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Dimethyl ether (DME) is a valuable chemical intermediate and renewable fuel that can be made, via methanol, from many sources of
carbon, including carbon dioxide and biomass. Benzaldehyde and its derivatives have been found to be promoters for zeolite catalysed
methanol dehydration to DME at low temperature (110 to 150 °C). For the 3-dimensional medium pore zeolite H-ZSM-5 (MFI) the
promotion is readily reversible and the potency of the promoter can be tuned by varying the substituent on the aromatic ring of the
aldehyde. The most potent promoters are active at concentrations as low as 1 ppm relative to methanol. High throughput
experimentation (HTE) is used to screen and rank potential promoters and catalysts and to collect high quality kinetic data for the most
promising candidates discovered. The catalytic data and in-situ FT-IR-MS experiments combined with molecular modelling studies indicate
a mechanism involving competitive adsorption of the aldehyde promoter on a Brgnsted acid (BA) site, followed by reaction with methanol
to give a hemi-acetal intermediate. Loss of water from the hemi-acetal intermediate generates a transient and highly reactive methyl
oxonium species, [ArC(H)(=0-Me)]*, which then directly reacts with methanol via a Sx2 mechanism to give DME and regenerate the
aldehyde promoter and BA site. The methyl oxonium species is stabilized by electron-donating groups on the aromatic ring and the
solvent like effect of the zeolite pore walls. Molecular descriptors were calculated by molecular modelling for the 22 aromatic aldehyde
promoters tested. Multivariate linear regression analysis was used to build an interpretable model for aldehyde promotional activity in H-
ZSM-5 and in another 3-dimensional medium pore zeolite, H-ZSM-11 (MEL).

Introduction

The tuning of the properties and activity of aromatic compounds by ring substitution is one of the most widely
applied concepts in chemistry. It has wide relevance and applicability in organic chemistry and many biological
systems.! In homogeneous catalysis with metallo-organic and organometallic complexes aromatic ring substitution
is used to tune catalyst performance via both bonded and non-bonded interactions, for example in ethylene
oligomerisation and polymerisation, olefin metathesis, carbonylation, and various coupling reactions used in
organic synthesis.27 Zeolites are an important class of heterogeneous catalysts widely utilized in industry. The
solvent-like confinement effect of the zeolite micropores stabilizes intermediates and lowers the energy of
transition states in key reaction steps.8 Organo-catalysis by guest species in the zeolite pores is a promising area
for exploration and offers the potential to fine-tune the catalytic properties of zeolites.? We have recently shown
that methyl esters can act as potent promoters for zeolite catalysed methanol dehydration to dimethyl ether
(DME).10  Aromatic species, including methylated benzenes, trapped in zeolite pores play a key role in the
industrially important methanol to hydrocarbons (MTH) reaction at elevated temperatures (> ca. 250°C), via the
well-known hydrocarbon pool mechanism.11-12 These species also evolve to give recalcitrant polycyclic aromatic
residues, resulting in severe catalyst deactivation.'® In contrast at lower reaction temperatures (110 to 150 °C) we
find that aromatic compounds with a functional group, such as a formyl group, can result in unexpected and highly
selective chemistry, which is enhanced by the zeolite confinement effect.

DME is a valuable chemical intermediate and renewable fuel that can be made, via methanol, from many
sources of carbon, including from carbon dioxide, municipal solid waste, biogas and biomass.2% 2! In this paper we
demonstrate the reversible promotion of zeolite catalysed methanol dehydration to DME (M2D) by benzaldehyde
and its derivatives.?2 The aromatic aldehyde promoters can be tuned by varying the substituents on the aromatic
ring and can show significant activity down to concentrations as low as 1 part per million (ppm) relative to methanol.
High throughput experimentation (HTE) is used to screen and rank potential promoters and catalysts and to collect
high quality kinetic data for the most promising candidates discovered. The promoter ranking and kinetic data is
combined with in-situ Fourier transform infra-red mass spectrometry (FT-IR-MS) experiments, molecular modelling
and multivariate linear regression analysis to build a mechanistic description of how the aromatic aldehyde
promoters function and the key factors that influence their potency.

Experimental
Catalyst and promoter testing

The methanol dehydration reactions were carried out using a 16-channel parallel fixed-bed reactor Flowrence™
system from Avantium NV, using stainless steel reactors of 2 mm internal diameter with a length of 300 mm. The
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liquid feed was introduced by a HPLC pump into a heated zone (220 °C ) along with inert gas feeds before feeding
to the reactors. In a typical experiment fifteen of the reactors were packed with 25 +0.5 mg of catalyst, having a
particle size fraction of 100 to 200 um diameter. The effluent stream from each reactor was diluted with inert gas
(nitrogen) and was periodically analysed by online gas chromatography (GC) to determine the yield of DME product.
Space time yields (STY) in grammes per kilogramme of catalyst per hour (g kg1 h-1) for making DME from methanol
were determined between 18 and 24 hours after introducing the methanol only feed. Space time yields for making
DME from methanol in the presence of an additional organic component were typically determined between 1 and
24 hours after introducing the organic additive. Further details of the catalyst testing protocol and catalysts and
reagents used are given in the ESI.

Dew point calculations were performed to ensure that all the aldehyde promoters were tested at partial pressures
such that they remained in the vapour phase at the reactor inlet. Some of the promoters tested in this work are
very potent and promote methanol dehydration to DME at concentrations as low as 0.0001 mol % (1 ppm) relative
to methanol fed. It is therefore important to flush the process lines with clean methanol for at least 24 hours at
the end of each experiment to remove any traces of the promoter from the testing equipment. In addition, the
standard testing protocol used fresh and clean methanol at the start of each experiment, to ensure that the baseline
conditions had been returned to before subsequently testing a promoter diluted in methanol.

In-situ FT-IR-MS studies

Fourier transform infra-red (FT-IR) spectra were collected using a high temperature reaction cell from Harrick
Scientific. The reaction cell was equipped with ZnSe windows, with the reaction cell operated at ambient pressure.
FT-IR spectra were collected with a Thermo Scientific™ Nicolet™ iS50 spectrometer equipped with an MCT detector
and KBr beam-splitter and were measured in the transmission mode. The reactant under study was then introduced
into the reaction cell by sparging nitrogen through the liquid reactant placed in a saturator operated at room
temperature. The gaseous effluent from the reaction cell was sampled with a capillary connected to a Dycor mass
spectrometer (Ametek), with the evolution of DME from the zeolite sample being determined by monitoring the
m/z signal at 46. Experimental details are given in the ESI.

Ammonia temperature programme desorption

Ammonia temperature programmed desorption (TPD) analysis of some of the catalysts tested was carried out using
a fully automated Altamira AMI-200 Chemisorption Analyser. Full details are given in the ESI.

Molecular modelling studies

The methodology used for the calculation of the energies of reaction intermediates and transition states and
adsorption energies of the aromatic aldehydes in H-ZSM-5 was the same as that used in a previous publication.1®
Further details are given in the ESI. H-ZSM-5 molecular modelling simulations used 288 framework atoms,
compromised of 95 Si and 192 O atoms, with one of the T-atoms in the framework substituted with an Al atom to
create a Brgnsted acid (BA) site. For the molecular modelling work a representative BA site was selected at the
intersection of the straight and sinusoidal channels, selecting the O2 site located between the T1 and T2 sites with
the T1 site selected for the Al location. The adsorption, reaction intermediate and transition state energies reported
here are associated with enthalpy contributions, without any temperature corrections applied. Information on the
methods used to calculate the molecular descriptors for the 22 aromatic aldehydes tested is given in the ESI.

Data analysis and multivariate linear regression analysis

Data analysis was performed using JMP® software from JMP Statistical Discovery LLC. The forward stepwise
regression feature in JMP was used to build models with DME space time yield data and normalised descriptors for
benzaldehyde and mono-substituted benzaldehydes and the models were analysed using standard metrics (RMSE
and R2). Further details for data analysis and multivariate linear regression (MLR) modelling are given elsewhere in
the paper and in the ESI.

Results and discussion
Promoter and catalyst testing
As in our previous studiesl® we chose to investigate the impact of organic additives on the M2D reaction at 150 °C and a
methanol partial pressure of 110 kPa. These relatively mild conditions allow MTH chemistry to be avoided, with a high
reaction selectivity to DME (> 99%). Under these conditions the M2D reaction is zero order in methanol, indicating high
active site coverage. These are realistic conditions for studying competitive adsorption effects relevant to the presence of
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low level impurities in industrial processes. The impact on DME STY of co-feeding benzaldehyde, 0.1 mol % relative to
methanol, was evaluated for four 3-dimensional zeolites, Fig. 1.
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Fig. 1 Impact of co-feeding benzaldehyde on DME STY for four different zeolites. SAR
= silica-alumina ratio, letters in brackets zeolite framework code. Conditions: 150 °C,

methanol WHSV 17.1 h'l, methanol partial pressure 110 kPa, benzaldehyde partial
pressure 0.11 kPa.

For the narrow pore zeolite H-SZZ-13 (CHA) only a small increase (ca. 10 %) in DME STY was observed. Much more significant
increases in DME STY were observed for the medium pore zeolite H-ZSM-5 (MFI) and the wide pore zeolites H-beta (BEA)
and H-Y (FAU). The wide pore zeolites however showed signs of deactivation in the presence of benzaldehyde. In contrast

the medium pore zeolite showed good stability, a high DME STY and returned to its original activity with methanol only when
the benzaldehyde was removed from the methanol feed, Fig. 2.
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Fig. 2 Impact of co-feeding benzaldehyde on DME STY for H-ZSM-5 SAR 23. Conditions:

150 °C, methanol WHSV 17.1 h-1, methanol partial pressure 110 kPa, benzaldehyde
partial pressure 0.11 kPa.

H-ZSM-5 was thus selected for a more detailed study. H-ZSM-5 with a silica to alumina (SAR) of 23, 80 and 280 was tested

at 150 °C, under the same conditions as described above. Significant promotion of DME STY was seen for all the H-ZSM-5
catalysts, Fig. 3.
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Fig. 3 Impact of co-feeding benzaldehyde on DME STY for H-ZSM-5 SAR 23, SAR 80 and
280. Conditions: 150 °C, methanol WHSV 17.1 h-, methanol partial pressure 110 kPa,
benzaldehyde partial pressure 0.11 kPa.

Larger promotions were seen for the higher SAR materials, SAR 280 (11) > SAR 80 (9) > SAR 23 (3), promotional factors in
parentheses, expressed as the ratio of the DME STY for the promoted versus unpromoted reaction. As a result of this
promotional behaviour the SAR 80 catalyst gave a higher DME STY, of 3215 g kg1 h-1, than the SAR 23 catalyst, which gave a
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DME STY of 3000 g kg'! h'>. The SAR 280 catalyst gave a DME STY of 1036 g kg* hl. The larger promotion with the higher
SAR materials may be related to the increased hydrophilicity of low SAR zeolites? when used in the promoted M2D reaction
described here, with the water co-product acting as an inhibitor of promotion. Indeed addition of water (5 mol %) reduced
the DME STY for the H-ZSM-5 SAR 80 catalyst from 559 to 149 g kg! h'l when tested with 5 mol % benzaldehyde in the
methanol feed at 110 °C. The methanol only reaction under these conditions gave a DME STY of 16 g kg1 h', indicating that
although water inhibits promotion the benzaldehyde promoter can still effectively function in the presence of water.

In the H-ZSM-5 M2D experiments with benzaldehyde the promoter passed over the catalysts essentially unconverted,
with only trace amounts of benzaldehyde dimethyl acetal (BDA) being detected in the reactor effluent when 1 mol %
benzaldehyde was tested at 150 °C; see Fig. S2 in the ESI. The presence of BDA in the reaction effluent was more apparent
at lower reaction temperatures, where its formation is thermodynamically more favourable and there is less water available
from the M2D reaction for its hydrolysis; see ESI Fig S3 for representative GC traces. Its concentration was however still very
low compared to the aldehyde. BDA, added at 1 mol %, was also tested at 150 °C as a promoter with H-ZSM-5 SAR 80. The
presence of BDA increased the DME STY from 388 to 6860 g kg1 h-1; benzaldehyde tested under these conditions gave a very
similar DME STY, 6590 g kg1 h-1. The BDA was almost fully hydrolysed to benzaldehyde under these conditions and GC traces
of the reactor effluents from reactions promoted with BDA and benzaldehyde were essentially identical. This indicates facile
interconversion of benzaldehyde and BDA under the reaction conditions reported here (110 to 150 °C) for the M2D reaction.
H-ZSM-5 is reported to be an effective catalyst for the synthesis of BDA from benzaldehyde and methanol at ambient
temperature.?* In a control experiment toluene, tested at 0.1 mol % and 150 °C, had no discernible impact on the H-ZSM-5
catalysts, in contrast to the behaviour of toluene in MTH chemistry at higher temperature.12 This illustrates the importance
of the formyl functional group on promoter activity.

H-ZSM-5 SAR 80 was selected to be tested for the M2D reaction with a range of benzaldehyde derivatives at 150 °C, using
0.01 mol % of benzaldehyde as the reference point, Fig. 4. This kept the methanol conversion for the reference point well
below 10%, to allow for a sensible range of conversion for the ranking of the aldehyde promoters. Under these conditions
the DME STY for the unpromoted reaction was 388 g kg h-1.
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Fig. 4 Impact of co-feeding benzaldehyde derivatives on DME STY for H-ZSM-5 SAR
80. Conditions: 150 °C, methanol WHSV 17.1 h-1, methanol partial pressure 110 kPa,
aldehyde partial pressure 0.011 kPa. Black bar methanol only, blue bar benzaldehyde,
green bars electron-donating substituents and grey bars electron-withdrawing
substituents

In Fig. 4 the impact on DME STY of substituting a range of electron-donating and -withdrawing groups on the 4-position of
the aromatic ring was assessed. All the aldehydes promoted the M2D reaction, with electron-donating groups, 4-Me and 4-
OMe, giving the largest increases in DME STY. The aldehyde promoter with strongly electron-withdrawing 4-CF; group gave
the smallest increase in DME STY. Benzaldehyde derivatives with moderately electron-withdrawing groups either gave a
DME STY comparable to benzaldehyde, for 4-chloro-benzaldehyde, or somewhat surprisingly for 4-bromobenzaldehyde
ahigher DME STY than benzaldehyde. Under the same conditions as tested in Fig. 4 introduction of a methyl group into the
sterically hindered 2-position gave a DME STY of 841 g kg h'! for 2-methylbenzaldehyde, compared to DME STY’s of 1965
and 2709 g kg1 h-1, for 3-methylbenzaldehyde and 4-methylbenzaldehyde respectively.

We have previously shown that the potency of aliphatic methyl esters, RCO,Me, as promoters for the M2D reaction can
be markedly enhanced by increasing the length of the alkyl chain R, which more firmly anchors the promoters in the zeolite
pores via non-bonded van der Waals forces.’® The impact on DME STY of the length of the alkyl chain in the 4-position of
benzaldehyde was therefore assessed, see Fig. 5. Increasing the length of the alkyl chain increases the potency of the



Aromatic aldehydes as tuneable and ppm potent promoters for zeolite catalysed methanol dehydration to DME, Z. Yang, B. Dennis-

Smither, G.J. Sunley et al, Applied Sciences, Innovation & Engineering, BP plc. ChemRxix submission January 2023.

promoter, with 0.01 mol % 4-n-pentylbenzaldehyde being particularly potent, giving a DME STY of 7815 g kg! h,
representing a 20-fold increase in DME STY under these conditions.

000
5000
000
3000
2000
1000 MeOH .
only
..
o

None Benzaldehyde  4-Methyl 4-n-Ethyl 4-n-Propyl 4-n-Butyl 4-n-Pentyl

DMESTY / gkg? h?

Fig. 5 Impact of co-feeding benzaldehyde and 4-alkylbenzaldehydes on DME STY for
H-ZSM-5 SAR 80. Conditions: as in Fig. 4. Black bar methanol only.

In total, in addition to benzaldehyde, 21 benzaldehyde derivatives were tested at 150 °C for promotion of the M2D
reaction with H-ZSM-5 SAR 80 and another 3-dimensional medium pore zeolite, H-ZSM-11 (MEL) SAR 50. Most of these
promoters were also tested at 110 °C with H-ZSM-5 SAR 80. The data for these experiments is given in Tables S2 and S3 in
the ESI. The 4-n-pentylbenzaldehyde promoter was also tested at 150 °C with H-ZSM-5 SAR 80 at a reduced methanol WHSV
of 4.3 h'l. At a concentration of 0.01 mol % the aldehyde increased the methanol conversion from 12% for the unpromoted
reaction to 88% for the promoted reaction. At this high conversion, the M2D reaction remained highly selective to DME (>
99%), with negligible amounts of by-products being formed. This experiment also shows that the promoters are effective
over a wide range of methanol conversion, even when considerable amounts of water are being produced by the methanol
dehydration reaction.

Kinetic and other data collected at lower temperature

Kinetic data for a selection of the promoters with H-ZSM-5 SAR 80 was collected at 110 °C. At this temperature the
methanol conversion for the unpromoted M2D reaction was well below 1%, with a DME STY of 16 g kg'! h'l. Using these
conditions, the impact on DME STY of the concentration of the most potent promoter 4-n-pentylbenzaldehyde was
evaluated, Fig. 6.
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Fig. 6 Impact of co-feeding different concentrations of 4-n-pentylbenzaldehyde
derivatives on DME STY for H-ZSM-5 SAR 80. Conditions: 110 °C, methanol WHSV 17.1
h1, methanol partial pressure 110 kPa, aldehyde partial pressure 0.00011 to 0.022 kPa.
Black dot methanol only. Green line added to guide the eye.

With this very potent promoter saturation kinetics were approached at a concentration of 0.02 mol %, with a 62-fold increase
in DME STY to 990 g kg1 h'1 being observed. Indeed this promoter was so potent that only 0.0001 mol % (1 ppm) of it
was required to increase the DME STY by 10-fold to 165 g kg hl. In contrast benzaldehyde required a
concentration of 5 mol % to approach saturation kinetics, giving a significantly lower DME STY of 559 g kg h-1 at
these conditions, see Fig. S6 in the ESI. Concentration studies were also performed for 4-Me-benzaldehyde, 4-CFs-



Aromatic aldehydes as tuneable and ppm potent promoters for zeolite catalysed methanol dehydration to DME, Z. Yang, B. Dennis-

Smither, G.J. Sunley et al, Applied Sciences, Innovation & Engineering, BP plc. ChemRxix submission January 2023.

benzaldehyde, 4-Cl-benzaldehyde and 4-MeO-benzaldehyde. All these promoters approached saturation kinetics
at lower concentrations (1 mol % or less) than benzaldehyde, see Fig. S6 and Fig. S7 in the ESI. In these
concentration studies the maximum DME STY observed (numbers in parentheses, in g kg1 h-1) for the promoters
followed the trend 4-n-pentylbenzaldehyde (990) > 4-MeO-benzaldehyde (925) > 4-Me-benzaldehyde (728) >
benzaldehyde (559) > 4-Cl-benzaldehyde (305) > 4-CFs-benzaldehyde (66).

Next the impact of methanol partial pressure on DME STY was evaluated for the 4-n-pentylbenzaldehyde
promoted M2D reaction. The concentration and partial pressure of the aldehyde, 0.0005 mol % and 0.00055 kPa,
was chosen such it was well away from saturation kinetics at 110 kPa of methanol. The methanol partial pressure
was then varied whilst keeping the aldehyde partial pressure constant at 0.00055 kPa, see Fig. S11 in the ESI.
Reducing the methanol partial pressure under these conditions increased the DME STY from 287 g kg1 h-1 at 110
kPa of methanol to 484 and 652 g kg1 h-1 at 55 and 27.5 kPa of methanol respectively. A similarinverse dependence
on methanol partial pressure was observed with benzaldehyde, see ESI Fig. S12. The data above is consistent with
a promotional mechanism involving competitive adsorption between the aldehyde promoter and methanol on an
active site, with the adsorbed aldehyde facilitating an alternative and more facile reaction pathway to make DME
from methanol.

The effect of co-feeding water, 5 mol % relative to methanol, on the promoted M2D reaction was explored at 110 °C for
H-ZSM-5 SAR 80, tested with 0.01 mol % 4-n-pentylbenzaldehyde (methanol WHSV of 17.1 h-1). The addition of water to the
feed was found to reduce the DME STY from 946 to 237 g kg'! h'l. However even with this amount of water added to the
feed, equivalent to that formed at 10 % methanol conversion, there was still a 15-fold increase in DME STY versus the
methanol only reaction.

The importance of the zeolite micropores in boosting the potency of the aldehyde promoters was explored by comparing
H-ZSM-5 SAR 80 with a molecular acid, silicotungstic acid (STA), supported on mesoporous silica. Both catalysts were tested
with 0.01 mol % of benzaldehyde and a series of 4-alkyl substituted benzaldehydes, Fig. 7.
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Fig. 7 Impact of co-feeding benzaldehyde and 4-alkylbenzaldehydes on DME STY for H-
ZSM-5 SAR 80 and STA on silica. Conditions: 110 °C, methanol WHSV 17.1 h-!, methanol
partial pressure 110 kPa, aldehyde partial pressure 0.011 kPa. Black bars methanol only.

As the alkyl group was lengthened from methyl to n-pentyl there was a significant increase in DME STY across the series for
the H-ZSM-5 SAR 80 catalyst. The DME STY increased from 16 g kg® h'! for the unpromoted reaction to 946 g kg h'1 for the
most potent promoter tested, 4-n-pentylbenzaldehyde, a 59-fold increase in DME STY. In contrast beyond 4-
methylbenzaldehyde there was no strong effect of alkyl chain length on DME STY for the STA on silica catalyst, with the DME
STY increasing from 43 g kg h! for the unpromoted reaction to 116 g kg* h'! for the 4-n-pentylbenzaldehyde promoted
reaction. The Brgnsted acid (BA) sites in the H-ZSM-5 SAR catalyst were found on average to be turning over ten times faster
(see Fig. S14 in the ESI) for making DME than those in the STA on silica catalyst when tested with 0.01 mol % 4-n-
pentylbenzaldehyde, illustrating the significance of the zeolite confinement effect on promoter potency.

Lastly the effectiveness of the 4-pentylbenzaldehyde promoter on the M2D reaction in the presence of added
water was compared for H-ZSM-5 SAR 80 versus STA on silica, using the reaction conditions above. For the H-ZSM-5
catalyst, with 5 mol % water in the methanol feed, addition of 0.01 mol % of 4-pentylbenzaldehyde significantly
increased the DME STY, from 10 to 237 g mol kg'! h-3, resulting in a 24-fold increase in DME STY. In contrast, for the
STA on silica catalyst, with 5 mol % water in the methanol feed, addition of 0.01 mol % of 4-pentylbenzaldehyde
only slightly increased the DME STY, from 36 to 44 g mol kg* h'1, showing only a 1.2 fold increase in DME STY. This
suggests that the confines of the zeolite, combined with its high SAR, and structure of the promoter, create a
favourable environment?> 26 for the M2D reaction, even in the presence of excess water.
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In-situ FT-IR-MS studies

The interaction of the aldehyde promoters and methanol with H-ZSM-5 was investigated in a high temperature
reaction cell by in-situ FT-IR spectroscopy coupled with MS analysis of the reactor effluent to monitor the evolution
of DME from the zeolite catalyst. At 110 °C treatment of H-ZSM-5 SAR 23 with flowing N, saturated with benzaldehyde
vapour resulted in complete titration of the BA sites at 3609 cm, Fig. 8.
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Fig. 8 FT-IR difference spectra for H-ZSM-5 SAR 23 treated with benzaldehyde at 110
°C. Spectra collected over a period of 15 minutes, at a time interval of 1 per minute.
Black arrows show direction with time.

Concurrent with titration of the BA sites a strong IR band appeared at 1578 cm-l, associated with a protonated C=0 bond
vibration strongly coupled with aromatic ring vibrations. A strong and sharp IR band at 1597 cm!, associated with aromatic
ring vibrations strongly coupled with protonated formyl group vibrations, was also evident.* A medium intensity and sharp
IR band at 1458 cm-l, associated with aromatic ring vibrations, was also observed. A broad IR band in the ca. 2200 to 2600
cm region was also present, indicative of perturbation of BA site O-H bonds via a strong interaction with the aldehyde C=0
group. During the benzaldehyde dosing of the zeolite sample a new broad IR band also appeared at ca. 1635 cm,
characteristic of a C=0 group, attached to an aromatic ring, interacting with AI3* Lewis acid (LA) sites.?’- 28 Consistent with
adsorption of benzaldehyde on the zeolite IR bands associated with aromatic C-H bond vibrations, 3070 cm-, and formyl C-
H bond vibrations, broad bands in the 2650 to 2900 cm-! region, were also observed.?® The silanol groups in the zeolite,
centred at 3740 cm1,30 were also titrated, concurrent with the appearance of an IR band at 1680 cm, indicative of the C=0
group of the aldehyde H-bonded to silanol -OH groups. After exposure to benzaldehyde purging the zeolite sample with N,
at 110 °C partially regenerated the silanol groups, indicating a relatively weak interaction between benzaldehyde and at least
some of the silanol groups. In contrast the BA sites remained titrated, indicating a strong interaction between benzaldehyde
and the BA sites. Similar spectra were obtained for when H-ZSM-5 SAR 80 was exposed to benzaldehyde, see ESI Fig. S16.
However, in this case the SAR 80 zeolite sample was richer in silanol groups, resulting in differences in relative IR band
intensities in the 1570 to 1700 cm™ region. For the SAR 80 material the broad IR band due to the C=0 group interaction with
Al3* LA sites (1635 cm™) was significantly weaker relative to the other bands in this region (1570 to 1700 cm-1) than in the
SAR 23 material. This observation suggests that LA sites likely do not play a significant role in benzaldehyde promotion of
the M2D reaction, given the stronger promotion observed with the higher SAR catalyst, vide supra. A role of the LA sites in
promoting the M2D reaction cannot however be entirely excluded, as they have been reported to play a cooperative role
with BA sites in the etherification and acetalization of 5-hydroxymethylfurfural with ethanol.3!

The H-ZSM-5 SAR 23 sample, with its BA sites titrated with benzaldehyde, was exposed to a stream of N, saturated with
methanol, see time resolved FT-IR spectra in Fig. 9.
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Fig. 9 Time resolved FT-IR difference spectra for H-ZSM-5 SAR 23 titrated with
benzaldehyde and purged with N (spectrum at O minutes) and then exposed to
methanol at 110 °C. Time intervals as indicated. Black arrows indicate new IR band at
1564 cm observed 1 and 2 minutes after exposure to methanol.

After one minute of exposure to methanol a new and distinctive band appeared at 1564 cm™. Broad IR bands between ca.
2800 and 3100 cm'?, C-H bond vibrations, due to adsorbed methanol species were also observed.3233 As adsorbed DME also
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has IR bands in this region,32 it may also be already present at low levels at this stage of the reaction.$ The IR bands associated
with adsorbed methanol increased in intensity with time, eventually reaching a steady state, as observed at 15 and 30
minutes of reaction. After 15 minutes of reaction time, when the zeolite surface is more populated with methanol, the IR
bands in the 1450 to 1700 cm! region became broad and indistinguishable.

In the above experiment the effluent from the IR reaction cell was monitored for DME by MS, Fig. 10. In the first 5
minutes of the reaction negligible DME was evolved from the zeolite catalyst. This corresponds with the IR data, showing
the methanol, at least in part, being scavenged to react with the benzaldehyde activated via its interaction with the BA sites.
As the zeolite surface becomes more populated with methanol species DME starts to be evolved from the catalyst surface.
The DME make approaches a maximum soon after the methanol coverage approaches steady-state, with the benzaldehyde
promoted reaction making an order of magnitude (ca. 25-fold increase) more DME than the methanol only reaction, Fig. 10.

9E-12 —e—MeOH after benzaldehyde titration

8E-12 —e—MeOH only

7E-12

6E-12

5E-12

4E-12

3E-12

DME ion-current / a.u.

2E-12

1E-12

Time / minutes

Fig. 10 DME evolved from sample of H-ZSM-5 SAR 23 at 110 °C exposed to a)
methanol only, in red b) benzaldehyde, followed by methanol, in blue.

This is the case even though in both instances almost identical broad IR bands are seen in the 2800 to 3100 cm! region, due
to adsorbed methanol, and any DME product that is also adsorbed on the zeolite surface. Overall, under catalytic conditions,
the experiment above suggests the presence of a transient and very reactive intermediate, which undergoes a facile reaction
with methanol present in the zeolite pores to give DME.

As noted previously H-ZSM-5 is reported to be an effective catalyst for the synthesis of BDA from benzaldehyde and
methanol. The mechanism for the formation of acetals is widely accepted to involve the acid catalysed reaction of an alcohol
(R’OH) with an aldehyde, [RC(H)(=0)], to give a hemi-acetal intermediate, [RC(H)(OH)(OR’)].3* The hemi-acetal is then
protonated at the -OH group and loses water to form a transient and very reactive alkyl oxonium species, [RC(H)(C=0-R’)]*;
this species then reacts with another molecule of alcohol to give the acetal and regenerate the proton. With this is mind
DFT molecular modelling was used to simulate the IR spectrum of the methyl oxonium species which would be expected
from the reaction between benzaldehyde and methanol, [PhC(H)(=0-Me)]*, see ESI and Table S10. In the simulated spectra
a relatively intense IR band was found at 1565 cm, associated with IR vibrations in the C=0-Me group strongly coupled with
the aromatic ring. This band is in the same locality as the distinctive band highlighted in Fig. 8.

To further support the provenance of the IR band at 1564 cm™ two alternative routes were explored to generate the
postulated methyl oxonium species, using H-ZSM-5 SAR 80, see Fig. 11.
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Fig. 11 FT-IR difference spectra for H-ZSM-5 SAR 80 reacted at 110 °C with a)
benzaldehyde, followed by methanol b) benzaldehyde dimethyl acetal c) methanol
to generate [Si(OMe)Al], followed by benzaldehyde. Black hashed line shows
position of distinctive peak at 1564 cm™%.
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Firstly a dried sample of H-ZSM-5 SAR 80 was treated at 110 °C with a stream of N, saturated with BDA. This generated
a similar IR spectrum to that seen when H-ZSM-5 SAR 80 was titrated with benzaldehyde and then exposed to methanol.
The distinctive band at 1564 cm-1 was again observed, suggesting the formation of [PhC(H)(=0-Me)]* via the loss of methanol
from the acetal via reaction with the zeolite BA sites. A strong IR band was also seen at 1577 cm?, previously ascribed to
benzaldehyde interacting with BA sites. DME was also detected by MS in the effluent from the reaction cell. This is suggestive
of a subsequent reaction between the methyl oxonium species and the liberated methanol to make DME and benzaldehyde.

In the solution phase the formation of acetals is known to be facile and readily reversible via acid catalysed hydrolysis.3%
35 The findings here are consistent with that. Secondly a surface methoxy species, [Si(OMe)Al], was generated by firstly
exposing a H-ZSM-5 SAR 80 sample to a N, stream saturated with methanol vapour at 110 °C, followed by removing the
excess methanol and water via a N, purge of the reaction cell, also at 110 °C. This generated a species with distinctive IR
bands at 2857 and 2957 cm-!, characteristic of a surface methoxy species (SMS).32 The SMS was then reacted with
benzaldehyde by passing a N, stream saturated with benzaldehyde vapour over the sample at 110 °C. This again generated
the distinctive band at 1564 cm, indicating transfer of the methyl group from the SMS to the benzaldehyde C=0 group to
generate [PhC(H)(=0-Me)]*.

The above experiments indicate that benzaldehyde promotes the M2D reaction by creating an alternative reaction
pathway for the formation of DME. This pathway involves the competitive (versus methanol) adsorption of the aldehyde
on a BA site, followed by reaction with methanol and loss of water to give a transient and highly reactive methyl oxonium
species, which then reacts with methanol in a fast step to give DME, Scheme 1.

Ph
+H*, -H,0 ¢ @ *CHOH.-H'
PhCHO + CH;OH =——7— Q" o ~Pncno > DME
|
CHs

Scheme 1 Reaction pathway for benzaldehyde promoted DME formation

The formation and reactivity of the methyl oxonium species in the M2D reaction was further explored with the H-ZSM-5 SAR
80 catalyst, using the more potent 4-methylbenzaldehyde promoter tested at 110°C. As previously the BA sites in the
zeolite were first titrated with 4-methylbenzaldehyde. The sample was then exposed to methanol vapour, generating a
distinctive IR band at 1554 cm, attributed to the methyl oxonium species, [4-Me-CgHs-C(H)(=0-Me)]*. Subsequent
treatment of the sample with a stream of N, saturated with water vapour resulted in disappearance of the band at 1554
cm-l. Re-exposure of the sample to methanol vapour regenerated the IR band at 1554 cmL. See Fig. S24 in the ESI for the
IR spectra associated with these observations. This experiment demonstrates the reversible and facile nature of formation
of methyl oxonium species, as shown in Scheme 1, but in this case for 4-methylbenzaldehyde.

The facile nature of the reactions described above indicates that under catalysis conditions the methyl oxonium species
is in a rapid pre-equilibrium with the reactants and is present at very low concentrations when excess methanol is present.
The proposed pathway is also consistent with the inhibitory effect of added water on promoter effectiveness, as observed
in the catalytic tests. As noted previously the above pathway is related to the one proposed for the acid catalysed formation
and hydrolysis of acetals in solution. The formation and hydrolysis of aromatic acetals is promoted by electron-donating
groups, which stabilize the highly reactive alkyl oxonium intermediate, [ArC(H)(C=0-R)]*.34 This, at least in part, explains the
reactivity trend seen in Fig. 4.

There is, however, an additional factor in play in determining promoter potency, related to the solvating effect of the
zeolite pore walls on reaction intermediates and transition states. To explore this aspect further the potent 4-n-
pentylbenzaldehyde promoter was tested as a promoter for the M2D reaction with H-ZSM-5 SAR 23 in the FT-IR-MS high
temperature reaction cell, Fig. 12. As previously the zeolite BA sites were first titrated with the aldehyde, see ESI and
Fig. S27. Strong IR bands at 1596 and 1578 cm! were observed, assigned to strongly coupled C=0 and aromatic
ring vibrations in the protonated aldehyde. IR bands at 1629 and 1675 cm were also present, due to the vibrations
from the aldehyde C=0 group interacting with LA sites and silanol -OH groups. The M2D reaction was then initiated
by passing methanol vapour over the zeolite catalyst. The M2D reaction was continued for 2 hours and the FT-IR
spectrum at this point indicated the presence of a methyl oxonium species, [4-n-pentyl-CcH4C(H)(=0O-Me)]* with a
distinctive IR at band 1547 cm1, despite the zeolite surface being populated with methanol species (IR bands in the
2800 to 3100 cm region). The sample was then purged with N, to remove excess methanol and any water and
DME product adsorbed on the zeolite surface. After the N, purge the distinctive IR band at 1547 cm, due to the
methyl oxonium species, was still present. The IR bands due to the aldehyde weakly interacting with the LA sites
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and silanol -OH groups were however absent, indicating that during the M2D reaction the methanol had displaced
the aldehyde from these sites. The prominence and longevity of the promoter IR bands associated with the BA sites
during this M2D experiment illustrates the anchoring effect of the pendant n-pentyl group on promoter competitive
adsorption versus methanol, via zeolite pore wall induced van der Waal forces cf. Fig. 9 with benzaldehyde.
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Fig. 12 FT-IR difference spectra for H-ZSM-5 SAR 23 at 110 °C after a) titration with 4-
n-pentylbenzaldehyde, followed by reaction with methanol, spectrum shown after 2
hours of reaction b) purging with N, after the M2D reaction. Black arrow shows

position of distinctive peak at 1547 cm™.

Molecular modelling studies

Reaction mechanism and key steps Molecular modelling was used to further explore the reaction pathway and
mechanism discussed above for the benzaldehyde promoted M2D reaction with H-ZSM-5. A simplified reaction
mechanism showing the key DME forming step is shown in Scheme 2; see Scheme S1 in the ESI for the full reaction

pathway and mechanism.
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Scheme 2 Simplified reaction mechanism for benzaldehyde promoted zeolite
catalysed methanol dehydration to DME. The interaction of the reactants with the
zeolite BA site, [Si(OH)AI], is shown.

For the molecular modelling simulations a representative BA site was selected at the intersection of the straight and
sinusoidal channels of ZSM-5 (MFl), selecting the O2 site located between the T1 and T2 sites with the T1 site selected for
the Al location. The adsorption of benzaldehyde on this BA site was then modelled using two modes of adsorption, Fig. 13.
The first adsorption mode involved a H-bonding interaction of the benzaldehyde carbonyl group with the BA site, with the
formyl group (CHO) twisted out of the plain with the phenyl ring. Multiple initial conformations were tested, with the one
reported here being the lowest energy conformer found. In the H-bonded adsorption mode the electron-rich aromatic ring
is aligned with the ellipsoidal straight pore of ZSM-5, with the aromatic ring located at the centre of the pore. After geometry
optimization this gave an adsorption energy of -143 kJ mol-, despite the energy penalty being paid by breaking conjugation
between the formyl group and the phenyl ring. Once optimized the O-C-C-C dihedral angle had a value of 83.6 degrees and
the C=0 group H-bond distance was 1.39 A, indicating a strong hydrogen bonding interaction. In the second adsorption
mode the proton was desorbed from the BA site and placed on the oxygen of the formyl group, with the positively charged
molecule kept planar and similarly placed in the centre of the zeolite pore. In this case the protonated formyl group retained
its conjugation with the aromatic ring. This gave an adsorption energy of -130 kJ mol, which despite being conjugated, was
13 kJ mol? less than found for the H-bonded mode of adsorption. The energy difference between the two modes of
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adsorption is however relatively small. The experimentally measured energy barrier for the rotation of the formyl group in
benzaldehyde in the vapour and liquid phases is reported to be between 19 and 33 kJ mol-1.36

Ty, &,

a) H-bonded b) Protonated

Fig. 13 Benzaldehyde adsorption modes on H-ZSM-5 via a) H-bonding to
the BA site b) deprotonation of the BA site.

Benzaldehyde adsorbed in the H-bonded mode was selected as the starting point for completing the rest of the
catalytic cycle and calculation of the energies of intermediates and transition states. Reasonable transition states were
identified for the formation of the hemi-acetal intermediate and its dehydration to give the methyl oxonium species, Fig. 14.

a) Hemi-acetal formation b) Hemi-acetal dehydration

Fig. 14  Transition states identified for a) the formation of the hemi-acetal
intermediate via reaction between adsorbed benzaldehyde and methanol and b)
subsequent dehydration of the hemi-acetal intermediate to give the methyl oxonium
species plus adsorbed water, via a H-bonding interaction with the BA site. Pink atom
Al, yellow atom Si, red atoms O, grey atoms carbon and white atoms H.

A transition state for the key DME forming step, involving a Sn2 reaction of the methyl oxonium species with an
adsorbed methanol, as shown in Scheme 2, was also identified, Fig. 15.
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Fig. 15 Transition state identified for the reaction of a benzaldehyde derived methyl
oxonium species with absorbed methanol, resulting in the formation of DME
H-bonded to a BA site. Pink atom Al, yellow atom Si, red atoms O, grey atoms C and

white atoms H.

The full reaction coordinate diagram with associated energies is given in Fig. S37 in the ESI. The apparent activation
energy barrier for the overall catalytic cycle is 88 k) mol-* and is associated with the reaction of the methyl oxonium
species with adsorbed methanol to give DME adsorbed on a BA site, transition state 3 in Fig. S37. The molecular
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modelling findings here illustrate a reasonably plausible pathway and mechanism for the role of benzaldehyde in
promoting the M2D reaction with H-ZSM-5 and by extension with other zeolites.

The reaction energetics shown in Fig. S37 are solely based upon electronic energy contributions at zero kelvin.
Entropy contributions, which are no doubt significant for chemistry occurring in the confines of a zeolite pore, were
not considered as currently available methods do not allow for calculating entropy contributions accurately with
such complex systems (in a microporous network with several adsorbed molecules).33 37 |n addition the findings
presented here do not exclude other reaction pathways, for example involving the reaction of protonated
benzaldehyde species to form the hemi-acetal intermediate, which may occur instead or in parallel, and may more
favourably occur when electron-donating substituents are present on the aromatic ring. The reaction steps
modelled here also involve static simulations and are performed in the absence of excess methanol, DME and water.
Under the high coverage and dynamic conditions of actual catalysis, where protonated methanol clusters and other
solvated species can be present, the situation is undoubtedly more complex. Molecular dynamic simulations using
protonated methanol clusters,38 interacting with the aldehyde promoter, BA sites and other species may prove to
be informative here but that is beyond the scope of the initial findings presented in this paper.

Gas phase protonation and methylation energies Molecular modelling was used to determine the gas phase
protonation and methylation energies (see Table S9 in the ESI) of benzaldehyde and the 3- and 4-substituted
benzaldehyde derivatives tested as promoters for the M2D reaction. [H30]* and [MeOH,]* were used as the
protonating and methylating reagents, Scheme 3.

(@) O + hHo ——— Oyt KO
H H
) Y@Yo o, — s + O
MeOH, 2" CH, 2
H H

Scheme 3 Gas phase reactions of benzaldehyde and its derivatives via a) protonation
with [H30]* and b) methylation with [MeOH,]*.

The Hammett constant, o, based on the dissociation constant of benzoic acid and its 3- and 4-substiuted derivatives,
is widely used in organic chemistry to predict and evaluate reactivity trends.? The calculated gas phase aldehyde
protonation and methylation energies were hence compared with the Hammett constant, Fig. 16. There is
reasonably good correlation between the methylation and protonation energies and the Hammett constant.
Electron-donating groups (negative o values) were found to favour the methylation and protonation reactions,
whilst both reactions were generally, though not in all cases, disfavoured by electron-withdrawing groups (positive
o values).
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Fig. 16 Reaction energies versus the Hammett constant, o, or o, for the gas phase
protonation and methylation reactions of benzaldehyde and 3- and 4-substituted
benzaldehyde derivatives using a) [H30]* as a protonating agent and b) [MeOH,]* as a
methylating agent. o = 0 for benzaldehyde.
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Promoter zeolite adsorption energies We have previously shown that the adsorption energy of aliphatic methyl
esters, RCO,Me, on a zeolite BA site can act as a reasonable guide for promoter potency.’® With this in mind
molecular modelling was used to determine the adsorption energy of benzaldehyde relative to some of the 4-
substituted benzaldehyde derivatives tested for the M2D reaction. The same methodology as described above for
benzaldehyde was employed, with the benzaldehyde derivative either H-bonded to the BA site or fully protonated
by the BA site. The calculated adsorption energies are shown in Fig. 17.
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Fig. 17  Relative adsorption energies for benzaldehyde and 4-substituted
benzaldehyde derivatives, 4-Y-C¢H,CHO, absorbed on a BA site in H-ZSM-5 via a) H-
bonding, lines in red or b) protonation, lines in blue. Experimental Hammett constants
o, shown relative to benzaldehyde, o = 0.

The calculated zeolite adsorption energies do not follow a trend that might be expected from the Hammett constant
and the general trend observed above for the gas phase aldehyde protonation reaction. In the series shown the
benzaldehyde derivative with the most strongly electron-withdrawing substituent, 4-CF3 with a o, of 0.54, is found
to adsorb the strongest when bound in the H-bonded unconjugated form. Somewhat surprisingly 4-CFs-
benzaldehyde also absorbs relatively strongly in the conjugated protonated form. 4-n-pentylbenzaldehyde also
adsorbs very strongly; the H-bonded form was found to have an adsorption energy of -192 kJ mol?, whilst the
protonated form was found to have an adsorption energy of -194 kJ moll. These adsorption energies are
significantly above those calculated for 4-methylbenzaldehyde, of -168 kJ mol! for the H-bonded form, and -169 kJ
mol?! for the protonated form. In addition of all the aldehydes evaluated in Fig. 17 benzaldehyde adsorbs the
weakest, irrespective of whether it is adsorbed in either the protonated or the H-bonded form. These findings
indicate that the solvating effect of the zeolite pore walls on the substituents on the aromatic ring has a significant
impact on adsorption energy of the aldehyde promoters, over what might be expected purely from the electron-
withdrawing and -donating effects of the substituents on the aromatic ring. The relative adsorption energies do
however reflect the observation that the substituted benzaldehyde M2D promoters all approach saturation kinetics
at lower concentrations than benzaldehyde, vide supra. All the aldehydes evaluated adsorbed more strongly than
methanol, which had an adsorption energy of -118 kJ mol-! when H-bonded to the same BA site.

In Fig. 17 the largest difference between the zeolite H-bonded and protonated benzaldehyde derivatives is seen
for 4-CFs-benzaldehyde, with an energy gap of 27 kJ mol-! in favour of the H-bonded form. The strongly electron-
withdrawing 4-CF; group disfavours the protonated mode of adsorption for this aldehyde, in line with expectations.
For 4-Me-benzaldehyde the energy gap between the H-bonded and protonated forms was negligible, at 1 kJ mol-%,
being slightly in favour of the protonated form. Similarly, 4-Cl-benzaldehyde, which also adsorbed more strongly
than benzaldehyde, had a negligible energy gap of 1 kl mol-1, between the zeolite protonated and H-bonded forms,
this time slightly in favour of the H-bonded form. As noted previously for benzaldehyde the H-bonded form was
favoured by 13 kJ mol! over the protonated form of the adsorbed aldehyde.

In terms of the adsorption energies shown for 4-n-pentylbenzaldehyde in Fig. 17 it should be noted that the conformation
that the n-pentyl group adopts with respect to the aromatic ring, along with the overall aldehyde orientation and location in
the zeolite pore, does have an impact on the adsorption energy calculated; see the ESI and Fig. S36 for two examples. In Fig.
17 the adsorption energy shown is therefore illustrative of the general trend expected on increasing the length of the alkyl
group in the 4-position of benzaldehyde. The finding here is however in alignment with the higher potency of the 4-n-
pentylbenzaldehyde M2D promoter, as demonstrated for the catalytic data shown in Fig. 5. The absorption energies reported
in this paper use a representative BA site at the intersection of the straight and sinusoidal channels of ZSM-5. These
static simulations are instructional rather than absolute, as many other possibilities exist for promoter adsorption
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in the zeolite pores e.g. choice of BA site location, aldehyde in protonated or H-bonded form, and the overall
promoter conformation and orientation with respect to the zeolite pore walls. The calculations do however
illustrate that zeolite solvation effects play a critical role in the adsorption strength of promoters and by extension
the energies of reaction intermediates and transition states.

Promoter descriptor generation and correlation analysis

Given the complexities discussed above, to further explore the influence of aromatic aldehyde promoter structure
on the H-ZSM-5 catalysed M2D reaction it was decided to employ the data analytics approach developed by Sigman
and co-workers3%-44 and used by others.*>47 The rotational conformers for benzaldehyde and its derivatives were
subjected to geometry optimisation by DFT at the B3LYP/def2-TZVP level of theory. The lowest energy conformer
was selected, and steric and electronic descriptors for the promoters were extracted to build a dataset for further
analysis. The extracted parameters were the molecular dipole moment (u), isotropic and anisotropic polarizability
(s°Pol and @nisoPo]), infrared carbonyl stretching frequency (Vc-0), HOMO and LUMO energies, and natural bond
orbital (NBO)#8-51 charges of each atom (C, H and O) in the aldehyde group. Molecular volume (MV) and molecular
surface area (S) data together with relative molecular mass (M,) and Hammett values (o, or o) were also collected
(see Table S5 in the ESI). The Verloop Sterimol parameters B3, Bs, and L,>2 >3 for ring substituents, were calculated
for the geometry optimized structures, using the MORFEUS package (Table S6 in the ESI).54

The correlation between the molecular descriptors determined for benzaldehyde and its 3- and 4-substituted
derivatives and DME STY for the promoted M2D reaction was then explored, using the DME STY data collected at
150 °C for H-ZSM-5 SAR 80. The Pearson correlation coefficient was calculated using KNIME,>> and a univariate
correlation matrix heatmap generated, see Fig. 18 and ESI Table S12.
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Fig. 18 Pearson correlation heatmap for aldehyde molecular descriptors and DME
STY (g kg'h?) for H-ZSM-5 SAR 80 catalysed methanol dehydration at 150 °C,
promoted by 0.01 mol % of benzaldehyde and 3- and 4-substituted benzaldehyde.

As expected, many of the electronic parameters are highly correlated, as shown graphically in Fig. 18. There is a
moderate linear correlation (R2 = 0.67) between V-0 and the Hammett constant values of benzaldehyde and its 3-
and 4-substituted derivatives, see Fig. S42 in the ESI. In Fig. S42 there is however a much stronger linear
relationship between the Hammett constant and both the LUMO energy (R?2 = 0.94) and the NBO charge on the
carbonyl group oxygen (R2 = 0.91). These findings indicate that DFT derived electronic parameters can be used in
place of Hammett values, as has been previously reported.>6-58 Additionally, *°Pol, molecular surface area (S), Bs
and L are highly correlated (R2 values above 0.92; see ESI Fig. S43 for an example). The best univariate correlations
with DME STY were obtained with Sterimol parameters L and Bs (R2 = 0.73) together with *°Po/ and molecular
surface area (S) (R2=0.72), see ESI Fig. S45. This is consistent with the substituent size having a strong influence on
the solvating effect of the zeolite pores on the energy of intermediates and transition states. Correlation of DME
STY with electronic descriptors NBOo, LUMO energy, Vc-o, U, and o, or n, is lower, with R? values below 0.6, see Fig.
S46 and Fig. S47 in the ESI . With this data in hand it was decided to use multivariate linear regression analysis to
construct an interpretable model for DME STY with H-ZSM-5 SAR 80 at 150 °C, when tested with 0.01 mol % of
benzaldehyde and its mono-substituted derivatives.
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Multivariate linear regression (MLR) analysis

The forward stepwise regression feature in JMP,%° was used to build models for DME STY, using DME STY data
from Table S2 and normalised descriptors for benzaldehyde and 3- and 4-substituted benzaldehyde derivatives.
The models were analysed using standard metrics (RMSE and R2). Due to the small size of the dataset cross-
validation was performed using the leave-one-out (LOO) method.®® The LUMO energy and L were selected as the
most important variables to build the DME STY model upon. An excellent correlation (R2 = 0.95) was observed
with just these two parameters, that describe the steric and electronic properties of the benzaldehyde promoter
molecules, Fig. 19. Predicted values and full model details are presented in the ESI. In the DME STY model shown
in Fig. 19 the substituent length (Sterimol parameter L) acts as an approximation for the solvating effect of the
zeolite pores on the energy of intermediates and transition states. The LUMO energy contribution in the model
reflects the electronic influence of the ring substituents in stabilizing protonated and methylated oxonium
species. Cross-validation (LOO = 0.94) indicates a robust model. Due to the high level of correlation between
electronic and steric features similar DME STY models, for the M2D reaction with benzaldehyde and its 3- and 4-
substituted derivatives, can also be obtained using either NBOO or Hammett values combined with L or molecular
surface area, see Section S7.7 in the ESI.
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Fig. 19 Multivariate model for DME STY (g kg*h-1), actual versus predicted values,
for the H-ZSM-5 SAR 80 catalysed M2D reaction at 150 °C, promoted by 0.01 mol %
of benzaldehyde and 3- and 4-substituted benzaldehyde derivatives.

The model above for ZSM-5 SAR 80 was extended to include the 2-substituted benzaldehyde derivatives tested
in Table S3. A high correlation for DME STY was obtained with a model using just L and the LUMO energy as
variables (R%2 = 0.90, see ESI Fig. S53). However prediction accuracy for benzaldehyde, 2-methyl-benzaldehyde and
2-methoxybenzaldehyde was low. The model and prediction, Fig. 20, was improved by adding the Bsgrtho Sterimol
parameter,>® which describes the maximum width of the substituent in the 2-position. The same form of model
could be applied to aromatic aldehyde promotion of the M2D reaction with another 3-dimensional zeolite, H-ZSM-
11 SAR 50, when tested at 150 °C, Fig. 20.
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Fig. 20 Multivariate regression model for DME STY (g kgth™t), actual versus predicated
values, for the a) H-ZSM-5 SAR 80 and b) H-ZSM-11 SAR 50 catalysed M2D reaction at
150 °C, using 0.01 mol % of benzaldehyde and 2-, 3- and 4-substituted benzaldehyde
derivatives as promoters.
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It should be noted that alternative models can be built with the available data, yielding similar DME STY
predictions by combining different molecular descriptors; see the ESI for some examples. Incorporating non-linear
effects could also potentially result in better model predictions. However, we favour a simple linear model using 2
or 3 interpretable molecular descriptors as variables. The models generated here reflect the importance of the
size and shape of the aldehyde promoter as well as the electronic effects of the aromatic ring substituent in
determining promoter potency.

Conclusions

Benzaldehyde and its derivatives have been found to be effective promoters for zeolite catalysed methanol
dehydration to DME at low temperature (110 to 150 °C). For the 3-dimensional medium pore zeolite H-ZSM-5 (MFI)
the promotion is readily reversible, and the potency of the promoter can be tuned by varying the substituent on
the aromatic ring of the aldehyde. The most potent promoters are active at concentrations as low as 0.0001 mol
% (1 ppm) relative to methanol. In this study high throughput experimentation (HTE) is used to screen and rank
potential promoters and catalysts and to collect high quality kinetic data for the most promising candidates
discovered. The catalytic data and in-situ FT-IR-MS experiments combined with molecular modelling studies
indicate a mechanism involving competitive adsorption of the aldehyde promoter on a Brgnsted acid site, followed
by reaction with methanol to give a hemi-acetal intermediate. Loss of water from the hemi-acetal intermediate
generates a transient and highly reactive methyl oxonium species, [ArC(H)(=0-Me)]*, which then directly reacts with
methanol via a Sn2 mechanism to give DME and regenerate the aldehyde promoter and BA site. The methyl
oxonium species is stabilized by electron-donating groups on the aromatic ring and the solvent like effect of the
zeolite pore walls. Molecular descriptors were calculated by molecular modelling for the 22 aromatic aldehyde
promoters tested. Multivariate linear regression analysis was used to build an interpretable model for aldehyde
promotional activity in H-ZSM-5 and in another 3-dimensional medium pore zeolite, H-ZSM-11 (MEL). It is often
said that the solvent like effect of micropores in zeolite catalysts imparts enzyme like properties. The most effective
promoters described here have biological-like potency, being active at concentrations as low as 1 ppm. The kinetic
behaviour seen in the FT-IR-MS experiments, involving a short induction period to establish a rapid pre-equilibrium
between reactants and the Brgnsted acid active site, forming a steady-state but low concentration of a highly
reactive methyl oxonium intermediate, is very reminiscent of Michaelis-Menten enzyme kinetics.6!

Zeolites are increasingly being used for the processing of biomass derived feedstocks, often in the presence of
significant amounts of water.25 26,62 Davis and co-workers have recently shown that grafting phenethyl-sulfonic acid
sites into the micropores of the wide pore zeolite H-beta gives a very efficient catalyst for the
hydroxyalkylation/alkylation condensation reaction of 2-methylfuran with acetone.2®> This increased catalytic
efficiency results from the confinement effect of the zeolite micropores, combined with increased hydrophobicity
imparted by the grafting sulfonic acid containing residues into silica-rich micropores. The grafted sulfonic acid
contains an aromatic ring and a linking alkyl chain, with a reactive sulfonic acid head-group placed on the aromatic
ring. Here we show that benzaldehyde derivatives, containing an alkyl chain in the 4-position and a reactive formyl
head-group, can have a similar effect on the zeolite catalysed M2D reaction when just simply added to the methanol
feed. Given that biomass derived molecules are rich in oxygen containing functional groups, it is possible that
similar chemistry may also occur when these molecules are co-processed with alcohols3? 62 63 ysing zeolite catalysts,
impacting the reaction pathway and overall process yield of the alcohols used.

This paper shows that the confinement effect in zeolite catalysts can magnify the effect of extremely low levels
of organic compounds, including impurities, when they are present in chemical feedstocks and process recycle
streams. In the work described here, where the M2D aromatic aldehyde promoters are deliberately added to the
methanol feed, this can have a positive impact on zeolite catalyst performance. In other circumstances however,
organic impurities, especially strongly adsorbing ones present even at ppm level concentrations, may result in
undesirable process chemistry e.g. via a detrimental impact on selectivity and/or catalyst lifetime. Industrially this
has significance in the cleaning-up of biomass derived feedstocks to ensure commercially attractive catalyst
performance is maintained over the lifetime of a zeolite catalyst. In fundamental work, aimed at understanding
structure-property relationships, it shows the importance of understanding the impact reagent purity has on
reproducibility, via reagent analysis, and the use of frequently repeated control experiments. It is also important
that HTE testing equipment is effectively cleaned and purged to remove contaminants from previous experiments,
to ensure that high quality and reliable data is collected for model building.
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Lastly fundamental studies on the role of aromatic compounds in methanol to hydrocarbons (MTH) chemistry
have historically focussed on the role of methylated benzenes in the hydrocarbon pool mechanism. The results
presented here highlight the possibility that under certain circumstances oxygen containing aromatic residues in
zeolite pores may also play an underlying role in MTH and other chemistries by moderating the reaction pathway.
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