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Abstract

Hydrolysis of methoxide species formed from methane oxidation on Fe-ZSM-5 has been investigated using the ONIOM2 (B3LYP/6-
311 + G(3df,2p):UFF) method. The steric constraint of the zeolite nanostructured pores modeled by the ONIOM method plays a vital role in
regulating the orientation of reactive species around the active iron center and significantly affects the energetic of the reactive species. Two
possible pathways for the hydrolysis of the methoxide species to methanol were investigated. The first pathway proceeds in a stepwise manner
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hrough adsorption of water on the iron active center and then the hydrolysis of the methoxide by the adsorbed water and the oth
roceeds in one step with no initial adsorption of a water molecule. The hydrolysis of the methoxide species is found to preferab
ia the step-wise mechanism with a small activation energy of 13.7 kcal/mol. The reaction is mildly exothermic by 5.2 kcal/mol. The
ethanol can be desorbed requiring energy of 13.2 kcal/mol. Two pathways for the regeneration of the iron active site were evalua

he direct dehydration, which is found to be energetically unfavorable as it requires high activation energy of 38.5 kcal/mol. The o
ater-assisted condensation of hydroxyl groups. The bridging water molecule can reduce the activation energy for proton transf

he hydroxyl groups by half to 19.4 kcal/mol. Then, the desorption of waters restores the active form of Fe-ZSM-5 with an energy re
f 22–23 kcal/mol.
2005 Elsevier B.V. All rights reserved.
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. Introduction

An Fe-exchanged ZSM-5 has a unique activity in the selec-
ive oxidation of methane to methanol at room temperature
sing nitrous oxide as an oxidant[1,2]. After activation at
igh temperature under a vacuum or a flow of steam, the active

orm of iron is formed[3–6], which is generally believed to
e highly dispersed iron complexes in the zeolite microp-
rous matrix. This fine iron species has a high affinity toward
itrous oxide and causes the molecule to be decomposed and

eave an active surface oxygen species on the iron surface (at
temperature below 300◦C). This highly selective and active
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surface oxygen is generally called an�-oxygen[1], of which
the exact structure is still not clearly understood. Gener
the active iron atoms in Fe-ZSM-5 are found to be hig
dispersed iron complexes in the zeolite matrix and coul
in the form of isolated ions, or binuclear complexes, or s
aggregates of iron atoms[3–14]. According to in situ XANES
and Mössbauer studies[6–8], iron atoms at the�-site are in
an oxidation state II and after the decomposition of nitr
oxide; the iron atoms are changed to an oxidation stat
EXAFS studies have reported the presence of binuclea
complexes[9–10]in over exchanged Fe-ZSM-5 catalysts
low iron loadings (Fe/Al < 1), the iron complexes presenc
predominantly in a form of a highly coordinately unsatura
isolated FeII site located at the Brønsted acid site[12–14].

Several theoretical and experimental studies[3–22] have
been devoted to the elucidation of the structure of the a
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site in the Fe-ZSM-5 and the reaction mechanism. It has been
theoretically illustrated that the mononuclear and binuclear
iron complexes in the ZSM-5 matrix are highly active for
nitrous oxide decomposition[15–17]and selective oxidation
of methane to methanol[17–20], and also for benzene to
phenol[20–22]. For oxidation of methane to methanol, the
product obtained is, however, a strongly adsorbed methox-
ide species. This adsorbed methoxide species is too strongly
attached to the active site to be thermally desorbed. Instead,
methanol has to be extracted from the surface by hydrolysis
with water. Little has been reported about this step. Liang et
al.[19] have recently shown theoretically that methane can be
converted to methoxide species on the iron-exchanged ZSM-
5 and, then, methoxide can be converted to methanol by the
reaction with water vapor at 523 K[32]. However, the direct
removal of water from the iron active site has a rather high-
energy barrier. The authors have shown that the presence of
N2O could reduce the energy barrier significantly.

In this paper, we report the quantum chemical study on
the hydrolysis of the methoxide species on the Fe-ZSM-5
using an ONIOM method[23,24]. In our recent study[17],
we have reported the oxidation of methane to methanol on
the Fe-ZSM-5 using the same ONIOM model, and found that
the extended structure of the zeolite has profound effects on
the structure and electronic properties and catalytic activity
of the iron species. Recently, we have reported that the effects
o ctiv-
i the
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y e by

dehydration. Two pathways for the methoxide hydrolysis are
investigated: step-wise and concerted mechanisms. We con-
sider that the presence of another water molecule near the
active site may play a role in the regeneration of the active
iron site. Two pathways for the dehydration of the iron site
are considered. One is direct dehydration and the other is
water-assisted dehydration.

2. Methods

The structure of the cluster model was taken from the
crystal structure of the ZSM-5 lattice[27]. In this study,
the Fe-ZSM-5 structure was represented by a 46T ONIOM2
model (Fig. 1). The 46T cluster covers the three different
channel structures (the straight channel, the zigzag channel,
and the channel intersection), where reactions normally take
place. In the ONIOM2 model, the 5T active center was treated
quantum chemically at the B3LYP level of theory using the
6-311 + G(3df,2p) basis set for H, C, O Al and Si atoms, and
the effective core potential basis of Stuttgart and Bonn[28]
for the Fe atom. The rest of the extended framework, up to
46T, was treated at molecular mechanics force field (UFF).

Geometry optimizations and SCF energy calculations
were done at the B3LYP/6-311 + G(3df,2p) level of theory.
No corrections were made for basis-set superposition errors
s tions
w l spin
o ghout
a ork-

F ethox to the
a

f the extended zeolite framework on the structure and a
ty of the active site can be properly accounted for by
NIOM method[17,25,26]. We here investigate the hydr

sis of methoxide and regeneration of the active iron sit

ig. 1. 46T ONIOM model of the Fe-ZSM-5 zeolite, AlSi45O68H49, with m

ctive region are drawn as spheres: (a) the straight channel view and (b) the
ince the geometry optimizations and energy calcula
ere already performed at the high basis set. The tota
f the system was kept constant at the sextet state throu
ll calculations as it has been reported by Bell and co w

ide and hydroxide species bonded to the iron atom, atoms belonging

zigzag channel view.
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ers[16,19,21]that the sextet spin state was the most stable
configuration for the nitrous oxide decomposition and par-
tial oxidation of methane and benzene on the mononuclear
iron-oxo exchanged ZSM-5. During the structure optimiza-
tion, only the 5T portion of the active site region and the
adsorbates were allowed to relax, while the rest was fixed
at the crystallographic coordinates. Normal mode analyses
were carried out to verify that the transition states had one
imaginary frequency whose mode corresponds to the desig-
nated reaction. All calculations have been performed by using
the Gaussian03 code[29].

3. Results and discussion

Oxidation of methane on the active site of the Fe-ZSM-5
catalyst leads to the formation of methoxide species being
strongly adsorbed on the active site. The structure of the
iron–methoxide complex is shown inFig. 1 and selected
structural parameters are presented inTable 1. In theFig. 1,
atoms on the extended framework up to 46T of the ZSM-5,
which are theoretically represented by the UFF force field,
are drawn with lines while the atoms on to the 5T active
region, which are modeled with B3LYP, are drawn with
spheres. InFig. 1a, the active iron center was viewed along
t zag
c r,
w 5 at
t pore
c cova-
l s
o de
s d in
o is
e ctive
s ol by

direct transfer of proton from the hydroxide to the methox-
ide would require a high activation energy (∼40 kcal/mol)
[17,19]. Experimentally, it is found that attempts to ther-
mally desorb the methoxide species, as a methanol will,
however, result in the decomposition of the methoxide to
carbon monoxide and hydrogen. Alternatively, hydrolysis of
the methoxide will readily result in a methanol at room tem-
perature[1,2].

3.1. Hydrolysis of methoxide species on Fe-ZSM-5

Two possible pathways for the hydrolysis reaction of the
methoxide species to methanol are presented inFig. 2 and
selected structural parameters are tabulated inTable 1. In the
first pathway (Fig. 2a), the reaction proceeds in a three-step
manner, similar to that proposed by Liang et al.[19]. First, a
water molecule adsorbs on the iron–methoxide complex via
hydrogen bonding with a hydroxyl group of iron complex.
Since the space around the iron site is limited by the pore walls
and crowded by the hydroxide and the methoxide species, the
water molecule can only weakly adsorb on the iron site. The
distance between the oxygen atom of the water molecule and
the iron site (FeO5) is calculated to be 2.247̊A, indicating
weak interactions between the water molecule and the iron
site. The O2H5 distance is found to be 1.897Å, indicat-
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he straight channel while it was viewed along the zig
hannel of the zeolite (inFig. 1b). On the active iron cente
hich is located on the ion exchange site of the ZSM-

he cavity of the intersection of the straight and zigzag
hannels, there are methoxide and hydroxide species
ently bonded to the iron cation (FeIII ) with the bond distance
f 1.785 and 1.809̊A, respectively. This surface methoxi
pecies is very stable on the active iron site. It was foun
ur previous study[17] that the formation of this species
xothermic by 91.0 kcal/mol compared to the starting a
ite and gaseous methane. The conversion to methan

able 1
he ONIOM2(B3LYP/6-311 + G(3df,2p):UFF) optimized geometric p

TSa, TSb) for hydrolysis of methoxide species on Fe-ZSM-5 (distanc

arameters Complexes

Z[(HO)Fe(OCH3)] Z[(HO)Fe(OCH3)(H2O)]

e O1 1.785 1.802
e O2 1.809 1.877
e O3 2.042 2.086
e O4 2.024 2.087
e O5 – 2.247
2 H1 0.931 0.961
1 H6 – 3.015
2 H5 – 1.897
5 H5 – 0.978
5 H6 – 0.964
5 H1 – –
O1 Fe O2 119.2 116.8
H1 O2 Fe 129.2 122.6
H1 O5 H5 – –
H5 O5 H6 – 106.3
ng a hydrogen bonding between the water molecule an
ydroxide species on the iron site. The adsorption ener
ater is calculated to be−10.5 kcal/mol, which is much lowe

han the adsorption energy of waters in H-ZSM-5 zeo
19–24 kcal/mol)[30]. Then, the proton is transferred fro
he adsorbed water to the methoxide species, leading
ormation of methanol and the addition of a hydroxyl gro
nto the iron site. The transition state structure demons

he proton transfer as the OH bond of the water molecu
eing elongated (from 0.964 to 1.215Å). A new O H bond

s formed on the methoxide (the O1H6 distance decreas

ers of the isolated zeolite clusters, reaction intermediates and transstates
angles in degrees) via the step-wise and the concerted mechanisms

Z[(HO)2Fe(HOCH3)] TSb Z[Fe(H2O)(CH3OH)]

026 2.203 1.971 2.040
824 1.825 1.723 1.694
078 2.151 2.036 2.055
063 2.072 2.022 2.059
034 1.872 3.110 3.321
964 0.966 1.334 1.638
204 0.975 1.813 1.005
748 2.844 2.801 3.063
963 0.963 0.961 0.960
215 1.903 1.236 1.651

– 1.094 0.999
6 132.4 100.2 101.2
5 118.9 105.2 108.8

– 103.5 105.0
8 142.2 – –
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Fig. 2. Energy profile (kcal/mol) for hydrolysis of methoxide species on Fe-ZSM-5: (a) step-wise and (b) concerted mechanisms.
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from 3.015 to 1.204̊A). The activation barrier for this step
is 13.7 kcal/mol. The addition of another hydroxide species
onto the iron site causes an increase of steric interactions.
As a result, the produced methanol is moved away from the
iron site. The distance between the methanol and the iron site
(Fe O1) is measured at 2.203̊A, indicating weak interactions
between the two. While the distance between the hydrogen
atom of the methanol and the oxygen atom of the hydrox-
ide O5 H6 distance of 1.903̊A indicates weak hydrogen
bonding. Therefore, the weakly adsorbed methanol can be
readily desorbed at this stage with a small desorption energy
of 13.2 kcal/mol, which is much lower than the desorption
of the adsorbed methanol of 28.8 kcal/mol[17] on the iron
(II) complex, Z[CH3OHFeO] where steric repulsion is not as
pronounced as in this case.

These results indicate that the steric constraint imposed
by the pore confinement of the ZSM-5 zeolite modeled by
the ONIOM2 scheme plays a significant role in this process.
The confinement of the zeolite pore walls limits the space
around the iron complex and causes more steric repulsive
interactions between the coordinated ligands. As a result, the
adsorbed reactant complex, Z[(HO)Fe(OCH3)(H2O)], and
the product complex, Z[(HO)2Fe(CH3OH)], are less stable
than the same complexes modeled by the 3T quantum clus-
ter by Liang et al.[19] where the steric interactions with
the zeolite pore walls were not included. Additionally, the
p nt of
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atom (O1) of the methoxide group. The activation energy of
this step is calculated to be 14.1 kcal/mol, which is compara-
ble to the activation energy of the step-wise mechanism. This
hydrolysis pathway yields the complex of water hydrogen
bonded to the Z[FeO(CH3OH)]. This complex is not stable
compared to the initial reactants and the reaction energy is
computed to be endothermic by 10.8 kcal/mol. Desorption of
the water molecule can proceed with the desorption energy of
17.5 kcal/mol and results in the complex of Z[FeO(CH3OH)],
which is unstable when compared to the initial methox-
ide complex, Z[(HO)Fe(OCH3)]. The methanol is attached
strongly on the iron complex. It would require energy of
29.0 kcal/mol to desorb the methanol. Although the activation
energy for the hydrolysis step is comparable to the stepwise
mechanism, the unstable intermediates and the high desorp-
tion energy of methanol negate the viability of this pathway.

3.2. Regeneration of the active site of Fe-ZSM-5

After the hydrolysis of methoxide and desorption of
methanol, the iron site, Z[Fe(OH)2], can be converted back by
dehydration to the active form Z[FeO] which is the reduced
form of the active iron site that can be easily oxidized and
restored to the active surface oxygen by nitrous oxide decom-
position [1,2]. The dehydration can occur directly via the
d The
p f the
a
a
T the
i
F 7
r e
O
O 7
r the

T
T tric
p s and
t M-5
v

P

F
F
F
F
O
O
O
O
O
∠
∠
∠
∠

roduct complex is more destabilized by the confineme
he zeolite pores than the adsorbed reactant complex
ay be due to the bulkiness of the product complex w

auses more steric repulsion, indicated by the longer dis
etween the oxygen atom of the methanol and the iron

han the distance between the oxygen atom of the me
de and the iron atom (2.203 versus 1.802Å). The reaction
nergy for this step is calculated to be slightly endothe
by 5.3 kcal/mol) whereas Liang et al.[19] reported that th
eaction was slightly exothermic (by−0.9 kcal/mol). Conse
uently, the activation energy in this study (13.7 kcal/mo
igher than that calculated by the 3T cluster (6.2 kcal/m

19] complying with the Bronsted–Evans–Polanyi prin
le [31,32]. However, with the less steric hindrance of
T quantum cluster, the produced methanol interacts
trongly with the iron complex and, hence, requires the
esorption energy of 18.8 kcal/mol (versus 13.2 kcal/m

his study) and the overall process was limited by the des
ion of the adsorbed methanol, which is not the case in
alculations.

The alternative pathway for the hydrolysis of meth
de species on Fe-ZSM-5 in which the methoxide hyd
sis proceeds in one step with no initial adsorption o
ater molecule is presented inFig. 2b and selected stru

ural parameters are tabulated inTable 1. The water molecul
ssists the proton transfer from the hydroxyl group
[(OH)Fe(OCH3)] to the methoxide forming the adsorb
ethanol. The proton (H1) of the hydroxyl group transfer

he bridging water molecule and, simultaneously, the hy
en atom (H6) of the water molecule shifts to the oxy
irect proton transfer between the two-hydroxyl groups.
athway for the hydrolysis reaction of the regeneration o
ctive site via direct proton transfer is presented inFig. 3a
nd selected structural parameters are tabulated inTable 2.
here are two hydroxyl groups covalently bonded to

ron atom of Z[Fe(OH)2]. The bond distances of FeO2 and
e O5 of the two-hydroxyl groups are 1.803 and 1.80Å,

espectively, representing the typical FeO single bond. Th
2 O5 distance is found to be 3.134Å and the O2 H5 and
5 H1 distances are calculated to be 3.450 and 3.45Å,

espectively, indicating no hydrogen bonding between

able 2
he ONIOM2(B3LYP/6-311 + G(3df,2p):UFF) optimized geome
arameters of the isolated zeolite clusters, reaction intermediate

ransition state (TSc) for regeneration of the iron active site on Fe-ZS
ia direct dehydration (distances in̊A and angles in degrees)

arameters Complexes

Z[Fe(OH)2] TSc Z[FeO(H2O)] Z[FeO]

e O2 1.803 1.737 1.674 1.655
e O3 2.032 2.026 2.067 2.033
e O4 2.014 2.013 2.055 2.021
e O5 1.807 2.057 2.158 –
2 H1 0.961 1.285 2.793 –
2 H5 3.450 3.022 3.804 –
2 O5 3.134 2.326 2.866 –
5 H1 3.457 1.205 0.965 –
5 H5 0.961 0.963 0.964 –
O2 Fe O5 120.5 75.1 96.0 –
H1 O2 Fe 131.3 78.7 68.0 –
H5 O5 Fe 130.8 125.9 135.5 –
H1 O5 H5 85.4 117.6 109.4 –
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Fig. 3. Energy profile (kcal/mol) for regeneration of the iron active site on Fe-ZSM-5: (a) direct dehydration and (b) water assisted process.
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Table 3
The ONIOM2(B3LYP/6-311 + G(3df,2p):UFF) optimized geometric parameters of the isolated zeolite clusters, reaction intermediates and transitionstate (TSd)
for regeneration of the iron active site on Fe-ZSM-5 via water assisted process (distances inÅ and angles in degrees)

Parameters Complexes

Z[Fe(OH)2] Z[Fe(OH)2(H2O)] TSd Z[FeO(H2O)2] Z[FeO(H2O)] Z[FeO]

Fe O2 1.803 1.791 1.718 1.691 1.674 1.655
Fe O3 2.032 1.970 2.011 2.041 2.067 2.033
Fe O4 2.014 1.980 1.997 2.030 2.055 2.021
Fe O5 1.807 1.840 1.986 2.074 2.158 –
O2 O5 3.134 3.047 2.794 2.876 2.866 –
O2 H1 0.961 0.979 1.360 1.660 – –
O6 H1 – 1.893 1.101 0.999 – –
O6 H7 – 0.960 0.962 0.961 – –
O6 H8 – 0.974 1.216 1.574 – –
O5 H8 – 1.906 1.204 1.016 0.965 –
O5 H5 0.961 0.962 0.961 0.962 0.964 –
∠O2 Fe O5 120.5 114.1 97.6 96.0 96.0 –
∠H7 O6 H8 – 105.4 111.8 80.1 – –
∠H1 O6 H7 – 111.2 106.9 109.5 – –
∠H5 O5 H8 – 134.0 120.0 109.4 109.5 –

two hydroxyl groups. At the transition state of proton trans-
fer, the O2 and O5 atoms move closer (O2O5 distance
decreased from 3.134 to 2.326Å) and the H1 proton is trans-
ferred from the O2 to O5 atom (the O2H1 bond is elongated
from 0.961 to 1.285̊A and the O5 H1 distance decreased
from 3.457 to 1.205̊A). However, this direct proton trans-
fer has a high activation energy of 38.5 kcal/mol and the
produced adsorbed water molecule can be desorbed endother-
mically by 23.0 kcal/mol. On the other hand, the conversion
of the adsorbed product, Z[FeO(H2O)] back to dihydroxy
iron species, Z[Fe(OH)2] is relatively easy to achieve and
requires a small activation energy of 12.2 kcal/mol as the
dihydroxy iron species is more stable than the adsorbed prod-
uct.

It is well known that water molecules can assist proton
transfer in aqueous solution. Therefore, during the regen-
eration of the active site, another nearby adsorbed water
molecule may assist the proton transfer between the two-
hydroxyl groups and may significantly reduce the energy
barrier. The reaction profile of the water assisted hydrox-
ide condensation is presented inFig. 3b and selected struc-
tural parameters are tabulated inTable 3. In the first step, a
water molecule is adsorbed by forming hydrogen bonding
to the two-hydroxyl groups on the iron site. The adsorp-
tion energy is evaluated to be−12.1 kcal/mol. The proton
transfer between two hydroxyl groups of the Z[Fe(OH)]
p ter-
a and
t
a -
c th for
t
d 1)
f ter,
a
0

bond of the hydroxyl group and the decrease of the O6H1
distance from 1.893 to 1.101̊A, leading to the formation of
the O6 H1 bond to the bridging water molecule. Simultane-
ously, the proton (H8) of the bridging water is deprotonated
to the other hydroxyl group, as indicated by the lengthen-
ing of the O6 H8 distance from 0.974 to 1.216̊A and the
shortening of the O5H8 distance from 1.906 to 1.204̊A.
The proton transfer results in the formation of an active iron
site with two adsorbed water molecules, Z[FeO(H2O)2]. The
activation energy of this step is 19.4 kcal/mol, which is only
about a half of the direct proton transfer. Then, the two water
molecules are sequentially desorbed with desorption ener-
gies of 21.9 and 23.0 kcal/mol, respectively. The computed
desorption energies of waters from the iron complex FeO-
ZSM-5 are comparable to the desorption energy of about
19–24 kcal/mol of waters from H-ZSM-5[30]. After desorp-
tion of waters, the initial active form of Fe-ZSM-5, Z[FeO]
is recovered.

4. Conclusion

The hydrolysis of methoxide species covalently bonded to
the active site in Fe-ZSM-5 and the regeneration of the active
iron site has been investigated using the ONIOM approach.
The extended structure of the zeolite is found to have pro-
f s of
a trong
i is of
t step-
w mall
e l can
t ergy
o can
p on of
t ely
2
roceeds through the bridging water molecule. The in
tomic distances between the bridging water molecule

he hydroxyl groups of the iron complex O5H8 and O6 H1
re found to be 1.906 and 1.893Å, respectively, which indi
ate a much shorter path of proton transfer than the pa
he direct proton transfer which occurs through the O5H1
istance of 3.457̊A. At the transition state, the proton (H

rom the hydroxyl group is transferred to the bridging wa
s reflected by the increase of the O2H1 distance from
.979 to 1.360̊A, leading to the breaking of the O2H1
ound effects on the structures and relative stabilitie
dsorbed reactive intermediates and, therefore, have s

nfluences on the reaction mechanisms. The hydrolys
he methoxide species can preferably proceed via the
ise mechanism forming the adsorbed methanol with a s
nergy barrier of 13.7 kcal/mol. The adsorbed methano

hen be readily desorbed, requiring a small desorption en
f 13.2 kcal/mol. The regeneration of the active iron site
referably proceed via the water-assisted condensati

he two hydroxyl groups on the iron site with a relativ
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small activation energy of 19.4 kcal/mol. The desorption of
adsorbed waters on the Fe-ZSM-5 remains the most difficult
step, which requires an energy about 22–23 kcal/mol.

Acknowledgements

This work was supported in part by grants from the Thai-
land Research Fund (TRF Senior Research Scholar to JL) and
the Kasetsart University Research and Development Institute
(KURDI) as well as the Ministry of University Affairs under
the Science and Technology Higher Education Development
Project (MUA-ADB funds).

References

[1] G.I. Panov, V.I. Sobolev, A.S. Kharitonov, J. Mol. Catal. 61 (1990)
85.

[2] V.I. Sobolev, K.A. Dubkov, O.V. Panna, G.I. Panov, Catal. Today 24
(1995) 251.

[3] J. Perez-Ramirez, F. Kapteijn, G. Mul, J.A. Moulijn, Chem. Com-
mun. (2001) 693.

[4] K.A. Dubkov, N.S. Ovanesyan, A.A. Shteinman, E.V. Starokon, G.I.
Panov, J. Catal. 207 (2002) 341.

[5] E.J.M. Hensen, Q. Zhu, M.M.R.M. Hendrix, A.R. Overweg, P.J.
Kooyman, M.V. Sychev, R.A. van Santen, J. Catal. 221 (2004) 560.

. 82

A.
erti,

G.I.

han,
D.C.

[ B

[ 63.
[ , C.

[ 99)

[14] S.H. Choi, B.R. Wood, J.A. Ryder, A.T. Bell, J. Phys. Chem. B 107
(2003) 11843.

[15] M.J. Filatov, A.G. Pelmenschikov, G.M. Zhidomirov, J. Mol. Catal.
80 (1993) 243.

[16] J.A. Ryder, A.K. Chakraborty, A.T. Bell, J. Phys. Chem. B 106
(2002) 7059.

[17] P. Pantu, S. Pabchanda, J. Limtrakul, ChemPhysChem 5 (2004) 1901.
[18] P.P. Knops-Gerrits, W.A. Goddard, J. Mol. Catal. A: Chem. 166

(2001) 135.
[19] W. Liang, A.T. Bell, M. Head-Gordon, A.K. Chakraborty, J. Phys.

Chem. B 108 (2004) 4362.
[20] K. Yoshizawa, Y. Shiota, T. Yumura, T. Yamabe, J. Phys. Chem. B

104 (2000) 734.
[21] J.A. Ryder, A.K. Chakraborty, A.T. Bell, J. Catal. 220 (2003) 84.
[22] N.A. Kachurovskaya, G.M. Zhidomirov, E.J.M. Hensen, R.A. van

Santen, Catal. Lett. 86 (2003) 25.
[23] F. Maseras, K. Morokuma, J. Comput. Chem. 16 (1995) 1170.
[24] M. Svensson, S. Humbel, R.D.J. Froese, T. Matsubara, S. Sieber, K.

Morokuma, J. Phys. Chem. 100 (1996) 19357.
[25] S. Namuangruk, P. Pantu, J. Limtrakul, J. Catal. 225 (2004) 523.
[26] S. Kasuriya, S. Namuangruk, P. Treesukol, M. Tirtowidjojo, J. Lim-

trakul, J. Catal. 219 (2003) 320.
[27] H. van Koningveld, H. van Bekkun, J.C. Jansen, Acta Crystallogr.,

Sect. B: Struct. Sci. 43 (1987) 127.
[28] M. Dolg, U. Wedig, H. Stoll, H. Preuss, J. Chem. Phys. 86 (1987)

866.
[29] Gaussian 03, Revision B.05, M.J. Frisch, G.W. Trucks, H.B.

Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, J.A. Mont-
gomery, Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toy-

nda,
n,
ann,

P.Y.
V.G.
.K.

rtiz,
G.

ox,
lla-
lez,

[ 997)

[
[

[6] J. Jia, Q. Sun, B. Wen, L.X. Chen, W.M.H. Sachtler, Catal. Lett
(2002) 7.

[7] G. Berlier, G. Spoto, S. Bordiga, G. Ricchiardi, P. Fisicaro,
Zecchina, I. Rossetti, E. Selli, L. Forni, E. Giamello, C. Lamb
J. Catal. 208 (2002) 64.

[8] K.A. Dubkov, N.S. Ovanesyan, A.A. Shteinman, E.V. Starokon,
Panov, J. Catal. 207 (2002) 341.

[9] A. Battiston, J.H. Bitter, F.M.F. de Groot, A.R. Overweg, O. Step
J.A. van Bokhoven, P.J. Kooyman, C. van der Spek, G. Vanko,
Koningsberger, J. Catal. 213 (2003) 251.

10] T.V. Voskoboinikov, H.-Y. Chen, W.M.H. Sachtler, Appl. Catal.
19 (1998) 279.

11] R. Joyner, M. Stockenhuber, J. Phys. Chem. B 103 (1999) 59
12] G. Berlier, A. Zecchina, G. Spoto, G. Ricchiardi, S. Bordiga

Lamberti, J. Catal. 215 (2003) 264.
13] L.J. Lobree, I.-C. Hwang, J.A. Reimer, A.T. Bell, J. Catal. 186 (19

242.
ota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Ho
O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchia
J.B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratm
O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski,
Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg,
Zakrzewski, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D
Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.V. O
Q. Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov,
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. F
T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Cha
combe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonza
J.A. Pople, Gaussian, Inc., Pittsburgh PA, 2003.

30] C.C. Lee, R.J. Gorte, W.E. Farneth, J. Phys. Chem. B 101 (1
3811.

31] N. Brønsted, Chem. Rev. 5 (1928) 231.
32] M.G. Evans, N.P. Polanyi, Trans. Faraday Soc. 34 (1938) 11.


	Hydrolysis of methoxide species and regeneration of active site in Fe-ZSM-5 catalyst by the ONIOM method
	Introduction
	Methods
	Results and discussion
	Hydrolysis of methoxide species on Fe-ZSM-5
	Regeneration of the active site of Fe-ZSM-5

	Conclusion
	Acknowledgements
	References


