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Multilevel quantum mechanical calculations show
the role of promoter molecules in the dehydration
of methanol to dimethyl ether in H-ZSM-57
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Methyl carboxylate esters promote the formation of dimethyl ether (DME) from the dehydration of
methanol in H-ZSM-5 zeolite. We employ a multilevel quantum method to explore the possible
associative and dissociative mechanisms in the presence, and absence, of six methyl ester promoters.
This hybrid method combines density functional theory, with dispersion corrections (DFT-D3), for the
full periodic system, with second-order Maller—Plesset perturbation theory (MP2) for small clusters
representing the reaction site, and coupled cluster with single, double, and perturbative triple substitu-
tion (CCSD(T)) for the reacting molecules. The calculated adsorption enthalpy of methanol, and reaction
enthalpies of the dehydration of methanol to DME within H-ZSM-5, agree with experiment to within
chemical accuracy (~4 kJmol™). For the promoters, a reaction pathway via an associative mechanism
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gives lower overall reaction enthalpies and barriers compared to the reaction with methanol only. Each stage
of this mechanism is explored and related to experimental data. We provide evidence that suggests the
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Introduction

Sustainable materials providing alternative, lower energy, greener
routes to useful hydrocarbons have an increasingly important role
to play in reducing emissions of carbon dioxide. There is recent
significant interest in dimethyl ether (DME) due to its potential as a
renewable liquefied petroleum gas (LPG) replacement.™ It can be
made via green methanol; which can be produced from many
sources of carbon, including carbon dioxide."” Relatively high
reaction temperatures (275-350 °C) are required to effectively
produce DME commercially using solid catalysts. However, zeolites
offer a lower temperature route (110-150 °C) as they are very active
and selective for making DME under these conditions where
methanol-to-gasoline (MTG) and methanol-to-olefin (MTO) chemis-
try can be largely avoided.

Zeolites, crystalline aluminosilicate porous materials, are
among the most commercially important classes of heterogenous
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promoter’s adsorption to the Brensted acid site is the most important factor dictating its efficiency.

catalysts, with large-scale applications in the petrochemical indus-
try and environmental catalysis.'* They are formed from corner-
sharing (SiO,) and (AlO,)” tetrahedral units, assembled into
ordered porous frameworks with large internal surface areas.
Interactions at these internal interfaces confine and stabilise
reactants and transition states; this well-known confinement effect
is a key factor in zeolite catalysis."”>** Acidic protons at catalytic
centres, the Bronsted acid sites (BAS), i.e. bridging Si(OH)AI hydroxyl
groups, initiate many well-established reactions in zeolites. The
acid-catalysed dehydration of methanol produces dimethyl ether
(DME), a commercially important intermediate in MTG and MTO
chemistry."> >

Two distinct mechanisms have been proposed for the dehy-
dration of methanol to DME, associative (concerted) or disso-
ciative (stepwise), as illustrated in Scheme 1 and debated in the
literature.>*">® Both mechanisms involve the adsorption of one
methanol molecule at a BAS. The dissociative mechanism
involves the formation of a surface methoxy species [Si(OMe)Al],
followed by reaction with a second methanol molecule to form
DME and water. In contrast, in the associative mechanism,
a second methanol molecular is adsorbed adjacent to the BAS
and a dimer species is formed before conversion to DME and
water. A recent combined kinetic data** and density functional
theory (DFT) study® indicates that the associative mechanism
dominates®**” except at low methanol pressures.***’
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Scheme 1 The associative and dissociative mechanisms, top path and bottom path, respectively, for the dehydration of methanol to DME reaction.
Labels AL, A3, D2, and D4 refer to structures in Fig. 3 and 4 (energy minima).

Recently, it has been shown®~*? that methyl esters (Fig. 1)

can act as potent promoters for the low-temperature (110-
150 °C) dehydration of methanol to DME. Preliminary kinetic
and spectroscopic studies suggest a mechanism in which the
promoters react with methanol to form DME via an associative
mechanism,?*?>?? except possibly for methyl formate which
partially dissociates into formic acid and a surface methoxy
species.”” FT-IR studies show that these promoters rapidly
adsorb at BASs through the carbonyl group, binding more
strongly than methanol;** while both species are adsorbed to
the BAS through hydrogen bonds, the promoters are further
stabilised by van der Waals interactions with the pore walls.
As the chain length increases, so too does this increased
stabilisation. The shortest alkyl chain length promoter, methyl
formate, is the only promoter for which surface methoxy
species are observed experimentally, in low-temperature NMR
studies by Yang et al.** These findings suggest that the promo-
tion of DME formation does not necessarily require promoter
dissociation into methoxy species. Instead, a bimolecular asso-
ciative mechanism, which we outline later, has been suggested
by some of us to dominate DME formation.>* We use multi-
level quantum mechanical methods to explore more fully the
proposed reaction pathway and mechanism.

An atomistic understanding of catalyst performance requires
comprehensive information regarding active sites and elemen-
tary reaction steps. This is challenging through experiment
alone as complex reaction pathways with multiple chemical
transformations are likely. Application of computational methods
is constrained by the size and complexity of the systems and
the accuracy of the methods themselves presents challenges.

16694 | Phys. Chem. Chem. Phys., 2024, 26, 16693-16707

While DFT is a powerful tool, it is not a systematically impro-
vable method, and its predictions vary in accuracy depending
on the approximate treatment of correlation and dispersion.>*°
Higher-level methods, such as MP2, can be employed to combat
these deficiencies, but at a computational cost; calculations on
systems as large as the zeolites in this paper are unfeasible.
Furthermore, the “Gold-standard” in quantum chemistry, coupled
cluster with single, double, and perturbative triple excitations
(CCSD(T)), provides accurate bond energies and molecular
properties’®*® but is limited to small molecules and clusters
and cannot be applied to periodic systems such as zeolites.** Thus,
quantum embedding (QE) methods have been developed which
divide up a system into smaller subsystems that can be modelled at
different levels of theory."® Here, the different subsystems consist of
the periodic zeolite framework, the reaction site, and the reacting
molecules.

In this work, we apply a hybrid multilevel quantum method
to investigate the conversion of methanol to DME in H-ZSM-5
with and without the addition of six promoter molecules. We
model the zeolite framework with periodic DFT-D3, the reac-
tion site with MP2, and the reacting molecules with CCSD(T).
Specifically, we identify the key elementary steps and analyse
how this leads to increased methanol conversion to DME.

Methodology
Zeolite structure and periodic DFT calculations

The MFI structure, shown on the left in Fig. 2, was obtained from
the database of the international zeolite association (IZA),*” with

This journal is © the Owner Societies 2024
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Fig. 1 Impact of co-feeding a series of linear methyl ester promoters on the formation of DME from methanol dehydration, from left to right with

colours indicating different promoters; none (methanol only); methyl formate; methyl acetate; methyl propionate; methyl n-butyrate; methyl n-
pentanoate; and methyl n-hexanoate. The units gkg *h~" refer to the grams of product produced from the kilograms of catalyst per hour. Conditions:
423 K, methanol WHSV 17.1 h™%, methanol partial pressure 110 kPa, methyl ester partial pressure 5.5 kPa. STY refers to the space-time-yield, i.e., the

efficiency of a chemical reaction.

orthorhombic unit cell parameters a = 20.09 A, h=19.74 A and ¢ =
13.14 A. There are twelve symmetry-inequivalent T sites, i.e., metal
(Al/Si) atom positions, in the unit cell. The BAS incorporated is the
so-called Al1-O1(H)-Si5 site:**>" an aluminium occupies the T1
position, silicon T5, and a proton is attached to the oxygen at the
O1 position which links the Al to a neighbouring Si, this is
consistent with previous work from collaborators.*® This BAS lies
at the intersection of the straight and zig-zag pores, and was
chosen as it maximises the dispersion interactions between the
promoter molecule and the pore wall.>>

Periodic plane-wave density functional theory (DFT) calcula-
tions were performed on one unit cell of approximately
300 atoms, as implemented in the Vienna ab initio simulation
package (VASP) version 5.4.4,>>7¢ with PAW pseudopotentials®”
and the PBE exchange-correlation functional.’® Dispersion
energies were calculated with Grimme’s D3 dispersion term
including Becke and Johnson damping (D3BJ).***° The plane-
wave basis set kinetic energy cutoff was 520 eV and the SCF
energy convergence criterion 10~ ° eV. Structural optimisations
of reactants and products were considered converged when the
maximum atomic force is less than 0.05 eVA™.

VASPKIT®' was used to compute vibrational frequencies (within
the harmonic approximation) to calculate the zero-point vibra-
tional energies, AEzpyg, and vibrational contributions to thermal
energies® at 423 K, AEpem. The enthalpy at 423 K is given by:

Hpggips = AEciec + AEzpyg + AEtherm + PAV,

(1)

This journal is © the Owner Societies 2024

where AE,. is the electronic energy, p the pressure, and AV the
volume change. For the reaction studied here, the pAV term
equals —RT for adsorption enthalpies and zero for intrinsic
enthalpy barriers.

Zeolites are flexible materials. Metastable states, involving
multiple local minima separated by low barriers in the energy
landscape, are associated with minor structural changes. The
associated energy change to these structural rearrangements
has been calculated with periodic DFT and found to be as large
as 156 kJmol " for the functional and system size used in
this work.®® To avoid problems associated with structural
reorganisation,®® we optimised the zeolite framework using
the sequential three-step geometry optimisation methodology
of Hoffman et al.:*? (i) initial DFT optimisation of both unit cell
parameters and all basis atom positions of the bare zeolite
obtained from the IZA, (ii) a second full optimisation with
methyl n-hexanoate, the largest promoter, as an absorbate, and
(iii) a final full optimisation of the zeolite after removal of the
absorbate. After the methyl n-hexanoate was removed, the
zeolite did not optimise back to the original structure, but to
a restructured framework calculated to be 39 kJ mol™* lower in
energy. The reduction in energy associated with the restructur-
ing is consistent with the findings of Hoffman et al.,*® and this
structure was used in all subsequent calculations.

To sample the reaction paths, the nudged elastic band
(NEB)***> method with a minimum of four intermediate images
was used with a force convergence criterion of 0.2 eVA™'.

Phys. Chem. Chem. Phys., 2024, 26,16693-16707 | 16695
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The climbing image algorithm® was applied to identify transition
states and convergence set to 0.1 eV A", All minima and transition
state structures were confirmed by their vibrational frequencies.
During optimisation of the transition states, the reacting molecules
and four TO, tetrahedra, i.e., the BAS and neighbouring framework
atoms, were allowed to relax, while the rest of the zeolite framework
was frozen.

Molecular clusters

For the systematically improvable calculations at higher levels
of theory, we use Gaussian®” on the systems shown in the
middle and right of Fig. 2. We use the hierarchical approach
employed by Sauer et al.*'~***>%%8" a5 shown in eqn (2):

Hrinal = Hppeips + AEMps + AECCSD(T)' (2)

This involves a scheme of wavefunction-based electron
correlation method corrections, which can be capable of
obtaining reaction energies and barriers to within chemical
accuracy (~4 kJmol ), applied to the periodic DFT calculations.

The system used for the Mgller-Plesset perturbation theory
(MP2) corrections is shown in the top middle of Fig. 2 and
highlighted in purple. It consists of a promoter, two methanol
molecules, and a 4T cluster model of the zeolite. The cluster

Hy

inal

+AE\pyt AECCSD(T)

Fig. 2 The levels of QM theory applied to each system. Bottom left:
System used in the periodic plane wave DFT calculations consisting of a
unit cell of H-ZSM-5 zeolite structure, a promoter, and two methanol
molecules. The polyhedra represent the periodic zeolite, the stick model
shows the cluster used in later calculations and the ball-and-stick repre-
sentations show the reacting molecules. Bottom middle: System used to
obtain the MP2 corrections. The ball-and-stick representation shows the
reacting molecules and the stick model represents the 4T cluster model.
Bottom right: The system chosen to obtain the CCSD(T) corrections. The
ball-and-stick model represents the reacting atoms only. Colour key:
orange tetrahedra = silicon; red = oxygen; purple = aluminium; brown =
carbon; pink = hydrogen. The arrows illustrate how the levels of theory
applied to each system contribute to the overall final energy shown in the
equation.
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model extracted from the periodic calculations creates dangling
bonds which we saturate with hydrogen atoms with O-H bond
lengths of 95.3 pm and the same angle as the previous bond
(O-Si). Single point energies were obtained at both lower and
higher levels of theory, and the difference between the energies
is the correction applied. We employ DFT+D3 with the Def2-
TZVP basis set for the lower level of theory. The higher level of
theory consisted of MP2 energies extrapolated to the complete
basis set (CBS) limit using a two-point extrapolation scheme,
with cc-pVXZ basis sets (X = D,T).®>® Previous work by Sauer
et al”' has compared different extrapolation schemes with
varying cardinal numbers and found CBS/CPC(3,4) yielded
energy barriers and adsorption energies within 1 kjmol ™" of
their best estimate for the complete basis set limit values.
However, due to the number of calculations needed and the
associated computational cost, we employ CBS/CPC(2,3) which
yields results very close to the CBS limit. These corrections aim
to combat the key deficiency of periodic DFT calculations, the
self-interaction error (SIE).*®”"7>3%8% Uncorrected, SIE results
in the systematic underprediction of energy barriers, particu-
larly for charge transfer reactions, such as the proton transfer
steps important in zeolite catalysis.”"”>** For example, Gon-
calves et al. found that zwitterion intermediates in the MTH
reaction, formed by protonation steps at active sites,*® were too
low in energy by as much as 40 kJmol . For the CCSD(T)
corrections we extract the reacting atoms only shown on the
right of Fig. 2 and highlighted red, ie., the two methanol
molecules, the BAS hydrogen, and the promoter. Single-point
energy calculations were performed using the cc-pVTZ basis
set®”® at the MP2 and CCSD(T) levels of theory, where the
difference is the correction applied. Of course, such models
only take into consideration a portion of the zeolite framework
and there are associated complications due to edge effects and
lack of proper account of the environment. The counterpoise
method was used in both corrections to account for basis set
superposition error.®’

Reaction mechanisms

Within the zeolite, complex reaction mixtures form containing
different ratios of methanol, water, DME, and promoters.
Experimental kinetic data show dependence on methanol and
methyl n-hexanoate partial pressure, with the reaction becom-
ing zero order in methanol at a methanol partial pressure of
1.1 bar and a methyl n-hexanoate partial pressure of 0.11 bar.*°
Overall, these kinetic studies reveal the dependence of both
methanol and methyl ester partial pressures on the yield
of DME. This behaviour is consistent with a bimolecular
reaction mechanism involving both methanol and methyl ester
adsorbed at the catalyst’s active site. Spectroscopic analysis
demonstrates ester molecules interact with BAS via the carbo-
nyl group.*>°® Furthermore, recent FT-IR studies involving one
of us show that methyl n-hexanoate is rapidly adsorbed at
BAS,*> binds more strongly than methanol, and remains
adsorbed at the BAS during the reaction. Thus, instead of
methanol molecules reacting to form DME at a BAS, the
promoter is adsorbed at a BAS. The conformation adopted by

This journal is © the Owner Societies 2024
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the adsorbed promoter involves hydrogen bonding between the
carbonyl group and the BAS, with the alkyl chain on the
carboxylate carbon pointing along the straight channel,*° as
shown in Fig. 2, and the methoxy group of the promoter sitting
in a pore intersection. Previous experimental work of some of
us has suggested the dehydration of methanol to form dimethyl
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ether proceeds via an extended catalytic cycle in the presence of
a promoter.30

There are two possible mechanisms. In the first, the asso-
ciative mechanism, protonation of the promoter is followed by
nucleophilic attack of methanol on the methoxy group, forming
DME. A subsequent reaction involving methanol reforms the
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Scheme 2 Reaction scheme for the associative mechanism of the formation of DME in H-ZSM-5 with methanol(s) and a promoter. The promoter is

Table 1.
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promoter. The full associative mechanism is illustrated in
Scheme 2.

In the alternative dissociative mechanism, the promoter first
rotates 90° about the carbonyl bond, allowing the formation of
a surface methoxy species. Another methanol molecule reacts
with this species forming DME and water. NMR studies by
some of us observed that methyl formate more easily disso-
ciated to form surface methoxy species compared to the longer
alkyl chain promoters. Therefore, a bimolecular associative
mechanism plays an important role in the methyl ester pro-
moted methanol dehydration to DME. However, at low metha-
nol coverages, and for the methyl formate promoted reaction,
we do not rule out the dissociative mechanism.*>

All elementary steps for both associative and dissociative
mechanisms in the presence and absence of promoters are listed in
Table 1. It is worth noting the competing nature of the mechanisms,
i.e., the surface methoxy species formed in the dissociative mecha-
nism deactivates that catalytic site until a second methanol mole-
cule reacts with the surface methoxy species forming DME.

The full description of each mechanism requires the locali-
zation of stationary points on the potential energy surface. The
adsorption enthalpy of a promoter molecule is given by:

H,yqs = Hg.y — Hg (4)

where Hy, is the enthalpy of the reactants (unloaded zeolite plus
methanol molecules and promoter molecules in the gas phase)
and Hg, is the enthalpy of the adsorbed complex. Intrinsic
enthalpy barriers are defined by:

=
*

Hmtr = HTS - HR-a (5)

where Hrg is the enthalpy of the transition state.

Results and discussion
Methanol dehydration to dimethyl ether

The calculated energetics and full reaction pathways for
both the associative and dissociative mechanisms for the

View Article Online
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dehydration of methanol to DME in the absence of promoters
are illustrated in Fig. 3. The structures involved in each pathway
are displayed in Fig. 4. The calculated reaction enthalpy is
—28 kjmol ™.

In both mechanisms, the first stage involves the adsorption
of a methanol molecule to the BAS with an enthalpy of
—45 kJmol™". This value is ~40 kJmol " less negative than
others have reported in the literature using similar methodo-
logies;**%%9279* this is a consequence of taking account of the
structural rearrangement discussed above and following
the methodology of Hoffman et al.®® Our zeolite framework is
39 kJ mol ™" lower in energy compared to those typically used in
the earlier literature. In the associative mechanism, a methanol
dimer is formed at the BAS with an enthalpy of —86 kJ mol .
The rate-determining step—in the associative mechanism—in-
volves DME formation from the protonated dimer intermediate
with an intrinsic barrier of 130 k] mol ™. After desorption of the
water by-product, the overall reaction enthalpy is —28 kJ mol "
and the formation enthalpy is —73 k] mol . In the dissociative
mechanism, methylation of the zeolite surface takes place.
The barrier height is 149 kJmol™' and the reaction enthalpy
10 kJmol~". Subsequently, water desorbs and a new methanol
molecule is adsorbed. The final step is the methylation of metha-
nol forming DME with a barrier of 164 k] mol . Our barrier for
the associative mechanism is lower than those in the dissocia-
tive mechanism.

Our calculated intrinsic barriers using PBE+D3 alone give
similar results to those calculated in the literature.”*®® For
example, using PBE+D3 we calculate an intrinsic barrier of
128 kJmol~* for the formation of a surface methoxy species,
Smith et al. calculates an intrinsic barrier of 143 kJmol *,*
whilst Kilburn et al calculates an intrinsic barrier of
119 kJ mol *.%°

Di Iorio et al have investigated the same dehydration
reaction in a different zeolite,>” CHA. They report results
for mechanisms involving an Sy2 like step involving concerted
backside attack. We have also modelled the associative
and dissociative mechanisms in ZSM-5 with this geometry.

Table 1 Elementary steps for the associative and dissociative mechanism for the methanol dehydration to DME with and without a promoter, lines
between rows separate different mechanisms. Steps M1 and P1 involve the adsorption to the BAS of methanol and a promoter, respectively. The
dissociative and associative mechanisms involving methanol only involve steps M2-M3 and M4-M5, respectively. The dissociative mechanism involving a
promoter is steps P2—M3, it is worth noting step M3 is the same with and without a promoter in the dissociative mechanism. The associative mechanism
involving the promoter is seen in steps P3-P4

Adsorption CH;0H(y) + H-Z < CH;0H: - -H-Z (M1)
ROOCH;) + H-Z + 2CH;0H < ROOCH;- --H-Z + 2CH,0H (P1)
Dissociative mechanism (methanol) CH;0H-: - -H-Z < H,0 + CH;-Z (M2)
CH;OHy) + CH3-Z <> CH;0CH;- - -H-Z (M3)
Associative mechanism (methanol) CH30H(g) + CH30H: - ‘H-Z <> CH30H: - -CH3;0H- - -H-Z (M4)
CH,OH: --CH;0H: - -H-Z <> CH;0CH;- - ‘H,0- - -H-Z (M5)
Dissociative mechanism (promoter) ROOCH;- - -H-Z <> ROOH + CH;-Z (P2)
CH;OH + CH3-Z <> CH;0CH;- - -H-Z (M3)
Associative mechanism (promoter) CH;O0H- - -CH;0H- - -ROOCHj;- - -H-Z <> CH30H---CH;0CHj;- - -ROOH- - -Z-H (P3)
CH;3;0H- - -CH30H: - -ROOH- - ‘Z-H <> ROOCHj;- - -H-Z- - -CH3;0H- - -H,0 (P4)

16698 | Phys. Chem. Chem. Phys., 2024, 26, 16693-16707 This journal is © the Owner Societies 2024
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Fig. 3 Reaction coordinate diagram showing the enthalpies (AH; kJ mol™) calculated with the hybrid QM method, for the dehydration of methanol to
DME in the competing associative and dissociative mechanisms. Since the reaction pathway differs for each mechanism only Reactant, M1, and Product
are labelled on the x-axis, axis and individual labels can be found on the diagram. Labels refer to reaction coordinate structures in Fig. 4.

o)
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&

Fig. 4 Structures involved in the reaction coordinate for each mechanism, labels in each box refer to their corresponding enthalpy in Fig. 3, Al, A3, D2,
and D4 are minima shown also in Scheme 1, the others are transition states. Colour key for boxes: blue = associative; orange = dissociative. Colour key
for structures: red = oxygen; brown= carbon; pink = hydrogen. Structures made using VESTA.%!

The results can be found in the ESL{ The calculated intrinsic
enthalpy barriers for the formation of the surface methoxy species
in the dissociative and associative mechanisms are 154 kjmol *
and 214 kJ mol " respectively, values considerably higher than those
for our proposed mechanisms. The structures for the transition
states we propose above are similar to those reported for ZSM-5 by
Nastase et al.”” on the basis of QM/MM calculations.

Tables 2 and 3 show the importance of our hybrid
multilevel QM correction scheme in analysing the mechanisms
for methanol dehydration to DME. All the transition states

This journal is © the Owner Societies 2024

contain charged species, which are over-stabilised by SIE -
inherent in DFT+D3 only. In the absence of this QM scheme,
every transition state is considerably more stable and lower in
energy. However, the corrections applied to the transition states
in the dissociative mechanism are much larger than those in the
associative mechanism due to increased charge polarisation,
since an extra water molecule stabilises the charge polarisation
in the associative pathway.

Experimental enthalpies of methanol adsorption and de-
hydration to DME in H-ZSM-5 reported in the literature vary
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Table 2 Enthalpies (H) and enthalpy differences (AH) (kJ mol™) of inter-
mediates and transition states involved in the dissociative mechanism of
methanol dehydration to DME, calculated with the hybrid multilevel QM
scheme relative to the enthalpy of the reactants

View Article Online
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Table 5 Enthalpies (H) and enthalpy differences (AH) (kJ mol™) of inter-
mediates and transition states involved in the dissociative mechanism of
methanol dehydration too DME with methyl formate, calculated with the
hybrid multilevel QM scheme relative to the enthalpy of the reactants

Dissociative Reactant M1 TS1 M2 Int M3 TS2 Product
AHginal 0 —45 104 -35 —-31 —-45 119 -73
AHpprina 0 —41 87 -7 7 -9 100 —61
AEyps 0 0 33 —-11 -19 -12 41 -5
AEccspen) 0 -4 —-16 —-17 —-19 —24 -22 -7

Table 3 Enthalpies (H) and enthalpy differences (AH) (kJ mol™) of inter-
mediates and transition states involved in the associative mechanism of
methanol dehydration to DME, calculated with the hybrid multilevel QM
scheme relative to the enthalpy of the reactants

Associative Reactant M1 M4 TS M5 Product
AHginal 0 —45 —86 44 —84 —73
AHpgg1p3 0 —41 65 38 —74  —61
AEyps 0 0o -—18 21 -7 -5
AEccsp(r) 0 —4 -3 —15 -3 -7

widely due to the varying methods employed, the zeolite
structure, and the coverage of molecules at the BAS. For
example, enthalpies of adsorption of —115 and —45 kJ mol "
have been reported respectively by Lee et al.’® in 1997 and by
Ortega et al. in 2021.%° In Table 4 we compare our results for the
associative mechanism with those from a recent experimental
study.”®

Our results for methanol adsorption and reaction enthalpies
agree with those in Table 4 within the threshold of chemical
accuracy (~4 kJmol™"), although we caution that any such
direct comparison with experiment is problematic for several
reasons including the variation of adsorption enthalpies with
coverage at active sites.’® Experimental heats of desorption of
methanol from ZSM-5 catalysts range from 47-107 kjmol ™"
depending on the coverage and experimental method."* %>

Methyl formate: associative vs. dissociative mechanisms

Experimentally, the promoters are added after several hours of
methanol feed and competitively adsorb to the BAS. The full
reaction pathways, for both the associative and dissociative
mechanisms for the dehydration of methanol to DME in the
presence of methyl formate are reported in Tables 5 and 6 and
illustrated in Fig. 5. The structures along the reaction coordi-
nate in the dissociative mechanism are displayed in Fig. 4
(but the methanol molecule in step D1 is now methyl formate)
and in the associative mechanism in Fig. 6. The higher-order
corrections can be found in the ESL{ The addition of a

Table 4 Experimental methanol adsorption enthalpy in H-ZSM-5 and
methanol dehydration to DME reaction enthalpy compared with our
calculated values

Methanol adsorption Reaction enthalpy

(k] mol ™) (k] mol ™) Ref.

—45 —28 This study

—44.5 £ 0.7 —24 Ortega et al. Expt.”
16700 | Phys. Chem. Chem. Phys., 2024, 26, 16693-16707

Reaction coordinate

Dissociative
mechanism Reactant P1 PD1* PD3 D3 D4 D5 Product
AHjfina 0 —30 192 —59 —22 —42 113 —85

promoter molecule reveals a new reaction pathway via the
associative mechanism. Instead of DME being formed from
two methanol molecules, the methyl group of the promoter
undergoes nucleophilic attack from one methanol molecule
whilst another methanol molecule acts as a proton shuttler.
As we have seen, the first stage of both mechanisms involves
the adsorption of a methanol molecule to the BAS, with an
adsorption enthalpy of 45 kjmol™'. The formation reaction
enthalpies for the associative and dissociative mechanisms are
—92 kJmol ' and —85 kJmol !, respectively; these are not
the same because the promoter is left adsorbed to the BAS in
the associative mechanism, whereas DME is left adsorbed
in the dissociative mechanism.

In the associative mechanism, the promoter points along
the straight pore with an adsorption enthalpy of —73 kJ mol "
to the BAS, a value larger than that of methanol itself. This is
consistent with the experimental observation that the promoter
displaces methanol from the BAS. The promoter is then proto-
nated from the BAS with an intrinsic barrier and reaction
enthalpy of 67 and 18 kJmol ', respectively. Subsequent
nucleophilic attack by one of the methanol molecules on the
methyl group of the promoter produces DME, formic acid, and
water; the intrinsic barrier and reaction enthalpy are 27 and
—35 kJ mol ™", respectively. The protonation of the promoter is
the rate-determining step. Once the water has desorbed and
methanol has adsorbed to the reaction site, a second reaction
takes place. Re-esterification of the promoter occurs, with an
intrinsic barrier of 55 kJmol™', and deprotonation of the
promoters to re-form the BAS with an intrinsic barrier of
68 k] mol " and a calculated reaction enthalpy of —19 k] mol .

In the dissociative mechanism, to form the surface methoxy
species the promoter must first rotate 90° about the carbonyl
bond (Fig. 7) after adsorption to the BAS, since the methyl
group of the promoter must be aligned to the zeolitic surface
oxygen to allow dissociation. This rotation is accompanied by a
decrease in the magnitude of the adsorption enthalpy by
43 kJmol™'; strikingly in this conformation the promoter
adsorbs more weakly than methanol. Subsequent dissociation
produces a surface methoxy species and formic acid, with a
barrier and reaction enthalpy of 222 and —29 k] mol ™", respec-
tively. Formic acid is then desorbed and methanol adsorbed
once more. From this point on, the dissociative mechanism
proceeds as in the absence of the promoter.

Although more barriers exist in the associative pathway,
they are much smaller than those in the dissociative pathway;
67,27, 55, 68 kK mol ' in the associative vs. 222 and 155 k] mol ! in
the dissociative. Nevertheless, the possibility of some dissociation

This journal is © the Owner Societies 2024
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Table 6 Enthalpies (H) and enthalpy differences (AH) (kJ mol™?) of intermediates and transition states involved in the associative mechanism of methanol
dehydration too DME with methyl formate, calculated with the hybrid multilevel QM scheme relative to the enthalpy of the reactants

Reaction coordinate

Adsorption Reaction 1 Reaction 2
Associative mechanism Reactant P1 p1* P1* p1+ P3 P4 p4t P5* p5** Product
AHiinal 0 -73 -6 —55 28 —90 —104 —49 —90 —22 —92
pD1¥ — Associative
200 1

= Dissociative

150 1

100 1

AH /(kJ mol™})

—50

—100 " - . : : : : : : : "
Reactant M1 P1 Product

Reaction Coordinate

Fig. 5 Reaction coordinate diagram, AH (kJmol™), involving intermediates and transition states involved in methanol dehydration to DME in the
presence of methyl formate in the competing associative and dissociative mechanisms. Note that the reaction coordinate is different for each
mechanism so only Reactant, M1, P1, and Product are shown on the x-axis and individual labels can be found on the diagram. Structures for the
dissociative mechanism are displayed in Fig. 4, while the structures for the associative are shown in Fig. 6.

Fig. 6 Structures involved in the reaction coordinate for the associative mechanism with a promoter, labels in each box refer to their corresponding
reaction coordinate in Fig. 5 and 8. Reaction coordinate P1—P3 describes reaction (1), whereas reaction (2) describes reaction coordinate P4—Product.
Colour key for structures: red = oxygen; brown = carbon; pink = hydrogen; grey = R (which refers to the alkyl chain in the promoter molecule). Structures
made using VESTA.*
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Fig. 7 Left: Conformation of adsorbed methyl formate necessary for the associative mechanism. Right: Conformation of adsorbed methyl formate
necessary for the dissociative mechanism. The BAS is at the bottom of the 10-ring zeolite structure below methyl formate. Colour key for structures:
red = oxygen; brown= carbon; pink = hydrogen; blue polyhedral = TO, tetrahedra. Structures made using VESTA.*

is consistent with the experimental observation of surface methoxy
species. The higher-order corrections listed in the ESIL,} are similar
to the corresponding values in the mechanisms with methanol
only. Specifically, the corrections applied to the transition state
energies in the dissociative mechanism are much greater than
those applied in the associative.

Larger promoters: the associative mechanism

The full reaction pathways for the associative mechanism for
the remaining promoters are illustrated in Fig. 8 with corres-
ponding values reported in Table 7, and structures for each step
of the reaction coordinate are displayed in Fig. 6.

The formation reaction enthalpies, ie., relative to the reactants,
and calculated reaction enthalpies, ie., relative to the adsorbed
promoter, are listed in Table 8, where methyl formate is also
included for completeness. There is a significant correlation between
the formation reaction enthalpies for the promoters via the associa-
tive mechanism and their experimental DME STY (Fig. 1). This is not
so for the calculated reaction enthalpies. This suggests the enthalpy
of reaction is highly dependent on the adsorption of the promoter.
In a PBE+D3 calculation alone, a protonated species is the lowest in
enthalpy, whereas the hybrid multilevel method shows the lowest
enthalpy structure is the final product itself, revealing the thermo-
dynamic driving force toward the overall product.

—20 1

_40 i

—~ —60-

—80 A

—100 1

AH /(kJ mol™

—120 1

—140+

—160 1

== methyl acctate

— methyl propionate
= methyl n-butyrate
= methyl n-pentanoate
— methyl n-hexanoate

Reactant P1 P1i Pr*  P13*

P3 P4 P4t P5* P5f* Product

Reaction Coordinate

Fig. 8 Reaction coordinate diagram (AH; kJ mol™), involving intermediates and transition states involved in methanol dehydration to DME with each
promoter for the associative mechanism. i signifies a transition state, * signifies an activated species, in this case, a protonated species.
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Table7 Enthalpies (H) and enthalpy differences (AH) (kJ mol™) of intermediates and transition states involved in the associative mechanism of methanol
dehydration too DME with each promoter, calculated with the hybrid multilevel QM scheme relative to the enthalpy of the reactants

Reaction coordinate

Adsorption Reaction 1 Reaction 2
Promoter Reactant P1 p1* P1* p1** P3 P4 p4* P5* p5** Product
Methyl acetate 0 —82 -33 —99 —50 —100 —114 —64 —119 —48 —120
Methyl propionate 0 —94 —48 —123 —58 —124 —131 —87 —132 -71 —138
Methyl n-butyrate 0 —104 —60 —132 —72 —130 —136 —95 —137 —84 —147
Methyl n-pentanoate 0 —109 —66 —137 —76 —136 —148 —104 —150 —97 —152
Methyl n-hexanoate 0 -119 -71 —145 —80 —144 —156 —-118 —161 —106 —166

(i) Adsorption of the promoter molecule. The calculated
adsorption enthalpies, H,qs, are listed in Table 9, which also
includes methyl formate for completeness. This step results
in the greatest enthalpic change across the whole reaction
pathway and occurs with no barrier. Every promoter adsorbs
more strongly than methanol, this is consistent with previous
experimental and modelling studies.*®**> The adsorption
enthalpy therefore has a significant effect on the overall reac-
tion enthalpy.

Every promoter adsorbs to the BAS through a strong hydro-
gen bond interaction at a length of 1.49 A between its carbonyl
group and the BAS proton. The adsorption enthalpies increase
with alkyl chain length due to attractive dispersion interactions
between the chain and the zeolite pore walls. An extra -CH,
group in the chain increases the adsorption enthalpy by
approximately 10 k] mol ", except between methyl n-butyrate
and methyl n-pentanoate. We speculate that here, the extra
-CH, group lies in an adjacent pore intersection unlike the
other promoters, so it does not receive the same stabilisation
from the pore walls. This effect in turn disappears with a
further -CH, group in the chain, as with methyl n-hexanoate,
because the increased chain length is now sufficiently long for
attractive dispersion interactions with the pore wall after the
intersection. We note this provides a static view of the most
stable conformation of the adsorbed molecule rather one based
on the temperature-dependent spatial distribution of adsor-
bed molecules. Molecular dynamics sampling of MP2 quality
adsorption enthalpies could be achieved using parameterisa-
tion from MP2: DFT-D potential energy surfaces, as was done
recently by Berger, Rybicki, and Sauer but is beyond the scope
of this work.”® The PBE+D3 functional by itself systematically
predicts too strong adsorption. This is consistent with the work
of Goncalves et al.®® and Sauer et al.”’ on the adsorption
energies of a wide range of molecules.

The correlation between the formation reaction enthalpy
and promoter adsorption enthalpy highlights the importance
of binding. The bound conformation is crucial for protonation

Table 9 Adsorption enthalpies (kJ mol™?) for each promoter at the T1 site
obtained by the hybrid multilevel QM method

Methyl Methyl Methyl Methyl n- Methyl n-  Methyl n-
formate acetate propionate butyrate pentanoate hexanoate

Haqs —73 —82 —94 —104 —109 —119

of the promoter, ie., the initial stage of the reaction, and
promoters that adsorb more strongly to the BAS are less
susceptible to inhibition of the catalytic site from by-products.

(ii) Reaction one - protonation of promoter and DME
formation. Reaction (1) in Fig. 7 and Table 7 involves two
steps; (i) the protonation of the promoter molecule, (ii) DME
formation via nucleophilic attack of methanol on the methoxy
group of the adsorbed promoter molecule, and simultaneous
proton transfer to another methanol molecule. The structures
involved in these steps are displayed in Fig. 6, and their
calculated intrinsic enthalpy barriers and reaction enthalpies
given in Table 10.

The transition states for both reactions are shown in Fig. 9
and relevant bond distances between labelled atoms are given
in the ESIL{ During protonation of the promoter molecule,
01-H1, and H1-02 distances are ~1.39 A, and ~1.26 A,
respectively, for all promoters. The proton is not equidistant
between O1 and O2 but instead lies closer to the promoter
molecule. Even though these bond distances do not change, the
barrier and reaction enthalpy for protonation are significantly
different for methyl acetate from the remaining promoters, due
to the different proton affinities of the promoters (Table 10).

While our results support the widely accepted notion that a
variety of molecules readily deprotonate the BAS, we calculate
much higher barriers—up to 49 k] mol '—than other previous
computational studies of reactions in zeolites.'®>% The dif-
ference is likely due to SIE in DFT which causes the artificial
stabilisation of charged structures. We find that barriers are
underpredicted by up to 26 kjmol ' without the higher-level
corrections. This is consistent with the findings of Sauer et al.”*

Table 8 Formation reaction enthalpies and calculated reaction enthalpies (kJ mol™) for the associative mechanism for each promoter obtained by the

hybrid multilevel QM method

Methyl formate Methyl acetate Methyl propionate Methyl n-butyrate Methyl n-pentanoate Methyl n-hexanoate

Promoter
Formation reaction enthalpy —92 —120 —138
Calculated reaction enthalpy —19 —38 —44

This journal is © the Owner Societies 2024

—147
—43
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—43

—166
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Table 10 Proton affinities, calculated enthalpy barriers, and calculated reaction enthalpies for (i) protonation of all promoters, and (ii) the formation of

DME from methanol for all promoters. Data are in kJ mol™*

(i) Protonation

(ii) DME formation

Promoter Proton affinity Hiw Reaction enthalpy Hio Reaction enthalpy
Methyl acetate 822193 49 -17 49 —14
Methyl propionate 830,'%% 832'%* 46 —29 65 -9
Methyl n-butyrate 836" 44 —28 60 —4
Methyl n-pentanoate 839,'%% 839'%* 43 —28 61 -10
Methyl n-hexanoate 840" 48 —26 65 -8

[

ﬁﬁ: N

LIZ' n

,o' Q\%

®

Fig. 9 The transition state found for (i) protonation of the promoter molecule, and (i) formation of DME. The atoms involved in these steps are labelled
and referred to in the ESI.¥ Colour key for structures: red = oxygen; brown = carbon; pink = hydrogen; grey = alkyl chain; blue polyhedral = TO4

tetrahedra. Figure made using VESTA %

Table 11 Enthalpy barriers and reaction enthalpies for (i) re-esterification
of all promoters from methanol, and (ii) deprotonation of all promoters
from the BAS. Data are in kJ mol™

(i) Re-esterification (ii) Deprotonation

Promoter Hi,w Reaction enthalpy Hi. Reaction enthalpy
Methyl acetate 50 -5 71 =2

Methyl propionate 44 —6 61 —6

Methyl n-butyrate 41 -1 53 —10

Methyl n-pentanoate 44 —2 53 -2

Methyl n-hexanoate 38 —5 55 =5

who found that proton exchange barriers for alkanes in H-ZSM-
5 were underpredicted by 36-40 kJmol ' by DFT-D alone.
Accurate calculations of proton attachment energies are crucial
when modelling reactions in zeolites. A comparison of the
methods and the corrections for each promoter can be found
in the ESLf

The formation of DME is exothermic for every promoter and
every transition state involves multiple molecules in a cyclic
transition state involving proton shuttling and hydrogen bond-
ing. Initially, a nucleophilic attack of methanol on the methoxy
group of the protonated promoter molecule occurs; subsequent
proton transfer from DME to another methanol molecule takes
place with no barrier.

16704 | Phys. Chem. Chem. Phys., 2024, 26, 16693-16707

(iii) Reaction two - re-esterification and deprotonation of
the promoters. Reaction two involves two steps; (i) the re-
esterification of the promoter molecule and simultaneous
proton transfer to form water, (ii) deprotonation of the promo-
ter molecule by the BAS. Results are presented in Table 11.

The re-esterification of the promoter molecule involves a
cyclic, concerted, transition state with three molecules; it is
exothermic for each promoter. Umbrella inversion occurs as
the -CH; group of the methanol molecule undergoes nucleo-
philic attack from the oxygen atom of the promoter. Simulta-
neous proton transfer, from the protonated methanol to the
transient hydroxide, takes place and maintains charge neutrality.
Table 11 shows that the intrinsic barriers decrease as the length of
the alkyl chain in the promoter increases. These data are consistent
with the earlier discussion of proton affinities reported in Table 10.

Conclusions

We have employed a hybrid multilevel quantum method to
explore the competing associative and dissociative mechanisms
underpinning the formation of DME from methanol in H-ZSM-
5 in the presence, and absence, of six methyl ester promoters.
For the dehydration of methanol to DME in the absence
of promoters, most of our results are in agreement with
experimental values to within chemical accuracy (~4 kJ mol ™).

This journal is © the Owner Societies 2024
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We show a reaction mechanism (not previously modelled)
involving a promoter and two methanol molecules reacting to
form DME. The promoters provide a more exothermic route to
DME formation because the promoter is left adsorbed at the
BAS, the intrinsic activation enthalpy barriers are also reduced.
Highlighted in this work are the inaccuracies prevalent in
common theoretical methodologies employed to investigate
zeolite catalysis. Specifically, SIE over-stabilises polar species
leading to inaccuracies in the calculation of reaction barriers
within key steps of pathways, especially protonation steps. The
results demonstrate the importance of high level (ab initio)
calculations for drawing quantitative mechanistic conclusions,
to overcome limitations of DFT. We show a thermodynamic
driving force toward the final product by revealing the lowest
enthalpy structure is the final product - a conclusion that
would not be possible without employing the hybrid multilevel
QM methodology. Overall, our results show why the promoter
molecules increase the formation of DME from methanol, in
H-ZSM-5, in agreement with experiment and rationalise the
extent of promotion with promoter size. The promoter’s
adsorption to the BAS is a key factor, associated with lower
overall reaction enthalpies (compared to methanol only) and
lower barriers along the reaction pathway.

Data availability

All structure files can be found online (https://doi.org/10.5281/
zenodo.10261595;  https://doi.org/10.5281/zenodo.10260386)
and are provided as open-source material.
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