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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
through adsorption of water on the iron active center and then the hydrolysis of the methoxide by the adsorbed water and the other pathway
proceeds in one step with no initial adsorption of a water molecule. The hydrolysis of the methoxide species is found to preferably proceed
via 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 adsorbed
methanol can be desorbed requiring energy of 13.2 kcal/mol. Two pathways for the regeneration of the iron active site were evaluated. One is
the direct dehydration, which is found to be energetically unfavorable as it requires high activation energy of 38.5 kcal/mol. The other is the
water-assisted condensation of hydroxyl groups. The bridging water molecule can reduce the activation energy for proton transfer between
the 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 requirement
of 22-23 kcal/mol.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction surface oxygen is generally called@foxygen[1], of which
the exact structure is still not clearly understood. Generally,
An Fe-exchanged ZSM-5 has a unique activity inthe selec- the active iron atoms in Fe-ZSM-5 are found to be highly
tive oxidation of methane to methanol at room temperature dispersed iron complexes in the zeolite matrix and could be
using nitrous oxide as an oxidafit,2]. After activation at in the form of isolated ions, or binuclear complexes, or small
hightemperature under avacuum or a flow of steam, the activeaggregates of iron atond-14]. According to in situ XANES
form of iron is formed3-6], which is generally believed to  and Mossbauer studig6—8], iron atoms at the:-site are in
be highly dispersed iron complexes in the zeolite microp- an oxidation state Il and after the decomposition of nitrous
orous matrix. This fine iron species has a high affinity toward oxide; the iron atoms are changed to an oxidation state IlI.
nitrous oxide and causes the molecule to be decomposed an&XAFS studies have reported the presence of binuclear iron
leave an active surface oxygen species on the iron surface (atomplexe$9—10]in over exchanged Fe-ZSM-5 catalysts. At
atemperature below 30C). This highly selective and active  low iron loadings (Fe/Al < 1), the iron complexes presence is
predominantly in a form of a highly coordinately unsaturated
* Corresponding author. Tel.: +662 942 8900x323; isolated F& site lO(.:ated atthe Br.gnSted acid gité-14}
fax: +662 942 8900x324. Several theoretical and experimental stud&<2] have
E-mail addressfscijri@ku.ac.th (J. Limtrakul). been devoted to the elucidation of the structure of the active
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site in the Fe-ZSM-5 and the reaction mechanism. It has beendehydration. Two pathways for the methoxide hydrolysis are
theoretically illustrated that the mononuclear and binuclear investigated: step-wise and concerted mechanisms. We con-
iron complexes in the ZSM-5 matrix are highly active for sider that the presence of another water molecule near the
nitrous oxide decompositiqi5—17]and selective oxidation  active site may play a role in the regeneration of the active
of methane to methandlL7—-20] and also for benzene to iron site. Two pathways for the dehydration of the iron site
phenol[20—-22] For oxidation of methane to methanol, the are considered. One is direct dehydration and the other is
product obtained is, however, a strongly adsorbed methox-water-assisted dehydration.
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 hydrolysis2. Methods
with water. Little has been reported about this step. Liang et
al.[19] have recently shown theoretically that methane canbe  The structure of the cluster model was taken from the
converted to methoxide species on the iron-exchanged ZSM-crystal structure of the ZSM-5 lattic7]. In this study,
5 and, then, methoxide can be converted to methanol by thethe Fe-ZSM-5 structure was represented by a 46T ONIOM2
reaction with water vapor at 523 82]. However, the direct  model Fig. 1). The 46T cluster covers the three different
removal of water from the iron active site has a rather high- channel structures (the straight channel, the zigzag channel,
energy barrier. The authors have shown that the presence ofind the channel intersection), where reactions normally take
N>O could reduce the energy barrier significantly. place. Inthe ONIOM2 model, the 5T active center was treated
In this paper, we report the quantum chemical study on quantum chemically at the B3LYP level of theory using the
the hydrolysis of the methoxide species on the Fe-ZSM-5 6-311 + G(3df,2p) basis set for H, C, O Al and Si atoms, and
using an ONIOM methoP3,24] In our recent studyl17], the effective core potential basis of Stuttgart and Bf28j
we have reported the oxidation of methane to methanol onfor the Fe atom. The rest of the extended framework, up to
the Fe-ZSM-5 using the same ONIOM model, and found that 46T, was treated at molecular mechanics force field (UFF).
the extended structure of the zeolite has profound effects on  Geometry optimizations and SCF energy calculations
the structure and electronic properties and catalytic activity were done at the B3LYP/6-311 + G(3df,2p) level of theory.
of the iron species. Recently, we have reported that the effectsNo corrections were made for basis-set superposition errors
of the extended zeolite framework on the structure and activ- since the geometry optimizations and energy calculations
ity of the active site can be properly accounted for by the were already performed at the high basis set. The total spin
ONIOM method[17,25,26] We here investigate the hydrol-  of the system was kept constant at the sextet state throughout
ysis of methoxide and regeneration of the active iron site by all calculations as it has been reported by Bell and co work-

(a) The straigth channel view (b) The zigzag channel view

Fig. 1. 46T ONIOM model of the Fe-ZSM-5 zeolite, AlsDssHag, with methoxide and hydroxide species bonded to the iron atom, atoms belonging to the
active region are drawn as spheres: (a) the straight channel view and (b) the zigzag channel view.
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ers[16,19,21]that the sextet spin state was the most stable direct transfer of proton from the hydroxide to the methox-
configuration for the nitrous oxide decomposition and par- ide would require a high activation energy40 kcal/mol)
tial oxidation of methane and benzene on the mononuclear[17,19] Experimentally, it is found that attempts to ther-
iron-oxo exchanged ZSM-5. During the structure optimiza- mally desorb the methoxide species, as a methanol will,
tion, only the 5T portion of the active site region and the however, result in the decomposition of the methoxide to
adsorbates were allowed to relax, while the rest was fixed carbon monoxide and hydrogen. Alternatively, hydrolysis of
at the crystallographic coordinates. Normal mode analysesthe methoxide will readily result in a methanol at room tem-
were carried out to verify that the transition states had one peraturg1,2].
imaginary frequency whose mode corresponds to the desig-
nated reaction. All calculations have been performed by using3.1. Hydrolysis of methoxide species on Fe-ZSM-5
the Gaussian03 cod29].
Two possible pathways for the hydrolysis reaction of the
methoxide species to methanol are presentdgign 2 and
3. Results and discussion selected structural parameters are tabulatdaite 1 In the
first pathway Fig. 2a), the reaction proceeds in a three-step
Oxidation of methane on the active site of the Fe-ZSM-5 manner, similar to that proposed by Liang ef&8]. First, a
catalyst leads to the formation of methoxide species being water molecule adsorbs on the iron—-methoxide complex via
strongly adsorbed on the active site. The structure of the hydrogen bonding with a hydroxyl group of iron complex.
iron—methoxide complex is shown iRig. 1 and selected  Sincethe space aroundtheiron siteis limited by the pore walls
structural parameters are presentedable 1 In theFig. 1, and crowded by the hydroxide and the methoxide species, the
atoms on the extended framework up to 46T of the ZSM-5, water molecule can only weakly adsorb on the iron site. The
which are theoretically represented by the UFF force field, distance between the oxygen atom of the water molecule and
are drawn with lines while the atoms on to the 5T active the iron site (FeO5) is calculated to be 2.24% indicating
region, which are modeled with B3LYP, are drawn with weak interactions between the water molecule and the iron
spheres. IrFig. 1a, the active iron center was viewed along site. The O2H5 distance is found to be 1.887 indicat-
the straight channel while it was viewed along the zigzag ing a hydrogen bonding between the water molecule and the
channel of the zeolite (iRig. 1b). On the active iron center, hydroxide species on the iron site. The adsorption energy of
which is located on the ion exchange site of the ZSM-5 at wateris calculated to be10.5 kcal/mol, whichis much lower
the cavity of the intersection of the straight and zigzag pore than the adsorption energy of waters in H-ZSM-5 zeolite
channels, there are methoxide and hydroxide species cova{19-24 kcal/mol)30]. Then, the proton is transferred from
lently bonded to the iron cation (1§ with the bond distances  the adsorbed water to the methoxide species, leading to the
of 1.785 and 1.808, respectively. This surface methoxide formation of methanol and the addition of a hydroxyl group
species is very stable on the active iron site. It was found in onto the iron site. The transition state structure demonstrates
our previous studyl17] that the formation of this species is the proton transfer as the-® bond of the water molecule
exothermic by 91.0 kcal/mol compared to the starting active being elongated (from 0.964 to 1.2&5 A new O-H bond
site and gaseous methane. The conversion to methanol byis formed on the methoxide (the OH6 distance decreased

Table 1
The ONIOM2(B3LYP/6-311 + G(3df,2p):UFF) optimized geometric parameters of the isolated zeolite clusters, reaction intermediates andstegasition
(TSa, TSb) for hydrolysis of methoxide species on Fe-ZSM-5 (distanoksird angles in degrees) via the step-wise and the concerted mechanisms

Parameters Complexes
Z[(HO)Fe(OCH)] Z[(HO)Fe(OCHs)(H20)] TSa Z[(HOYFe(HOCH)] TSh Z[Fe(HO)(CHzOH)]

Fe-O1 1785 1802 2026 2203 1971 2040
Fe-02 1809 1877 1824 1825 1723 1694
Fe—-0O3 2042 2086 2078 2151 2036 2055
Fe—04 2024 2087 2063 2072 2022 2059
Fe—0O5 - 2247 2034 1872 3110 3321
02-H1 0931 Q961 Q964 0966 1334 1638
O1—H6 - 3015 1204 Q975 1813 1005
02—H5 - 1897 2748 2844 2801 3063
05—H5 - 0978 0963 0963 Q961 Q960
O5—H6 - 0964 1215 1903 1236 1651
0O5—H1 - - - - 1094 0999
/01—Fe-02 1192 1168 1216 1324 1002 1012
/H1—02—Fe 1292 1226 1215 1189 1052 1088
/H1—05—H5 - 10% 1050

/H5—05-H6 - 1063 1188 1422 - -




106 S. Pabchanda et al. / Journal of Molecular Catalysis A: Chemical 239 (2005) 103-110

Z[Fe(HO),] + CH;OH
8.0

0.0

(a) Z[Fe(HO,)] + CH;0H

Z[FeO] + H,O + CH;0H

573
1'_F

29.0

0.0

Z[(HO)Fe{OCH3)] + HZO

Z[FeO(CH;0H] + H20

(b) Z[FeO(H,0)(CH,0H)]

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 1.204"\). The activation barrier for this step  atom (O1) of the methoxide group. The activation energy of
is 13.7 kcal/mol. The addition of another hydroxide species this step is calculated to be 14.1 kcal/mol, which is compara-
onto the iron site causes an increase of steric interactions.ble to the activation energy of the step-wise mechanism. This
As a result, the produced methanol is moved away from the hydrolysis pathway yields the complex of water hydrogen
iron site. The distance between the methanol and the iron sitebonded to the Z[FeO(C#DH)]. This complex is not stable
(Fe-0O1)is measured at2.2(i3indicating weak interactions  compared to the initial reactants and the reaction energy is
between the two. While the distance between the hydrogencomputed to be endothermic by 10.8 kcal/mol. Desorption of
atom of the methanol and the oxygen atom of the hydrox- the water molecule can proceed with the desorption energy of
ide O5-H6 distance of 1.908 indicates weak hydrogen  17.5kcal/moland resultsinthe complex of Z[FeO#THH)],
bonding. Therefore, the weakly adsorbed methanol can bewhich is unstable when compared to the initial methox-
readily desorbed at this stage with a small desorption energyide complex, Z[(HO)Fe(OCk)]. The methanol is attached
of 13.2 kcal/mol, which is much lower than the desorption strongly on the iron complex. It would require energy of
of the adsorbed methanol of 28.8 kcal/nfib¥] on the iron 29.0 kcal/mol to desorb the methanol. Although the activation
(1) complex, Z[CHsOHFeO] where steric repulsion is notas energy for the hydrolysis step is comparable to the stepwise
pronounced as in this case. mechanism, the unstable intermediates and the high desorp-
These results indicate that the steric constraint imposedtion energy of methanol negate the viability of this pathway.
by the pore confinement of the ZSM-5 zeolite modeled by

the ONIOM2 scheme plays a significant role in this process. 3 o Regeneration of the active site of Fe-ZSM-5
The confinement of the zeolite pore walls limits the space

around the iron complex and causes more steric repulsive  aftar the hydrolysis of methoxide and desorption of
interactions between the coordinated ligands. As a result, theyathanol. the iron site, Z[Fe(OH]) can be converted back by
adsorbed reactant complex, Z[(HO)Fe(O9#H20)], and  yepydration to the active form Z[FeO] which is the reduced
the product complex, Z[(HQFe(CHsOH)], are less stable oy of the active iron site that can be easily oxidized and
than the same complexes modeled by the 3T quantum Clusyegiored to the active surface oxygen by nitrous oxide decom-
ter by Liang et al[19] where the steric interactions with  sition[1,2]. The dehydration can occur directly via the
the zeolite pore walls were not included. Additionally, the irect proton transfer between the two-hydroxyl groups. The

product complex is more destabilized by the confinement of o yay for the hydrolysis reaction of the regeneration of the
the zeolite pores than the adsorbed reactant complex. This,tive site via direct proton transfer is presentedig. 3a

may be due to the bulkiness of the product complex which 4, selected structural parameters are tabulatd@dlite 2
causes more steric repulsion, indicated by the longer distancerpare are two hydroxyl groups covalently bonded to the
between the oxygen atom of the methanol and the iron atom; .o atom of Z[Fe(OH)]. The bond distances of F©2 and
than the distance between the oxygen atom of the methox-zq_o5 of the two-hydroxyl groups are 1.803 and 1.807
ide and the iron atom (2.203 versus 1.802The reaction ragpectively, representing the typicaHsingle bond. The
energy for this step is calculated to be slightly endothermic 5_5 distance is found to be 3.134and the O2H5 and
(by 5.3 kcal/mol) whereas Liang et §19] reported that the o5y gistances are calculated to be 3.450 and 3457

reaction was slightly exothermic (by0.9 kcal/mol). Conse-  regpectively, indicating no hydrogen bonding between the
guently, the activation energy in this study (13.7 kcal/mol) is

higher than that calculated by the 3T cluster (6.2 kcal/mol)
[19] complying with the Bronsted—Evans—Polanyi princi- 120/€2

. . . The ONIOM2(B3LYP/6-311 + G(3df,2p):UFF) optimized geometric
ple [31,32] However, with the less steric h|nQrance of the parameters of the isolated zeolite clusters, reaction intermediates and
3T quantum cluster, the produced methanol interacts moretransition state (TSc) for regeneration of the iron active site on Fe-ZSM-5
strongly with the iron complex and, hence, requires the high via direct dehydration (distancesAnand angles in degrees)
desorption energy of 18.8 kcal/mol (versus 13.2 kcal/mol in parameters Complexes
this study) and the overall process was limited by the desorp-

tion of the adsorbed methanol, which is not the case in our ——— Z[Fleés:)ﬂ Tsz737 Z[ZZ(;‘(‘HZO)] Zl[';:;)]
calculations, . . Fe—03 2032 2026 2067 2.033
The alternative pathway for the hydrolysis of methox- ro o4 2014 2013 2055 2021
ide species on Fe-ZSM-5 in which the methoxide hydrol- Fe-05 1807 2057 2158 _
ysis proceeds in one step with no initial adsorption of a 02-H1 0961 1285 2793 -
water molecule is presented ifig. 20 and selected struc- ©927H5 3450 3022 3804 -
tural parameters are tabulatedimble 1 The water molecule 02-05 3134 2326 2866 -

X 05-H1 3457 1205 Q965 -
assists the proton transfer from the hydroxyl group of o5 5 0961 0963 0964 _
Z[(OH)Fe(OCH)] to the methoxide forming the adsorbed ,02-Fe-05 1205 751 960 -
methanol. The proton (H1) of the hydroxyl group transfersto £H1—-02-Fe = 1313 787 680 -
the bridging water molecule and, simultaneously, the hydro- <H5-05-Fe 1308 1259 1355 -

/H1—-05-H5 854 1176 1094 -

gen atom (H6) of the water molecule shifts to the oxygen
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Z[FeO] +H O

49.3
——

Z[Fe(OH ),]

(a) Z[FeO(Hzo)]

Z[FeO] + ZHEO
49.3

Z[Fe(OH),)] + H,0

0.0

Z[FeO(H,0)] + H,0

Z[FeO(H,0),]

(b) Z[Fe(OH),)(H,0)]

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 andtaam §THa)
for regeneration of the iron active site on Fe-ZSM-5 via water assisted process (distaAcgliangles in degrees)

Parameters Complexes

Z[Fe(OHY] Z[Fe(OH)(H20)] TSd Z[FeO(HO)] Z[FeO(H0)] Z[FeO]
Fe—02 1803 1791 1718 1691 1674 1.655
Fe—03 2032 1970 2011 2041 2067 2.033
Fe—04 2014 1980 1997 2030 2055 2.021
Fe—05 1807 1840 1986 2074 2158 -
02-05 3134 3047 2794 2876 2866 -
02—-H1 0.961 Q979 1360 1660 - -
06—H1 - 1893 1101 0999 - -
06—H7 - 0960 0962 0961 - -
06—H8 - 0974 1216 1574 - -
O5-H8 - 1906 1204 1016 Q0965 -
0O5-H5 0.961 Q962 0961 0962 0964 -
£02—Fe—05 1205 1141 97.6 960 960 -
ZH7—06—H8 - 1054 1118 801 - -
ZH1—06—H7 - 1112 1069 1095 - -
/H5—05—-H8 - 1340 1200 1094 1095 -

two hydroxyl groups. At the transition state of proton trans- bond of the hydroxyl group and the decrease of the-l@b

fer, the 02 and O5 atoms move closer (@5 distance  distance from 1.893 to 1.1GY, leading to the formation of

decreased from 3.134 to 2.3&pand the H1 proton is trans-  the O6-H1 bond to the bridging water molecule. Simultane-

ferred from the O2 to O5 atom (the ©R1 bond is elongated  ously, the proton (H8) of the bridging water is deprotonated

from 0.961 to 1.28% and the O5H1 distance decreased to the other hydroxyl group, as indicated by the lengthen-

from 3.457 to 1.205‘\). However, this direct proton trans- ing of the O6-H8 distance from 0.974 to 1.2%6and the

fer has a high activation energy of 38.5kcal/mol and the shortening of the O5H8 distance from 1.906 to 1.2G4

produced adsorbed water molecule can be desorbed endotheiFhe proton transfer results in the formation of an active iron

mically by 23.0 kcal/mol. On the other hand, the conversion site with two adsorbed water molecules, Z[Fe@@)k]. The

of the adsorbed product, Z[FeO48)] back to dihydroxy activation energy of this step is 19.4 kcal/mol, which is only

iron species, Z[Fe(OH]) is relatively easy to achieve and about a half of the direct proton transfer. Then, the two water

requires a small activation energy of 12.2 kcal/mol as the molecules are sequentially desorbed with desorption ener-

dihydroxy iron species is more stable than the adsorbed prod-gies of 21.9 and 23.0 kcal/mol, respectively. The computed

uct. desorption energies of waters from the iron complex FeO-
It is well known that water molecules can assist proton ZSM-5 are comparable to the desorption energy of about

transfer in aqueous solution. Therefore, during the regen- 19-24 kcal/mol of waters from H-ZSM{B0]. After desorp-

eration of the active site, another nearby adsorbed watertion of waters, the initial active form of Fe-ZSM-5, Z[FeO]

molecule may assist the proton transfer between the two-is recovered.

hydroxyl groups and may significantly reduce the energy

barrier. The reaction profile of the water assisted hydrox-

ide condensation is presentedHig. 3b and selected struc- 4. Conclusion

tural parameters are tabulatedTiable 3 In the first step, a

water molecule is adsorbed by forming hydrogen bonding  The hydrolysis of methoxide species covalently bonded to

to the two-hydroxyl groups on the iron site. The adsorp- the active site in Fe-ZSM-5 and the regeneration of the active

tion energy is evaluated to bel2.1 kcal/mol. The proton iron site has been investigated using the ONIOM approach.

transfer between two hydroxyl groups of the Z[Fe(@H) The extended structure of the zeolite is found to have pro-

proceeds through the bridging water molecule. The inter- found effects on the structures and relative stabilities of

atomic distances between the bridging water molecule andadsorbed reactive intermediates and, therefore, have strong

the hydroxyl groups of the ironocomplex OH8 and O6-H1 influences on the reaction mechanisms. The hydrolysis of
are found to be 1.906 and 1.883respectively, which indi- the methoxide species can preferably proceed via the step-
cate a much shorter path of proton transfer than the path forwise mechanism forming the adsorbed methanol with a small
the direct proton transfer which occurs through the-85% energy barrier of 13.7 kcal/mol. The adsorbed methanol can

distance of 3.45A. At the transition state, the proton (H1) then be readily desorbed, requiring a small desorption energy
from the hydroxyl group is transferred to the bridging water, of 13.2 kcal/mol. The regeneration of the active iron site can
as reflected b)ﬁ the increase of the-@®# distance from preferably proceed via the water-assisted condensation of
0.979 to 1.36@\, leading to the breaking of the GR1 the two hydroxyl groups on the iron site with a relatively
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small activation energy of 19.4 kcal/mol. The desorption of [14] S.H. Choi, B.R. Wood, J.A. Ryder, A.T. Bell, J. Phys. Chem. B 107
adsorbed waters on the Fe-ZSM-5 remains the most difficult ~ (2003) 11843.

step which requires an energy about 22—23 kcal/mol [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.
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