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Abstract: Online NMR measurements are introduced in the
current study as a new analytical setup for investigation of
the oxymethylene dimethyl ether (OME) synthesis. For the
validation of the setup, the newly established method is
compared with state-of-the-art gas chromatographic analysis.
Afterwards, the influence of different parameters, such as
temperature, catalyst concentration and catalyst type on the

OME fuel formation based on trioxane and dimeth-
oxymethane is investigated. As catalysts, AmberlystTM 15 (A15)
and trifluoromethanesulfonic acid (TfOH) are utilized. A
kinetic model is applied to describe the reaction in more
detail. Based on these results, the activation energy (A15:
48.0 kJmol� 1 and TfOH: 72.3 kJmol� 1) and the order in
catalyst (A15: 1.1 and TfOH: 1.3) are calculated and discussed.

Introduction

During COVID-19 pandemic in 2020, a drop in global carbon
dioxide emissions was observed. However, already in 2021, the
highest annual CO2-emissions ever have been reached, according
to the International Energy Agency (IEA).[1] The impact of CO2-
emissions on our climate already influences ecosystems in almost
every region on earth. Possible consequences are among others
heat, draught or heavy precipitations.[2] With about 20%, the
transportation sector is one of the greatest contributors to
greenhouse gas emissions and herein, about 75% of those
emissions arise from road transport.[3]

Therefore, the reduction of carbon dioxide emissions in this
sector plays a crucial role in our path towards a sustainable
future.[4] Besides battery electric vehicles or fuel cell technology,
alternative, carbon neutral fuels can be a promising way to
reduce the emission of greenhouse gases (in particular CO2).

[5] In
particular, in areas in which direct electrification is challenging[6]

and due to challenges concerning lithium quality and price,[7] E-
fuels can be employed. A major advantage is the possible usage
as drop in fuel with small or no demand-side transformation.[6]

Applied as such, the emissions of internal combustion engines
can directly be reduced in dependency of the share of low
carbon fuel in the blend. Oxymethylene dimethyl ethers (OME)
are oxygenates, which reduce NOx emissions as well as
particulate number and matter, when employed in Diesel
engines.[8–10] The use as substitute or blend with fossil Diesel or
Fischer-Tropsch (FT) fuels may therefore lead not only to a
reduction of carbon dioxide emissions, but also to an improve-
ment in air quality, in particular in cities.[11–13] For the synthesis of
OMEn (CH3-O-(CH2O)n-CH3) a formaldehyde and a methyl end
capping source are required.[14] In previous studies, p-
formaldehyde[15–16] or trioxane (TRI)[17] and as latter, methanol[18]

or OME1 (DMM)
[19] were employed.

The synthesis of OME fuels based on the above mentioned
reagents is acid catalyzed. These catalysts include liquid acids
such as sulfuric acid[20] or methanesulfonic acid[20] as well as
solid acids such as ion exchange resins[21–22] or zeolites.[19,23] The
reaction leads to a product mixture following a Schulz–Flory
like distribution.[24] The catalytic efficiency of the material was
analyzed in literature by the measurement of the equilibrium
composition of the reaction mixture.[25–27] However, the reaction
kinetics gained considerable interest in recent
investigations.[28–31]

In order to analyze the generation of OME fuel, gas
chromatography (GC) is widely applied. GC features the ability to
distinguish and quantify the homologous OMEn product
mixtures.[29,32–34] Due to the chemical similarity, analysis via other
techniques remains challenging. Nevertheless, the time required
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for the analysis of one sample is high compared to other
methods. GC is also limited to substances which evaporate and
do not degrade the column material. In particular, strong acids,
for example, the mentioned sulfuric acid, which are required for
the OME synthesis, need to be avoided. Therefore, additional
sample preparation steps such as neutralization of the liquid acid
must be performed.[20] Furthermore, in heterogenous reactions
the sampling process must be taken into account. Due to the
removal of a certain amount of the liquid phase, the number of
possible samples per experiment is limited to some extend as
the ratio between solid catalyst and liquid reaction medium is
influenced.

Nuclear magnetic resonance (NMR) spectroscopy, on the
contrary, delivers detailed information about the chemical
structure of the analyzed substances and no sample specific
calibration is required.[35] Since the development and improve-
ment of low-frequency benchtop devices, the incorporation
into a common laboratory, and also in industry, is possible.[36–37]

An additional advantage is the possibility to use flow cells and,
therefore, to establish an online monitoring setup, which avoids
a time-consuming sampling process and has an increased
resolution in terms of time.[35–36,38]

Prior to this study, kinetic investigation of the OME fuel
production was mainly based on GC analysis. The OME fuel
synthesis has also been analyzed via high field NMR spectro-
scopy measurements.[39] Nevertheless, to the best of our knowl-
edge, no low field benchtop NMR monitoring of the OME
synthesis has been performed yet. Therefore, a new analytical
setup is introduced and compared to the current state-of-the
art, GC analysis. Furthermore, the activity of trifluoromethane-
sulfonic acid and AmberlystTM 15 as homo- and heterogenous
catalysts were kinetically evaluated and directly compared
applying the new methods. Finally, in order to obtain further
mechanistic insights into the catalytic mechanism, the order in
catalyst was investigated. Up to date, to the best of our
knowledge, an order of one was assumed, but no experimental
verification has been performed yet.[29]

Results and Discussion

Concept of the study: In this study, the anhydrous synthesis of
OME fuels via OME1 and TRI (Scheme 1) was investigated due to
its lower tendency to form by-products like hemi-formals
compared to other starting materials.[25,27] An overview of all
performed experiments (C1-22) can be found in the experimen-
tal section.

Gas chromatographic analysis was performed as previously
described.[17] Molar fractions (X) were calculated based on
normalized mass fractions (W) and the molar mass (M) of the
components of the reaction mixture following Equation (1):

Xi ¼

Wi

Mi
P Wi

Mi

(1)

To observe the reaction process in situ, flow NMR spectro-
scopy was performed. The catalyst screening setup was con-
structed using a 5 L double jacket reactor filled with water as
heating / cooling bath. A reactor with a magnetic stirrer was
placed inside. The reaction solution was in contact with a Pt100
temperature sensor monitoring the temperature of the reaction
solution. Additionally, a PTFE tubing was connected to a HPLC-
filter (10 μm) to prevent the solid catalyst from entering the
characterization cycle. The PTFE tubing was connected to a
peristaltic pump, channeling the reaction solution through the
NMR spectrometer, a sampling valve for additional GC samples
and back into the reactor. To compare analytical results from
samples taken at the valve and the NMR measurements, a time
correction was performed. This correction is required due to their
different positions in the characterization cycle leading to slight
deviation in the reaction observed. The time, when the reaction
mixture, which was present at the time of catalyst addition,
reached the corresponding station was set to zero and all further
values were corrected by this time difference. The reactor setup
is shown in Figure 1.

The in situ 1H NMR spectra of the starting mixture showed
three main signals, as depicted in Figure 2a. The one at about
3.75 ppm was assigned to the terminal methyl groups of the
OME1. The central methylene group revealed a signal at
3.90 ppm and the third signal was assigned to trioxane. The
spectrum changed during the reaction until five main signals
were detected (Figure 2b). The three above mentioned signals
were again detected, although the intensity of the one linked to
trioxane decreased significantly, whereas the one at 3.75 ppm is
strongly overlapping with at least one additional signal, which
was assigned to the terminal methylene groups of all OMEn
species. The minor chemical shift variations depend on the OME
chain length. The signal at 5.06 ppm is linked to the first
methylene group found in OME2+ molecules. Compared to OME1
the methylene groups in OME2+ molecules exhibit a slightly low-
field shifted signal as the methylene carbon atoms experience a
stronger -I-effect from the connecting oxygen atoms. Conse-
quently, methylene groups found in the middle of the chain in
OME3+ molecules show an even higher chemical shift at
5.20 ppm. As it can be seen from this series of 1H signals the
difference in shift of the methylene protons gradually gets
smaller the longer the OME chains become and, thus, it was only
possible to distinguish the four signals described using a low-
field NMR spectrometer. As it can be seen from Figure 2 the
signals change over the course of the reaction and, thus, it is
possible to follow the concentration of the different species
during the reaction.Scheme 1. Schematic representation of OME synthesis via TRI and DMM

(=OME1).
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To extract the concentrations for a kinetic analysis the
signals were integrated firstly, and the NMR spectra were
subsequently normalized to the area of the signal at 3.65 ppm.
As discussed, this signal belongs to the terminal methyl groups
and, thus, the total concentration of methyl groups in the
reaction mixture does not change as formaldehyde (FA) from

TRI only enables a linear chain growth but no chain branching.
Using the signal areas AX it is possible to calculate the relative
number of molecules nX by normalizing the individual signals
by their respective proton count pX (see Equation (2)). The
molar ratio xX can be calculated by dividing the relative number
of molecules by the total relative number of molecules
according to Equation (3).

nX ¼
AX

pX
(2)

xX ¼
nXP
i nX;i

(3)

Due to the limited number of signals in the NMR spectra
only the molar ratios of OME1, OME2+ and TRI can be deduced
from the 1H NMR spectra. The molar ratio for OME3+ cannot be
calculated as the exact proton count for the signal at 5.20 ppm
is not known and changes throughout the reaction. Finally, the
concentration cX for each of the three species can be calculated
using Equation (4):

cX ¼
xX � 1MP
i xX;i �MX;i

(4)

where ρM is the density of the reaction mixture and MX,i is the
molecular mass of the ith species. ρM was measured for different
relevant mixing ratios of the reactants and was found to be
0.922 gmL� 1 nearly independently of the mixing ratios. MOME2+

was calculated using the integral of the signal at 5.20 ppm as
this can be utilized to calculate an average chain length r for
OME2+ using Equation (5). The idea is to compare the number
of methylene groups within the chain to the number of
terminal methylene groups.

r ¼
A5:20=2
A5:06=4

þ 2 (5)

Figure 1. Picture of the reactor setup, with double jacket heating / cooling
bath, reactor, peristaltic pump and PTFE-tubings connected to the NMR
device.

Figure 2. 1H NMR spectrum of a) mixture of starting materials trioxane and DMM (43 MHz), b) product mixture with OME2+ (43 MHz).

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203776

Chem. Eur. J. 2023, 29, e202203776 (3 of 9) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 09.06.2023

2333 / 295820 [S. 72/78] 1



Using r it is possible to calculate the average molar mass of
the OME2+ species and, therefore, the concentrations of OME1,
OME2+ and TRI for each time point.

GC and NMR results

To evaluate the performance of the flow NMR spectrometer, the
NMR and GC results were compared in a set of three experi-
ments (C1-3) at 20 °C with AmberlystTM 15 as catalyst. A molar
ratio of TRI/OME1 of 1 :4 was applied for all three experiments
and in all following experiments to ensure that all components
of the reaction mixture remain dissolved. This was particularly

important, as occurring precipitate could have caused complete
or partial plugging of the HPLC filter.

The determination of every OMEn (n=1 to 10) in the
product mixture was possible via GC analysis. Within this
reaction, OME with a chain length up to five formed over
98 mol% of the reaction mixture and OME6-10 were detected in
traces below 1 mol%. The NMR results showed the develop-
ment of OME1, OME2+ and TRI over time. The results from both
analysis techniques are compared in Figure 3. An extended
version including the GC results up to OME5 can be found in
the Supporting Information (Figure S2). The formation of higher
OMEs can be clearly observed via both analytical techniques.
After a strong increase in OME2+ and a respective decrease of
OME1 and TRI, a slowdown of the reaction was observed. After
two hours, just minor changes in the composition of the
mixture were detected and a quasi-equilibrium was reached.
The observed deviation between both analytical techniques is
within the expected error of both methods. Therefore, online
NMR measurements can be seen as highly suitable and much
faster alternative compared to ex situ GC measurements.
Furthermore, an experiment with phosphotungstic acid, similar
to a previous literature report, revealed highly comparable
results (Figure S4–S5).[41]

Kinetic evaluation

Using the online flow NMR spectrometer it was possible to follow
the concentration of multiple species simultaneously with a time
resolution of 60 s. This analytical power was applied to screen
the influence of three important reaction parameters, namely
temperature, catalyst type and catalyst concentration. The
temperature was varied between 5 and 25 °C, while two catalysts
(AmberlystTM 15 and trifluoromethanesulfonic acid (TfOH)) in
three different concentrations were tested. Figure 4 and 5 depict

Figure 3. Molar share of OME1, OME2+ and TRI over time of reactions C1 - 3
comparing results from NMR and GC.

Figure 4. Experimentally extracted concentration for OME1, OME2+ and TRI (dots) as well as their kinetic fits (lines). In addition to the experimentally available
concentrations the fitted concentrations for OME2 and OME3 are shown. Reactions were performed with a) Amberlyst

TM 15, 9.33 g L� 1, 20 °C (C1) b) AmberlystTM

15, 9.33 g L� 1, 5 °C, (C4).

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203776

Chem. Eur. J. 2023, 29, e202203776 (4 of 9) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 09.06.2023

2333 / 295820 [S. 73/78] 1



the influence of each parameter on the reaction rate. In Figure 4a
the measured concentrations (dots) of the reaction C1 performed
with AmberlystTM 15 with a concentration of 9.33 gL� 1 at 20 °C
are shown. After about three hours the described quasi-
equilibrium was reached. By lowering the reaction temperature
to 5 °C as in reaction C4 (Figure 4b) a slowdown of the reaction
rate can be observed. The equilibrium state cannot be observed
within five hours leading to a decrease of the reaction rate by
the factor of, at least, two. In Figure 5a the influence of the type
of catalyst (C16) is shown. By changing from heterogeneous to
homogenous catalysis, a significant increase of the reaction rate
can be detected as the equilibrium state was already reached
within two hours. By decreasing the catalyst amount in
comparison with the first experiment (C10), the reaction time
was prolonged significantly. As depicted in Figure 5b, the quasi-
equilibrium state was again not reached within six hours
although just small changes in the reaction composition were
measured after five hours.

To enable a quantitative evaluation of the OME formation, a
kinetic model was fitted to the experimental data. Peláez et al.
described three different models to explain the reaction.[22] The
first model considers all steps of the reaction as kinetically
relevant and the respective reactions are seen as irreversible. The
second model defines trioxane decomposition and the third
model the OME propagation as rate limiting steps. As the first
model was described with the least number of assumptions and,
therefore, is applicable for most systems, it was chosen to serve
as a kinetic model in the present study. As the GC analysis
revealed that only negligible amounts of OME6-10 were formed it
was decided to model only components up to OME5. The
relevant reactions are summarized in Scheme 2 and led to the
following set of differential equations which can be solved
numerically.

d TRI½ �

dt
¼ � k1 TRI½ � (6a)

d FA½ �
dt
¼ þ3k1 TRI½ � �

X5

i¼2

ki OMEi� 1½ � FA½ � (6b)

d OME1½ �

dt ¼ � k2 OME1½ � FA½ � (6c)

d OMEi½ �

dt ¼ þki OMEi� 1½ � FA½ � � kiþ1 OMEi½ � FA½ �; i 2 f2; 3; 4g (6d)

d OME5½ �

dt
¼ þk5 OME4½ � FA½ � (6e)

The data shows good accordance between the calculated
and measured values. The concentrations for OME2-5 are not
directly available from the NMR measurements. Therefore, the
fitted OME2-5 concentrations were summed up and compared to
the OME2+ concentration available from the experiments, as
depicted in Figures 4 & 5. Additionally, the calculated concen-
trations of OME2 and OME3 are shown whose share is increasing
as expected. Based on this fitting procedure values for the
different kinetic rate constants k1-k5 were calculated. Following
the discussion of Peláez et al. the focus was put onto k1 as the
decomposition of TRI was found to be the rate limiting step.

Figure 5. Experimentally extracted concentration for OME1, OME2+ and TRI (dots) as well as their kinetic fits (lines). In addition to the experimentally available
concentrations the fitted concentrations for OME2 and OME3 are shown. Reactions were performed with a) TfOH, 0.027 mol L

� 1, 20 °C, (C16) b) AmberlystTM 15,
4.67 g L� 1, 20 °C, (C10).

Scheme 2. Schematic representation of the relevant reactions in the OME
synthesis via TRI and DMM.
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Activation energy

The temperature dependent measurements enable the calcu-
lation of an activation energy for the TRI decomposition. To
calculate the activation energy EA the Arrhenius equation was
applied where k is the rate constant, A the pre-exponential
factor, R the universal gas constant and T the absolute
temperature.

k ¼ Ae�
EA
RT (7)

The corresponding Arrhenius plot is shown in Figure 6a. An
activation energy of 46.0 kJmol� 1 for AmberlystTM 15 was
calculated. This value is well within the range of literature known
catalysts. Examples for literature values for the OME fuel
synthesis based on DMM/TRI with different acidic catalysts are
summarized in Table 1. Furthermore, previous studies with
depolymerization of p-formaldehyde with p-toluene sulfonic acid
resulted in an activation energy of 50 kJmol� 1.[40] Due to the
chemical similarity of both catalyst and starting material, a
comparable value can be seen as confirmation of the obtained
activation energy. For TfOH the Arrhenius plot results in an EA of
72.3 kJmol� 1. This value again is within the range of expected
values. The difference between both catalysts might be caused
by the nature of the catalytic pathway. In heterogeneous
catalysis additional effects, such as diffusion influence the
reaction rate. As a consequence, a change of the reaction
temperature also affects these phenomena.

Order in catalyst

In general catalysts mostly follow a first order dependency.[45] For
this reaction also a linear dependency of the reaction rate on the
catalyst loading was assumed in literature,[29] which would

correspond to an order in catalyst of one. Nevertheless, to the
best of our knowledge no experimental verification about this
hypothesis was performed, although, as this might provide
essential insights into the mechanism of the reaction. Therefore,
triplicate reactions with different catalyst loading of both acids
were performed.

To extract the order in catalyst α Equation (8) was used.

k ¼ k0 Cat½ �a (8)

where k is the rate constant extracted by the fitting procedure
and k’ is a rate constant independent of the catalyst concen-
tration. For TfOH the catalyst concentration could be directly
calculated from the catalyst volume, but for AmberlystTM 15 the
calculation is not straightforward. To obtain an estimate of
acidic sites in AmberlystTM 15 the literature value of 0.43 mol
H+/kg� 1 was utilized.[25] Thus, the mass of A15 could be

Figure 6. Arrhenius plot (a) and ln(k)-ln(c) plot (b) to extract the activation energy and order in catalyst. The error bars shown correspond to temperatures and
concentrations respectively where multiple measurements were performed to evaluate the consistency of the measurement method.

Table 1. Literature known catalysts and their activation energies.

TRI cont.
[mol%]

Catalyst Ea (TRI) [kJ/
mol]

Ea (OME)
[kJ/mol]

Analytical
technqiue

30 H3PW12O40 82 - 99 GC [41]

30 HZSM-5[a] 28 GC [29]

12 - 29 HZSM-5[a] 57.7 51.9 - 53.1 GC [42]

23 H-Beta 96.1 (Eapp) GC [33]

56% (in
THF)

[OMIM]Cl/
ZnCl2

[b]
60.9 45.3 GC [43]

22 - 31 BETA 25 22.9 GC [28]

30 [BsMIM]+/
HSO4

� [c]
53.2 35.7 - 39.6 GC [44]

Current study

AmberlystTM

15
46.3 n.b. NMR

TfOH 76.8 n.b. NMR

[a] Zeolite Socony Mobil. [b] 1-(4-Sulfonic acid) butyl-3-methylimidazolium.
[c] 1-Methyl-3-octylimidazolium.
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transformed into an amount of H+, which subsequently could
be used to calculate the H+ concentration by dividing with the
total volume. Although this is a simplification of the hetero-
genous nature of the AmberlystTM 15 catalyst it nevertheless
enables the calculation of an order for the system. As the
assumptions and according transformations are applied to each
catalyst concentration identically the procedure might induce a
systematic error but this would have no consequence for the
calculated reaction order.

Based on the results an order in catalyst α of 1.1 for
AmberlystTM 15 and 1.3 for TfOH for the decomposition of TRI
was calculated (see Figure 4b). The minor difference of A15 to
the expected value lies well within the error of this method and
therefore confirms the assumption of an order in catalyst of one
mentioned above. Baranowski et al. also found a first-order
dependency of the reaction itself for a zeolite catalyst as
mentioned above.[46] On the contrary, the value of 1.3 observed
with TfOH as catalyst is considerably higher than expected. This
finding might hint at a cooperative mechanism. In literature, just
a few experiments were performed based on liquid catalysts.
However, Wang et al. proposed a mechanism for [BSMIM][HSO4]
based on DFT calculations in which the counterion played a
crucial role in terms of stabilization of different transition
states.[47] Furthermore, in studies on the synergy of Lewis and
Brønsted acid sites two roles for the catalyst, decomposition of
trioxane and insertion of formaldehyde in the OME chain, have
been identified. Brønsted acid sites have proven to be required
for the reaction to occur, whereas an additional increase in Lewis
acid sites further promotes the reaction to some extend.[48]

Therefore, the observed order in catalyst supports the assump-
tion of more than one catalytic role of TfOH.

Conclusions

Within this study, the first online NMR screening setup for
monitoring of the OME fuel synthesis was reported. The
analytical approach using NMR spectroscopy was compared to
GC and was established as a valid alternative for the determi-
nation of kinetic data for the components OME1, OME2+ and TRI.
In addition, a high sampling rate was reached without influenc-
ing the reaction conditions. Further analysis of the reaction by
varying temperature or catalyst loading were utilized to calculate
the activation energy as well as the order in catalyst for a
homogeneous and a heterogeneous catalyzed reaction. For
AmberlystTM 15 as solid catalyst an activation energy of
46.0 kJmol� 1 and an order of 1.1 were obtained while for TfOH as
liquid catalyst the values were 72.3 kJmol� 1 and 1.3, respectively.
Other reports always assumed a first order dependency, which
was now experimentally observed for the first time. The
homogeneous system shows hints towards a cooperative role of
more than one catalytic moiety, as recently discussed in
literature.[47–48] With online NMR monitoring established as a
powerful tool, further insights into the OME fuel synthesis are the
focus of future studies.

The measurement of the order in catalysts for other active
materials as well as cooperative effects and the influence of

diffusion on the catalytic behavior are currently being inves-
tigated.

Experimental Section
Materials and Methods: All chemicals were used as received from
TCI, Sigma Aldrich and VWR, if not otherwise stated. In situ NMR
spectra were recorded using a benchtop 43 MHz Spinsolve NMR
spectrometer (Magritek, Germany) running on Spinsolve version
1.18.1. As advised by the manufacturer, the spectrometer was
shimmed repeatedly using 10% D2O in H2O. A glass capillary from
the same manufacturer was inserted into the spectrometer to
pump the sample solution through the NMR spectrometer with a
flow rate of 1.5 mL min� 1. Every measurement sequence was
performed in an infinite loop, starting with a shim on sample,
followed by ten 1H NMR spectra, each in the form of a free
induction decay (FID) that was recorded every minute with a pulse
length of 8.6 μs, a total acquisition time of 15 s, an acquisition delay
of 20 s and a dwell time of 200 μs. This results in 32,768 data points
spread across an interval from � 52.77 to 65.32 ppm. The schematic
representation of the measurement scripts can be found in the
Supporting Information.

Gas chromatography (GC) was performed on a Shimadzu GC-2010
equipped with an FID-detector, AOC-20s autosampler and AOC-20i
injector. As carrier gas helium was used and a Carl Roth, RotiTM-
Cap-5 MS column (30 m length, 0.25 mm ID, 0.25 μm film thickness)
was utilized for compound separation. The temperature program of
the GC was set as follows: 5 min 35 °C, heating with 15 K min� 1,
10 min at 280 °C, FID temperature 320 °C. Data evaluation was
performed using customized Python script.

The double jacket reactor was connected to a Huber Unistat Tango
with a temperature range between � 45 to 250 °C and an accuracy
of �0.01 °C. The thermostat was equipped with a Pt100 temper-
ature sensor from the same supplier, monitoring the reaction
temperature with a data point every five seconds. The reaction
solution was pumped through the NMR-spectrometer utilizing a LP-
BT100-2 J peristaltic pump from LongerPump equipped with a
YZII15 pump head with three rollers. For adequate pumping, the
1/8’’ PTFE tubing was substituted at the pump with a Tygon S3 E-
LFL tubing (C1-C8) tubing with an inner diameter of 4.8 mm and an
outer diameter of 8.0 mm.

Catalyst screening experiments: The tubing and the reactor were
filled with a 20 mol% solution of trioxane (44.4 g, 0.49 mol) in
formaldehyde dimethyl acetal (150 g, 1.97 mol). For the comparison
with the literature,[41] an 8 mol% solution of trioxane (15 g,
0.17 mol) in formaldehyde dimethyl acetal (150 g, 1.97 mol) was
used (C22). The jacket of the reactor and the reaction solution were
heated or cooled to the respective temperature and the solution
was pumped with a volume of 0.7 mL min-1 through the system for
two minutes. Afterwards, the NMR spectrometer and the temper-
ature monitoring were started and after an equilibration time of up
to one hour the catalyst (masses as depicted in Table 2) was added
to the reactor. The temperature difference between the temper-
ature set in the Huber and measured in the reaction mixture was
maximal for the measurements performed at 30 °C (28.7 °C) and
5 °C (6.2 °C). The differences in all other experiments were below
1 °C. All temperatures varied + /� 0.2 °C. The monitoring was
stopped after no major changes of the reaction mixture were
observed (min. 2 h). In addition, for the experiments C1-C3, gas
chromatographic measurements were performed. For each GC
sample a SEC vial with 1 mL THF and 5 μL dodecane were weighed,
a sample of about 0.2 mL was removed from the reaction via the
sampling valve, added and the vial was weighed again. The weight
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difference was used as sample mass. Single deviations of datapoints
were caused by small gas bubbles entering the analytical cycle,
which led to temporary broadening of the NMR signals.

NMR spectra processing: The NMR pre-processing was adapted
from literature.[38] The entire data analysis process was performed
using R (4.2.1).[49] The R packages from the tidyverse family were
utilized to organize the data and create the figures.[50]

First the NMR FID was drift corrected by using 5% of the data
points recorded at the end of the acquisition period to calculate a
mean value, which was subtracted from all FID values. The kth data
point from the FID was multiplied with an exponential apodization
function featuring a frequency of W=1 Hz.

e� p�W�k�Dt (9)

Subsequently, the FID was zero filled by adding 32,768 zeros to the
end of the FID resulting in 65,536 data points, which enables the
extraction of all recorded information according to the Nyquist-
Shannon sampling theorem.[51–54] Finally, the complex conjugate of
the processed FID was Fourier transformed using a Fast Fourier
Transformation algorithm.[55–56] The resulting NMR spectrum was
phase corrected using the phase correction angles ϕ0 and ϕ1 as
well as the following equations.

Re0k ¼ Rek � cos f0 þ
k
Nf1

� �

þ Imk � sin f0 þ
k
Nf1

� �

(10)

Im0k ¼ Rek � sin f0 þ
k
Nf1

� �

þ Imk � cos f0 þ
k
Nf1

� �

(11)

where k=0, …, N-1; Rek and Imk are the real and imaginary
components of the kth data point, Re’k and Im’k are the new
components after correction and N is the total number of points. ϕ0

and ϕ1 were manual determined for each measurement series using
the graphical user interface of MestReNova (14.2.3-29241).[57] Finally,
the NMR spectra were referenced to the OME methyl signal

(3.67 ppm), were cropped to the region of interest between -20 and
14 ppm and the frequency axis as well as all spectra were
interpolated to 0.001 ppm intervals. Afterwards, the spectra were
normalized to the area of the OME methyl signal (3.39 to
4.00 ppm). The preprocessed NMR spectra were analyzed by
integrating the respective signals (OME1: 4.70 to 4.96; OME2+ : 4.96
to 5.14; OME3+ : 5.14 to 5.26; TRI: 5.33 to 5.62 ppm). Equations (2)-
(5) were used to transform the signal areas into concentrations.

Kinetic analysis: The R packages FME and deSolve were used to
solve the kinetic differential Equations (6a-e).[58] To fit the rate
constants k1-k5 to the experimentally determined concentrations a
cost function was defined which aimed to minimize the sum of
squared residuals. The experimental and fitted OME1 and TRI
concentrations could be compared directly while the experimental
OME2+ concentration was compared to the sum of the fitted OME2,
OME3, OME4 and OME5 concentrations. The activation energies and
order in catalysts were subsequently calculated using k1, the
experimental temperatures or concentrations and Equation (7) or
Equation (8), respectively.

The literature data points[41] shown in Figure S5 were extracted
using the WebPlotDigitizer. The time-dependent trioxane concen-
tration c extracted from the NMR spectra were converted to a
conversion rate CR using the following equation:

CR ¼ 1 �
c
c0 (12)

where c0 denotes the trioxane concentration at the time when the
catalyst was added to the reaction mixture.
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