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We discuss the role of QM/MM (embedded cluster) computational techniques in

catalytic science, in particular their application to microporous catalysis. We describe

the methodologies employed and illustrate their utility by briefly summarising work on

metal centres in zeolites. We then report a detailed investigation into the behaviour of

methanol at acidic sites in zeolites H-ZSM-5 and H-Y in the context of the methanol-

to-hydrocarbons/olefins process. Studying key initial steps of the reaction (the

adsorption and subsequent methoxylation), we probe the effect of framework

topology and Brønsted acid site location on the energetics of these initial processes.

We find that although methoxylation is endothermic with respect to the adsorbed

system (by 17–56 kJ mol�1 depending on the location), there are intriguing

correlations between the adsorption/reaction energies and the geometries of the

adsorbed species, of particular significance being the coordination of methyl

hydrogens. These observations emphasise the importance of adsorbate coordination

with the framework in zeolite catalysed conversions, and how this may vary with

framework topology and site location, particularly suited to investigation by QM/MM

techniques.
I. Introduction

Computational methods are now very widely used in catalytic science and are
increasingly powerful in obtaining an understanding of catalysis at the molecular
level, where they yield models for both the structure and mechanism that assist
and complement the interpretation of experimental data. The range and scope of
the eld is illustrated by the recent review of their applications in zeolite catalytic
science given in ref. 1.
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Themajority of contemporary computational studies in catalysis use electronic
structure methods, especially Density Functional Theory (DFT) which is very
widely applied, employing methods based on periodic boundary conditions
(PBCs). Such methods have enjoyed considerable success and have indeed
become increasingly predictive. An alternative approach is to use “QM/MM” or
embedded cluster methods, which have been extensively used in computational
chemistry and biomolecular sciences and in modelling localised states in solids.
Such methods describe a nite region (which in the case of catalysis includes the
active site, the reacting species and surrounding atoms) by a quantum mechan-
ical method, while describing more distant regions of the solid by a more
approximate method, oen based on interatomic potentials. They have a number
of advantages which will be discussed in greater detail in the following section;
but it can be argued that they are inherently more appropriate for modelling
a localised state, such as an active site on a surface or in an enzyme, as they focus
the computational effort on the region containing the active site rather than the
whole molecule or solid.

This paper will present recent applications of QM/MM techniques to the
important and topical problem of catalytic methanol conversion in ZSM-5 and
where we obtain new information on mechanistic aspects inspired by recent
observations from neutron scattering studies.

In the next section we describe in greater detail the basis of the methodologies
employed and illustrate briey their application by reference to earlier studies of
metal centres in zeolites. The subsequent section presents our study of methanol/
ZSM-5 which demonstrates well the power of the techniques and yields new
insight into the interaction of methanol with acidic sites in zeolites.

II. QM/MM techniques
1. Methodology

In our work, we have employed a hybrid QM/MMmodel of zeolites developed and
implemented by Paul Sherwood and colleagues2–6 in the computational quantum-
chemical environment soware ChemShell7–10 as illustrated in Fig. 1.

The model draws on the strengths of simple molecular cluster approaches that
terminate a cluster carved out of the material with hydrogen, but also accounts for
steric constraints and the elastic response of the framework. The cluster is treated
with an appropriate level QM method, which is chosen as a compromise between
the required accuracy and available compute resources. The ChemShell zeolite
model thus has much in common with alternative subtractive mechanical
embedding approaches by Sauer11–13 (implemented in QM-POT) and Morokuma14

(ONIOM). The ChemShell methodology, however, goes beyond such schemes and
provides an accurate description of the electrostatic interactions between the QM
region and the framework, including polarisation and embedding effects. More
recently, similar approaches (although more focused on a careful termination of
the QM region with specially calibrated link atoms) have been employed, for
example, by Nasluzov et al.15,16 (cov-EPE) and Sushko et al.17,18 (GUESS). The native
ChemShell zeolite model briey described in this section is complemented in
ChemShell with support for both the QM-POT, cov-EPE and GUESS methods. The
exible, modular approach adopted in ChemShell extends these methodologies
to other classes of material, frommetal oxides to enzymes. As argued above, these
236 | Faraday Discuss., 2016, 188, 235–255 This journal is © The Royal Society of Chemistry 2016
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Fig. 1 ChemShell hybrid QM/MM embedded cluster diagram. A QM region incorporates
a metal centre serving as an active catalytic site.
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schemes serve as a computationally cheaper and at the same time chemically
more accurate alternative to popular DFT PBC approaches.

To describe the long-range polarisation effects in these materials, the Chem-
Shell model employs the Hill–Sauer molecular mechanical force-eld19,20 with
rigid ions described bymodied constant point charges qSi¼ 1.2e and qO¼�0.6e,
and atoms assumed to bind to each other via polar covalent bonds. These charges
have been tted to reproduce the electrostatic eld in the pores of the zeolitic
framework materials described using PBCs. When we dene a QM cluster
embedded in a siliceous system, we have to cut through Si–O bonds that connect
atoms, one in the QM and the other in the MM regions. As under-coordinated QM
atoms on the QM region boundary are terminated with hydrogens, an articial
strain on the system is introduced due to spurious interactions between the
hydrogen and the nearest neighbours in the MM region. To remedy this artefact,
a charge on the corresponding MM atoms is shied outwards, further onto the
next nearest neighbours, whereas the dipole created by such a shi is compen-
sated locally by a pair of point charges placed along the corresponding bonds.
Further information on themethod can be found in the original publications, and
relevant model construction details are given below.

Next, we provide a short outline of our earlier work onmetal centres in zeolites,
which illustrate the power of our approach and its potential in the elucidation of
the structure and properties of catalytically active sites in zeolites.
2. Applications to metal centre in zeolites

Incorporation of metal sites in zeolitic frameworks has been the subject of
numerous investigations. In particular, Ti doped silicalite-1 (TS-1),21 a siliceous
counterpart of ZSM-5, has been of great interest, since it is used with aqueous
H2O2 as the primary oxidant in a large number of important reactions such as the
epoxidation of linear olens, oxidation of linear alkenes to alcohols and ketones,
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 188, 235–255 | 237
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Fig. 2 The six models used to represent the active Ti sites in TS-1: (a) tetrapodal, (b) 2MR,
(c) tripodal (1I), (d) tripodal (2I), (e) bipodal, and (f) titanyl.
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oxidation of alcohols, hydroxylation of aromatics, oxidation of amines, and
oxidation of sulphur compounds and ethers.22

In our work,23–25 we have proposed a number of structural models for a Ti
species that would result from the framework hydrolysis and site inversion that
can take place during the synthesis and post-synthetic treatment and/or,
depending on the catalytic process, occur as a part of the catalytic transformation.
The models of interest are shown in Fig. 2.

The geometrical parameters of the tripodal sites obtained with ChemShell
calculations proved to be in excellent agreement with experimental EXAFS data,26

and therefore could be usefully employed to rationalise the difference in the
observed spectroscopic signature of metal centres in differently treated samples,
as summarised in Table 1.

Our analysis of site transformation in the presence of water, illustrated in
Fig. 3,27 allowed us to draw the crucial conclusion that the catalytically active sites
in TS-1 are hydrated tripodal rather than tetrapodal, which is strikingly similar to
Ti doped mesoporous materials that had been previously explored using simple
cluster models.28

Further, we consider the site reactivity towards H2O2 in anhydrous and
hydrous conditions according to the reaction pathways drawn in Fig. 4 and 5.29

Our calculations conrmed the close competition between the h1 and h2

complexes as candidates for the oxygen donating species in TS-1. Curiously,
a much higher energy (by ca. 400–450 kJ mol�1) superoxide radical species has
also been reported (from EPR studies) to emerge as a result of interaction of
aqueous H2O2 and non-aqueous urea H2O2.30 Our calculations unambiguously
identied the superoxide supported on tripodal Ti as the magnetically active
238 | Faraday Discuss., 2016, 188, 235–255 This journal is © The Royal Society of Chemistry 2016
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Table 1 Comparison of selected structural parameters of (a) the tripodal (1I) and (b)
tripodal (2I) Ti models

(a)

Ti–O distance [�A] Ti–Si distance [�A] Ti–O–Si angle [�]

Tripodal
(1I)

Expt.a

untreated Tripodal (1I)
Expt.a

untreated Tripodal (1I)
Expt.a

untreated

Ti 1.76 1.81 � 0.02 3.16 3.18 � 0.02 133 140 � 5
1.79 3.27 3.30 � 0.02 153 152 � 5
1.83 3.37 3.39 � 0.02 164 167 � 5
1.75b

(b)

Ti–O distance [�A] Ti–Si distance [�A] Ti–O–Si angle [�]

Tripodal
(2I)

Expt.a NH4Ac
treated Tripodal (2I)

Expt.a

NH4Ac
treated Tripodal (2I)

Expt.a NH4Ac
treated

Ti 1.78 1.81 � 0.02 3.16 3.23 � 0.02 137 142 � 5
1.79 3.16 3.23 � 0.02 137 142 � 5
1.80 3.34 3.37 � 0.02 157 161 � 5
1.75b

a Ref. 26. b Refers to the Ti–OH bond.

Fig. 3 Calculated energy differences in kJ mol�1 of five models chosen as representatives
of Ti sites in TS-1, with and without one and two molecules of water. The dashed lines
highlight the bonding between Ti and the oxygen atoms in water and the hydrogen
bonding within the framework. *H indicate atoms that are hydrogen bonding with
framework oxygen atoms.
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Fig. 4 Reaction pathways for the Ti–h1(OOH) and Ti–h2(OOH) formation (a) with and (b)
without one water. Energies in kJ mol�1.

Fig. 5 Reaction pathways for the formation of (a) six-coordinated Ti–h1(OOH), (b) five-
coordinated Ti–h1(OOH) and (c) six-coordinated Ti–h1(O(H)OH) species. Energies in
kJ mol�1.
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Table 2 EPR spin Hamiltonian parameters of the Ti(OOc) radical species

g tensor
Calculated (B3LYP)
at BB1K geometry

Experimenta

Aqueous H2O2 Urea–H2O2

gx 2.003 2.002 2.004
gy 2.010 2.009 2.010
gz 2.025 2.026 2.028

a Ref. 30.
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centre with the spectroscopic signature in close agreement with the experiment as
shown in Table 2.

From this short outline, we conclude that the hybrid QM/MM methodology
implemented in ChemShell provides us with a reliable tool to investigate both the
structure and physical and chemical properties of active sites in zeolites. In the
next section we employ ChemShell in a study of methoxylation of two zeolites with
very different behaviour.
III. Methanol-active site interactions in zeolites

The zeolite catalysed conversion of methanol to hydrocarbons (MTH) has been
researched signicantly since its initial discovery by Chang and Silvestri,31 with
the rst commercialization of the MTH process in New Zealand in 1985.32

Demand for light olens has also lead to extensive research into the use of zeolitic
catalysts for converting methanol to olens (MTO).33

An early step of interest in the reaction mechanism is the formation of
framework methoxy species aer initial physisorption of methanol through H-
bonding to the zeolite Brønsted acid site.34–36 However, studying such species
experimentally is difficult, as secondary reactions dominate rapidly at higher
temperatures.37 Recent studies using neutron scattering38 have observed the total
conversion of methanol to framework methoxy at room temperature in
commercial samples of H-ZSM-5 (in contrast to previous experiments discussed
in ref. 38, which suggest that elevated temperatures are necessary), which is,
however, not observed in commercial samples of H-Y with the same Si/Al ratio.
This difference was attributed to the necessary dealumination procedure for high
silica H-Y synthesis (creating defects which decrease the activity). However,
detailed theoretical studies into the effect of framework topology on methanol
behaviour in zeolite catalysts are necessary for improved understanding and
further catalyst design. A short discussion of theoretical studies of methanol
behaviour in zeolite catalysts will now follow.

Though the MTG/MTO process has received a signicant amount of attention
from a theoretical perspective,39,40 the aforementioned earlier steps are not
understood in detail. Ab initio studies of methanol adsorption began with small
aluminosilicalite clusters.41,42 Numerous studies using three tetrahedral site
clusters have concluded that the hydrogen bonding of the methanol oxygen with
the Brønsted acid hydroxyl is exothermic, generally calculating adsorption ener-
gies of between 50 and 100 kJ mol�1.35,36,43–45 It has also been found that there is an
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 188, 235–255 | 241
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energetic difference between ‘side-on’ and ‘end-on’ adsorption, with the end-on
geometry (where the methyl group protrudes almost perpendicularly from the
aluminosilicate cluster) calculated to be more favourable, and methoxylation
taking place via the rapid equilibration between the end-on and side-on geom-
etry.43,46 All studies into the methoxylation process using clusters conclude
a barrier to methoxylation with values of �180–225 kJ mol�1.35,36,43,45,46 Methox-
ylation and adsorption has also been studied in periodic zeolite structures, with
static calculations showing endothermic methoxylation in chabazite (with
a barrier of 56 kJ mol�1),47 and DFT-MD giving an adsorption energy of �94 kJ
mol�1.48 Andzelm and Govind49 studied the methoxylation process in a periodic
ferrierite structure, nding a methoxylation barrier of 226 kJ mol�1. However, it
was found that when a second methanol molecule was added to the system, the
barrier to methoxylation was then reduced by 42 kJ mol�1 due to the formation of
hydrogen bonding networks spanning the width of the channel, which signi-
cantly stabilise the methoxylation transition states.

We note that the use of a discrete cluster model is less accurate than the use
of a periodic zeolite structure, due to the lack of any long-range electrostatic
potential inuencing the system energetics. However, as noted earlier, in
addition to being computationally expensive in calculations involving large unit
cells, the use of periodic boundary conditions can bring problems when
calculating reaction barriers and adsorption energetics, such as incomplete
relaxation of the system or the inuence of the interaction between sorbate
mirror images. This problem can be especially signicant when comparing the
effect of the framework structure on sorbate behaviour. A large zeolite unit cell
would minimise the effect of these sorbate–sorbate interactions on the
methoxylation process compared to, say, chabazite where they may become
signicant. These complications can be bypassed using the quantum mechan-
ical/molecular mechanical (QM/MM) embedded cluster technique9,50 outlined
in the previous section, where large framework structures may be modelled
relatively cheaply, providing an accurate electrostatic potential that will affect
the behaviour and reactivity at an active site.

We present a comparison of the deprotonation, methanol adsorption, and
methoxylation energies in H-ZSM-5 and H-Y zeolite frameworks, in an attempt to
investigate the effect of framework topology and active site location on reactive
sorbate behaviour. The deprotonation energy is rst investigated as it is a major
factor controlling the Brønsted acidity of the differing frameworks; our calcula-
tions include a comparison of three different sites in the ZSM-5 structure. The
adsorption energy of methanol at these sites is then compared to quantify the
differences in interaction strength between methanol and the differing acidic
hydroxyl sites, aer which the methoxylation energy is then calculated to quantify
the effect of these differing environments on the reaction.
1. Methodology

We rst discuss the construction of the embedded cluster models for the H-Y and
H-ZSM-5. We begin with the purely siliceous spherical structure generated from
the periodic experimental unit cell structure of silicalite51 and siliceous faujasite.52

The use of the experimental unit cell is assumed to have minimal effects on the
geometric and electronic structure. Each spherical cluster centres on a Si T-site.
242 | Faraday Discuss., 2016, 188, 235–255 This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) The locations of the I2, Z6 and M7 clusters in the MFI framework (reproduced
from ref. 54 with permission from the PCCP Owner Societies), and the optimised QM
clusters for the (b) I2, (c) M7, (d) Z6 sections of the MFI framework, along with the opti-
mised QM cluster in the zeolite Y calculations (e). The central T-site is coloured purple.
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Only one cluster is generated for the H-Y structure as the tetrahedral sites are
equivalent, which, however, is not the case for H-ZSM-5. Therefore, three
embedded clusters are generated based on three sites in the ZSM-5 structure:53

a T-site at the straight channel (M7-T1), the sinusoidal channel (Z6-T4) and the
channel intersections (I2-T12). The clusters, including their locations in the MFI
structure are shown in Fig. 6.54

The QM region is expanded from the central atom to include the h
neighbour, i.e. the third oxygen atom away from the T-site as shown in Fig. 6.
The cluster is then terminated with hydrogen atoms. We also include two
Fig. 7 Spherical embedded cluster models of the I2-T12 centred H-ZSM-5 system (left)
and the zeolite Y system (right).

This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 188, 235–255 | 243
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concentric regions of molecular mechanics (MM) atoms spherically around this
QM cluster (Fig. 7). The MM atoms in the rst concentric region are allowed to
relax during the energy calculation; this region reaches a radius of 10.58 �A (20
bohr) from the central atom. Beyond this region, the framework atoms in the
next concentric region are xed, reaching a radius of 21.17�A (40 bohr) from the
central T-site. The total number of atoms in each cluster was 1653 for H-Y, 2165
for H-ZSM-5 (I2), 2180 for H-ZSM-5 (M7) and 2155 for H-ZSM-5 (Z6). Due to the
termination of the incomplete bonds in the QM cluster by hydrogen atoms upon
embedding into the MM region, a bond-dipole correction must, as noted above,
be added to the boundaries of the MM region.5

The MM interactions are represented using the forceeld of Hill and Sauer,19,20

and the QM atoms are treated using the Ahlrichs and Taylor TZVP Gaussian basis
sets.55 Three exchange–correlation functionals are used in our calculations: the
GGA functional of Perdew and Wang (PW91),56 and the rst and second genera-
tion hybrid functionals of Becke, Lee, Yang and Parr (B3LYP)57–60 and Wilson,
Bradley and Tozer (B97-2) trained by the reproduction of accurate thermodynamic
properties of atoms and small molecules.61
Fig. 8 Oxygen sites from which the deprotonation energy is calculated around the
aluminium substitution in the H-Y cluster.
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The calculation of the energy and gradients of the QM region used the Gamess-
UK package,62 and the calculation of the energy and gradients of the MM region
employed the DL_POLY package,63 with the QM and MM calculations coupled in
the ChemShell environment.53 Electronic minimisation was deemed complete for
the QM system when the energy variation was below a threshold of 2.72� 10�6 eV
was achieved (1 � 10�7 Ha). The geometries were optimised using the Limited-
Memory Broyden–Fletcher–Goldfarb–Shanno (L-BFGS)64–67 algorithm with
a convergence threshold of 0.015 eV �A�1.
2. Results and discussion

2.1. Calculation of deprotonation energies. In our rst comparison of H-Y
and H-ZSM-5, we investigate the deprotonation energy differences between the
structures. The deprotonation energy inuences acidity68–70 as a lower deprotona-
tion energy will favour protonation of any sorbate. We begin by determining the
oxygen site around the central aluminium T-site, that has the lowest deprotonation
energy. This site will then be used for further studies into the methanol adsorption,
and the later methoxylation studies. We dene the deprotonation energy as:

Edp ¼ EzeoH � Ezeo
�. (1)

Here, EzeoH is the energy of the protonated zeolite and Ezeo
� is the energy of the

deprotonated zeolite. Polarisation effects outside of our active region, where all
Fig. 9 Oxygen sites around the aluminium substitution in the H-ZSM-5 (I2-T12) cluster for
which the deprotonation energy is calculated.
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Fig. 10 Oxygen sites around the aluminium substitution in the H-ZSM-5 (M7-T1) cluster
for which the deprotonation energy is calculated.
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atoms relax during geometry optimisation, are neglected in the following
discussion as they represent a relatively constant shi in the deprotonation
energies for all Brønsted sites considered (< 50 kJ mol�1 using Born and Jost's
formulae9,71). Fig. 8–11 show geometries of the four protonated systems around
the central Al T-site in each zeolite system, labelled O1–O4. The deprotonation
energies of each oxygen site were calculated using the PW91 exchange correlation
functional and are listed in Table 3.

Using the PW91 functional, the most acidic oxygen sites are O1 for H-Y, O3 for
H-ZSM-5 (I2), O3 for H-ZSM-5 (M7) and O2 for H-ZSM-5 (Z6). The difference
between the lowest and highest deprotonation energies, which are respectively H-
Y and H-ZSM-5 (M6), is 90.2 kJ mol�1. H-Y has the lowest deprotonation energy of
the series, followed by ZSM-5 (Z6) located in the sinusoidal channel, ZSM-5 (I2) in
the intersections, and the T-site with the highest deprotonation energy is in the
straight channel (M7).

We now study the deprotonation energies of the most acidic sites in each
structure using the B3LYP and B97-2 hybrid exchange–correlation functionals, as
listed in Table 4. The deprotonation energies calculated using the B3LYP func-
tional were higher than when using the PW91 functional, and higher still using
the B97-2 functional, which can be attributed to the superior representation of the
246 | Faraday Discuss., 2016, 188, 235–255 This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6fd00010j


Table 3 Calculated deprotonation energies of each zeolite structure, with themost acidic
oxygen atoms highlighted in bold

Edp kJ mol�1

Cluster O1 O2 O3 O4

HY 1013.4 1041.0 1031.8 1023.0
H-ZSM-5 (I2) 1099.2 1106.3 1093.4 1122.0
H-ZSM-5 (M7) 1123.6 1114.7 1103.6 1109.5
H-ZSM-5 (Z6) 1059.5 1020.9 1042.9 1061.0

Fig. 11 Oxygen sites around the aluminium substitution in the H-ZSM-5 (Z6-T4) cluster
for which the deprotonation energy is calculated.
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localised electrons in the zeolite due to the exact exchange interaction from
Hartree–Fock methods incorporated into the hybrid functionals. However, the
ranking of the deprotonation energy is maintained as H-Y < H-ZSM-5 (Z6) < H-
ZSM-5 (I2) < H-ZSM-5 (M7) for all functionals. The deprotonation energy of 1093.4
kJ mol�1 calculated for ZSM-5 (I2) is 122 kJ mol�1 lower than obtained by ab initio
molecular dynamics for the MFI structure,70 using the same PW91 functional.
Possible reasons for this difference could be the aforementioned sorbate–sorbate
interactions, the more complete representation of polarisation afforded using the
QM/MM method, or the charge compensation parameters needed for periodic
DFT calculations. We also note that ref. 70 used a different intersectional T-site
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 188, 235–255 | 247
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Table 4 Calculated deprotonation energies of each zeolite structure, with three different
functionals, in kJ mol�1

Edp

Cluster PW91 B3LYP B97-2

HY 1013.4 1065.9 1081.3
H-ZSM-5 (I2) 1093.4 1100.4 1114.1
H-ZSM-5 (M7) 1103.6 1155.9 1166.1
H-ZSM-5 (Z6) 1020.9 1084.7 1101.9
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(T7) from ours (T12). On the whole our results correlate well with the data from
the other computational studies in the literature.16,72,73

2.2. Calculation of methanol adsorption energies. The interaction of meth-
anol with the active site is investigated by calculating the adsorption energies of
methanol in H-Y and H-ZSM-5. Though the acidity of a zeolite is a typical indi-
cator of the activity in a catalytic process, the magnitude of the sorbate interaction
with the active site may also be a deciding factor in a methoxylation process. We
note that although a favourable adsorption energy can facilitate the process, it
may also hinder the methoxylation through increasing the barrier to the reaction.
The adsorption energy of methanol is calculated as:

Eads ¼ (EMeOH+ZeoH � EBSSE) � (EMeOH + EZeoH), (2)

where EMeOH is the calculated energy of a methanol molecule in vacuo, EZeoH is the
energy of the protonated embedded zeolite cluster, EMeOH+ZeoH is the energy of the
methanol adsorbed onto the protonated embedded zeolite cluster, and EBSSE is
the basis set superposition error calculated using the counterpoise correction
method.74 The geometry of the adsorbed methanol for each cluster, aer opti-
misation with the B3LYP functional, is shown in Fig. 12.

We have studied the ‘side-on’ adsorption in all zeolite systems. Though we
note in previous studies that ‘end-on’ adsorption is preferred,43,46 the side-on
adsorption is more conducive to methoxylation, as is the emphasis of this study,
and the barriers to this switching between the geometries are very small and may
be overcome under experimental conditions. From Fig. 12 it is observed that the
H-bond length between the hydroxyl site and the methanol hydroxyl is 1.476�A for
the H-Y cluster and 1.452–1.478 �A for the H-ZSM-5 clusters, with the shortest H-
bond being in the M7-T1 cluster despite having the highest deprotonation energy.
However, we note that the range of bond distances of 0.026�A is quite small and so
a correlation with deprotonation energies is not necessarily meaningful.

We should note that the BSSE values were calculated with the B3LYP func-
tional only. As an approximation, we have then taken the percentage error (5.5%)
that these values contribute to each system and applied it to the adsorption
energy calculations using the PW91 and B97-2 functionals. The calculated
adsorption energies are listed in Table 5 aer subtraction of this percentage error.

For all functionals, the order of methanol adsorption energy is H-ZSM-5 (M7) <
H-Y < H-ZSM-5 (I2) < H-ZSM-5 (Z6). We note that the difference in adsorption
between the most favourable site, H-ZSM-5 (M7), and the least favourable site, H-
ZSM-5 (Z6), is between 60 and 70 kJ mol�1, depending on the functional used. The
248 | Faraday Discuss., 2016, 188, 235–255 This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Optimised adsorbed geometry of methanol in (a) H-Y, (b) H-ZSM-5 (I2), (c) H-
ZSM-5 (M7), and (d) H-ZSM-5 (Z6).
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methanol in the H-ZSM-5 (M7) system is H-bonded to two framework oxygens by
two C–H hydrogens (depicted in Fig. 12c), suggesting that this geometry is more
favourable than a short, single C–H/O bond, as is demonstrated by the less
favourable adsorption energy in the H-ZSM-5 (Z6) system. It may be signicant
that the most favourable adsorption process also occurs at the site with the
highest deprotonation energy, but we also see that the site with the lowest
deprotonation energy (H-Y) has the second lowest adsorption energy. The
calculated adsorption energy for methanol in ZSM-5 (M7) appears anomalous
when considering the overall correlation between deprotonation and methanol
adsorption energies for FAU and MFI, however it is perhaps more reasonable to
consider that there should not be a correlation at all, and in fact the adsorption
Table 5 Corrected adsorption energies of methanol (Eads), in kJ mol�1, using three
different functionals

Cluster PW91 B3LYP B97-2

HY �180.2 �179.6 �180.4
H-ZSM-5 (I2) �186.8 �177.5 �168.9
H-ZSM-5 (M7) �215.1 �194.8 �206.9
H-ZSM-5 (Z6) �147.24 �136.6 �136.7
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energy is dominated by the H-bonding capability of the methyl group of the
methanol. We note that previous calculations of Svelle et al. reported a weaker
adsorption for methanol at the I2-T12 site than we present here: Eads was calcu-
lated as �86 and �114 kJmol�1 when using a periodic model with the PBE and
PBE-D exchange-correlation functionals, respectively.75 Preliminary comparative
calculations indicate that the electrostatic embedding environment makes
a stronger contribution to our adsorption energy, but the signicant contrast
between our model and that of Svelle et al. necessitates further investigation
before any certain conclusions can be drawn.

2.3. Calculation of methoxylation energies. We calculated the energy of
methoxylation for each cluster. The energy is dened as:

Emethox ¼ EZeoMe(aq) � (EMeOH + EZeoH), (3)

where EZeoMe(aq) is the calculated energy of the methoxylated species with the
neighbouring product water molecule. The energy change associated with this
process should act as a marker for reactivity differences between the two frame-
works and the differing sites within the MFI framework. The methoxylation
geometries were based on those obtained by Andzelm and Govind49 from the SN2
mechanism followed from the original side-on adsorption geometry, where the
resultant water molecule H-bonds to the formerly protonated oxygen, and the
methyl group is attached to the adjacent oxygen across from the aluminium T-
site. The geometries were optimised and energies calculated using solely the
B3LYP functional. The values of Emethox are listed in Table 6, along with the
difference between Eads and Emethox. The optimised methoxylation geometries are
shown in Fig. 13.

Firstly, we note that all the methoxylation energies are exothermic overall but
are endothermic with regard to the adsorbed methanol molecule, as observed in
previous cluster simulations35 and in the periodic chabazite structure.42 We
observe that the order of the methoxylation energy is H-Y < H-ZSM-5 (I2) < H-ZSM-
5 (M7) < H-ZSM5-I2 (Z6), in agreement with deprotonation energies but in
contrast to the order of methanol adsorption energies shown in the previous
section. This suggests that the tendency of methoxylation is not related directly to
the adsorption energy, at least when only onemethanol molecule is present in the
immediate environment.

Finally, we turn our attention to the geometries of the methoxylated system.
The most exothermic methoxylation takes place in H-Y, which is also the more
coordinated system: the water molecule is coordinated to three framework oxygen
Table 6 Methoxylation energies (in kJ mol�1) of the four zeolite systems and the energy
difference between the adsorbed state and the methoxylated state

System Emethox Eads � Emethox

Me-Y + H2O �162.0 +17.6
Me-ZSM-5 (I2) + H2O �150.4 +27.1
Me-ZSM-5 (M7) + H2O �138.6 +56.2
Me-ZSM-5 (Z6) + H2O �118.0 +18.6
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Fig. 13 Optimised geometries of the methoxylated structures of (a) HY (b) H-ZSM-5 (I2),
(c) H-ZSM-5 (M7), and (d) H-ZSM-5 (Z6).
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sites. Threefold coordination is also the case for the ZSM-5 (I2) system, which has
the second most exothermic methoxylation energy, but for H-Y the water mole-
cule is also coordinated to two of the methyl hydrogens. The H-bonds associated
with the H-Y system are not the shortest of all the congurations: the shortest is
2.24�A, compared to 2.04�A in the ZSM-5 (Z6) system. However, the longer H-bonds
in H-Y are compensated by their increased quantity, thus highlighting the
importance of highly coordinated structures in stabilising the system when
considering the interaction of sorbates such as methanol with the active sites of
acidic zeolite catalysts.

Using the QM/MMmethodology we have, therefore, obtained new insights into
the interaction, and reaction, of methanol with zeolite acidic sites and discussed
how this may change with framework structure and aluminium location. Future
work will use the embedded cluster models to investigate the barriers of
methoxylation in zeolites using transition state searches. The effect of including
multiple methanol molecules will also be investigated as the formation of H-
bonded networks reduces the total methoxylation barrier for the FER frame-
work,49 thus further emphasising the importance of highly coordinated systems
in controlling the barrier of such reactive processes.
IV. Summary and conclusions

QM/MM methods clearly have a major role to play in the study of catalytic
systems. Earlier work demonstrated their efficacy in modelling active sites in
zeolites. Here, we investigated the energetics of deprotonation, methanol
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 188, 235–255 | 251
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adsorption and methoxylation in two acidic zeolite catalysts. Embedded cluster
systems have been used to model zeolites H-Y and H-ZSM-5, with acidic sites
centred in the straight channel, sinusoidal channel and intersection region of the
latter system. The hierarchy of deprotonation energies was calculated as H-Y < H-
ZSM-5 (Z6) < H-ZSM-5 (I2) < H-ZSM-5 (M7). The side-on adsorption energy of
methanol in each structure was also calculated, giving a trend of H-ZSM-5 (M7) <
H-Y < H-ZSM-5 (I2) < H-ZSM-5 (Z6). The most favourable adsorption site, which
was H-ZSM-5 (M7), exhibited an adsorbed geometry where two methyl hydrogens
were able to hydrogen bond to framework oxygen atoms, suggesting that the H-
bonding behaviour of the methyl group may be dominant in controlling the
adsorption energy. Themethoxylation energy was calculated, giving a trend of H-Y
< H-ZSM-5 (I2) < H-ZSM 5 (M7) < H-ZSM5-I2 (Z6). The ordering of our results
suggests the total exothermicity of methoxylation is not dependent on the
adsorption energy of methanol. However, the effect of increased framework
coordination, including H-bonding of methyl groups, was emphasised as the
most coordinated system gave the lowest energy conguration, similar to our
observations for methanol adsorption.

The present paper shows the role of the QM/MM modelling techniques in
zeolite catalysis, as well as the limitations in using the deprotonation energy as
a measure of catalytic reactivity for a material. We believe that QM/MMmodelling
in catalytic science can, however, be made much broader.
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