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Introduction

Methylation reactions catalyzed by Brønsted acid zeolites are
essential to many industrially important processes, for exam-
ple, the conversion of methanol to commodity chemicals such
as polymer-grade ethene and propene in the methanol-to-ole-
fins process (MTO).[1] Methylations of aromatic and aliphatic
compounds are crucial in all MTO mechanisms proposed to
date: these reactions are the premier way of incorporating
methanol into the hydrocarbon pool present inside the cata-
lyst pores, from which olefins are ultimately eliminated.[2, 3] Ad-
ditionally, methylation of alkenes or arenes is one of the few
reactions that are amenable to direct kinetic measurements.
For these reasons, methylation reactions have been the subject
of numerous experimental and theoretical studies.[4–11] Svelle
et al. have recently compiled a review of the literature on this
topic.[12] In spite of ample research dedicated to this reaction,
the question remains whether the prevailing mechanism is
direct (concerted) or rather indirect (stepwise). In the concert-
ed mechanism, methylation occurs in a single step, with physi-
sorbed methanol or dimethyl ether acting as the methylating
agent. In the stepwise mechanism, framework-bound methox-
ide species are formed prior to the actual methylation.[10–12]

Spectroscopic studies using both FTIR[13–15] and magic-angle
spinning 13C NMR[16–19] techniques have demonstrated the exis-
tence of methoxide species, and methoxides have also been
proven active as a methylating agent.[13, 14, 16, 17, 19–21] However,

these findings relate to a sequential approach: methoxides are
formed when methanol is fed to the zeolite at a modest tem-
perature (150 8C), whereas methylation occurs when alkenes or
arenes are added and the temperature is raised to 220–260 8C.
In a recent study, Saepurahman et al. performed in situ FTIR
measurements during benzene methylation by methanol on
H-ZSM-5 and H-beta, and reported that no methoxide species
associated with Brønsted acid sites were observed during
steady-state co-reaction.[6]

From these spectroscopic studies, it is thus unclear in how
far methoxides are formed during steady-state operation, or
which methylation mechanism prevails at the various stages of
the process. Theoretical modeling of individual reaction steps
has proven to be invaluable to attain a more profound under-
standing of experimental data. However, among the plethora
of theoretical papers on the MTO process and methylation re-
actions in particular, only a few compare the direct and indi-
rect mechanism.[22, 23] In an early study, Vos et al. found that the
barrier for methoxide formation is higher than that for the en-
suing methylation step.[22] This finding implies that, if methyla-
tion occurred through an indirect mechanism, the methoxide
formation would be the rate-determining step, and the overall
methylation rate would be independent of the alkene or
arene, which is in contradiction to kinetic measurements. As it
provides good agreement with experimental kinetic data, sub-
sequent theoretical studies employing increasingly sophisticat-
ed methods have largely focused on the concerted mechanism
without intermediates, whereas the methoxide formation has
not been explored in great detail.

In most theoretical studies, the methoxide formation was
modeled in its simplest form: a single molecule of methanol or
dimethyl ether is protonated by a Brønsted acid site, and
a methyl group is transferred to a framework oxygen, releasing

Framework-bound methoxides occur as intermediates in the
stepwise mechanism for zeolite-catalyzed methylation reac-
tions. Herein, the formation of methoxides from methanol or
dimethyl ether in H-ZSM-5 is investigated by a combination of
static and dynamic simulations, with particular focus on the
effect of additional water and methanol molecules on the
mechanism and kinetics. Metadynamics simulations allow parti-
tioning the reaction path into distinct phases. Proton transfer
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mation from methanol, whereas the reaction from dimethyl
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methylation as methanol and dimethyl ether.
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a water or methanol molecule (Scheme 1 a). However, industri-
al methanol conversion processes typically operate at high
methanol partial pressures to maximize the overall efficiency.
Water is often present in the feed, and sometimes added in

the form of process condensate or steam to tune the product
selectivity. Additionally, dehydration of methanol to dimethyl
ether is known to be fast compared to methylation. Under
these conditions, a mixture of methanol, dimethyl ether, and
water molecules are likely to be present in the vicinity of
a given active site. In a paper by Lesthaeghe et al. , participa-
tion of an additional water or methanol molecule in the meth-
oxide formation (Scheme 1 b) was found to stabilize the transi-
tion state, resulting in a significantly lower reaction barrier.[24]

Finally, limited computational resources at the time of publi-
cation of the papers by Vos et al. and Lesthaeghe et al. im-
posed the use of fairly small cluster models representing only
the Brønsted acid functionality of the zeolite. In reality, the
zeolite framework also provides long-range stabilizing effects
on the various intermediates formed during reaction. More re-
cently, Maihom et al. modeled the methoxide formation in
H-ZSM-5 using the ONIOM approach on a large cluster model
to account for the zeolite framework.[23] Although this consti-
tutes a significant improvement over earlier studies, only elec-
tronic barriers were reported. Given the high temperatures at
which methanol conversion processes typically take place,
entropic contributions are essential to the discussion.

From a modeling point of view, accounting for additional
molecules is quite challenging. Routinely used static methods
that take only one point of the potential energy surface into
account may provide some valuable insights, but because the
position of the additional participating molecules is not
uniquely defined, several local minima exist on the potential
energy surface, and it is virtually impossible to single out one
minimum that represents all relevant aspects of the reaction
mechanism. This was recently highlighted in a study on the

methylation of benzene, in which the effect of additional
methanol molecules was investigated using molecular dynam-
ics simulations.[25] Apart from the typical direct methylation
route occurring at the acid site of the zeolite, the formation of

methanol clusters was observed,
which was found to affect the
reaction mechanism and methyl-
ation rate.[25]

Herein, we present an in-
depth study on the formation of
methoxide species and their re-
activity toward methylation of
alkenes. All reactions are mod-
eled in H-ZSM-5, because most
of the previously reported data
is available for this catalyst. The
topology of the zeolite is taken
into account and the role of ad-
ditional methanol and water on
the methoxide formation is in-
vestigated. Static calculations are
supplemented by molecular dy-
namics simulations to attain
a more complete sampling of
the free-energy surface and
a better description of the vari-

ous configurations of the guest molecules and the flexibility
the zeolite framework at typical operating temperatures. For
the simulation of reactions, which are rare events during a stan-
dard molecular dynamics simulation, the metadynamics ap-
proach is used to obtain efficient sampling of otherwise inac-
cessible regions of the free-energy surface.[26–28]

Zeolite models

A model for the H-ZSM-5 catalyst is constructed by inserting
a substitutional aluminum defect at the T 12 position of an MFI
unit cell, and a charge-compensating proton on an adjacent
oxygen accessible from the straight and sinusoidal channels
(O 20, O 24, or O 11; see Figure 1). The Al defect gives rise to
a Brønsted acid site situated at the channel intersection.
Although Sklenak and co-workers have shown that the actual
Al distribution in MFI materials is kinetically controlled during
the zeolite synthesis,[29–31] this location is often selected in the-
oretical studies, because it can also accommodate bulkier mol-
ecules. The salient topological features of the zeolite frame-
work are taken into account in both the static and dynamic
simulations. In the static calculations, the catalyst is represent-
ed by a large cluster of 46 T atoms (Figure 1), which is selected
to provide an accurate description of the active site and its sur-
roundings. Geometry optimizations and frequency calculations
are performed by using the two-level ONIOM(B3LYP/6-31 +

G(d,p):MNDO) method, and the energies of the various station-
ary points are refined by single-point calculations at the
wB97X-D/6-31 + G(d,p) level of theory. Ab initio molecular dy-
namics (MD) and metadynamics simulations were performed
on the complete unit cell using periodic boundary conditions.

Scheme 1. a) Unassisted and b) assisted methoxide formation.
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MD simulations were performed in the NVT ensemble at 670 K
using the revPBE�D3 functional with the DZVP-GTH basis set.
Additional details are given in Experimental Section.

Results and Discussion

The formation of framework-bound methoxide groups from
methanol and dimethyl ether as methyl source was investigat-
ed, both by a monomolecular mechanism and in the presence
of additional protic molecules. Any zeolite-catalyzed reaction
can be thought of as a two-step process (Scheme 2): reactants

gather at an active site to form a preactivated complex (1),
which is subsequently reorganized in the actual reaction
step (2). In the following, both the adsorption and the methox-
ide formation are discussed by using a combination of static
and dynamic molecular modeling methods. Finally, the methyl-
ation of ethene, propene, and trans-2-butene with framework-
bound methoxides is compared to the concerted methylation
with hydrogen-bonded methanol and dimethyl ether.

Adsorption of reactants at the Brønsted acid sites

Adsorption of a single methanol, dimethyl ether, or water
molecule

The most stable configurations for the adsorption of a single
methanol, water, or dimethyl ether molecule at a Brønsted site
are represented in Figure 2. Adsorption enthalpies, entropies,

and free energies at 623 K are
summarized in Table 1. Methanol
and water both form a strong
hydrogen bond with the Brønst-
ed acid site, and a weaker
one with the neighboring
framework oxygen (Figure 2 a,
b.). The adsorption enthalpies
(DHads) for methanol and water
(�105 kJ mol�1 and �83 kJ mol�1,
respectively) correspond fairly
well with the experimental heats
of adsorption at 400 K reported
by Lee et al (�115�5 kJ mol�1

and �90�10 kJ mol�1, respec-
tively).[32] Dimethyl ether can
form only one hydrogen bond
with the zeolite framework (Fig-

ure 2 c), but is still found to adsorb more strongly (DHads =

�116 kJ mol�1). The difference in adsorption enthalpy between
methanol and dimethyl ether of 11 kJ mol�1 is in line with the
additional heat of adsorption of 10-15 kJ mol�1 per carbon
atom reported in previous experimental and theoretical ad-
sorption studies on homologous series of alkanes, alkenes, al-
cohols, and nitriles.[32–38] The formation of hydrogen bonds re-
stricts conformational freedom in the adsorption complexes.
Hence, a greater entropy loss is incurred upon adsorption of
methanol (DSads =�150 J mol�1 K) than of dimethyl ether
(DSads =�139 J mol�1 K�1), resulting in free energies of adsorp-
tion (DGads) at 623 K of �11 kJ mol�1 for methanol and
�29 kJ mol�1 for dimethyl ether. The entropy loss for water is
the same as for dimethyl ether (DSads =�139 J mol�1 K�1),
resulting in a positive adsorption free energy (DGads = +

4 kJ mol�1).

Co-adsorption of methanol or dimethyl ether on water or
methanol

An isolated methanol or water molecule can form two hydro-
gen bonds upon adsorption at a Brønsted acid site, with a lat-
tice oxygen acting as the acceptor of the second, weaker hy-
drogen bond (see below). If additional adsorbate molecules
are present, these can act as hydrogen bond acceptor instead,
forming a complex. In this section, we consider the formation
of such complexes, specifically focusing on the cases in which
a methanol or dimethyl ether molecule adsorbs onto a previ-
ously adsorbed water or methanol molecule (Figure 3). From
these complexes, methoxide formation may also proceed; the
reaction is then assisted by the first adsorbate, acting as
a proton shuttle between the zeolite Brønsted acid site and
the reacting methanol or dimethyl ether (see Scheme 1).

Adsorption enthalpies, entropies, and free energies associat-
ed with the complexes are also included in Table 1. In all four
cases, co-adsorption of the second molecule results in an in-
creased adsorption enthalpy, but is also accompanied by an in-
creased entropy loss. At 623 K, the entropic penalty cancels
out the enthalpic stabilization for co-adsorption of methanol

Figure 1. Models for H-ZSM-5: (left) complete unit cell : Al in the T 12 position; charge-compensating proton on
adjacent oxygen accessible from the channels (O 20, O 24, or O 11); (right) finite cluster model (46 T atoms). Color
code: Si, yellow; Al, pink; O, red; H, white.

Scheme 2. Methoxide formation as a two-step process : (1) reactants adsorb
at the active site; (2) preactivated complex is reorganized. (R, R’= H, CH3).
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or dimethyl ether on methanol, resulting in positive total ad-
sorption free energies. However, in view of the very large en-
tropic contributions, the static approach may no longer be suf-

ficient, such that no definitive
conclusions on the occur-
rence of such complexes
should be drawn at this
point.

Molecular dynamics

The co-adsorption behavior
of water, methanol and di-
methyl ether was further ex-
plored by means of MD simu-
lations. A complete overview
of all MD runs and the salient

results is given in Table S1 (Supporting Information). The first
simulation starts with water adsorbed at the acid site and
a methanol molecule present in its vicinity. The different stages
observed along the trajectory are shown in Figure 4 a–c. Meth-

anol initially forms a hydrogen bond with the adsorbed water
molecule, until after approximately 2.8 ps, methanol displaces
the water to adsorb directly at the Brønsted acid site. The
water molecule remains loosely bonded to methanol for ap-
proximately 4.4 ps, and then detaches to diffuse freely through
the zeolite channel (its trajectory is illustrated in Figure 4 d). To
confirm this result, the simulation was repeated, starting from
a slightly different configuration, yielding essentially the same
behavior. Similarly, two MD simulations in which a dimethyl
ether molecule is placed nearby a water molecule adsorbed at
the acid site result in dimethyl ether replacing water at the
acid site. These simulations are in line with the static calcula-
tions predicting that methanol and dimethyl ether adsorb
more strongly to the acid site than water. These results also
agree with co-adsorption experiments performed by Ison and

Figure 2. Adsorption of a) methanol, b) water, and c) dimethyl ether at a Brønsted site in H-ZSM-5. Color code: Si,
yellow; Al, pink; O, red; H, white; C, light blue.

Table 1. Adsorption and co-adsorption of methanol, water, and dimethyl
ether at a Brønsted acid site in H-ZSM-5. Adsorption enthalpies (DHads),
entropies (DSads), and free energies (DGads) reported at 623 K. Level of
theory electronic energy: wB97X-D/6-31 g(d,p)//ONIOM(B3LYP/6-
31 g(d,p):MNDO).

DHads DSads �TDSads DGads

[kJ mol�1] [J mol�1 K�1] [kJ mol�1] [kJ mol�1]

MeOH �105 �150 94 �11
H2O �83 �139 87 4
DME �116 �139 87 �29
H2O + MeOH �166 �284 177 11
MeOH + MeOH �172 �284 177 4
H2O + DME �154 �273 170 17
MeOH + DME �173 �280 175 1

Figure 3. Co-adsorption of a,c) methanol or b,d) dimethyl ether on a previ-
ously adsorbed a,b) water or c,d) methanol molecule. Color code: Si, yellow;
Al, pink; O, red; H, white; C, light blue.

Figure 4. The three stages in the MD simulation of methanol and water in
H-ZSM-5. a) Methanol initially bound to water, which in turn is bound to the
acid site. b) Water bound to methanol, which is bound to the acid site.
c,d) Methanol bound to the acid site, water floating freely through the zeo-
lite channels. Color code: Si, yellow; Al, pink; O, red; H, white; C, light blue.
The small blue spheres in (d) represent the path followed by the OMeOH atom
during the simulation. The Al defect is shown as a pink van der Waals
sphere.
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Gorte,[39] which also showed that water adsorbed onto the acid
sites is rapidly displaced by methanol vapor.

Finally, two simulations were performed with a methanol
and dimethyl ether molecule present in the neighborhood of
the acid site. The first simulation starts from dimethyl ether ad-
sorbed at the acid site, with methanol placed in the vicinity.
Throughout the simulation, dimethyl ether remains bonded to
the acid site and methanol freely floats through the channels
(Figure 5 a,b). The second simulation starts with dimethyl ether

hydrogen-bonded to methanol, which is in turn bonded to the
acid site (Figure 5 c). In contrast to water, methanol is not dis-
placed but stays hydrogen-bonded to both the acid site and
dimethyl ether. Both observed binding modes remain stable
during a 25 ps simulation.

To estimate the barrier for replacing methanol by dimethyl
ether, a metadynamics simulation was performed with two col-
lective variables (CVs). The first CV represents the O�H bond
breaking/forming between the dimethyl ether O atom and one
of two H atoms. The second CV corresponds to the two O�H
bonds between the methanol O atom and the same two H
atoms. To account for bonds with different H atoms, bond
lengths are represented by coordination numbers. Detailed in-
formation of the metadynamics simulation including a schemat-
ic representation of the CVs (Figure S1) can be found in the
Supporting Information. The metadynamics simulation starts
with methanol adsorbed at the acid site. The added Gaussian
hills are combined to construct a 2 D free energy surface, on
which three stable states are visible (Figure 6). States (1) and
(2) correspond to methanol adsorbed at the acid site with
(1) dimethyl ether hydrogen-bonded to methanol and (2) di-
methyl ether moving freely in the zeolite channels. State (4)
corresponds to dimethyl ether adsorbed at the acid site with
methanol moving freely. Interconversion between state (1, 2)

on the one hand and state (4) on the other hand occurs
through a metastable state (3) in which the acid site is unoccu-
pied and both dimethyl ether and methanol are moving freely.
States (1) and (4) are separated by a non-negligible barrier
(�27 kJ mol�1), confirming the stability of both binding modes.

In summary, the MD and metadynamics simulations confirm
the results from the static calculations, and provide more in-
depth insights into the lifetime of the various complexes. At
typical operating temperatures, dimethyl ether and methanol
bind strongly to the acid site, and remain hydrogen-bonded to
the acid site even if additional water or methanol molecules
are present. The adsorption of water at the acid site is substan-
tially weaker and it is rapidly replaced by methanol or dimethyl
ether if either of these is present. Complexes in which metha-
nol or dimethyl ether co-adsorb onto a water molecule hydro-
gen-bonded to the acid site are, therefore, unlikely to form or
will quickly evolve toward more stable states. In contrast,
methanol can remain hydrogen-bonded to the acid site in the
presence of dimethyl ether, and a co-adsorption complex can
be formed that remains stable during a fairly long MD run. The
formation of co-adsorption complexes is thus plausible, and
these can serve as the starting point for methoxide formation,
as discussed below.

Methoxide formation

In the actual reaction step, the reactant complexes are reor-
ganized to form a framework methoxide species from metha-
nol or dimethyl ether, thereby releasing a water molecule or
methanol molecule, respectively (see Scheme 1). Methoxide
species are most likely to form on the framework oxygen
atoms closest to the substitutional Al atom. With the Al locat-

Figure 5. Different binding modes of methanol and dimethyl ether at the
acid site. a,b) Dimethyl ether bound to the acid site, methanol floating freely
through the channels. c) Dimethyl ether bound to methanol, which in turn
is bound to the acid site. Color code: Si, yellow; Al, pink; O, red; H, white; C,
light blue.

Figure 6. Free-energy surface of the competitive adsorption of methanol
and dimethyl ether from a metadynamics simulation with two collective var-
iables: CV1 = CN(ODME�H1,2), CV2 = CN(OMeOH�H1,2). Also shown are represen-
tative snapshots of the four (meta)stable states encountered along the tra-
jectory. Color code in snapshots 1–4: Si, yellow; Al, pink; O, red; H, white; C,
light blue.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 0000, 00, 1 – 14 &5&

These are not the final page numbers! ��

CHEMCATCHEM
FULL PAPERS www.chemcatchem.org

www.chemcatchem.org


ed in the T 12 position, three of
its adjacent oxygen atoms (O 20,
O 24, and O 11) are accessible
from the channel system (see
Figure 1). In static calculations,
a specific framework oxygen is
a priori selected as the recipient
of the methyl group. We have
opted to study the formation of
methoxides on O 24, such that
transition states for the subse-
quent methylation reactions of
different alkenes are similar in
orientation to those encoun-
tered in the concerted methylation pathways from methanol
and dimethyl ether (see below). In the metadynamics simula-
tions, this limitation disappears automatically because coordi-
nation numbers are used as the collective variables, allowing
a more general definition of a product state that includes
methoxides on any of the three oxygens.

The results from the static calculations for methoxide forma-
tion with and without assisting methanol are summarized in
Table 2. The table lists intrinsic enthalpy, entropy and free-
energy barriers, reaction enthalpies, entropies, and free ener-
gies at 623 K. In the following, these results are systematically
discussed alongside MD simulations using the metadynamics
approach, which provide additional insights.

Unassisted methoxide formation

Methoxide formation occurs through a typical SN2-type reac-
tion, in which the methyl group undergoes an umbrella inver-
sion upon transfer onto the framework. In the transition state
(Figure 7 a, b), the protonated methanol or dimethyl ether ori-
ents itself toward the center of the cavity, such that the break-
ing and forming C�O bonds are aligned, and the O�C�O
atoms are almost perfectly collinear.

Intrinsic barriers for unassisted methoxide formation from
methanol1 and dimethyl ether are similar, both in terms of en-
thalpy (DH� = 132 kJ mol�1 for both methanol and dimethyl
ether) and free energy (DG� = 129 kJ mol�1 for methanol;
131 kJ mol�1 for dimethyl ether). A similar barrier combined
with a more favorable adsorption indicates that methoxide for-
mation will be faster from dimethyl ether than from methanol.
The reaction is endothermic in both cases, (DHR = +

33 kJ mol�1 for methanol; + 54 kJ mol�1 for dimethyl ether) but
is entropically favorable because of the release of the water or
methanol molecule, respectively, resulting in reaction free en-
ergies of DGR = + 13 kJ mol�1 for methanol and + 29 kJ mol�1

for dimethyl ether.

In the early studies on small cluster models by Lesthaeghe
et al.[24] and Vos et al. ,[22] more distorted transition states were
found, and much higher values were obtained for the reaction
barriers, emphasizing the importance of the zeolite framework
in stabilizing charged intermediates. Our results are generally
in line with the findings of Maihom et al.[23] Although they
used a different level of theory, the reactant, transition state
and product geometries are very similar to those obtained
here. For the barrier and reaction energies, only electronic en-
ergies at the ONIOM(M06-2X:UFF) level were reported, which
are strictly speaking not directly comparable with the values
included in Tables 1 and 2. A more detailed comparison is in-
cluded in the Supporting Information.

The observation that methoxide formation from methanol
or dimethyl ether is mechanistically analogous is also support-
ed by the similar progress along the reaction coordinate
reached in the transition states for both reactions, as inferred
from the relative elongation of the breaking and forming

Table 2. Methoxide formation from methanol and dimethyl ether.[a]

DH�
m DS�

m �TDSm DG�
m DHR DSR �TDSR DGR

[kJ mol�1] [J mol�1 K�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [J mol�1K�1] [kJ mol�1] [kJ mol�1]

Methanol
unassisted 132 4 �2 129 33 32 �20 13
methanol-assisted 136 �29 18 154 77 30 �18 59
Dimethyl ether
unassisted 132 1 �1 131 54 41 �25 29
methanol-assisted 129 �28 17 146 83 27 �17 66

[a] Intrinsic enthalpy (DH�
m), entropy (�TDS�

m) and free energy (DG�
m) barriers ; reaction enthalpy (DHR,), entro-

py (�TDSR) and free energy (DGR) reported at 623 K. Level of theory electronic energy: wB97X-D/6-31g(d,p)//
ONIOM(B3LYP/6-31g(d,p):MNDO).

Figure 7. Transition states for a,b) unassisted and c,d) methanol-assisted
methoxide formation from a,c) methanol and b,d) dimethyl ether.

1 By following the intrinsic reaction coordinate (IRC) from the transition state
to the reactant well for the reaction from methanol, a somewhat different
methanol complex is obtained (see Figure S3), which is slightly higher in en-
thalpy (DHads =�98 kJ mol�1) and free energy (DGads = + 2 kJ mol�1) than the
most stable configuration shown in Figure 2. For consistency, reaction barriers
are determined relative to the most stable configuration.
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bonds in the transition state compared to the reactant and
product states, respectively.[40] These bond elongation percen-
tages are listed in Table S3.

The methoxide formation was also studied using metady-
namics simulations, which have proven to be a powerful tool
for studying chemical reactions,[28] and, in particular, the effect
of solvent molecules.[41, 42] Two CVs are used: CV1 describes the
breaking of the C�O bond by means of the coordination
number between the methyl carbon and the oxygen of the re-
acting methanol or dimethyl ether molecule; CV2 tracks the
C�O bond formation through the coordination number be-
tween the methyl carbon and the four framework oxygen
atoms connected to aluminum. Additional details are given in
the Supporting Information (Figure S2).

The resulting 2 D free energy surfaces are shown in Figure 8.
The sequence of events is very similar for methanol and di-

methyl ether as the reactant, and corresponds fully with the
SN2-type reaction predicted by the static calculations. An ap-
proximate 1 D profile is constructed from the 2 D surface by
taking the difference CV2�CV1 and projecting the 2 D surface
onto the diagonal running from the bottom right to the top
left. In both cases, the 1 D profile displays a broad transition
state region. The red curves in the 1 D plots display the chang-
ing probability of hydrogen bonding with the acid site along
the trajectories. These results demonstrate that the breaking of
the hydrogen bond between the dimethyl ether and the acid
site occurs between values �0.6 and �0.2 on the 1 D reaction
coordinate, whereas for methanol this occurs much later, be-
tween �0.4 and �0.1. After the reactant is fully detached from

the acid site, the free-energy profile becomes almost flat, indi-
cating that the protonation of the reactant and subsequent
formation of a separated ion pair is the rate-limiting phase in
the reaction.

Although the reaction mechanisms are similar, the free-
energy barrier for the forward reaction obtained from the met-
adynamics simulation (i.e. , the difference between the transi-
tion state ensemble and the integrated free energy of the reac-
tant region) is higher with methanol as the reactant (160�
5 kJ mol�1) than with dimethyl ether (143�2 kJ mol�1). A possi-
ble explanation for this difference is the higher number of pos-
sible binding modes at the Brønsted site for methanol, result-
ing in a larger entropic penalty upon reaction. This conforma-
tional entropy cannot be accounted for in the static calcula-
tions, which are intrinsically restricted to a single point on the
potential energy surface.

Methoxide formation assisted by methanol

Enthalpy (DH�), entropy (�TDS�), and free energy (DG�) barri-
ers for the methanol-assisted methoxide formation are also in-
cluded in Table 2. All results in this table are intrinsic values re-
ferred to the state in which both molecules are adsorbed close
to the acid site. In the presence of an additional methanol mol-
ecule, the transition states are more ringlike, with additional
hydrogen bonds formed in the transition state (see Figure 7 c,
d). In an ideal SN2-reaction, the breaking and forming bonds
are perfectly aligned; deviations from 1808 are unfavorable
and increase the barrier.[43] For the unassisted reactions, the O�
C�O angle is quasi linear (175.58 for methanol and 178.18 for
dimethyl ether). In the transition states with assisting metha-

Figure 8. Free-energy surfaces of framework methoxide formation with methanol (left panel) and dimethyl ether (right panel) as the reactant, respectively,
with CV1 = CN(CX�OX) and CV2 = CN(CX�Ozeo), X = methanol or dimethyl ether. Representative snapshots illustrate the three phases of the reaction: (1) reac-
tant basin, (2) transition state region, (3) product state. Color code: Si, yellow, Al, pink; O, red; H, white; C, light blue. Also shown are the free-energy profiles
along a 1 D reaction coordinate, respectively, taken as the difference between CV2 and CV1, and the probability of H-bonding with the acid site.
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nol, however, the O�C�O angle deviates slightly more from lin-
earity, because the ringlike transition state needs to be
formed; the O�C�O angle is reduced to 169.88 and 170.58 for
methanol and dimethyl ether, respectively.

Interestingly, the participation of an additional methanol in-
creases the free-energy barrier, for both methanol (from 129 to
154 kJ mol�1) and dimethyl ether (from 131 to 146 kJ mol�1).
The effect on the enthalpy barrier is more subtle and does not
show a clear trend; DH� increases from 132 to 136 kJ mol�1 for
methanol and decreases from 132 to 129 kJ mol�1 for dimethyl
ether. Overall, these results indicate that the “assisting” metha-
nol does not necessarily accelerate the reaction, in contrast to
earlier reports based on small-cluster calculations. The addi-
tional electrostatic stabilization of assisting methanol on the
transition states is largely outweighed by the effects of the
zeolite lattice itself.

In the presence of an assisting methanol, the free-energy
barriers contain a considerable entropic contribution (�TDS� =

18 kJ mol�1 for methanol, 17 kJ mol�1 for dimethyl ether). The
origin of this effect becomes clear when the geometrical fea-
tures of the unassisted and assisted reactions are compared.
For example, in the unassisted methoxide formation from
methanol, the hydrogen bonds present in the reactant state
(Figure 2 a) disappear as the C�O bond with the framework
starts to form in the transition state (Figure 7 a), compensating
the resulting entropy loss. In contrast, in the methanol-assisted
reaction, both the reactant complex (Figure 3 c) and the transi-
tion state (Figure 7 c) are stabilized by hydrogen bonds, and
the entropic penalty owing to the formation of the C�O bond
is sustained. Similar effects are observed for methoxide forma-
tion from dimethyl ether. A side-by-side comparison of all reac-

tant and transition states with indication of the hydrogen
bond lengths and O�C�O angles is included in the Supporting
Information (Figure S4). Assisted reactions are more endother-
mic compared with the unassisted methoxide formation. As
a result, the transition states are delayed in the presence of as-
sisting methanol, which is also reflected in the relative bond
elongations (Table S3).

To obtain more insight into the process of methoxide forma-
tion at higher loadings, metadynamics simulations were also
performed with five guest molecules in the unit cell. A first
metadynamics simulation was performed with methanol as re-
actant in the presence of three additional methanol molecules
and one molecule of water. The same CVs are used as in the
simulation of the methoxide formation from a single methanol.
The free-energy surface is shown in Figure 9 together with
some representative snapshots of the different phases along

the reaction pathway. The mechanism of methoxide formation
reveals some distinct differences if additional protic molecules
are present. The simulation starts with a methanol–methanol
complex bound to the acid site as the most stable conforma-
tional state (phase 1). After proton transfer, the protonated
complex detaches from the acid site, and stays mostly intact
until approximately �0.2 on the 1 D reaction coordinate, at
which point a plateau is reached on the free-energy surface
(phase 2). The clustering probability is very high and extends
to well beyond the top of the barrier (phase 3), until the meth-
oxide is formed and a free water molecule is produced
(phase 4).

Compared with the unassisted reaction, the barrier height is
lowered from 160 to 139�2 kJ mol�1. This finding is contrary
to the static results (Table 2), which showed an increase of the

Figure 9. Left : Free-energy surface of framework methoxide formation with methanol in the presence of one water molecule and three additional methanol
molecules. The four characteristic phases are indicated and illustrated with representative snapshots (color code: Si, yellow; Al, pink; O, red; H, white; C, light
blue). For clarity, only molecules directly interacting with the reagents are shown. Top right: free energy along the 1 D reaction coordinate, taken as the differ-
ence CV2�CV1. Bottom right: hydrogen bonding probability for methanol with a nearby methanol (black line) and with the acid site (red line) along the 1 D
reaction coordinate.
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free-energy barrier in the methanol-assisted reaction from 129
to 154 kJ mol�1, as a result of the formation of the entropically
unfavorable ringlike transition state. In the metadynamics sim-
ulation, the proton transfer from the zeolite to the guest mole-
cules and their separation from the acid site are almost com-
pleted before they are reoriented and the framework methox-
ide is formed. The reaction proceeds through a broader transi-
tion state region, mitigating the entropic penalty of the rigid
transition structure obtained in the static calculations.

A second metadynamics simulation was performed with di-
methyl ether as the reactant, accompanied by three methanol
molecules and one water molecule. The simulation is started
with dimethyl ether hydrogen-bonded to the acid site. The
corresponding free-energy surface is shown in Figure 10. Simi-

lar to the reaction without assisting molecules, the system is
activated by proton transfer from the acid site to dimethyl
ether (phase 1). Subsequently, the protonated dimethyl ether
is stabilized by hydrogen bonding with a nearby methanol
molecule (phase 2). During the actual methyl transfer, the as-
sisting molecule separates from the protonated dimethyl ether
(phase 3) and the methoxide is formed (phase 4).

Unlike the reaction with methanol as the reactant, the pres-
ence of assisting molecules slightly increases the activation
barrier from 143 to 149�2 kJ mol�1. This may be explained by
the observation that for both the reaction from methanol and
dimethyl ether the protonation and subsequent detaching
from the framework (phase 1, 2) is the rate-limiting phase
along the trajectory. In the case of dimethyl ether (Figure 10),

Figure 10. Left: Free-energy surface of framework methoxide formation with dimethyl ether in the presence of one water molecule and three additional
methanol molecules. For details, see legend of Figure 9.

Figure 11. Schematic enthalpy (blue) and free-energy (orange) profiles for alkene methylation. a) Stepwise mechanism: after formation of a framework-bound
methoxide (from methanol or dimethyl ether, with or without assisting molecules), the alkene co-adsorbs onto the methoxide and is subsequently methylat-
ed. b) Concerted mechanism: the alkene co-adsorbs onto a hydrogen-bonded methanol or dimethyl ether and is methylated in a single step.
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an assisting methanol can only intervene once the proton
transfer is completed and the protonated dimethyl ether is de-
tached from the acid site, whereas in the reaction with metha-
nol (Figure 9), additional methanol molecules can also assist in
the proton-transfer phase. The effect of an additional methanol
on the different phases along the trajectory can also be ob-
served in the 1 D profiles for the different simulations
(Figure 8–10). Additional figures comparing the 1 D profiles for
the unassisted and assisted reactions from methanol and di-
methyl ether are included in the Supporting Information (Fig-
ure S6).

Alkene methylation with methanol, dimethyl ether, and
framework methoxides

Free-energy profiles and kinetic parameters are reported for
the methylation of alkenes (ethene, propene, and trans-2-
butene) with three methyl sources. Methylation with frame-
work-bound methoxides (Figure 11 a) is compared with methyl-
ation with methanol or dimethyl ether in a concerted step
(Figure 11 b). Scattered information on these reactions available
in the literature is based on a variety of model systems and

theoretical methods, encumbering the construction of an over-
all picture. Enthalpy (DH�), entropy (�TDS�) and free-energy
barriers (DG�), as well as rate coefficients at 623 K (k) and Ar-
rhenius parameters (Ea, A) for the methylation with methanol
of ethene, propene, and trans-2-butene were reported in
a recent paper by some of the authors.[44] Herein, methylation
of these alkenes with dimethyl ether and framework-bound
methoxides have been modeled using the same 46 T cluster
model and levels of theory to allow mutual comparison be-
tween the three methyl sources. All results are listed side-by-
side in Tables 3 and 4.

Apart from some subtle differences, the kinetics of all reac-
tions are largely the same and thus one may conclude that the
methoxide species are equally capable of performing methyla-
tion reactions once they are formed. The barrier for methoxide
formation is somewhat higher than those for the actual meth-
ylation reactions, in line with previous reports.[22, 23] Maihom
et al. also studied ethene methylation with methanol, dimethyl
ether, and framework-bound methoxides using an ONIOM ap-
proach.[23] Their reported energy barriers at the ONIOM(M06-
2X:UFF) level of theory are again much higher than our current
results (see also the discussion above regarding the methoxide

Table 3. Alkene methylation with framework methoxide, dimethyl ether, and methanol. Intrinsic enthalpy (DH�), entropy (�TDS�) and free-energy barriers
(DG�) ; Unimolecular rate coefficients at 623 K (k) and Arrhenius parameters (Ea, A). Electronic energies are evaluated at wB97X-D/6-31 + G(d,p).

CH3�Z H�Z + dimethyl ether H�Z + CH3OH[a]

DH�
int �TDS�

int DG�
int DH�

int �TDS�
int DG�

int DH�
int �TDS�

int DG�
int

[kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1]
ethene 102 21 123 111 25 136 99 30 129
propene 93 19 112 94 24 118 94 21 114
trans-2-butene 84 24 108 90 23 112 92 21 113

kint Ea A kint Ea A kint Ea A
[s�1] [kJ mol�1] [s�1] [s�1] [kJ mol�1] [s�1] [s�1] [kJ mol�1] [s�1]

ethene 6.2 E + 02 107 5.7 E + 11 5.1 E + 01 116 2.6 E + 11 2.0 E + 02 104 1.0 E + 11
propene 5.3 E + 03 99 9.5 E + 11 1.8 E + 03 99 3.3 E + 11 3.3 E + 03 99 6.0 E + 11
trans-2-butene 1.1 E + 04 89 3.3 E + 11 5.0 E + 03 95 4.4 E + 11 4.1 E + 03 97 5.5 E + 11

[a] Previously reported in ref. [44] .

Table 4. Alkene methylation with framework methoxide, dimethyl ether, and methanol. Apparent enthalpy (DH�), entropy (�TDS�) and free-energy barri-
ers (DG�) ; Bimolecular rate coefficients at 623 K (k) and Arrhenius parameters (Ea, A). Electronic energies are evaluated at wB97X-D/6-31 + G(d,p).

CH3�Z H�Z + dimethyl ether H�Z + CH3OH[a]

DH�
app �TDS�

app DG�
app DH�

app �TDS�
app DG�

app DH�
app �TDS�

app DG�
app

[kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1]
ethene 77 81 158 76 97 172 82 78 160
propene 53 99 152 43 112 154 54 94 148
trans-2-butene 30 105 136 24 117 141 36 104 140

kapp Ea A kapp Ea A kapp Ea A
[m3 mol�1 s�1] [kJ mol�1] [m3 mol�1 s�1] [m3 mol�1 s�1] [kJ mol�1] [m3 mol�1 s�1] [m3 mol�1 s�1] [kJ mol�1] [m3 mol�1 s�1]

ethene 4.0 E�02 86 7.2 E + 05 2.3 E�03 85 3.3 E + 04 2.7 E�02 91 1.2 E + 06
propene 1.2 E�01 63 2.2 E + 04 7.5 E�02 52 1.8 E + 03 2.6 E�01 64 5.8 E + 04
trans-2-butene 2.8 E + 00 40 6.2 E + 03 9.1 E�01 34 6.0 E + 02 1.3 E + 00 45 8.4 E + 03

[a] Previously reported in ref. [44] .
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formation). A more detailed comparison of the numerical
values is included in the Supporting Information (Table S4).

Conclusion

Herein, we have performed an in-depth study on the forma-
tion of methoxides from methanol or dimethyl ether, and their
reactivity in alkene methylation reactions. In particular, the
effect of additional water and methanol molecules present at
typical operating conditions on the methoxide formation is in-
vestigated. Static DFT calculations on large cluster models are
supplemented by ab initio molecular dynamics simulations to
attain a more rigorous description of the dynamic properties
of reactants and products, and account for the flexibility of the
zeolite framework at operating temperatures.

These simulations have revealed that at higher temperatures
both dimethyl ether and methanol adsorb strongly onto the
zeolite acid site, whereas water forms a weaker adsorption
complex. Consequently, water is quickly displaced by dimethyl
ether or methanol, whereas methanol can stay hydrogen-
bonded to the acid site in the presence of dimethyl ether.
Stable co-adsorption complexes can be formed at the acid site
in which dimethyl ether or a second methanol molecule ad-
sorbs on top of the first methanol. Co-adsorption of the
second molecule results in an increase of the adsorption en-
thalpy, but also causes an additional entropy loss. At typical re-
action temperatures, the entropic penalty cancels out the en-
thalpic stabilization, resulting in positive total adsorption free
energies. Molecular dynamics simulations have provided valua-
ble additional insights into the kinetic and thermodynamic sta-
bility of the complexes considering the very large entropic
contributions.

Methoxide formation from methanol or dimethyl ether was
found to occur through similar mechanisms. Whereas earlier
studies using small cluster models found that the presence of
an assisting methanol stabilizes the transition state, decreasing
the enthalpy barrier for methoxide formation, the effect is
much less pronounced in our calculations using a large cluster
model. Comparing unassisted and assisted methoxide forma-
tion, the enthalpy barrier changes only slightly, which indicates
that the stabilizing effects of the zeolite framework largely out-
weigh the additional electrostatic stabilization of the assisting
methanol. In the static calculations, ringlike transition states
are obtained for the assisted reactions, resulting in an in-
creased entropy loss and higher free-energy barriers.

Additional insights are obtained from metadynamics simula-
tions. For the unassisted methoxide formation, the free-energy
barrier derived from the metadynamics is higher for the reac-
tion from methanol than from dimethyl ether, which may be
owed to a better account of conformational entropy in the MD
simulations. The metadynamics simulations also shed a differ-
ent light on the effect of assisting methanol molecules, dem-
onstrating that the proton transfer from the zeolite to the
guest molecules is almost completed before reorientation and
the actual formation of a framework methoxide, mitigating the
entropic penalty of the ringlike transition structure obtained in
the static calculations. For the reaction from methanol, this re-

sults in a lower free-energy barrier than for the unassisted re-
action, whereas for dimethyl ether the participation of an addi-
tional methanol does not have a significant effect. Overall, the
simulations performed in this study show that the formation of
methoxide species is governed by many different factors and
will ultimately depend on the precise reaction conditions.
Methoxide formation from methanol may be accelerated by
the presence of additional methanol molecules, whereas the
reaction from dimethyl ether does not benefit greatly from
methanol assistance.

Finally, we have compared the methylation of alkenes with
methanol, dimethyl ether, and methoxide species, using the
same computational scheme to obtain a systematic overview.
This side-by-side comparison reveals that apart from some
subtle differences the kinetics of all reactions are very similar.
Importantly, comparison of the concerted methylation steps
starting from methanol or dimethyl ether to methylation with
framework-bound methoxide species confirms that the latter
are equally reactive toward methylation once they are formed.

Experimental Section

Static calculations

A detailed description of the methodology has been given in pre-
vious work;[7, 9, 44] the key points are summarized below. Geometry
optimizations were performed by using the two-level ONIOM-
(B3LYP/6-31 + G(d,p):MNDO) method, treating a central cluster of
8 T atoms and the guest molecules at the higher level of theory.
Saturating hydrogen atoms are constrained in space to avoid unre-
alistic distortions of the zeolite model. Stationary points are charac-
terized as minima or transition states by frequency calculations. Re-
actant and product complexes are localized by applying slight per-
turbations of the transition state along the imaginary frequency
followed by full-geometry optimizations (quasi-IRC approach).
Single-point calculations at the wB97X-D/6-31 + G(d,p) level of
theory are performed to refine the energies of the various station-
ary points. The hybrid wB97X-D functional includes both long-
range corrections and dispersion interactions.[7, 9, 44] All geometry
optimizations and energy refinements are performed with the
Gaussian 03 and Gaussian 09 packages.[45–46] Initial geometries were
constructed with ZEOBUILDER.[47–48] Partition functions are calculat-
ed from a normal mode analysis using a partial Hessian to exclude
the terminating hydrogen atoms with constrained positions (PHVA
approach). Enthalpy, entropy, and total free-energy profiles at
350 8C were calculated by using statistical thermodynamics. Rate
constants in the temperature range 250–400 8C were determined
from conventional transition-state theory. Arrhenius parameters
were obtained from a standard fitting procedure. Normal mode
analysis and all thermochemistry and chemical kinetics calculations
were performed with the TAMKIN toolkit.[48–49]

Molecular dynamics

MD simulations were performed with the CP2K simulation package
(version 2.4).[50] The dynamics of the nuclei was governed by the
Newtonian equations of motion in which the potential from the
Born–Oppenheimer electronic ground state is inserted. The self-
consistent field energy was evaluated with DFT using the revPBE
functional[51] with the DZVP–GTH basis set[52] and Grimme D3 dis-
persion corrections.[53] The integration time step was set to 0.5 fs.
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After inserting the guest molecules inside the zeolite channels, the
system was equilibrated for 5 ps, followed by a production run at
670 K and 1 bar in the isobaric-isothermal (NPT) ensemble. The
canonical sampling with velocity rescaling algorithm was used for
both the thermostat and the barostat.[54] An overview of the per-
formed MD simulations is given in Table S1.

Metadynamics

Metadynamics simulations were performed in the canonical (NVT)
ensemble at 670 K, by using cell parameters (a = 20.3528 �, b =
20.2144 �, c = 13.6141 �, and a=b=g= 908) taken from the previ-
ously equilibrated NPT runs.[25] Gaussian hills were added every
25 fs to the 2 D potential energy surface along two CVs. Although
in principle any explicit function of the coordinates of the system
can be used as CV, coordination numbers (CN) are ideally suited to
describe the formation and breaking of chemical bonds. A CN be-
tween two sets of atoms i and j is defined as:

CN ¼
X

i;j

1� ðrij=r0Þnn

1� ðrij=r0Þnd ð1Þ

in which rij is the distance between atoms i and j. The parameters
nn and nd were set to 6 and 12, respectively. The reference dis-
tance, r0, was chosen to be near the transition state distance be-
tween atoms i and j. Note that this choice differs from the r0

values chosen in our previous paper,[25] which produces a value for
each CN term close to one at the bonding distance, approximately
0.5 at the transition state, and exponentially decaying at larger dis-
tances. In addition to the Gaussian hills, quadratic walls were
added to restrict the simulations to an area of interest on the free-
energy surface. An overview of the metadynamics simulations and
CVs is given in Table S2. Additional details on the CVs used in spe-
cific simulations are included in the main text and/or in the Sup-
porting Information.

The free-energy profile of the reaction was reconstructed from
a metadynamics run based on the sum of the spawned Gaussian
hills. The free energies were calculated as the mean free energy
over the part of the simulation in which the barrier height starts to
fluctuate and the dynamics along the reaction coordinate become
diffusive. The statistical errors are computed as the standard devia-
tion of the mean, after removal of correlated data values.[27] The re-
sulting 2 D free-energy surface was projected onto a 1 D surface,
taking the difference (CV2�CV1) as the reaction coordinate. From
this 1 D profile, the free-energy barrier (DG�) was calculated as the
difference between the transition state ensemble and the integrat-
ed free energy of the reactant region.[25] The metadynamics simula-
tions were continued until a statistical error of <5 kJ mol�1 on the
barrier height is reached.
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Insight into the Formation and
Reactivity of Framework-Bound
Methoxide Species in H-ZSM-5 from
Static and Dynamic Molecular
Simulations

How may I assist you? The formation
of framework-bound methoxides from
methanol or dimethyl ether in zeolite
H-ZSM-5 is investigated by a combina-
tion of static and dynamic simulations.
Additional methanol molecules assist
the proton transfer, which is the rate-
limiting phase, in the methoxide forma-
tion from methanol, but not from di-
methyl ether.
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