. It describes the
investigated compound as a set of molecular groups. Within
this approach, physico-chemical properties are calculated solely
based on molecular structure. In the case of transacetalization
reactions such a model, for instance the Joback method,
appears to be applicable.48 As a simple exchange of end groups
between the OMDAEs is conducted, the modication of number
and nature of the molecular groups is clearly dened.

Therefore, the standard Joback method has been employed
and a comparison of predicted and measured properties of
OMDAEs has been carried out. The method has been used in its
original form without any modication of the groups or the
contribution parameters. Detailed information on this procedure
is provided in the ESI (Tables E5 and E6†). Since acetal groups are
not implemented in the standard Joback method, a combination
of a CH2-group and two bridging oxygen atoms has been used to
mimic this structure. To extend the experimental database,
additional data for similar compounds taken from the literature
have been included. Since the acetal structure is implemented by
a simple mimic approach, deviations between measured and
predicted values are to be expected. As a result, insights on
structure related systematic errors for the prediction of the group
contribution method can be gained. These ndings can be rele-
vant for future work with a focus on the development of predic-
tion techniques for OMDAEs. Several authors have provided
tailored versions of the Joback method in the eld of fuel
research to estimate physico-chemical properties and fuel
data.49–51 The conclusions of this study might encourage the
development of suitable methods for OMDAEs as well.

The discussion of systematic errors considers the known
uncertainties of the prediction method. Therefore, the relative
average errors stated for the original Joback method48 have been
adapted. For the enthalpy of formation (DH0

f ) the average
absolute error of 8.4 kJ mol�1 is employed.48 The deviations
between the predicted andmeasured values will be expressed by
mean absolute errors (MAE). This leads to a more individual
context for the investigated properties.

In contrast to the application of the group contribution
method, a simple prediction approach by a regression accord-
ing to eqn (1) has been employed.

y ¼ a0 þ a1M þ a2e
�M
a3 (1)

By tting the coefficients an it becomes possible to appro-
priately describe correlations between molecular properties of
structurally similar OMDAEs, especially in terms of molar
massesM, and their physico-chemical as well as fuel properties.
The set of values used to t the coefficients was obtained from
Sustainable Energy Fuels, 2021, 5, 4311–4326 | 4313
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the reactants DEM, DPM, DBM and D(2-EH)M as well as from
literature data for DMM and dipentoxymethane (DPeM) which
is provided in the ESI (Tables E7 and E8†). This method, also
called ad hoc descriptor approach can provide a reasonable
prediction with little effort.52 It is less sophisticated compared
to other methods, as the prediction relies on few structural
properties and therefore its versatility is limited. In the case of
transacetalization reactions as conducted in this work, this
limitation is acceptable since structures of the compounds are
similar.53 Examples of linear or exponential correlations to
predict properties of organic compounds employing molar
mass, number of carbon atoms or other input parameters can
be found in literature.52,54–56
Fig. 2 1H NMR spectrum of (2-EH)BM: d (ppm, in benzene-d6).
Results and discussion
Synthesis of asymmetric OMDAEs

For the synthesis of asymmetric OMDAEs, the symmetric
D(2-EH)M bearing 2-ethylhexyl groups has been reacted with the
symmetric DEM, DPM and DBM, respectively. Zeolite BEA-25 has
been used as catalyst. The reaction progress has been monitored
and time-dependent molar compositions of the reaction
mixtures have been recorded. Exemplary results for the reaction
of D(2-EH)M with DBM are shown in Fig. 1. During reaction, no
signicant formation of side products has been observed and
aer reaction, the mixture contained approximately equal
amounts of the educts D(2-EH)M and DBM amounting to about
25 mol%, respectively. The content of the desired asymmetric
(2-EH)BMwas about 50mol%. It was separated from the reaction
mixture by distillation under reduced pressure and further
puried by distillation until purity was above 99% with respect
to GC-Area. The procedure for the preparation of the related
(2-EH)EM and (2-EH)PM was essentially the same and detailed
information is given in the ESI in section A.†
Characterization of asymmetric OMDAEs

The structure of the compounds could be clearly assessed via 1H
and 13C NMR spectroscopy due to the high purity of the samples
Fig. 1 Transacetalization reaction of D(2-EH)Mwith DBM catalyzed by
zeolite BEA-25 (reaction conditions: 80 �C, 400 rpm, 0.78 wt%
catalyst).

4314 | Sustainable Energy Fuels, 2021, 5, 4311–4326
and a general good solubility in benzene-d6. The assignment of
the numerous NMR-signals found for the OMDAEs is custom-
arily made correlating the information gained from dedicated
1D methods (e.g., DEPT 135 and 13C measured with gated
decoupling) and standard 2D-NMR spectra, in this case 1H,1H
COSY and 1H,13C HETCOR. The recorded chemical shis and
coupling patterns were compared to NMR data from the liter-
ature33,57,58 and from the 1H and 13C prediction tools of Chem-
Draw 19 (part of the ChemOffice 2019 soware package) and of
ACD/C + H Predictors & DB 2019.1.1. (from the Soware package
ACD/Labs 2019.1.1). To avoid needless redundancy, typical 1D
1H and 13C spectra (Fig. 2 and 3) together with a 2D 13C,1H-
correlated spectrum (Fig. 4) are depicted exemplarily for the
asymmetric derivative (2-EH)BM in the following. The complete
NMR-characterization of all the derivatives can be found in the
ESI in section B.† The nomenclature to assign the signals is
following the scheme shown in Scheme 2, with letters indi-
cating the groups and numbers denoting the carbon atoms. It
should be stated that, due to the similarity of the chemical
environments of some methylene groups, a small ambiguity
remains in the assignment of some signals (e.g. the carbon pairs
D2,D7 and D3,D4 in the 2-ethylhexyloxy fragment whose
chemical shis might be swapped).
Fig. 3 13C NMR spectrum of (2-EH)BM: d (ppm, in benzene-d6).

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Labelling for NMR analysis of (2-EH)BM.

Fig. 4 1H,13C HETCOR 2D spectrumof (2-EH)BM: d (ppm, in benzene-
d6).
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The 1H NMR spectra of the OMDAEs can be generally divided
in four main regions typical of specic fragments: (1) the central
methylene bridge found at low eld (around 4.5 ppm), dis-
playing no coupling pattern with other spin systems, (2) the
Fig. 5 FTIR spectrum of (2-EH)BM (recorded in transmittance mode as

This journal is © The Royal Society of Chemistry 2021
methylene groups in alpha location of the oxygen atoms, in
both alkyl groups attached to the oxymethylene pivot (located
between 3.4 and 3.6 ppm – expressed either as triplet or doublet
depending on their environment), (3) the methylene groups
belonging to the bulk of the alkane chains with complex
coupling patterns and signals ranging from 1.2 to 1.5 ppm, and
(4) the methyl groups capping the alkane chains, found at
around 0.8 ppm (Fig. 2).

The 13C NMR spectra of the asymmetric OMDAEs can be
roughly seen as a superposition of two 13C signal sets of the
parent symmetric OMDAEs. For instance, the asymmetric
compound (2-EH)BM can be seen, through the NMR looking
glass, as the combination of the 13C spectra of the symmetric
compounds D(2-EH)M and DBM (Fig. 3). Similarly to the 1H
spectra, the 13C spectra of the OMDAEs can be divided in four
main ranges related to specic fragments: (1) the central meth-
ylene bridge found at low eld (around 95 ppm), (2) both meth-
ylene groups in alpha location of the oxymethylene pivot (located
around 65–70 ppm), (3) the methylene groups belonging to the
bulk of the alkyl groups ranging from 20 to 40 ppm, and (4) the
methyl groups terminating the alkane chains found around 11–
14 ppm. Interestingly, measuring the 13C spectra in the “gated
decoupling”mode allowed to gain some knowledge about the 1JC–
H coupling constant: The central oxymethylene group displaying
a high C–H coupling constant of ca. 160 Hz whereas the carbons
in alpha location of this central group amount to 140 Hz and the
bulk of the remainingmethylene andmethyl groups displaymore
common 1JC–H coupling constants around 124 Hz.

The 1H,13C HETCOR spectrum complements nicely the
former spectra, allowing an unambiguously attribution of the
thin film between KBr plates, resolution 1 cm�1, 8 scans).

Sustainable Energy Fuels, 2021, 5, 4311–4326 | 4315

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1se00631b


Fig. 6 Mass spectrum of (2-EH)BM and assignment of the relevant
fragments.
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numerous 13C and 1H NMR signals of the compound and clearly
outlining the four signal regions mentioned above (Fig. 4).

Regarding the IR-spectra of the OMDAEs (recorded as thin
lms between KBr plates), the main absorption bands related to
the C–H and C–O fragments can be easily localized (see Fig. 5).59

The strong C–H stretching bands are found around 2870 cm�1

for the symmetric and between 2930 and 2970 cm�1 for the
asymmetric ones, the bands belonging to the methyl group
having usually a slightly higher frequency than those of the
methylene groups. The characteristic C–O stretching bands are
found between 900 and 1200 cm�1: the asymmetric ones
between 1040 and 1200 cm�1 being denitely stronger than the
Table 2 Physico-chemical properties of OMDAEs

Compound
Density at 20 �C,
kg m�3

Molar volume,
cm3 mol�1

DEM 829.7 125.5
DPM 834.6 158.4
DBM 835.4 191.8
D(2-EH)M 848.2 321.2
(2-EH)EM 842.7 223.5
(2-EH)PM 843.3 239.9
(2-EH)BM 843.2 256.6
Diesel (EN 590) 820–845a —

a At 15 �C. b CFPP of winter diesel.
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symmetric ones, measured around 800–900 cm�1. Interestingly,
whereas one strong n(C–O) asymmetric band is commonly
found in the spectra of “mono”-ethers, the OMDAEs display
a more complex pattern in this characteristic region, probably
due to the presence of two connected ether functions causing
more complex vibration patterns. Complementing the strong
stretching C–H vibrations, numerous deformation modi typical
of the methylene fragment (scissoring, wagging and rocking,
among others) can also be seen in the spectra: d scissoring
around 1460 cm�1, wagging & twisting (u & s) around 1380 cm�1

and rocking (r) in the 800–950 cm�1 region. The complete FTIR-
characterization of all the derivatives can be found in the ESI in
section C.†

The molecular structure of the compounds has also been
veried by mass spectrometry and the spectrum for (2-EH)BM is
shown in Fig. 6. The most important fragments are identied
and shown in the gure. Spectra recorded for the other products
can be found in the ESI in section D.†

The fragments with the highest abundance are found to be
C4H9c 2 and C5H11Oc 3. Fragments of the type C4H9c can result
from two mechanisms for this product, represented by 2a and
2b. Especially compounds comprising butyl end groups show
clear peaks in this position, since they are able to access both
fragmentation mechanisms. The corresponding fragments of
the type C9H19O2c can be found at 4, but only to a small amount
since further fragmentation to C3H5c or C5H11Oc as shown in 1
and 3 is likely. Comparison of the spectra to those of
compounds with a similar structure e.g. 2-ethylhexanol60,61 or
DBM62 conrm the suggested fragmentation mechanism.
Physico-chemical properties

The physico-chemical properties of the compounds are dis-
played in Table 2. Properties of comparable n-alkanes as well as
OMDMEs are summarized in Table E2.† The inuence of the
molecular structure on physico-chemical and fuel properties of
OMDAEs can be studied by comparing the different OMDAEs
among each other and by comparing them to the corresponding
OMDMEs and n-alkanes with similar molar mass. Regarding
density, a clear correlation with the molar mass is observed for
each substance class (Fig. 7). OMDMEs exhibit signicantly
higher densities than the corresponding OMDAEs while
densities of the n-alkanes are the lowest.
Melting point,
�C

Boiling point,
�C

Refractive
index

�66.6 87.1 1.373
�98.7 135.2 1.393
�59.5 178.8 1.406
�120.6 285.1 1.435
�134.3 205.8 1.418
�135.4 221.9 1.421
�132.3 237.6 1.424
�20b–0 180–340 —

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Densities of OMDAEs compared to OMDMEs and n-alkanes
with similar molar mass. Data points and trend lines for OMDMEs
(green) and n-alkanes (red) as well as data points and values predicted
by the regression function for OMDAEs (blue).

Fig. 8 Melting points of OMDAEs compared to OMDMEs and n-
alkanes with similar molar mass. Data points and trend lines for
OMDMEs (green) and n-alkanes (red) as well as data points for
OMDAEs (blue).

Fig. 9 Boiling points of OMDAEs compared to OMDMEs and n-
alkanes with similar molar mass. Data points and trend lines for
OMDMEs (green) and n-alkanes (red) as well as data points and values
predicted by the regression function for OMDAEs.
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The higher density of the oxygenate compounds can be
explained by stronger intermolecular forces caused by oxygen,
which results in a higher packing density. The remarkably
higher densities of OMDMEs compared to OMDAEs, are most
likely due to their higher oxygen content. It should be noted,
that densities of the OMDAEs slightly increase with increasing
molar mass and remain in a comparatively narrow range
between 829 and 849 kg m�3. Fitting of the values of the
OMDAEs with the regression function mentioned above, as
indicated by the bold dashed line in Fig. 7, results in a very good
correlation with molar mass.

The melting points of the OMDAEs are within a broad range
from �59 to �136 �C (Fig. 8). Compared to values for n-alkanes
and OMDMEs from the literature an opposite trend is observed.
The melting points for alkanes increase with increasing molar
mass due to stronger van-der-Waals forces. The values for
branched OMDAEs on the other hand decrease despite
increasing molar mass, which might be due to the structural
This journal is © The Royal Society of Chemistry 2021
properties of the molecules. Regarding alkanes, it is well known
that the melting point of a compound depends on the packing
density of the molecules, enabling stronger van-der-Waals
forces and therefore causing higher melting points.63 The
packaging density on the other hand is depending on the
physical structure of the molecule, e.g. symmetry or branching.
This leads to lower melting points for compounds with a more
complex or irregular molecular structure. Since the structures of
OMDAEs are generally more irregular than those of n-alkanes
and OMDMEs, the packing density and consequently the
melting points are lower. This effect is particularly pronounced
in the case of branched compounds which becomes obvious, for
example, by comparing linear and branched alkanes.63

Regarding OMDAEs, the lowest melting points are observed in
the case of derivatives bearing the branched 2-ethylhexyl group.

The boiling points of the compounds can be correlated very
well with the molar mass (Fig. 9). The increasing values come
along with increasing molar mass which is due to increasing
intermolecular attractive forces.63 Compared to n-alkanes or
OMDMEs the branched OMDAE compounds exhibit signi-
cantly lower boiling points with respect to their molar mass,
which might be due to structural characteristics. Branching
prevents optimum proximity of the molecules to each other,
reducing the intermolecular forces and thus the boiling point,
which is also observed in the case of alkanes.63

As expected, a linear relationship between density and
refractive index can be observed within the group of symmetric
compounds and within the group of asymmetric compounds.
Like in the case of density, the values for the refractive index
increase with increasing molar mass.

Regarding the physico-chemical properties discussed so far,
all branched OMDAEs synthesized within this work full the
requirements according to the EN 590 standard. The extremely
low melting points might be an interesting feature regarding
the potential of the compounds as fuel additives. By compar-
ison, the cold stability of pure OMDME fuels is much more
limited. In addition, except for melting points, all synthesized
Sustainable Energy Fuels, 2021, 5, 4311–4326 | 4317
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Table 3 Fuel properties of OMDAEs

Compound Cetane number
Autoignition
point, �C

Flash point,
�C

Kinematic viscosity
at 20 �C, mm2 s�1 HFRR, mm CFPP, �C

Surface tension,
mN m�1

DEM 41.4 170 �5.0 0.52 760 <�60 21.0
DPM 51.5 255 29.5 0.85 690 �52 23.1
DBM 74.6 185 60.5 1.22 780 <�60 24.3
D(2-EH)M 75.6 205 133.5 4.56 420 �32 27.1
(2-EH)EM 63.8 185 80.5 1.58 790 < �60 24.7
(2-EH)PM 69.6 190 91.5 1.98 510 �37 24.6
(2-EH)BM 79.0 195 103.0 2.32 610 �49 25.6
Diesel (EN 590) >51 �220 >55 2.0–4.5a <460 <�20b 26

a At 40 �C. b Winter diesel.
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compounds exhibit physico-chemical characteristics with
values between those of the corresponding educts. This might
allow for a rough estimation of several properties.
Fuel properties

To estimate the suitability of OMDAEs for fuel applications,
several fuel properties have been determined (Table 3).
Furthermore, fuel properties of OMDAEs are compared to those
of OMDMEs, n-alkanes and conventional diesel fuel (EN 590).
Detailed data for all substance classes are known and can be
found in Table E3.†

One of the most important parameters for diesel fuels is the
cetane number, which is inversely associated with the fuels
ignition delay.64 Since the ignition behaviour of a fuel is deter-
mined by the kinetics of initial radical formation governed by
complex interaction of local conditions in the engine, it is very
difficult to predict. The cetane number on the other hand is
a reliable parameter to evaluate suitability of a compound or
blend for applications as a diesel fuel. For commercial diesel
fuels, a cetane number of 51 or higher is required, according to
the EN 590 standard. The cetane numbers of the investigated
OMDAEs as well as the cetane numbers of comparable
OMDMEs and n-alkanes are shown in Fig. 10. While OMDMEs
Fig. 10 Cetane numbers of OMDAEs compared to OMDMEs and n-
alkanes with similar molar mass. Data points and trend lines for
OMDMEs (green), n-alkanes (red) and OMDAEs (blue).

4318 | Sustainable Energy Fuels, 2021, 5, 4311–4326
and n-alkanes show an almost linear relation between molar
mass and cetane number, there is no apparent trend for the
OMDAEs. While the general trend of increasing cetane number
with increasing molar mass is still recognizable, there seems to
be a correlation between branching and cetane number. In
general, branching in the alkyl groups seems to decrease the
cetane number of the compound. A possible explanation can be
found in a study of Han et al., which focuses on the auto-
ignition characteristics of different fuel classes.65 According to
this study, the cetane number or ignition delay strongly
depends on the formation of radicals in the initial steps of the
ignition process, which leads to chain branching reactions. In
the case of branched alkanes and ethers it is argued, that there
is a higher number of primary carbon atoms exhibiting a higher
bonding energy and thus hindering H transfer. Furthermore,
the branches lead to steric hindrance and impede the formation
of transition rings. This causes not only a deformation of
transition rings, which enhances the activation energy of
isomerization reactions but also reduces the probability of
capturing H atoms by O atoms. Despite these effects, it is
noticeable that all synthesized compounds exceed by far the
minimum cetane number of 51 dened by EN 590. Thus, the
compounds represent interesting cetane enhancers for diesel
fuels.

Other important fuel properties regarding ignition behav-
iour are the autoignition point and the ash point. The auto-
ignition point is determined by the temperature resulting in
spontaneous ignition of the fuel in mixture with air. The auto-
ignition points for the compounds synthesized within this work
are in the range of 185 to 195 �C and therefore lower than the
values for n-alkanes with similar molar mass (202–220 �C) and
also lower than the values for OMDMEs (230–240 �C). In
general, the values of the asymmetric branched OMDAEs lie in
between those of their symmetric educts, with the exception of
DPM, which exhibits a remarkably high autoignition
temperature.

The ash point describes the lowest temperature at atmo-
spheric pressure enabling the formation of a ammable
vapour–air mixture in a closed container. It correlates strongly
with the boiling point. If the boiling points of the educts are
known, this connection can be used to design compounds and
to adjust ash points according to the respective requirements.
This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Flash points of OMDAEs compared to OMDMEs and n-alkanes
with similar molar mass. Data points and trend lines for OMDMEs
(green) and n-alkanes (red) as well as data points and values predicted
by the regression function for OMDAEs (blue).
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The ash point is a critical parameter regarding safety and it
plays a key role with respect to infrastructural issues like fuel
storage and transportation.64 Flash points of OMDAEs,
OMDMEs and n-alkanes as a function of molar mass are
depicted in Fig. 11. The ash points of OMDAEs as well as
OMDMEs and n-alkanes show a strong correlation with the
molar mass of the components, with OMDAEs exhibiting the
lowest and OMDMEs the highest values with respect to their
molar mass. All ash points of the synthesized compounds are
in the range of 80 to 103 �C and therefore in the required range
above 55 �C.

The viscosity is an important parameter for fuel injection
and spray formation in the combustion chamber. Too high
values can cause problems regarding fuel pumping as well as
cold start while too low values can cause problems during hot
start and increase wear of the fuel pump.64 According to EN 590,
viscosity should be in the range of 2.0 to 4.5 mm2 s�1 at 40 �C.
Thus, optimum injection and droplet formation is ensured.
Fig. 12 Kinematic viscosity of OMDAEs compared to OMDMEs and n-
alkanes with similar molar mass. Data points and trend lines for
OMDMEs (green) and n-alkanes (red) as well as data points and values
predicted by the regression function for OMDAEs (blue).

This journal is © The Royal Society of Chemistry 2021
Comparing OMDAEs to OMDMEs and n-alkanes, OMDAEs
exhibit the lowest while n-alkanes exhibit the highest values
(Fig. 12). For kinematic viscosity, the same phenomenon as in
the case of boiling points can be observed. Due to lower packing
densities caused by the molecular structure, intermolecular
forces of OMDAEs are lower compared to OMDMEs and n-
alkanes. Obviously, the impact of the oxygen content is rela-
tively weak compared to steric effects. Consequently, the
branched molecules exhibit lower viscosities compared to the
corresponding OMDMEs and n-alkanes. Within each substance
class, kinematic viscosity increases exponentially with
increasing molar mass.

Another relevant fuel property is the lubricity, which is
usually determined by the high frequency reciprocating rig
(HFRR) method. The lubricity of a fuel is essential since the
moving parts of modern fuel injection pumps are lubricated by
the fuel itself.66With exception of D(2-EH)M, the HFRR values of
OMDAEs are higher than the corresponding values of OMDMEs
as well as the required value for diesel fuel. This might be due to
the lower oxygen content compared to OMDMEs, since lubricity
of the compounds is strongly inuenced by the presence of
oxygen in the molecular structure.67 The low HFRR value of
D(2-EH)M might be due to its branched molecular structure.
Previous studies with oxygenated fuels already demonstrated
the successful use of lubricity improvers in the case of DBM
without affecting the engine performance.30

The cold behaviour of a fuel is usually described by the cold
lter plugging point (CFPP). It depicts the lowest temperature at
which the fuel is lterable. According to EN 590, it should be
below �20 �C for fuel used in winter. Due to the CFFP value
being strongly connected to the freezing point of a substance,
this limit is surpassed by each OMDAE investigated within this
work (Table 3).

Regarding fuel injection, surface tension is another impor-
tant parameter. If the surface tension is too high, the formation
of droplets during injection is hindered resulting in incomplete
combustion and therefore higher emissions of air pollutants.
Fig. 13 summarizes the values determined for OMDAEs,
Fig. 13 Surface tension of OMDAEs compared to OMDMEs and n-
alkanes with similar molar mass. Data points and trend lines for
OMDMEs (green) and n-alkanes (red) as well as data points and values
predicted by the regression function for OMDAEs (blue).
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Table 4 Thermodynamic properties of OMDAEs

Compound DH0
f , kJ mol�1 DH0

c, kJ mol�1
LHV, MJ
kg�1

HHV, MJ
kg�1

DEM �566.44 3115.86 27.38 29.92
DPM �543.06 4497.84 31.36 34.02
DBM �549.21 5850.29 33.76 36.51
D(2-EH)M �749.55 11084.35 37.77 40.68
(2-EH)EM �585.56 7172.54 35.29 38.09
(2-EH)PM �632.34 7805.06 35.75 38.57
(2-EH)BM �641.70 8475.00 36.32 39.17
Diesel (EN 590) — — 42.6 45.4
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OMDMEs and n-alkanes. OMDMEs exhibit higher values for
surface tension than n-alkanes of comparable molar mass,
probably due to increased intermolecular forces caused by the
oxygen content. The values for the branched OMDAEs are
signicantly lower than those of the n-alkanes. This seems to be
following the trend observed in the case of kinematic viscosity,
i.e. branching is decisive and the inuence of the oxygen
content is much lower compared to branching. It should be
noted, that for oxygenated compounds the droplet formation is
not as decisive regarding the formation of air pollutants as for
hydrocarbons, as the oxygen demand required for complete
combustion is reduced by the oxygen content of the molecule.
This effect has already been demonstrated in studies reducing
the pressure of the fuel injection system.68

Regarding their use as a fuel, the branched OMDAEs
synthesized within this work exhibit some promising proper-
ties. Especially their good cold behavior indicated by very low
CFPP values might be used to improve the stability of oxygen-
ated fuels such as OMDMEs. In the same context, the high ash
points of several OMDAEs are an interesting feature to improve
the safety and reduce the complexity of storage and trans-
portation of such fuels. Both, CFPP as well as ash points, have
been shown to be critical properties, limiting the share of
certain fractions of OMDME fuels.69 By adding tailored
Fig. 14 Lower heating values of OMDAEs compared to OMDMEs and
n-alkanes with similar molar mass. Data points and trend lines for
OMDMEs (green) and n-alkanes (red) as well as data points and values
predicted by the regression function for OMDAEs (blue).

4320 | Sustainable Energy Fuels, 2021, 5, 4311–4326
OMDAEs, it might be possible to circumvent restrictions
regarding fuel compositions, enabling simplied and therefore
economical production of such fuels.
Thermodynamic properties

Some thermodynamic properties of the compounds are listed in
Table 4 and discussed in the following. Detailed data for all
substance classes are known and can be found in Table E4.†
The higher heating values (HHV) as well as the lower heating
values (LHV) of OMDAEs and OMDMEs are remarkably lower
compared to n-alkanes of similar molar mass (Fig. 14). The
values are directly related to the oxygen content and OMDMEs
exhibit the lowest values. The oxygen content of OMDMEs is in
the range of 42 to 49 wt% and increases with increasing chain
length while the LHV decreases. In contrast, the oxygen content
of OMDAEs decreases from 31 to 12 wt% with increasing chain
length and the LHV increases. Following the oxygen content,
the values are closer to OMDMEs for short chain molecules and
approximate those of the n-alkanes with increasing chain
length.

Regarding their use as fuels, the reduced heating values and
heat of combustion lead to an increase in fuel consumption. For
OMDMEs it was reported, that the volume of fuel injected into
the engine in each stroke needs to be increased by 70 to 80 vol%
compared to diesel fuel. This could be achieved by minor
modication of engine components, e.g. enlargement of the
injection nozzle diameter as well as adjustments in the engine
control.68 However, OMDAEs enable the access on fuel
compounds with heating values between OMDMEs and
conventional diesel fuels. Thus, blending could enhance the
LHV of OMDME fuels without a signicant decrease of the
overall oxygen content. Otherwise, OMDAEs could increase the
oxygen content of conventional diesel fuels with a decent
decrease of the LHV. This strategy appears interesting, as even
small oxygen contents lead to signicant reduction of smoke in
exhaust gases.70
Fig. 15 Parity plot of measured and predicted boiling points of
OMDAEs. Prediction based on the Joback group contribution method.
Experimentally measured data points from the literature are labelled in
brackets.

This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1se00631b


Fig. 17 Parity plot of measured and predicted melting points of
OMDAEs. Prediction based on the Joback group contribution method.
Experimentally measured data points from the literature are labelled in
brackets.
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Prediction of physico-chemical and fuel properties

The suitability of group contribution models for the prediction
of some key properties of OMDAEs has been evaluated
employing the Jobackmethod. Parity analyses have been carried
out to compare experimental and predicted physico-chemical
data and to evaluate the quality of such models. If available,
literature information has been employed to extend the data
set. This enables a stronger indication of ndings, due to an
increased database. To clearly distinguish between the
measurements conducted in this study and the data points
from literature, the latter ones are labelled in square brackets in
the following parity plots.

Fig. 15 shows a parity plot for the boiling points of OMDAEs.
The graph is based on data from this work and already pub-
lished data for DMM, di(isobutoxy)methane (DiBM) and
DPeM.71 There is an excellent prediction of boiling points for
the non-branched OMDAEs (MAE ¼ 2 K) while the single-
branched OMDAEs show notable errors (MAE ¼ 23 K).
Considering the uncertainties of the Joback method, (2-EH)EM
might match the unity-line, but for (2-EH)PM and (2-EH)BM
the deviation of measured and predicted values appears to
be signicant. The multi-branched compounds DiBM and
D(2-EH)M show elevated differences between the measured and
estimated boiling points (MAE ¼ 44 K). While estimation errors
could explain the observed deviation of DiBM, the signicant
error for D(2-EH)Mmight be due to a systematic overprediction.

Regarding dynamic viscosity, the investigated compounds
DEM, DPM and DBM show a good parity between estimated and
predicted values (Fig. 16). Analysis of the non-branched
OMDAEs was extended by data for DMM from Zheng et al.72

Interestingly, DMM shows a signicant deviation between the
experimental and the estimated value. However, the total
difference for DMM (0.1 mPa s) is quite small and does not
affect the overall good parity of the non-branched OMDAEs
(MAE ¼ 0.07 mPa s). The single-branched compounds exhibit
an overprediction of dynamic viscosity (MAE¼ 0.12 mPa s). Due
to the increased errors determined by Joback and Reid,48 these
Fig. 16 Parity plot of measured and predicted dynamic viscosities of
OMDAEs. Prediction based on the Joback group contribution method.
Experimentally measured data points from the literature are labelled in
brackets.

This journal is © The Royal Society of Chemistry 2021
observations are still within the systematic errors of the esti-
mation method. A comparable situation could be identied for
D(2-EH)M. The multi-branched compound shows an absolute
error of 0.45 mPa s.

The parity analysis for melting points is shown in Fig. 17.
Literature data points for DMM73 and DPeM71 have been added
for this analysis. If prediction errors are considered, a suitable
prediction might be possible for DMM, DEM and DBM. Note-
worthy, the non-branched compounds DPM and DPeM do not
match the parity-line for the melting point. Furthermore,
signicant deviations could be found for the single-branched
(MAE ¼ 116 K) and multi-branched (MAE ¼ 143 K)
compounds. Considering the mean error for the non-branched
OMDAEs (MAE ¼ 22 K), additional branching of the side chains
leads to increasing errors. Besides this structural nding, the
overall predictive precision of melting points appears unsat-
isfyingly, except for DMM.

The last property used for the evaluation of group contri-
bution modelling of OMDAEs is DH0

f . The data set has been
Fig. 18 Parity plot of measured and predicted values for the heat of
formation DH0

f of OMDAEs. Prediction based on the Joback group
contribution method. Experimentally measured data points from the
literature are labelled in brackets.
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extended with literature data for DMM73 and is shown in Fig. 18.
There is an excellent prediction for DMM, but regardless of their
type of branching, all measured data of OMDAEs exhibit
signicant deviations. Apparently this is due to a systematic
overprediction of the Joback method. The trend between the
MAE and the branching of the OMDAEs could not be observed
for DH0

f . This nding might be due to the high error of DEM,
which leads to an MAE of 77.5 kJ mol�1 for the non-branched
compounds and does not result in trend with the MAE for
single-branched (59.1 kJ mol�1) and multi-branched
(81.1 kJ mol�1) compounds.

Comparison of predicted and measured data leads to nd-
ings, which can contribute to the further renement of
prediction techniques: rst, the observed prediction accuracy is
higher for non-branched compounds, except for DH0

f . As
external data for DMM and DPeM support this observation, this
nding appears to be independent of systematic experimental
errors. Second, the type of branching appears to inuence the
estimation accuracy. For all predicted properties with the
exception of DH0

f , the multi-branched compounds show higher
errors compared to the single-branched OMDAEs. Third, the
high accordance of the predictions for the non-branched
OMDAEs leads to the conclusion that the substitution of the
acetal group by a combination of a CH2 unit and two bridging
oxygen atoms does not negatively inuence the property esti-
mation of the boiling point, the dynamic viscosity and the
melting point. For DH0

f there might be an effect of the acetal
group in combination with side chains larger than methyl
groups. This assumption is based on the observed over-
prediction in Fig. 18. This phenomenon should be assessed in
future work with a focus on group contribution modelling for
OMDAEs.

The investigated examples indicate that group contribution
methods like the Joback method can be well-suited for the
prediction of some OMDAE properties. For other properties, e.g.
the melting point or DH0

f , further studies are required to nd
suitable prediction models.

Employing the regression function (1) it has been found, that
most of the physico-chemical and some fuel properties directly
Table 5 Regression coefficients for properties of OMDAEs investigated

Property

Coefficientsa

Unit a0 a1

Density kg m�3 2102.12 �0.50012
Molar volume cm3 mol�1 1.72 1.17685
Boiling point �C 47 635.61 �17.00362
Refractive index — 1.55 �2.278 � 10�4

Flash point �C 14 896.03 �6.74759
Kinematic viscosity mm2 s�1 �1.35 �0.0112
Surface tension mN m�1 983.63 �0.39987
DH0

f kJ mol�1 �364.03 �1.38632
DH0

c kJ mol�1 �1725.78 47.04603
LHV MJ kg�1 50.69 �0.03274
HHV MJ kg�1 52.13 �0.02893

a Based on molar mass M in g mol�1.

4322 | Sustainable Energy Fuels, 2021, 5, 4311–4326
correlate with the molar mass of the OMDAE compounds. The
coefficients used to t the function as well as the coefficient of
determination r2 and the MAE indicating the t quality are
listed in Table 5. By using this empirical regression function, it
is possible to accurately predict some properties of the
compounds. It should be noted, that the correlation is only
applicable to compounds similar to those used to t the coef-
cients, in this case OMDAEs of the type R1O(CH2O)nR

2 with
n¼ 1. It should also be noted, that the introduction of branched
groups can change some properties drastically, impeding
a prediction based on values of the non-branched analogues. As
a result, some properties such as melting points could not be
predicted reliably. However, this problemmight be overcome by
extending the database, thus considering structurally more
similar compounds as a basis for the prediction. While not as
universal as a group contribution method, this approach
enables efficient identication of compounds suitable for
a specic application, starting from a database with scarce data
points.

Both employed estimation techniques, the Joback method
and the simple regression technique, could not predict all
investigated properties precisely for all investigated
compounds. Therefore, the employed modelling approaches
should be enhanced, aiming at higher accuracy and including
further physico-chemical data and fuel properties. With a larger
data set at hand, it might be possible to rene the presented
methods and take structural related characteristics into account
as well. The inuence of branching of the side chains and the
acetal group should be considered in the design of future
experimental data sets for OMDAEs. Furthermore, more
sophisticated modelling strategies should be evaluated.

In the case of group contribution modelling strategies,
considering intramolecular interactions could lead to a better
prediction for branched species. Additionally, combinatorial
effects of structural properties, like the branching of side chains
in the presence of the acetal group, could be taken into account
with these approaches.

Including larger datasets, could also be a suitable strategy to
rene the regression technique according to eqn (1).
within this work

r2

MAE

a2 a3 Fitting error
Prediction
error

�1288.25 1917.27 0.98 0.76 1.38
1.00 1.00 1.00 1.54 0.16

�47773.71 2434.93 1.00 3.44 8.60
�0.29 160.44 1.00 3.72 � 10�4 6.80 � 10�4

�15 041.46 1795.48 1.00 2.25 0.88
1.57 �156.35 1.00 0.01 0.16

�968.55 2041.72 0.98 0.26 0.58
798.36 1.63 0.89 26.70 24.17

1.00 1.00 1.00 26.68 24.02
�53.23 105.24 1.00 0.07 0.45
�53.88 100.37 1.00 0.07 0.44

This journal is © The Royal Society of Chemistry 2021
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Nevertheless, it could be assumed that this simple regression is
not feasible to predict all relevant properties solely based on
their molar mass. This appears appropriate e.g. in the context of
the known dependency of the cetane number and the molecular
structure of hydrocarbons.74,75 Therefore, more versatile
regression strategies might be required. By considering addi-
tional properties, rened mathematic expressions and an
extended set of tting parameters, modern strategies for the
development of suitable prediction techniques could be
employed. Therefore, recently demonstrated modelling
approaches utilizing machine learning and neural networks
show promising results and should be considered.43,76,77

Enhancing the quality and capability of the property
prediction techniques could contribute to a predictive driven
development of tailor-made compounds for fuel applications
via transacetalization reactions. Furthermore, the prediction of
physico-chemical properties allows a rapid integration of
versatile OMDAE compounds in process development and
scale-up. This drastically reduces the experimental and analyt-
ical efforts to identify interesting compounds in a eld with
a tremendous amount of different chemical species, thus
reducing the associated development costs.

Conclusions

OMDAEs of the type R1OCH2OR
2 have been studied in terms of

synthesis, structural characterization, physico-chemical and
fuel properties. In general, OMDAEs can be produced by ace-
talization reactions of formaldehyde sources with alcohols.
Since formaldehyde is usually obtained from methanol,
production is logically based on methanol and higher alcohols.
Thus, a sustainable production from renewable feedstocks is
possible provided that the alcohols are obtained from renew-
ables. Symmetric compounds with R1 ¼ R2 as well as asym-
metric compounds with R1 s R2 have been considered.
Regarding the former ones, commercially available derivatives
bearing ethyl, propyl, butyl and 2-ethylhexyl groups have been
employed while the latter ones have been synthesized via
transacetalization reactions of symmetric compounds catalyzed
by zeolite BEA-25. Employing this approach, a series of OMDAEs
with various end groups is easily accessible. In this context, two
new asymmetric compounds have been prepared for the rst
time: the derivative with 2-ethylhexyl and propyl groups as well
as the derivative with 2-ethylhexyl and butyl groups.

The compounds have been characterized in detail by NMR
and FTIR spectroscopy as well as mass spectrometry. To assess
the suitability for fuel applications, all OMDAEs have been
analyzed with respect to numerous parameters ranging from
physico-chemical data such as densities, melting or boiling
points to important combustion characteristics such as cetane
numbers, autoignition points or heating values. The obtained
data are compared to corresponding data of OMDMEs (R1 ¼ R2

¼ CH3) and hydrocarbons with similar chain length and data
are oen in good accordance with the EN 590 standard for
diesel fuel.

In many cases clear correlations between structure, espe-
cially molar mass, and properties become visible. Thus,
This journal is © The Royal Society of Chemistry 2021
structure–performance relationships can be derived, which
allow for a targeted fuel design and synthesis. Based on exper-
imental and analytical data obtained within this work a model
for the prediction of several properties can be developed and
two approaches, one by regression and another one by a group
contribution method, are described. Consequently, it becomes
possible to estimate values for similar compounds, offering
a design strategy to develop new fuels with specic properties.
The development of more precise estimation techniques, e.g. by
extension of the standard Joback method, appears to be
a promising tool for this approach. Based on our initial
demonstration, the prediction of further properties should be
investigated and used to expand the predictive capabilities for
OMDAEs.

Current work concentrates on modication and optimiza-
tion of OMDAEs. By reactions with alternative formaldehyde
sources, e.g. trioxane, chain length can be extended by incor-
poration of additional CH2O groups and oligomers of the type
R1O(CH2O)nR

2 with n >1 can be synthesized. Furthermore,
applications, e.g. as fuel additives and blending components,
are investigated and, in the next step, engine tests will be
carried out to evaluate their fuel performance.
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Poly(oxymethylene) dimethyl ethers as components of
tailored diesel fuel: Properties, synthesis and purication
concepts, Fuel, 2010, 89, 3315–3319.

2 A. Omari, B. Heuser, S. Pischinger and C. Rüdinger, Potential
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15 P. Haltenort, L. Lautenschütz, U. Arnold and J. Sauer, (Trans)
acetalization Reactions for the Synthesis of Oligomeric
Oxymethylene Dialkyl Ethers Catalyzed by Zeolite BEA25,
Top. Catal., 2019, 62, 551–559.

16 N. Schmitz, J. Burger and H. Hasse, Reaction Kinetics of the
Formation of Poly(oxymethylene) Dimethyl Ethers from
4324 | Sustainable Energy Fuels, 2021, 5, 4311–4326
Formaldehyde and Methanol in Aqueous Solutions, Ind.
Eng. Chem. Res., 2015, 54, 12553–12560.

17 Karlsruhe Institute of Technology, European Union Pat.,
EP2987781B1, 2015.

18 A. Fink, C. H. Gierlich, I. Delidovich and R. Palkovits,
Systematic Catalyst Screening of Zeolites with Various
Frameworks and Si/Al Ratios to Identify Optimum Acid
Strength in OME Synthesis, ChemCatChem, 2020, 12, 5710–
5719.

19 A. Zhenova, A. Pellis, R. A. Milescu, C. R. McElroy,
R. J. White, J. H. Clark and J. H. Clark, Solvent
Applications of Short-Chain Oxymethylene Dimethyl Ether
Oligomers, ACS Sustainable Chem. Eng., 2019, 7, 14834–
14840.

20 M. Schappals, T. Breug-Nissen, K. Langenbach, J. Burger and
H. Hasse, Solubility of Carbon Dioxide in
Poly(oxymethylene) Dimethyl Ethers, J. Chem. Eng. Data,
2017, 62, 4027–4031.

21 L. Faba, E. D́ıaz and S. Ordóñez, Recent developments on the
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