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An unprecedented number of possible direct reaction steps
from methanol to ethylene are tied together in a single integrated
scheme. Calculations show that every imaginable combination of direct
reactions fails completely in the formation of the initial carbon–carbon
bond. For more details, see the Communication by M. Waroquier and
co-workers on the following pages.
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The mechanism of the methanol-to-olefin (MTO) process on
zeolite H-ZSM-5 has been the source of significant debate by
both industrial and academic researchers. Much still remains
uncertain, and the literature is replete with diverse and often
conflicting propositions. A crucial step is the formation of the
first carbon–carbon bond, for which more than 20 distinct
mechanistic proposals exist.[1] Early research focused mainly
on mechanisms based on the direct formation of small olefins
from only methanol and methanol derivatives. Advanced
theoretical calculations on these “direct mechanisms” are
fragmented throughout the literature, and straightforward
comparison is cumbersome owing to the large array of
methods employed. Only a handful of papers suggest and
compare multiple direct routes,[2,3] but these are limited to low
levels of theory calculations on extremely small 1T/3T zeolite
clusters.

Recent developments suggest, however, that direct mech-
anisms might not be responsible for the observed boost in
hydrocarbon synthesis.[4] A plausible alternative is given by
the “hydrocarbon pool” model,[4,5] in which impurities in the
mixture undergo repeated methylation and subsequent olefin
elimination. This latter proposal is consistently gaining
experimental and theoretical support, which advocates meth-
ylbenzenes and methylcyclopentenyl cations as key spe-
cies.[6, 7] Because of an observed kinetic induction period
preceding the hydrocarbon formation, the hydrocarbon pool
model implies that reactions occurring during this induction
period need not necessarily be similar to those on a working
catalyst. It is still unresolved, though, which—if any—
induction reactions give rise to the hydrocarbon pool.

As the literature currently stands, two important ques-
tions regarding direct mechanisms remain unanswered:
1) From a theoretical viewpoint it is still unclear why the
numerous proposed direct mechanisms should fail in consis-
tent production of ethylene. 2) From a more practical

perspective, it is still unknown what role certain directly
formed intermediates might play both during the induction
period and during hydrocarbon synthesis. Although exper-
imental methods are often incapable of evaluating individual
reaction steps, DFT-based calculations can provide these
answers.

An extensive scheme is proposed, tying together a large
variety of possible direct reactions, which include several
previously overlooked, parallel pathways. On the basis of
calculated adsorption energies, reaction barriers (at 0 K), and
rate coefficients (at 720 K), it is possible to deduce whether
ethylene can be produced from only methanol, and which
stable intermediates might be formed directly to finally
enhance our understanding of the first carbon–carbon bond
formation.

Our aim was to integrate a whole range of reactions in an
orderly and concise manner, as shown in Scheme 1. The
adsorbed species form the main building blocks, with the total
adsorption energy (in kJ mol�1) shown in brackets. Horizontal
movement between these species corresponds to adsorption
or desorption of a required molecule. Vertical arrows
represent an elementary reaction step for which both forward
and reverse intrinsic energy barrier heights at 0 K (in
kJmol�1) as well as rate coefficients at 720 K (in s�1) are
included. For simple referencing purposes, each reaction step
is identified by a specific code. The starting point (top left
corner) is a single methanol molecule adsorbed near the acid
site Z-H, leading finally to the creation of ethylene (bottom
row). For clarity, we omit connections for which both the
forward and reverse reactions are highly activated (DE0 >

200 kJmol�1) and which are therefore unlikely to proceed in
either direction.

The conversion of methanol is known to start with rapid
dehydration to dimethyl ether (DME). This proceeds either
via an intermediate methoxide species Z-CH3 (reactions
coded A1/B1/B2/C1),[8] or through co-reaction of a methanol
dimer (B3). The two-step pathway B1/B2 is facilitated by
methanol/water successively lowering the reaction barriers as
“assisting molecules”, allowing more-favorable transition-
state geometries. This first preequilibrium phase in the
methanol-to-olefin process is theoretically well documented,
ranging from small clusters[9–11] to fully periodic DFT
calculations,[12–14] which all lead to similar conclusions.

From this initial mixture, the direct formation of the
trimethyl oxonium ion (TMO) has been proposed through
nucleophilic attack by adsorbed DME on a framework-bound
methoxide species (G1).[15] Alternatively, TMO can also be
formed through co-reaction of two DME molecules (E1) or
DME and methanol (F1). Owing to the extremely low reverse
reaction barriers, one would at first glance expect TMO to be
an exceptionally short-lived intermediate. However, posi-
tively charged TMO forms an ion pair with the negative
aluminum defect, and therefore cannot be adequately de-
scribed in the small cluster approach. Our previous ONIOM
calculations, however, have shown that TMO is additionally
stabilized by the zeolite framework,[16] a similar result to that
obtained through periodic calculations in chabazite,[17] and
that TMO remains an important product formed directly
from the equilibrium mixture.
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Once TMO is successfully formed, it might be deproton-
ated by an adjacent basic site (reaction step X1) to form
dimethyl oxonium methylide (DOMY).[15] The next step is an
intramolecular Stevens rearrangement (G2/I1) to methyl
ethyl ether (MEE) or an intermolecular methylation (I2/I3)
to form the ethyl dimethyl oxonium ion (EDMO). EDMO
readily undergoes b elimination to form ethylene and
dimethyl ether (I4). From MEE, several alternative pathways
lead directly to ethylene (H1/G3/I5). However, our previous
work has shown that there is no possible route from TMO to
DOMY (X1).[16] Moreover, the zeolite framework does not
offer any supplementary stabilization, which results in
DOMY being a highly energetic species.

Alternatively, methyl oxonium methylide (MOMY) has
been proposed as a possible intermediate.[18] Adsorbed
dimethyl ether could form a dimethyl oxonium ion (DMO),
after which it would be deprotonated to MOMY (X2). A

Stevens-type rearrangement would lead to ethanol (C2), thus
forming the required carbon–carbon bond. Yet again, we have
found this step to be non-existent and MOMY to be highly
unstable.[16] An altogether different ylide, incorporated into
the framework, can be formed by deprotonation of a frame-
work-bound methyl group (J1).[19] This step was found to be
highly activated as well.

Generally speaking, the oxygen bridge seems to be
insufficiently basic to form the desired ylides. We also state
that alternative pathways based on oxonium ylides are highly
improbable owing to the high instability of these species. The
instability of the ylides consequently rules out the role of
MEE as a crucial intermediate as well as the pathway through
EDMO.

There are several routes to methane and formaldehyde
(form), starting from two methanol molecules (B7),[3] from a
surface methoxy species and methanol (B4/C3), or from TMO

Scheme 1. Direct routes in the methanol-to-olefin process. Horizontal arrows correspond to an adsorption/desorption step, vertical arrows denote
a reaction step. Intrinsic energy barriers at 0 K are shown in kJmol�1, rate coefficients at 720 K are expressed in s�1.
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jointly adsorbed with methanol (E2). Once formed, however,
only extremely high reaction barriers (B5/C4) allow the
formation of ethanol. From ethanol, ethylene could be
immediately formed (C7), but the fastest routes would be
through the formation of a framework-bound ethoxide
species (B6/C5) and subsequent ethylene production (C6/
D1).

As mentioned earlier, conversions showing both forward
and reverse barriers larger than 200 kJ mol�1 are not shown in
Scheme 1, and a closer investigation of the omitted reaction
steps is necessary. In Figure 1 (blue arrows) we show a model
representing the steps that were too highly activated to be
incorporated, as they all follow a similar concerted reaction
mechanism: hydrogen abstraction from a methanol/DME
methyl group by a zeolite basic oxygen bridge (alternatively
assisted by a water “vehicle molecule”) combined with the
formation of a carbon–carbon bond with a methanol/DME/

Scheme 1. (Continued).

Figure 1. Highly activated reactions corresponding to concerted C�C
bond formation and C�H bond breaking by zeolite basic oxygen OZ

(blue arrows). Protonation of the methyl group to form methane (red
arrow) is observed instead.
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TMO/framework-bound methyl group. The unprotonated
oxygen bridge apparently lacks the strong basic character
needed to break the highly covalent C�H bond. An equally
strong C�H bond is preferably formed, which is why the
system evolves to a nearby transition state, thus leading to
methane instead (red arrow in Figure 1). This is similar to
observations in molecular-dynamics simulations.[20,21] These
concerted reactions form the main bottleneck of the direct
mechanism proposal, whereas currently suggested hydro-
carbon pool reactions avoid similar concerted steps through
the formation of an intermediate carbenium ion.

In conclusion, a large set of direct mechanisms (> 80
stationary points) in the MTO process was studied theoret-
ically, providing both rate coefficients at 720 K and reaction
barriers at 0 K. Direct comparisons allowed the qualitative
evaluation of which steps are likely to proceed. The crucial
reaction steps were identified, into which further research is
currently underway.

We failed to find a successive pathway from methanol
leading all the way to ethylene (or to any intermediate
containing a C�C bond), which is in accordance with
methanol/DME not being noticeably reactive on H-ZSM-5
in the absence of organic impurities that provide a primordial
hydrocarbon pool.[22] From our results, two bottlenecks can be
clearly identified: on the one hand the instability of the ylide
intermediates and on the other hand the high energy barriers
for the often proposed concerted C�C bond-formation
reactions, both of which are a direct result of the weak basic
character of the zeolite oxygen bridge. It is also possible to
define clearly which intermediate species are likely to be
directly formed and may consequently interact with the
hydrocarbon pool. These intermediates are not limited solely
to the mixture of methanol with well-known condensation
products DME and water but also TMO, which might act as a
viable source of methyl groups, together with methane and
formaldehyde.

Summarizing our conclusions, we have tied the numer-
ously proposed reaction mechanisms together to find that not
a single combination of direct reaction steps can link
methanol to ethylene. This theoretical conclusion provides
strong additional support for alternative proposals,[4–7] which
bypass the highly activated concerted steps.

Methods Section
Geometry optimizations were performed on pentatetrahedral (5T)
clusters with the Gaussian03 package[23] at the B3LYP/6-31g(d) level
of theory.[24–26] The cluster selection was motivated by the large
amount of species taken into account (more than 80 distinctly
different stationary points). Moreover, our recent study using
ONIOM calculations on extended 30T and 46T clusters showed that
the energy profile is only significantly altered in the case of adsorbed
ion pairs.[16] Initial interpretation on the 5T level allowed us to
evaluate which reactions require further detailed investigation. The
cluster was left unconstrained to verify the true nature of stationary
points, and zero-point energy (ZPE) corrections were included.
Starting from transition-state geometries, the quasi-IRC approach
allowed the product geometries to be acquired.[27] Rate coefficients
were obtained by using transition-state theory (TST) by calculating
the partition functions at 720 K. As elementary reaction steps were
considered separately from adsorption/desorption requirements, only

intrinsic energy barriers are shown (in kJmol�1): DE0 =E0(transition
state)�E0(adsorbed reactants). Additionally, each elementary reac-
tion was modeled assuming prior adsorption of necessary reagents,
resulting in intrinsic rate coefficients (in s�1).
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