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Abstract: We present a theoretical
study of the formation of the first
intermediate, dimethyl ether, in the
methanol to gasoline conversion within
the framework of an ab initio molecular
dynamics approach. The study is per-
formed under conditions that closely
resemble the reaction conditions in the
zeolite catalyst including the full top-
ology of the framework. The use of the
method of thermodynamic integration
allows us to extract the free-energy

profile along the reaction coordinate.
We find that the entropic contribution
qualitatively alters the free-energy pro-
file relative to the total energy profile.
Different transition states are found
from the internal and free energy pro-
files. The entropy contribution varies

significantly along the reaction coordi-
nate and is responsible for stabilizing the
products and for lowering the energy
barrier. The hugely inhomogeneous vari-
ation of the entropy can be understood
in terms of elementary processes that
take place during the chemical reaction.
Our simulations provide new insights
into the complex nature of this chemical
reaction.
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tional calculations ´ thermodynam-
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Introduction

One of the most studied industrial applications of zeolites in
current commercial production is the methanol-to-gasoline
(MTG) process[1] for catalytic conversion of methanol to

hydrocarbons. There is a large volume of experimental
evidence that methanol, when catalyzed by an acidic zeolite,
is first dehydrated to dimethyl ether (DME) which is then, in
combination with methanol, converted to hydrocarbons up to
C10. The industrial process is catalyzed by ZSM-5 and proceeds
at high methanol loadings of �5 ± 6 methanol molecules per
acidic hydroxyl group[2] at a temperature of 700 K. The whole
process involves a number of steps of increasing complexity:
i) the initial methanol adsorption, ii) activation of the adsorbed
species, iii) dehydration to DME, and iv) formation of the C ±
C bond. It has, however, proved difficult to understand the
role of the zeolite catalyst in the first three stages of the MTG
process, because experiments, typically IR spectroscopy, do
not provide a sufficiently complete and detailed atomistic
picture of the process, since they rely on interpretation in
terms of an existing model. Recently, ab initio theoretical
studies have started to shed light on these processes.[3±6] The
first two points have been extensively studied in our previous
papers.[7, 8] The focus of the present paper is the formation of
DME in the zeolite under reaction conditions.

The initial methanol adsorption has been the subject of
numerous studies.[6±11] A consensus has emerged that as soon
as the methanol loading reaches two molecules per acid site,
methanol is chemisorbed as a methoxonium cation
(CH3ÿOH2

�). A more complete statistical sampling of the
underlying potential energy surface was required to elucidate
the activation of the adsorbed species.[7, 8] Solvation of the
methoxonium ion in the methanol solvent has been found to
further soften the methoxonium CÿO bond.[8] However,
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activation was only found to occur if the mobility of the
methoxonium ion, promoted by certain zeolite frameworks or
by high temperature, prevents it from forming hydrogen
bonds with the zeolite channel and with the other methanol
molecules.[8] Such strongly activated methoxonium complexes
are expected to form DME easily. Experiments suggest a
dramatic increase in DME formation in a narrow temperature
interval around 500 K.[12] Different mechanisms have been
proposed for the formation of DME. Bandiera and Naccache
have proposed the existence of two surface species
CH3ÿOH2

� and CH3Oÿ, forming at the Brùnsted acid and
its adjacent Lewis basic sites,[13] which can condense to
produce DME and water. In the ªindirectº pathway[14, 15] the
DME formation proceeds via a surface methoxy intermediate
[Eq. (1)], which subsequently reacts with another methanol
molecule to form DME [Eq. (2)].

CH3ÿOH2
� � ZOÿ!ZOÿCH3 � H2O (1)

CH3ÿOH � ZOÿCH3!CH3ÿOÿCH3� ZOÿH (2)

Here Z stands for the zeolite framework. We assume here
that the methanol is chemisorbed at an acid site as the
protonated complex, since this is expected to be more
susceptible to nucleophilic attack. Alternatively, in the
ªdirectº pathway[5, 6] [Eq. (3)], both methanol molecules react
with each other inside the zeolite environment which acts
merely as a solvent.

CH3ÿOH2
� � CH3ÿOH � ZOÿ!CH3ÿOÿCH3� ZOÿ � H2O � H�(3)

In above reaction we have not specified the final destiny of
the zeolitic proton, as our simulations performed under
conditions which emulate those of the true reaction suggest
(See Results and Discussion) that this proton may be mobile
and need not necessarily permanently bind to the Brùnsted
site. Additionally there are competing pathways in which
methanol reacts to form a carbon ± carbon bond, for instance
yielding ethanol and ethene by further dehydration. However,
the activation energy for this process has been shown to be
much higher than that for formation of dimethyl ether.[3]

Unfortunately, very little is known about the energetics of
DME formation experimentally. Bandiera and Naccache have
estimated that the true activation energy for the condensation
of methanol is approximately 80 kJ molÿ1 (�0.83 eV) for
H-Mordenite with a low aluminum content.[3] However, the
barrier height will be sensitive to methanol coverage, as well
as to the particular zeolite and composition studied. On the
other hand, several theoretical studies of the dehydration
process exist. Blaskowski and van Santen[5] calculated the
energetics of both direct and indirect processes using a small
cluster model for the zeolite and density functional theory
(DFT). Shah et al.[6] investigated both pathways for DME
formation in chabazite from two methanol molecules within
the framework of DFT. Both studies conclude that the direct
mechanism is preferred over the indirect one. Very recently,
SandreÂ et al.[16] determined the transition-state structure and
energy for the direct pathway for the system investigated in
reference [6] (two methanol molecules in chabazite) and

determined the total energy profile along the reaction
coordinate. The total energy barrier for this process was
found to be ~0.7 eV starting from a configuration in which the
two methanol/methoxonium molecules are oriented such that
they can react. This configuration is not necessarily the lowest
energy configuration. Hence, the ªreorientationº energy
needed to reorient the methyl and hydroxyl groups of the
two reacting methanol molecules so that they can react along
the SN2 pathway should be added to this calculated energy
barrier. In the cluster model given in reference [5] the
reorientation energy is found to be �0.5 eV, which is slightly
lower than estimates from periodic calculations of �0.6 eV.[6]

All these previous studies were based on transition-state
theory[17] with the free energy profile approximated either by
the internal energy or with the estimation of the entropy from
the internal energy within the harmonic approximation.
However, as we show below, the maxima in the free and total
energy may not coincide; this makes such an approach invalid
for the present reaction. Our previous work has shown[7, 8] that
it is important to sample configuration space more widely
than just the lowest internal energy path as the energy surface
is very shallow with multiple minima about the reaction
coordinate. A consequence of this is a huge and non-uniform
entropy contribution that cannot be treated correctly within
the harmonic approximation. Such a behavior is symptomatic
of systems with complicated high-dimensional transition
states[18] whose position may not be known a priori. Our
present calculations are based on thermodynamic integration
techniques[19±21] within ab initio molecular dynamics (MD).

The paper presents the most complex and comprehensive
simulation performed to date of formation of the first
intermediate in the MTG process. The simulations reveal
several new features and pitfalls that would remain hidden in
a more simplified approach. In the next section we introduce
our model and simulation techniques. Our main results and
discussion are presented in the Results and Discussion.

Computational Methods

The model : The model considered in our study has been carefully chosen.
The commercial catalyst ZSM-5 has a unit cell with �300 atoms; this is too
large for the present simulations to be practical.[22] For that reason the
simulations were performed in ferrierite,[23] which has a much smaller unit
cell, with only 54 atoms, but a structure very similar to that of ZSM-5
(Figure 1). The ferrierite structure is the closest mimic to the ZSM-5
structure we were able to find. In particular, it has two channels, a ten-ring
channel similar to the straight channel in ZSM-5 and another straight
channel with an eight-ring aperture, perpendicular to the ten-ring channel.
Only one Brùnsted acid site was considered, corresponding to a Si/Al ratio
of 18. Given the dearth of experimental data and the computational cost of
the present simulations no other Si/Al ratio was attempted. The location of
the Brùnsted acid site (Al on T4 and the proton initially on O6) and the
consequences of this choice have been discussed elsewhere.[8] The reaction
conditions have been simulated by loading four methanol molecules into
the eight-ring channel and associated intersection regions of ferrierite
(Figure 2). The system was prepared so that two methanol molecules (#1
and #2 in Figure 2) can react along the SN2 pathway. The temperature in the
simulation was taken to be 700 K. This system was shown to form strongly
activated methoxonium species.[8] The activated species are expected to be
susceptible to a nucleophilic attack by another methanol molecule to give
rise to reaction given in Equation (3). The ability of this system to exhibit
activation makes this system a strong contender for the direct reaction
pathway.
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Ab initio MD simulations : Ab initio MD simulations [24] have been
performed for the formation of DME. All technical details of our
simulations are as described in reference [8]. It suffices to say that
simulations were run in the (N,V,T) ensemble by using DFT in its plane ±
wave pseudopotential formulation. Hence, periodic boundary conditions
allow us to consider the full zeolite topology. Gradient corrected func-
tionals were required for an accurate description of the DME formation
and we used the PW'91[25] variant of the GGA approximation to the DFT.
We used norm-conserving pseudopotentials to represent the core electrons
and the wave functions of the valence electrons were expanded in plane
waves at the G point of the supercell with a cut-off of 40 Ryd. The accuracy
of the DFT in the present GGA approximation was extensively tested
previously.[6, 8, 10] It was found that it yields excellent equilibrium methanol
geometries, harmonic frequencies, proton affinities, quartz formation
energies, etc. The main DFT uncertainty remains in the region around
the transition state at which DFT is usually less accurate than around the
reactant/product wells. We expect the huge non-uniform entropic correc-
tions computed beyond the harmonic approximation to be the major
ingredient missing in all previous DFT calculations that make use of
identical or similar GGA energy functionals.

Thermodynamic integration : Thermodynamic integration was performed
by using the so-called ªBlue Moonº ensemble[19±21] to overcome the large
reaction barrier and to evaluate the entropic contribution along the
reaction coordinate. This is a well-known approach; however, it has not
been applied very often to complex chemical systems.[26] We have
performed constrained MD by adding a holonomic constraint to the
Lagrangean generating the MD given in Equation (4).

£�PN
I�1

1�2MI
~R
�
2
I ÿU({~RI}) � lx[x{~RI}ÿ x0] (4)

The first term on the right-hand side of Equation (4) is the kinetic energy of
the N ions, U({~RI}) is the many-body potential energy, equal to the Kohn ±
Sham energy, and lx is the Lagrange multiplier for the reaction coordinate
x{~RI}. In the present case of DME formation by the direct path, the reaction
coordinate is the distance j ~RCH3

ÿ ~ROH j between the methyl group of the
methoxonium ion and the hydroxyl group of one of the other methanols
(c.f. Figure 2) and x0 is the externally fixed value of that distance. The
constrained dynamics run was started from a well-equilibrated, uncon-
strained configuration taken from the study described in reference [8]. The
constrained dynamics was run for ten values of the constraining distance x0 ;
the length of each run was �2 ps after equilibration. The Helmholtz free-
energy profile was computed by using Equation (5) in which R refers to

DF(x,T)� �P
R
hlxix0,T

dx0 (5)

reactants and P to products and the thermodynamic averaging h. . .ix0,T

is performed by averaging over the MD trajectories. We note that
Equation (5) is correct only for a constraint consisting only of a distance
x�j ~RIÿ ~RJ j . The formulae for a more general case can be found in
reference [21].
One potential problem with the application of Equation (5) to chemical
reaction in which one chemical bond is broken and a new one is formed
with a simple control by one distance constraint x is that all degrees of
freedom, except for that constrained by x, must be in equilibrium along the
reaction coordinate to give the correct free energy. For example, up to the
transition state, reaction A � BÿC!AÿB � C can be controlled by
constraining the distance between A and B with all other degrees of
freedom in equilibrium and with the process being reversible. However,
past the transition state it may not be possible to control the distance
between B and C by the constraint x corresponding to the distance between
A and B. Hence, in such a case the distance between A and B no longer
corresponds to the reaction coordinate and the free energy cannot be
obtained from Equation (5). In general, all breaking and forming chemical
bonds whose reaction barriers are large enough relative to the thermal
energies should be controlled by an additional constraint. An elegant
solution to this problem, the so-called transition-path ensemble, was
proposed recently by Chandler et al.[18] In this approach, neither the
transition state nor the potentially very complicated transition path from
the reactant to the product well need be explicitly known or specified. The
only technical problem with this promising approach is its additional

Figure 1. Perspective view of the structures of ferrierite (upper panel) and
ZSM-5 (lower panel) along the (straight) ten-ring channel.

Figure 2. The model for DME formation. Four methanol molecules are
loaded in the eight-ring channel. The black numbers label the carbon atoms
and the red numbers the oxygen atoms in the methanol molecules.
Molecule #2 underwent spontaneous protonation and forms a methoxo-
nium cation. The holonomic constraint x is applied to oxygen #1 and carbon
#2. The aluminum defect is shown in blue.
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computational cost. To our knowledge, the method has not yet been
applied to a chemical reaction in an ab initio fashion. Hence, our approach
goes midway between the customary approximations based on the
transition-state theory and one-dimensional internal energy surface, and
a transition path ensemble approach. Consequences of our approach for
reliability of our results will be addressed in the next section.

Results and Discussion

The Lagrange multipliers along the reaction coordinate,
which ensure that the distance between the C atom on the
methoxonium cation and the O atom on the other methanol
molecule (Figure 2) remains fixed, are shown in Figure 3.

Figure 3. Variation (in eV�ÿ1) along the reaction coordinate x of the
Lagrange multipliers hlxi.

These Lagrange multipliers are required to compute the free
energy profile from Equation (5). The computed free energy
profile, the total energy [Eq. (6)], and the entropy profile
[Eq. (7)] are shown in Figure 4.

Etot(x)�
XN

I�1

1�2MI
~R
�
2
I � U({~RI}) (6)

TS(x)�Etot(x)ÿF(x) (7)

Figure 4. Variation along the reaction coordinate x of the free-energy
profile DF(T� 700 K); total-energy profile DEtot(T� 700 K), and the
entropy contribution TS. The zero of the vertical scale is arbitrary. (a) ±
(d) label the configurations shown in Figure 5.

Note that, unlike Etot(x), the zeroes of the F(x) and S(x)
profiles are arbitrarily defined, and we only determine the
profiles relative to the thermodynamic state of the reactants.

To give a better insight into the reaction process, we show in
Figure 5 characteristic configurations sampled from the MD
trajectories of the reacting molecules in a) the reactant well,

Figure 5. Ball and stick models with superimposed valence electronic
charge densities for points (a) ± (d) along reaction coordinate defined in
Figure 4. The electronic charge density is shown on a plane defined by the
oxygen #1, carbon #2, and the Al defect (Figure 2).

b) and c) near the transition state, and d) in the product well.
Figure 5a shows a configuration with the constraint x0 which
corresponds to the value of the Lagrange multiplier hlxi� 0.
In this configuration the zeolitic proton, which originally
formed part of one methoxonium cation CH3ÿOH2

�, is shared
by two methanol molecules and executes a motion in a
double-well type of potential surface by hopping between the
two methanol molecules. The configuration in Figure 5b
corresponds to the transition state in the free-energy profile,
at which the water starts to dissociate from the methoxonium
cation. In Figure 5c the water molecule is completely dis-
sociated and a new chemical bond is forming between the
methyl group of the methoxonium cation and one of the
methanol molecules. This configuration corresponds to the
transition state from the total energy curve. Figure 5d shows
the configuration corresponding to the minimum of the free
energy profile, at which protonated DME was formed. Only a
further compression of the bond by the applied constraint
(x0� 1.42 �) led to deprotonation of DME. This proton then
became rather mobile on our MD scale. It moved away from
the DME to form a hydroxonium cation. As a result the total
energy Etot in Figure 4 started to decrease again; this suggests
that this configuration is energetically more stable than the
configuration with protonated DME. Additional understand-
ing of the complexities of this reaction, including the mobility
of the zeolitic proton, reactants, and products can be obtained
from a computer graphics animation.[27]

Given the fact that a very simple form of the reaction
coordinate x was assumed and a single constraint applied to
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control the reaction, it is important to assess the correctness of
this choice. Two processes take place as the system climbs the
reaction barrier. The applied constraint forces the formation
of a chemical bond between the oxygen in the methanol #1
and the carbon atom on the methoxonium ion #2 (Figure 2).
During this process [Eq. (3)] methoxonium is dehydrated
which breaks the H3CÿOH2

� bond. However, these two
processes do not take place simultaneously. We find that
the water molecule from the CH3ÿOH2

� complex dissociates
near x� 2.38 �, before the other (CÿO) bond is formed
around x� 2.0 �. The global maximum/saddle point corre-
sponds to the transition state from the Etot(x) profile. Hence,
there is no competition between breaking and forming
chemical bonds. In particular, for x< 2.38 � the dissociated
water does not take any active part in the DME formation
and comes to equilibrium by optimizing the alignment of its
dipole moment. If this were not the case at least two
constraints would be required to follow the correct reaction
path. In order to check the reversibility of the process
tests have been made around the maximum/saddle point. In
further checks we were able to locate another (metastable)
configuration for x0� 2.16 � with water still bonded in the
CH3ÿOH2

� complex. However, Etot in this arrangement
was �0.4 eV higher than for the configuration with the
water molecule already dissociated. On the other hand,
configurations with dissociated water for x0> 2.38 � were
unstable and spontaneously relaxed to the arrangement
corresponding to the CH3ÿOH2

� complex. Hence, the ther-
modynamically stable reaction path is the one given in
Figure 4 and our choice of the reaction coordinate x is
meaningful.

From Figure 4 we see that the total- and free-energy
profiles along the reaction coordinate differ appreciably even
at a qualitative level. In particular, the entropic contribu-
tion to the reaction barrier is of the same order as the
internal energy contribution and, hence, any conclusion
reached without explicitly including the entropy will be
incorrect. This finding may not appear surprising at
T� 700 K. However, to the best of our knowledge, the
huge non-uniform entropic corrections have never been
properly treated in theoretical modeling of the MTG process
to date.

The main findings from Figure 4 can be summarized as
follows:

1) The transition states deduced from the F(x) and Etot(x)
profiles do not coincide, hence different triggering
processes for the reaction are deduced from F(x) and
Etot(x).

2) The total-energy curve Etot(x) shows a local minimum
close to the transition state.

3) The entropy profile S(x) varies considerably along the
reaction coordinate.

4) The minima of F(x) and Etot(x) curves do not coincide,
hence they yield different reactant and product equili-
brium geometries.

5) In contrast with the result for total energy, the minimum
on the product side of the free-energy curve is signifi-
cantly (�0.5 eV) lower than on the reactant side, and,
therefore, is entropy stabilized.

6) The free energy barrier is entropically lowered relative
to the internal energy barrier.

We now discuss these features more in detail. The internal-
energy curve Etot(x) exhibits two activated processes: disso-
ciation of water from the methoxonium cation around x�
2.38 � and reaction of the methyl group with the other
methanol around x� 2 �, separated by a minimum. The latter
process corresponds to the transition state from Etot(x). On
the other hand, the transition state from the F(x) profile
corresponds roughly to the former process of dissociation of
water from the methoxonium cation. This clearly shows that
the customary assumption of the dominance of the internal
energy is not valid and that a more complex MD sampling of
the internal energy surface is required.

The sampling of the flat anharmonic multi-minima internal-
energy surface leads to the huge and non-uniform variation of
the entropic profile S(x). As the entropy associated with the
zeolite catalyst is approximately constant the complicated
S(x) profile can be understood in terms of elementary
molecular processes as follows. Up to the transition state,
the entropy decreases as a function of x. This is caused by two
different processes that lead to reduced mobility of the
reacting methanol molecules. First, the two molecules are
ªgluedº together by sharing the zeolitic proton (Figure 5a).
This proton moves between two methanol molecules (#2 and
#3 in Figure 2);[8] this results in a very large root mean square
(rms) fluctuation of the O ± H distance when x is around
3.17 � (Figure 6). A consequence of this proton transfer is

Figure 6. Variation along the reaction coordinate of the OÿH bond length
of the proton on the methoxonium cation, which is shared with a nearby
methanol molecule.

that these two methanol molecules are effectively glued
together by this proton. This results in a reduction of their
mobility and, hence, a lowering of the entropy S(x). A similar
process can be seen to occur in Figure 5b, in which the methyl
group is now shared between the dissociating water and the
reacting methanol and, hence, glues these groups together.
Beyond the transition state a new molecule is formed, which is
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initially characterized by one (CH3OH�ÿCH3) very loose
chemical bond. Such behavior is clearly visible in Figure 7,
which shows the CH3ÿOH2

� bond length with its rms
fluctuations along the reaction coordinate. In the region x�
2 � this loose bond is responsible for the steep increase in the
entropy. As can be deduced from the behavior

Figure 7. Variation along the reaction coordinate of the CH3ÿOH2
� bond

length (carbon and oxygen atoms on molecule #2 in Figure 2).

of entropy around the minimum of F(x) the protonated DME
is characterized by an increase in the number of possible
configurations. The steep decrease in entropy for the smallest
value of x is caused by deprotonation of DME which makes
the product stiffer. The variation of the S(x) profile explains
also the other features above.

In addition to locating the pathway for reaction to form
dimethyl ether, there is another notable observation made
during the constrained dynamics. For several different con-
straint values it is found that the oxygen of one of the
methanol molecules is able to approach a silicon of the
framework to within 1.8 �, which is within the upper bound of
the vibrational fluctuations of the framework oxygens. This
means that for the order of a few vibrational periods silicon
becomes approximately five coordinate. While these states
are clearly unstable and transitory in nature, it indicates that
the dynamical flexibility of the zeolite is sufficient to fleetingly
accommodate higher silicon coordination. This observation
was not confined to one particular methanol or silicon atom; it
occurred for several different cases along the reaction path-
way. Previous unconstrained dynamical runs[7, 8] had not
highlighted this feature. This could be either because the
close approach is only feasible as the system passes through a
reactive configuration, or alternatively because of the much
longer total sampling time for the constrained dynamics
making the observation of such events more probable. While
ªfloating bondsº associated with five-fold coordinated Si
atoms have long been considered a viable possibility in
amorphous Si networks,[28] their existence in zeolite frame-
works has not previously been proposed.

Conclusion

We have presented the first ab initio MD simulation of
dehydration of methanol to DME catalyzed by an acidic
zeolite under reaction conditions. The use of the method of
thermodynamic integration allowed us to perform a simula-
tion of this chemical reaction on MD observation timescales
and to evaluate the entropy profile along the reaction
coordinate. The central result of this paper is that the
condensation reaction of methanol at reaction temperature
by the ªdirectº pathway is a process that exhibits strong
qualitative and quantitative differences between the total-
internal- and free-energy profiles. Qualitatively, the total-
energy profile locates a different transition state and the
profile itself has a completely different structure compared
with the free-energy profile. In particular, the transition state
in the Etot profile corresponds to a state at which the H3C�ÿ
complex starts reacting with the other methanol molecule to
form DME, whereas the transition state found from the free-
energy profile corresponds to a state at which water disso-
ciates from the CH3ÿOH2

� complex. Quantitatively, the
hugely inhomogeneous entropy profile is responsible for
stabilizing the products by �0.5 eV and for lowering of the
free-energy barrier relative to the total energy barrier.
Evidently, we have a system in which the assumptions
commonly made when approximating the free-energy profile
by the T� 0 total-energy profile would lead to incorrect
theoretical predictions.

The approach adopted here combines the well-known
technique of thermodynamic integration, required to extract
the entropy contribution beyond the harmonic approxima-
tion, with ab initio MD, needed to sufficiently accurately
describe the breaking/forming of chemical bonds in the
chemical reaction. The main complication with this approach
is the rather high computational cost. However, the class of
systems and processes with entropically controlled behavior
and/or with complicated multidimensional, difficult to locate,
transition states is large, and the techniques of thermody-
namic integration[21] and transition-path ensemble[18] will play
an increasingly important role in a realistic study of chemical
reactions.

We believe that the main uncertainty of our calculations is
in studying the dehydration process in the eight-ring channel
of ferrierite. Some of the processes we observed might be
altered if the reaction were studied in a channel with a
different aperture or in a different zeolite framework.
Unfortunately, the available experimental results[13] taken
under different conditions and in different frameworks make
it difficult to make a direct comparison. Nevertheless our
simulations have shown new features and behavior in this
reaction which could be uncovered only by present techni-
ques. More simulations of this reaction under different
conditions, such as in different zeolite catalyst, different
channels, and under different Si/Al ratio can be performed
when more experimental data become available. Currently,
simulations similar to those presented here are underway for
the reaction leading to the formation of the first CÿC bonds
under reaction conditions.
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