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a b s t r a c t

The stability of isolated extraframework Fe2+ ions in ZSM-5 zeolite and their reactivity in the benzene to
phenol oxidation were studied by periodic DFT calculations. Mononuclear iron(II) cations can only be sta-
bilized at very specific exchange sites of ZSM-5 zeolite. Accordingly, iron will be predominantly present
as oxygenated/hydroxylated mono- and binuclear iron complexes in Fe/ZSM-5. The reactivity of isolated
Fe2+ does not depend on the local coordination environment around iron, whereas the steric constraints
imposed by the zeolite lattice are important for the overall catalytic reactivity. [FeO]+, [HOFe(l-
O)FeOH]2+, [Fe(l-O)2Fe]2+, [Fe(l-O)Fe]2+ extraframework complexes are also potential sites for benzene
activation. The reaction is however not catalytic in these cases because the vacant active site cannot
be regenerated. The presence of basic extraframework O ligands in these complexes favors phenol disso-
ciation resulting in the formation of stable grafted phenolate species, and ultimately, to the deactivation
of the oxygenated iron complexes.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Zeolites are crystalline microporous aluminosilicates exten-
sively used in the petrochemical industry. By exchanging the
charge-compensating protons for transition metal cations, the
chemical and catalytic properties of zeolites can be tuned so as
to obtain catalysts for a wider range of reactions than only acid
catalyzed ones. For instance, the introduction of Fe renders the
high-silica zeolite ZSM-5 active in the catalytic decomposition of
nitrous oxide (N2O), which is a notorious greenhouse gas mainly
formed as a by-product in nitric and adipic acid synthesis. Catalytic
N2O decomposition by Fe/ZSM-5 involves the formation of extra-
framework oxygen atoms on Fe cations followed by recombinative
O2 desorption [1–10]. Another interesting application is in the field
of hydrocarbon oxidation. The Fe/ZSM-5 catalyst can oxidize meth-
ane to methanol and benzene to phenol, but only the latter
reaction can be carried out in a catalytic manner so far [11–16].
There are quite some data in support of isolated Fe2+ ions as the
active site for benzene oxidation, whereas dispersed oligonuclear
and most likely binuclear Fe complexes form the active sites for
catalytic N2O decomposition [17–38]. It has also been proposed
that extraframework Al and Ga species may play a role in the active
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sites for benzene oxidation [12,38–41]. The role of isolated Fe3+

and binuclear complexes in benzene oxidation is unclear. Due to
the relatively heterogeneous nature of extraframework Fe species,
the low concentrations of Fe2+ and, accordingly, the difficulty in
determining the nuclearity of the Fe species in Fe/ZSM-5, a clear
assignment of the active site for benzene oxidation remains moot
[42–44,33].

In such case, computational modeling can assist in predicting
the stability and reactivity of various Fe sites at different locations
of the zeolite lattice. So far, most studies have employed cluster
models. Bell et al. reported on the reaction mechanism of N2O
decomposition on different (de)hydrated mononuclear Fe sites in
Fe/ZSM-5 [45–48]. Different binuclear Fe complexes have also been
proposed before by several groups for N2O decomposition. Binu-
clear Fe sites may form upon the self-organization of oxygenated
or hydroxylated mononuclear Fe ions. The reactivity of binuclear
[HO-Fe(lO)Fe-OH]2+ and [Fe(lO)Fe]2+ complexes for catalytic
N2O decomposition has been discussed in the literature [49–51].
An alternative diamond core [Fe2O2H]+ complex was proposed by
Kiwi-Minsker and co-workers [52–56]. A peroxide-bridged
[Fe(lOO)(lO)Fe]2+ binuclear site generated during the catalytic
N2O decomposition was also proposed [29]. Recently, Sklenak
et al. investigated the reactivity for N2O dissociation over two
Fe2+ cations placed in two adjacent six-membered rings of
Fe/ferrierite, Fe/ZSM-5, and Fe/Beta [57]. These authors concluded
that the proximity of two Fe2+ ions at a distance of 7.4 Å in
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ferrierite is essential to explain its superior catalytic activity. In the
case of beta and ZSM-5 zeolites, the probability of the formation of
such a specific configuration was predicted to be very low.

The first computational study on the reaction mechanism for
benzene to phenol oxidation using a cluster model representing
Fe/ZSM-5 was carried out by Yoshizawa et al. [58]. An isolated
[FeO]+ ion was used as the active site. As a model of Fe2+ in ZSM-
5, the group of van Santen considered the ferrous ion at the a
position of ferrierite to compute the potential energy diagram of
the selective benzene oxidation [59]. Isolated Fe+, Fe2+, and
[FeO]+ ions were considered as the active sites for N2O dissociation
and benzene oxidation by Fellah et al. [60–62].

Despite substantial experimental and theoretical effort aimed at
identifying the active site in Fe/ZSM-5 catalysts, the role of the dif-
ferent intrazeolitic iron sites in catalytic benzene to phenol oxida-
tion as well as the actual mechanism of the catalytic reaction is still
under debate. Herein, we present a comprehensive theoretical
investigation of the preferred location of extraframework Fe2+ (fer-
rous ion) in ZSM-5 zeolite (Fig. 1a) and their reactivity in the
catalytic oxidation of benzene to phenol. We varied the Al distribu-
tion close to the potential locations (Fig. 1b) of Fe2+ and also
considered the situation of indirect charge compensation [63,64].
To have a basis of comparison, we included FeO+ (ferric ion) and
a number of oxo/hydroxyl-bridged binuclear complexes in our
study. The reaction mechanism for benzene oxidation to phenol
considered over extraframework iron species (FeEF) is
Fig. 1. The structure of ZSM-5 zeolite (a) and the relative location of selected cation sites
extraframework iron (FeEF) sites.
schematically shown in Fig. 1c. It involves (i) the adsorption and
dissociation of N2O, (ii) the adsorption and oxidation of benzene
and (iii) the desorption of phenol. Following the proposal by Fellah
et al. [62], we also considered the possibility of formation of
grafted phenolate complexes. The majority of works on this subject
have employed clusters that represent part of the zeolite frame-
work. Two recent studies of Sklenak et al. [57] and Benco et al.
[65] have employed periodic boundary conditions for the study
of N2O decomposition by Fe2+ in ferrierite zeolite. Such studies
are lacking for Fe/ZSM-5 with a more complex unit cell composi-
tion. Currently, calculations involving the complete unit cell of
MFI zeolite are becoming accessible [66–69]. This presents an
interesting possibility to determine the preferred location of the
suspected active sites and to investigate the influence of the zeo-
litic micropores on their reactivity and ultimately to create a
molecular picture of the role of different iron species in Fe/ZSM-5
catalyst in transformations of benzene to phenol.
2. Computational details

Quantum chemical calculations were performed using density
functional theory (DFT) as implemented in the Vienna Ab Initio
Simulation Package (VASP) [70–73]. The projected augmented
waves (PAW) method was used to describe electron–ion interac-
tions [74,75]. For the exchange and correlation energies, the PBE
in it (b). (c) depicts a catalytic cycle for benzene to phenol oxidation with N2O over
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form of the generalized gradient approximation was employed
[76]. Brillouin zone-sampling was restricted to the C point [77].
The energy cutoff was set to 400 eV. Full geometry optimization
was performed with fixed optimized cell parameters using a conju-
gated gradient algorithm. Convergence was assumed, when the
energy change was smaller than 10�4 eV between two ionic steps.
A modest Gaussian smearing was applied to band occupations
around the Fermi level, and the total energies were extrapolated
to r ? 0. In the first step, the cell parameters were optimized for
the all-silica MFI orthorhombic structure (Si96O192) [78]. The
parameters after optimization of volume and shape were as
follows: a = 20.119, b = 19.767 and c = 13.161 Å, which corresponds
very well to the experimental XRD data of a = 20.090 Å,
b = 19.738 Å, and c = 13.142 Å [79]. By replacing two of the 96 unit
cell silicon atoms by two Al atoms, a ZSM-5 lattice with a Si/Al ratio
of 47 was obtained. In the case of FeO+ species, a single framework
Al atom was introduced in the unit cell (Si/Al = 95). The negative
charge of the resulting anionic sites was compensated by extra-
framework iron cations. Mononuclear Fe2+ and [FeO]+ as well as
binuclear [Fe(l-O)Fe]2+, [Fe(l-O)2Fe]2+ and [HOFe(l-O)FeOH]2+

extraframework complexes were considered as charge-compensat-
ing species. All calculations were performed with a fixed spin
multiplicity corresponding to the most stable configuration of the
initial iron complex (see Supporting Information). The lowest
energy electronic configuration for Fe2+ is S = 4/2. For the dimeric
[Fe(l-O)Fe]2+, [Fe(l-O)2Fe]2+ and [HOFe(l-O)FeOH]2+ complexes,
the ferromagnetic S = 8/2 state was found to be the most stable.
It should be noted that in the case of binuclear Fe(III) clusters,
the high-spin states S = 6/2, S = 8/2 and S = 10/2 do not differ much
in energy. The spin state has previously been shown to only have a
minor influence on the reaction mechanism [50]. To confirm this,
the reactivity of the mononuclear Fe(III)O+ species was compared
for the most stable S = 5/2 and the less stable S = 3/2 states.

The nudged elastic band method (NEB) with improved tangent
estimate was used to determine the minimum energy path and to
locate the transition-state structures [80]. The maximum energy
geometries obtained with the NEB method were further optimized
using a quasi-Newton algorithm. In this step, only the extraframe-
work atoms were relaxed. Frequency analysis of the stationary
points was performed by means of the finite difference method
as implemented in VASP. Small displacements (0.02 Å) were used
to estimate the numerical Hessian matrix. The transition states
were confirmed by the presence of a single imaginary frequency
corresponding to the reaction path.

The energetics as computed with DFT was further corrected for
dispersion interactions by adding the contributions from van der
Waals bonds between the confined hydrocarbon species and the
zeolitic matrix. These interactions were estimated by computing
an additional interatomic Lennard–Jones potential for the DFT-
optimized structures as defined in the consistent valence force
field (CVFF) [81,82] with the approach as proposed by Demuth
et al. [83] and Vos et al. [84] using the GULP program [85]. The con-
sistent valence force field (CVFF) is known to accurately describe
trends involving dispersive interactions of hydrocarbons in zeolite
pores [86,87]. This methodology has recently been successfully
employed for the description of the zeolite-catalyzed hydrocarbon
conversion [68,69]. For all structures including the local minima
and transition states, two subsystems were defined within the
DFT-optimized periodic system, representing the hydrocarbon
moiety and the zeolite. The vdW interaction between these sub-
units represents the vdW stabilization of the confined hydrocarbon
species. Previous studies have shown that the addition of the
empirical corrections to the results obtained at the PBE level
results in both thermodynamic and kinetic parameters that are
very close to those obtained at the higher ab initio level [88].
3. Results

3.1. Mononuclear iron species as the active site in benzene oxidation

3.1.1. Location of Fe2+ and [FeO]2+ in ZSM-5
With the goal to determine the most stable location of extra-

framework mononuclear Fe2+ and [FeO]2+ in the zeolite microp-
ores, we considered a large number of models with different
locations for the Al3+ substitutions in the zeolite framework. The
a- and b-sites represent a six-membered ring (6MR) in the straight
channel and a deformed 6MR at the intersection of straight and
sinusoidal channels, respectively [89]. In our investigations, we
additionally considered a 6MR site that is located at the intersec-
tion of the straight and sinusoidal channels (d-site, Fig. 1b). The T
atom arrangement of this d-site differs from that of the a-site in
that the bridging connection between opposite sides of the 6MR
contains two T atoms in the former and one in the latter. Further
sites considered are in the double five-membered rings (D5MRs),
which are part of the zeolite walls. These sites have been investi-
gated before as cation exchange sites for stabilization of Zn [90],
Ga [91,92], and Fe [50,55,56,61] as mononuclear exchangeable
cations and also as oxygenated complexes. Finally, we included
an adsorption site close to the eight-membered ring (8MR) moiety
at the wall of the sinusoidal channel composed of two intercon-
nected 5MR (c site). For each of these sites, we considered different
configurations of the framework substitutions. Selected geometri-
cal parameters and relative stabilities of Fe2+ at different local
configurations of ZSM-5 are summarized in Table 1. The corre-
sponding relevant portions of the optimized zeolite models
containing Fe2+ are displayed in Figs. 2 and 3.

For each of the three 6MR models, three different configurations
of the framework substitutions are compared. The most stable
configuration is the one involving Fe2+ located in a d-site (d-1) with
the framework Al atoms at two T11 positions, resulting in a sym-
metric distribution of the charge-compensating anionic sites over
the zeolite 6MR (Fig. 3, top panel). As a result, the ferrous ion is
bonded through four equivalent bonds with the zeolite lattice.
The four Fe–OF (OF represents framework oxygen) have similar
bond lengths close to 2.034 Å. The perturbations of the zeolite lat-
tice in this case are smaller when compared to the less stable sites.

When Fe2+ is located at the a-site with a similar distribution of
the Al atoms, an additional bond between the cation and one of the
oxygen anions below the 6MR is formed (Fig. 3, middle panel). De-
spite the higher coordination number of the resulting distorted
square-pyramidal configuration, this configuration is less favorable
by 64 kJ/mol as compared to Fe2+ at the d-1 site. The difference is
due to the more substantial deformations of the zeolite framework
resulting from the coordination of Fe2+ to the a-1 site and the lower
flexibility of this portion of the zeolite lattice. As a result, the aver-
age Fe–OF distance is approximately 0.12 Å longer compared to
Fe2+ at the d-1 site (Table 1).

The d-2 and a-2 configurations involve Al substitutions at the
opposite corners of the 6MRs (Figs. 2 and 3). These structures
exhibit comparable stabilities in the presence of Fe2+ to that of
the a-1 configuration and likewise result in substantial local defor-
mations of the zeolite lattice upon introduction of the cation (Table
1). Similar to d-1, Fe2+ forms four Fe–OF bonds at the d-2 site, but
they are not uniform. One of the Fe–OF bonds is much longer
(2.767 Å) than the others. The average Fe–OF bond length is
0.15 Å longer compared to that in the configuration d-1. In addi-
tion, strong local deformation of the zeolite framework is observed
for both d-2 and a-2 configurations.

The least stable of the a- and d-site configurations involves the
framework Al atoms at next-nearest positions within the 6MR
(Figs. 2 and 3). This is mainly caused by the coordination of Fe2+



Table 1
Calculated Fe–O bond lengths and relative stabilities of different configurations of Fe2+/ZSM-5.a.

Configuration Fe–O bond lengths Fe–O (avg) Relative stability

Type of site T sites of Al/Si

d-site
d-1 T11,T11 2.033, 2.034, 2.034, 2.036 2.034 0
d-2 T12,T7_diagc 1.926, 1.954, 2.081, 2.767 2.182 68
d-3 T12,T7_ASAd 1.994, 2.019, 2.118, 2.146 2.069 119

b-site
b-1 T4,T10 2.003, 2.019, 2.029, 2.050 2.025 36
b-2 T1,T7 2.010, 2.078, 2.188, 2.158, 2.423 2.171 93
b-3 T5,T11 1.917, 2.006, 2.170, 2.216 2077 106

a-site
a-1 T1,T7 2.007, 2.129, 2.132, 2.376, 2.123b 2.153 64
a-2 T2,T11 2.040, 2.060, 2.117, 2.269, 2.185b 2.134 66
a-3 T2,T5 1.977, 2.013, 2.165, 2.252b 2.102 129

D5MR
D-1 T3,T9 1.952, 1.977, 2.090, 2.110 2.032 92
D-2 T2,T9 1.970, 2.028, 2.035, 2.120 2.038 98
D-3 T12,T5 2.016, 2.161, 2.163, 2.331 2.168 115
D-4 T12,T9 1.932, 2.010, 2.085, 2.145 2.043 200

c-site
c-1 T7,T12_Fe@8MR 2.001, 2.061, 2.073, 2.118 2.063 57
c-2 T7,T12_Fe@6MR 1.969, 2.095, 2.143, 2.178 2.096 178

a-5MR
T7,T12_Fe@6MR 1.986, 2.121, 2.254, 2.120b 2.265 187
T7,T12_Fe@5MR 2.014, 2.024, 2.063, 2.158 2.065 225
T1,T12_Fe@6MR 2.064, 2.098, 2.108, 2.498, 2.130b 2.180 176
T1,T12_Fe@5MR 2.004, 2.055, 2.062, 2.112 2.058 221
T2,T12_Fe@6MR 2.025, 2.133, 2.219, 2.257, 2.140b 2.155 181
T2,T12_Fe@5MR 2.032, 2.049, 2.055, 2.136 2.068 255

a Interatomic distances (<2.5 Å) are given in angstroms and relative stabilities are in kJ/mol.
b Fe–O bond lengths between Fe2+ and bridging oxygen of a site.
c Configuration contains a chain sequence –Al–Si–Si–Al–.
d Configuration contains a chain sequence –Al–Si–Al–.

G. Li et al. / Journal of Catalysis 284 (2011) 194–206 197
to two oxygen anions of [AlO2]� sites instead of four in the config-
urations discussed above. The coordination of Fe2+ is completed by
less basic [SiO2] sites. For the d-3 configuration, this results in a
lower stability by 119 kJ/mol as compared to the d-1 configuration.
In this case, the deformations of the zeolite framework are minor,
and the average Fe–O bond length is 2.069 Å. In the a-3 configura-
tion, the strongly asymmetric location of the framework Al ions
results in a decrease of the Fe–OF coordination to four and substan-
tial structural deformations. The energies of the a-3 and d-3 config-
urations are comparable. Fe2+ interacts more strongly with the
basic [AlO2]– units of the a-3 configuration, which partially
compensates for the substantial energy losses due to lattice
deformation.

The trends in stability of Fe2+ upon coordination to the b-site are
similar. The most stable site is the one providing a relatively sym-
metric coordination environment (b-1 configuration) with the Al
substitutions at T4 and T10 positions. This site is the second most
stable configuration among the models considered here. It is only
36 kJ/mol less stable than the d-1 configuration. The average
Fe–OF bond length is 2.025 Å. The b-2 and b-3 configurations result
in substantial deformation of the zeolite lattice and are therefore
less stable by 93 and 106 kJ/mol, respectively. The b-2 configura-
tion with Al placed at T1 and T7 positions results in five Fe–OF

bonds that allow a slightly better stabilization of Fe2+ as compared
to the b-3 configuration having four Fe–OF bonds.

We have also considered the stabilization of Fe2+ within double
five-membered ring structures of ZSM-5 (D5MR, D1–D4 configura-
tions, Fig. 2, Table 1). Four different framework Al distributions
were considered. When the positive charge of the Fe2+ cation is
compensated through a direct coordination bond with two anionic
[AlO2]– framework sites, the relative stabilities of the resulting D-1,
D-2 and D-3 configurations are 92, 98 and 115 kJ/mol, respectively
(Fig. 2). The lower stabilities of these configurations as compared
to that of the 6MR sites are due to the higher rigidity of this
part of the zeolite framework. The least stable configuration
(200 kJ/mol) is found when one of the two charge-compensating
[AlO2]– lattice anions does not directly interact with the exchange-
able cation (configuration D-4).

A further configuration is constructed by placing Al atoms at T7
and T12 positions within an 8MR unit. In this case, we compared
two possible locations of Fe2+, i.e., within the 8MR (c-1) or in the
neighboring 6MR, which is a d-site (c-2) (Fig. 2). The former struc-
ture is more stable by �120 kJ/mol than the c-2 configuration. This
resembles the energy differences found for different Al distribu-
tions in D5MRs. The stability of the extraframework Fe2+ cation
critically depends on the possibility of direct charge compensation.
The relative energy of the configuration c-1 as compared to that of
d-1 is 57 kJ/mol. This is comparable to the value computed for the
a-1 configuration. Thus, the 8MR site can also be considered a
favorable candidate for the location of Fe2+.

For completeness, we considered additional Fe/ZSM-5 configu-
rations involving the stabilization of Fe2+ at 5MR or 6MR with
the two charge-compensating [AlO2]– sites occupying lattice
positions in adjacent zeolite rings (Fig. 2, bottom panels). In these
cases, Fe2+ was placed in the vicinity of one of the [AlO2]� units,
whereas the other negative framework site was located at a larger
distance where it did not directly interact with the extraframework
cation. The calculations predict very low stability for such configu-
rations (Table 1, a-5MRs).

The hydroxylation of benzene to phenol involves the prior
dissociation of nitrous oxide to produce an extraframework elec-
trophilic oxygen atom (OEF). To evaluate the role of the local zeolite



Fig. 2. Schematic representation of different cation sites of ZSM-5 zeolite with two lattice Al atoms (black spheres) and a single Fe ion (gray sphere). Relative stability (in kJ/
mol) of Fe2+ and FeO2+ (values in brackets) species at a particular local configuration is given with respect to the d-1 configuration.
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environment, we computed the stability of [FeO]2+ located at a
number of favorable configurations for Fe2+ (d-1, d-2, a-1, a-2,
b-1, b-2, b-3, c-1). Despite their earlier established lower stability
to accommodate Fe2+, we also consider the D5MRs sites, because
these sites are often employed in cluster simulations. The relative
energies of the different locations of [FeO]2+ and the corresponding
optimized Fe–O bond lengths are collected in Table 2. Similar to
Fe2+, the d-1 configuration is the most favorable location for
[FeO]2+. Configurations b-1 and a-1 result in somewhat lower
stability by 24 and 30 kJ/mol, respectively, while [FeO]2+ at
D5MRs, units represent the least favorable configurations.

In summary, both Fe2+ and [FeO]2+ are preferentially located at
the a- and d-sites in the main channel and at the b-site at the inter-
section of the straight and sinusoidal channels. The most stable
location of Fe2+ and [FeO]2+ in ZSM-5 zeolite is the symmetric
configuration formed by Fe2+ in the 6MR with two [AlO2]– units
at the T11 lattice positions at the intersection of the straight and
sinusoidal channel. Configurations of somewhat lower stability
involve the 6MR at the a- and b-sites. Fe2+ at the 8MR of the sinu-
soidal channel is moderately stable. Locations of Fe2+ within 5MR
sites or involving indirect charge compensation are generally much
less stable. The location of Fe2+ strongly depends on the possibility
to form direct bonds between Fe2+ and framework oxygen atoms of
the aluminum-occupied oxygen tetrahedra. The flexibility of the
local framework environment is a further factor contributing to
the stability of a particular configuration. The preferred location
of Fe2+ in d-, a- and b-6MRs sites is in agreement with the experi-
mental findings for Co2+ and Cu+ ions in ZSM-5 [89,93]. The prefer-
ence for the presence of isolated Fe2+ at 6MR sites is in line with the
previous theoretical results on the stabilities of Fe2+ in ferrierite,
Zn2+ in mordenite and Cu+ in ZSM-5 [94–96].

3.1.2. Reaction mechanism of benzene oxidation on Fe2+ and [FeO]+ in
ZSM-5

We computed the reaction energy diagrams based on the fol-
lowing reaction mechanism (Fig. 1c) for the oxidation of benzene
to phenol with N2O. First, N2O molecule adsorbs physically on
Fe2+ followed by its dissociation, resulting in [FeO]2+ and gaseous
N2. Subsequently, benzene interacts with the extraframework
oxygen atom, resulting in the formation of a pre-activated ad-
sorbed complex, which is the precursor for the subsequent oxida-
tion step. After oxidation, the catalytic cycle closes by desorption of
phenol from the coordination complex with Fe2+. We considered
benzene oxidation starting from Fe2+ located at d-1, a-1 and b-1
site. As the oxidation state of the active Fe centers in Fe/ZSM-5 cat-
alysts has not been unequivocally established, we also included



Fig. 3. Optimized structures of Fe2+ stabilized at 6MR cation sites in ZSM-5.

Table 2
Calculated Fe–O bond lengths and relative energies of [FeO]2+/ZSM-5.a.

Configuration Fe–O bond lengths Fe–OF
b Fe–OEF

c Relative stability

Type of site Locations of Al

d-site
d-1 T11,T11 2.032, 2.034, 2.042, 2.044 2.038 1.618 0
d-2 T12,T7_diagd 1.914, 1.933, 2.096 1.981 1.619 75

a-site
a-1 T1,T7 2.018, 2.108, 2.138, 2.253, 2.137e 2.131 1.629 30
a-2 T2,T11 2.076, 2.088, 2.103, 2.169, 2.236e 2.134 1.623 57

b-site
b-1 T4,T10 2.004, 2.032, 2.048, 2.057 2.035 1.629 24
b-2 T1,T7 1.990, 2.120, 2.147, 2.265, 2462 2.197 1.619 104
b-3 T5,T11 1.996, 2.020, 2.052, 2.105 2.043 1.630 84

c-site
c-1 T12,T7_Fe@8MR 1.954, 1.966, 2.095, 2.162 2.044 1.633 89

D5MRs
D-1 T3,T9 1.957, 1.978, 2.089, 2.113 2.034 1.619 81
D-2 T2,T9 1.972, 2.034, 2.036, 2.131 2.043 1.619 90
D-3 T12,T5 1.912, 2.023, 2.053, 2.201 2.047 1.632 138
D-4 T12,T9 1.907, 2.052, 2.074, 2.139 2.043 1.620 191

a Interatomic distances (<2.5 Å) are given in angstroms, and relative stabilities are in kJ/mol.
b Average distances between the Fe center and framework O atoms.
c Fe–O bond length in the extraframework FeO2+ species.
d Interatomic distance between Fe2+ and the framework bridging oxygen of the a site.
e Lattice configuration contains a sequence –Al–Si–Si–Al–.
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mononuclear Fe3+ species in our calculations. Similar to previous
experimental [45,97] and theoretical [62,98,99] studies, we consid-
ered [FeO]+ as the active complex and carried out comparable
calculations of reaction energy diagrams for [FeO]+ stabilized at
the d-1 site containing one Al substitution at the T11 lattice posi-
tion. The consideration of a single cation site in this case is justified
by the weak influence of the local zeolite environment on the geo-
metrical properties and reactivity of the monovalent [FeO]+ species
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[62,98–100]. The local optimized geometries of all reaction inter-
mediates and transition states are shown in the Supporting
information.

The reaction energy diagram for the oxidation of benzene to
phenol by nitrous oxide catalyzed by Fe2+ at the d-1 site is shown
in Fig. 4. Adsorption of N2O is slightly exothermic with
DEads = �9 kJ/mol. Subsequent dissociation of the N–O bond and
the formation of [FeO]2+ and N2 is thermodynamically favored
(DE = �57 kJ/mol). The main entropic contribution to the reaction
free energy in this case is due to the rather small entropy difference
between the gas-phase N2O and N2 (estimated TDS = 15 kJ/mol at
T = 623 K). Thus, the free reaction energies should be quite close
to the reaction enthalpies. Accordingly, this implies that the oxida-
tion reaction of Fe2+ by N2O will go to completion under the typical
conditions employed for titration of Fe2+ sites in Fe/ZSM-5 [23,38].

N2O dissociates with an activation barrier of only 59 kJ/mol.
This value is close to the experimental value of 70 kJ/mol [101]
and is somewhat lower than the value of 83 kJ/mol computed
using a cluster model representing Fe2+ in a D5MRs unit [61].
The N2 molecule interacts very weakly with [FeO]2+. Physical
adsorption of N2O on Fe2+ leads to elongation of Fe–OF bonds to
2.046–2.119 Å. The average Fe–OF distance equals 2.075 Å. Because
of the increase of the formal charge and, consequently, of the Lewis
acidity of the iron cation, dissociation of N2O results in shortening
of the Fe–OF distances to 2.032–2.044 Å, and the average bond
length is 2.038 Å. The Fe–OEF bond length is 1.62 Å. In this config-
uration, [FeO]2+ forms an almost perfect square–pyramidal coordi-
nation environment of the iron cation. The perturbations of the
local framework geometry following N2O dissociation are very
small. Further oxidation of [FeO]2+ by N2O resulting in [FeO2]2+ cat-
ions is very unlikely with a calculated energy difference of
DE = +109 kJ/mol. The high endothermicity is due to the highly
unfavorable oxidation of formally Fe(IV) to Fe(VI) and the severe
distortions resulting from the additional O ligand in the coordina-
tion sphere of iron.

The next step involves the adsorption of benzene on the extra-
framework oxygen atom of [FeO]2+. Structural changes in the ben-
zene ring point to a partial loss of the aromaticity and the
formation of a r-complex. One of the C–H bonds is elongated
and protrudes from the initial plane of the benzene ring. The extra-
framework oxygen atom forms a bond with this carbon atom at a
distance of 1.425 Å. The reaction energy (DEPBE) for the formation
Fig. 4. Reaction energy diagram for benzene oxidation to phenol by N2O on
mononuclear Fe2+ at the d-1 site of ZSM-5.
of this activated complex is �32 kJ/mol. The activation barrier for
phenol formation of 75 kJ/mol is substantially higher than the
value of 41 kJ/mol predicted for Fe2+ stabilized in a D5MRs cluster
[61]. Subsequent desorption of phenol and regeneration of the ac-
tive Fe2+/d-1 site is endothermic. The reaction energy (DEPBE)
equals 69 kJ/mol for this step. This is almost twice lower as com-
pared to the value reported by Fellah et al. [61]. The large devia-
tions between our results and those obtained previous by Fellah
et al. using a cluster modeling approach are due to the more
realistic representation of the intrazeolite environment by a peri-
odic Fe/ZSM-5 model and the resulting substantial repulsive inter-
actions between the confined hydrocarbon intermediates and the
zeolitic walls.

Addition of the vdW contributions to the calculated energies
(DEPBE+vdW) has a pronounced effect on the overall energy profiles,
although the qualitative picture for the individual reaction steps
remains unchanged (Fig. 4). The influence of dispersive interac-
tions is negligible for the transformations involving N2O, and these
have therefore not been included. As the interaction between
hydrocarbons and the zeolite oxygen anions is predominantly
dispersive, substantial corrections were obtained for the states
involving benzene and phenol in the zeolite micropores. The inclu-
sion of these dispersive interactions makes the complete evacua-
tion of phenol from the zeolite matrix much more endothermic
(DEPBE+vdW = 176 kJ/mol) compared to the intrinsic barrier for
benzene oxidation (96 kJ/mol). Obviously, the correction for the
latter activation barrier is minor as compared to the desorption
step, because of the similar magnitude of the van der Waals stabil-
ization of benzene and phenol in the zeolite channels.

Geometry optimization of [FeO]+ at the d-1 site containing a
single framework Al substitution at the T11 site results in a
three-coordinated complex with two Fe–OF bonds. The complex
is located above the plane of the 6MR unit of the d-1 site. We con-
sidered the high (S = 5/2) and low spin (S = 3/2) states of Fe(III). The
energy differences between these electronic configurations are
21 kJ/mol with a preference for the high-spin state. Fig. 5a and b
gives the reaction energy diagrams for benzene oxidation for the
high and low spin states, respectively. The low spin structure of
[OFeO]+ formed upon the dissociative adsorption of N2O is more
stable than the high-spin equivalent. This result implies a very
low barrier for spin flip depending on the specific coordination
environment and the presence of adsorbates. The energy barriers
for N2O dissociation are 94 (S = 5/2) and 73 (S = 3/2) kJ/mol,
while the respective values for the benzene oxidation are 48 and
51 kJ/mol. The adsorption energy (DEPBE) of benzene on the
[FeO]+/d-1 site is endothermic because of repulsive interactions
with the zeolite framework. When the vdW interactions are taken
into account, the formation of the adsorption complex becomes
more favorable (DEPBE+vdW). Consequently, the barriers for benzene
oxidation are around 25 kJ/mol for both spin states (DEPBE+vdW).
Likewise, the desorption energies of phenol become comparable
to the values reported above for the [FeO]2+ site after inclusion of
the dispersive interactions.

An important intermediate conclusion is that the activation bar-
rier for benzene oxidation by the [OFeO]+ intermediate (�25 kJ/mol)
is substantially lower than the corresponding barrier by the [FeO]2+

intermediate (96 kJ/mol). However, an alternative pathway leading
to the deactivation of the reactive complex competes with phenol
desorption. This competing path involves proton transfer from the
adsorbed phenol to the adjacent terminal O ligand at the Fe3+ center,
resulting in the formation of a [HO-Fe-OPh]+ hydroxyphenolate
complex (Scheme 1). This reaction is strongly exothermic and pro-
ceeds with a low activation barrier of 36 and 19 kJ/mol for the high
and low spin states, respectively. The formation of such hydroxy-
phenolate species stabilizes the system by 131 (S = 5/2) and 96
(S = 3/2) kJ/mol as compared to the adsorption complex of phenol



(a)

(b)

Fig. 5. Reaction energy diagrams for benzene oxidation to phenol by N2O over
mononuclear FeO+ in (a) high-spin state (S = 5/2) and (b) low-spin state (S = 3/2).
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with [FeO]+. As a result, in the case of the high-spin reaction path, the
energy required for the complete regeneration of [FeO]+/ZSM-5 from
the grafted phenolate complex exceeds 250 kJ/mol. These results
imply that the benzene oxidation over mononuclear [FeO]+ is a stoi-
chiometric reaction producing a highly stable grafted intermediate
that blocks the catalytic process.

Note that there also exists a possibility for the dissociation of phe-
nol over the mononuclear Fe2+ sites. In this case, the basic O atoms
from the [AlO2]– lattice units of the zeolite framework play the role
of proton accepting sites. Such a dissociation results in the formation
of a formally monovalent [FeII-OC6H5]+ species and a Brønsted acid
site. We calculated the thermodynamics of this reaction over the
Fe2+/d-1 site. To minimize repulsion between two cationic species
in one zeolitic ring, the acidic proton was located at a 6MR site neigh-
boring the d-1 site accommodating the [FeII-OC6H5]+ phenolate com-
plex (see Supporting information). The reaction energy for the
dissociation of phenol over the Fe2+/d-1 site is 90 kJ/mol. This implies
that the activation barrier will be higher than this value of 90 kJ/mol,
and, accordingly, this pathway can be excluded, because it signifi-
cantly exceeds the interaction energy between phenol and
Fe2þðEPBE

ads Þ.
Benzene oxidation with N2O over the less stable Fe2+ configura-
tions b-1 and a-1 of Fe/ZSM-5 was considered in order to probe the
influence of the local zeolitic environment on the catalytic reactiv-
ity of the mononuclear Fe2+ sites. The corresponding reaction
energy diagrams are shown in Figs. 6 and 7. In both cases, the coor-
dination environment of the iron species is substantially distorted
resulting in the enhancement of the Lewis acidity of the exchange-
able cation. This is evident from the much strong molecular
adsorption of the weakly basic N2O reactant compared to the more
stable d-1 configuration. The calculated N2O adsorption energies
are equal to �39 kJ/mol and �38 kJ/mol, respectively, for configu-
rations b-1 and a-1. Subsequent formation of the oxygenated iron
sites via N2O dissociation is exothermic (DE = �46 and �67 kJ/mol
for b-1 and a-1, respectively) and proceeds with an activation
energy of about 80 kJ/mol in both cases. The interaction between
N2 and the product [FeO]2+ ion is very weak.

Subsequent benzene coordination to the [FeO]2+ species at con-
figurations b-1 and a-1 is endothermic (DEPBE = 26 and 43 kJ/mol,
respectively) according to PBE calculations. These energy losses
are mainly associated with the repulsion due to the unfavorable
location of the benzene molecule upon interaction of [FeO]2+ at
these sites. The specific local zeolite environment decreases the
accessibility of the active site. The energy losses due to the steric
repulsion are to a large extent compensated when the attractive
dispersion interactions are taken into account. After vdW correc-
tion, the adsorption energies (DEPBE+vdW) equal �67 and �75 kJ/
mol, respectively for a-1 and b-1 configurations. The activation
energy for the H transfer from the adsorbed benzene to the extra-
framework oxygen and the formation of phenol are 71 and 79 kJ/
mol before and after vdW correction for the b-1 configuration,
while corresponding values for the a-1 configuration are 75 and
80 kJ/mol. Phenol desorption and the regeneration of the active
sites is endothermic. The vdW-corrected phenol desorption ener-
gies for Fe2+/a-1 and Fe2+/b-1 sites equal 140 and 121 kJ/mol,
respectively.

Summarizing, activation barriers and reaction energies for ben-
zene oxidation over mononuclear Fe2+ stabilized at a-1, b-1 and d-1
sites are quite similar. This implies that the intrinsic properties of
the nucleophilic oxygen species formed upon the N2O dissociation
over the exchangeable Fe2+ cations depend only slightly on the
stability of the catalytic sites and their coordination environment.
The formation of phenol on [FeO]+ also proceeds with relatively
low activation barrier. However, in this case, a pathway leading
to deactivation by formation of a hydroxyphenolate complex is
strongly favored. Direct desorption of phenol from this state is
negligible.

3.2. Binuclear iron sites as the active site for benzene oxidation

3.2.1. Choice of binuclear Fe clusters
We further considered three binuclear iron complexes for

benzene oxidation with N2O, namely (i) hydroxylated [HOFe-
(l-O)FeOH]2+, which can be readily formed by condensation of
two isolated [FeIII(OH)2]+ species [35,50,102,103], (ii) the dia-
mond-shaped [Fe(l-O)2Fe]2+ core resulting from the self-organiza-
tion of two [FeIIIO]+ species [58] and (iii) the mono-oxygen-bridged
[Fe(l-O)Fe]2+ species formed by condensation and dehydration of
two [FeIIOH]+ ions [104,105]. The first two complexes contain
two Fe3+ ions, while the latter complex is composed of two Fe2+

cations. The binuclear Fe complexes are located at the 8MR along
the sinusoidal channel of ZSM-5 (c site, Fig. 1b). This site has
previously been considered for the stabilization of binuclear cat-
ionic species in ZSM-5 zeolite [106]. The larger size and specific
shape of this site allows the formation of a favorable coordination
environment around both Fe centers, resulting in the efficient
stabilization of the relatively large binuclear complex. To



Scheme 1. Dissociation of adsorbed phenol and the formation of grafted phenolates on oxygenated iron complexes in ZSM-5 (reaction energies (DE) and activation barriers
(E#) are in kJ/mol).

Fig. 6. Reaction energy diagram for benzene oxidation to phenol by N2O on
mononuclear Fe2+ at the b-1 site of ZSM-5.

Fig. 7. Reaction energy diagram for benzene oxidation to phenol by N2O on
mononuclear Fe2+ at the a-1 site of ZSM-5.
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compensate for the 2 + charge of these extraframework cationic
complexes, two framework Al substitutions were introduced at
T7 and T12 framework sites.

3.2.2. Reaction mechanism of benzene oxidation on [HOFe-
(l-O)FeOH]2+

The optimized geometry of [HOFe(l-O)FeOH]2+ at the 8MR of
the ZSM-5 zeolite is shown in Fig. 8. Each Fe cation is coordinated
by four O atoms, two of which belong to the zeolite lattice. The
reaction energy diagrams for catalytic oxidation of benzene with
N2O over this complex are shown in Fig. 9. The initial N2O dissoci-
ation over [HOFe(l-O)FeOH]2+ results in the [HOFe(l-O)2FeOH]2+
complex. The activation barrier in this case is nearly twice as high
as compared to the mononuclear iron sites considered above. The
reaction energy is also less exothermic. The activation barrier for
N2O dissociation of 136 kJ/mol is somewhat lower than the value
for a similar complex stabilized at a double 5MRs cluster model
of 157 kJ/mol [50]. Subsequent benzene oxidation by the oxygen-
ated [HOFe(l-O)2FeOH]2+ complex is energetically more favorable
as compared to the case of mononuclear Fe2+ sites. This reaction
step proceeds with an activation barrier of only 31 kJ/mol and a
reaction energy of �218 kJ/mol (DEPBE+vdW).

For this binuclear site, it is clear that the N2O dissociation is the
rate controlling step. Thus, it can be argued that the hydroxylated



Fig. 8. Optimized structures of [HOFe(l-O)FeOH]2+, [Fe(l-O)2Fe]2+ and [Fe(l-
O)Fe]2+ complexes in ZSM-5.

Fig. 9. Reaction energy diagram for benzene oxidation to phenol by N2O over a
binuclear [HOFe(l-O)FeOH]2+ complex in ZSM-5.

Fig. 10. Reaction energy diagram for benzene oxidation to phenol by N2O over a
binuclear [Fe(l-O)2Fe]2+ complex in ZSM-5.
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[HOFe(l-O)FeOH]2+ complex is not relevant for the oxidation activ-
ity of Fe/ZSM-5 catalysts, because it is generally accepted that N2O
dissociation to produce the oxidizing oxygen atom is easier than
the subsequent reaction steps. The finding that for this complex
N2O activation is difficult is in line with the cluster modeling
predictions by Heyden et al. [50]. In situ Raman and IR spectro-
scopic results also showed that the presence of H2O on Fe/ZSM-5
leads to a decrease in the activity of N2O decomposition, which is
associated with the hydroxylation of the active dehydroxylated
binuclear Fe sites to the hydroxylated structures [107].
3.2.3. Reaction mechanism of benzene oxidation on [Fe(l-O)2Fe]2+

The di-l-oxo-bridged diamond-shaped [Fe(l-O)2Fe]2+ complex
is formed upon dehydration of the [HOFe(l-O)FeOH]2+ complex.
Water removal does not affect the formal oxidation state of the
involved iron centers. The optimized structure is also included in
Fig. 8. The reaction energy diagram for the oxidation of benzene
to phenol is given in Fig. 10.

The coordination environment of the iron centers in the
[Fe(l-O)2Fe]2+ species is distorted resulting in their notable coordi-
nation unsaturation, and hence, enhanced Lewis acidity. Similar to
the cases of Fe2+/a-1 and Fe2+/b-1 discussed above, the increased
Lewis acidity is evident from the substantial energy of molecular
adsorption of N2O ðEPBE

ads ¼ �42 kJ=molÞ. The adsorbed N2O dissoci-
ates over the [Fe(l-O)2Fe]2+ site resulting in the [O-Fe(l-O)2Fe]2+

complex with an activation barrier of 102 kJ/mol and a reaction
energy of �36 kJ/mol. The thus formed terminal oxygen ligand is
highly reactive toward benzene oxidation. The activation energies
for benzene oxidation are only 26 and 15 kJ/mol before and after
vdW correction, respectively. The reaction energy exceeds
�200 kJ/mol. Subsequent phenol desorption is very difficult. The
vdW-corrected phenol desorption energy equals 220 kJ/mol. The
very strong interaction between the [Fe(l-O)2Fe]2+ complex and
the adsorbed phenol is due to the enhanced Lewis acidity of the
coordinatively unsaturated iron centers.
3.2.4. Reaction mechanism of benzene oxidation on [Fe(l-O)Fe]2+

The reaction energy diagram for catalytic benzene oxidation by
the [Fe(l-O)Fe]2+ complex (Fig. 8) is shown in Fig. 11. The frame-
work oxygens of the 8MR zeolitic cation site and the bridging
extraframework ligand form a distorted tetrahedral coordination
site for both Fe2+ ions. N2O adsorption on this site is very weak,



Fig. 11. Reaction energy diagram for benzene oxidation to phenol by N2O over a
binuclear [Fe(l-O)Fe]2+ complex in ZSM-5.
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and its dissociation proceeds with a high activation barrier
(116 kJ/mol). The geometry of the resulting oxygenated complex
[Fe(l-O)2Fe]2+ is substantially different from the structure
discussed in Section 3.2.3. Instead of the diamond-shape structure,
a boat conformation of the [Fe(l-O)2Fe]2+ is realized with highly
reactive bridging oxygen ligands that readily oxidize benzene.
This reaction step is exothermic and has low activation energy of
24 kJ/mol. The regeneration of the [Fe(l-O)Fe]2+/ZSM-5 structure
proceeds with a reaction energy (DEPBE+vdW = 143 kJ/mol) close to
that observed for the mononuclear sites.

3.2.5. Phenolate formation over binuclear iron sites
Similar to the case of the mononuclear [FeO]+ sites, the close

proximity of additional basic extraframework oxo- and hydroxy-
ligands in the binuclear complexes opens a reaction path alterna-
tive to the closure of the catalytic cycle for benzene oxidation
and results in the formation of grafted phenolate complexes. We
investigated the required proton transfer reaction from adsorbed
phenol to one of the extraframework oxygens bonded to the binu-
clear iron complex. The computed activation and reaction energies
related to the adsorbed phenol state are summarized in Scheme 1.
For all binuclear clusters, the formation of phenolates is exother-
mic. The calculated activation barriers are 29 and 65 kJ/mol for
the [Fe(l-O)Fe]2+ and [Fe(l-O)2Fe]2+ sites, respectively. The energy
gain due to the formation of phenolate species for these sites is
about 30 kJ/mol. In the case of the hydroxylated [HOFe(l-
O)FeOH]2+ binuclear cluster, the proton transfer from the adsorbed
phenol to hydroxyl ligand proceeds with a low activation barrier of
24 kJ/mol and stabilizes the final complex by 71 kJ/mol. Thus, the
regeneration of the binuclear iron sites upon the catalytic benzene
oxidation via phenol desorption is blocked because of the forma-
tion of grafted phenolate species. This deactivation path is exother-
mic and proceeds with low activation barriers over all binuclear
sites considered here.

4. Discussion

4.1. Stability of exchangeable Fe2+ ions in ZSM-5 zeolite

The main result of the comparison of the stability of ferrous ions
at cation exchange sites of the ZSM-5 is their high stability at 6MR
units. The most stable configuration is Fe2+ at the d-1 site, involving
a symmetric coordination environment of Fe2+ to four framework
oxygen anions, each coordinating to one Al T atom. When the Al
substitutions are placed at different framework positions of the d
site in such way that the symmetry of the negative framework
charge is broken, the zeolite lattice becomes distorted. Obviously,
these configurations are less preferred for Fe2+. Similar but more
pronounced distortions were found for Fe2+ at the a and b sites
of ZSM-5. These distortions are driven by the tendency of the more
basic oxygen ions of the anionic [AlO2]– units to form direct
interactions with the extraframework cation and may lead to
destabilization of Fe2+ adsorption by values up to 120 kJ/mol. For
the case when the cation charge is compensated by only one Al3+

in the direct coordination environment (with the other [AlO2]– in
an adjacent zeolite ring), the system is also substantially destabi-
lized (+200 kJ/mol). The preference of the location of Fe2+ at the
6MR in the ZSM-5 lattice is in good agreement with the findings
of Benco et al., who investigated the location of Fe2+ in ferrierite
[94]. The stabilization within smaller 5MR units of the ZSM-5
lattice is less favorable, mainly due to inability to form a square-
planar coordination environment of iron as is the case for the
6MR units. The high flexibility of the 8MR allows lattice oxygen
to efficiently shield the exchangeable Fe2+ cations resulting in their
relatively high stability at the c-1 site.
4.2. Reactivity of extraframework iron-containing complexes in ZSM-5
zeolite

The catalytic cycle for benzene oxidation to phenol with nitrous
oxide involves the dissociative adsorption of N2O to form an
extraframework oxygen species followed by the oxidation of ben-
zene to phenol. The activation barriers for the oxygenation of the
mononuclear Fe2+ species at various zeolitic sites lie between 59
(Fe2+/d-1) and 82 (Fe2+/a-1) kJ/mol. These values are close to those
computed for isolated Fe2+ ions in a periodic model ferrierite [57].

Alternative mononuclear Fe3+ and binuclear Fe2+ and Fe3+

complexes are generally less reactive for the initial dissociative
adsorption of N2O. Whereas in the case of [FeO]+ at the d-1 site,
the calculated activation barrier for N2O dissociation only slightly
exceeds that for Fe2+/d-1 and lies in the range of 73–94 kJ/mol
depending on the spin state, the barriers for the binuclear
ferric complexes are much higher: 116, 102 and 136 kJ/mol for
[Fe(l-O)Fe]2+, [Fe(l-O)2Fe]2+ and [HOFe(l-O)FeOH]2+, respectively.
The activation barrier for [HOFe(l-O)FeOH]2+ is the highest among
the complexes considered in this study. This is in line with the
trends found by Hansen et al. [50] and Xia et al. [107]. The iron ions
in the binuclear complexes form a (distorted) tetrahedral coordina-
tion environment with the framework and extraframework oxygen
ions. The introduction of an additional oxygen ligand into their first
coordination sphere upon N2O dissociation is associated with
substantial structural perturbations. This decreases the reactivity
of the binuclear iron complexes compared to the mononuclear
species, in which an open coordination is readily available for the
dissociating N2O molecule.

Concerning the first step (dissociative adsorption of N2O), we
compared the reaction energies for the reaction N2O + Fe2+ ?
[FeO]2+ + N2 to the stabilities of Fe2+ at the zeolite lattice. Benco
et al. have argued that the stability of a cation and its reactivity
– in that case toward NO – can be related to the Lewis acidity of
the cation [94]. It is generally believed that less stable sites exhibit
a higher reactivity [91,95]. In our case, no clear correlation was
found between the reaction energy for N2O dissociation and the
relative stability of the Fe2+ site. Whereas the reaction energy for
the most stable d-1 configuration equals �57 kJ/mol, it is only
9 kJ/mol more exothermic for the D-4 site, which is less stable by
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200 kJ/mol. This suggests that the local coordination environment
has only a minor effect on the reactivity of Fe2+.

The most important conclusion of this part is that the initial dis-
sociative adsorption of N2O to form a reactive extraframework oxy-
gen atom proceeds with a relatively moderate barrier (60–90 kJ/
mol) for isolated Fe2+ and FeO+ with a preference for the isolated
ferrous ions. The barriers are higher for binuclear iron complexes.
In support of these findings are experimental data showing that
N2O dissociation occurs at relatively low temperature. This prop-
erty has been used to titrate the density of Fe2+ sites in Fe/ZSM-5
sites [23]. One should note that the catalytic N2O decomposition
involves recombination of extraframework O atoms formed upon
the dissociatiative adsorption of N2O. This process is easier over
the binuclear sites. In this case, the formation of O2 is the rate
limiting step, and it proceeds with higher barriers. The catalytic
decomposition of N2O therefore requires higher reaction tempera-
tures compared to benzene oxidation [38].

Inspection of the reaction energy diagrams of the complete
catalytic cycles for benzene oxidation over the most stable Fe2+

locations at d-1, a-1 and b-1 sites (Figs. 4, 6 and 7) indicates that
the activation barriers for N2O dissociation and benzene oxidation
are very close. The most pronounced difference in the catalytic
behavior of Fe2+ at d-1, a-1 and b-1 configurations is the stabiliza-
tion of benzene and phenol at these sites that becomes apparent
after considering the vdW corrections. The unfavorable confine-
ment of benzene close to the Fe2+/a-1 and Fe2+/b-1 sites destabi-
lizes the reaction intermediates and lowers the desorption
energy of phenol and, accordingly, favors the closure of the cata-
lytic cycle. Despite these differences between the 6MR exchange
sites, it turns out that the overall barrier only slightly depends on
the coordination of Fe2+ to the zeolite.

For all the alternative catalytic sites, the kinetic parameters for
benzene hydroxylation and phenol desorption are found to be very
comparable to the values for isolated Fe2+. Binuclear iron com-
plexes in their oxygenated states oxidize benzene with very low
activation barriers of 15–30 kJ/mol (Figs. 9–11). However, the ini-
tial N2O dissociation step is more difficult for these binuclear
complexes suggesting that they are most likely not involved in
benzene oxidation. Nevertheless, by analysis of the reaction energy
diagrams in Figs. 4–8 and 9–11, it is not possible to completely ex-
clude the contribution of mononuclear [FeO]+ or binuclear Fe2+ and
Fe3+ sites for oxidation of benzene to phenol. An important reason
to exclude them as potential catalytic reaction centers turns out to
be the presence of at least one additional extraframework basic
oxygen anion that can act as a proton acceptor. This extra oxygen
ligand opens an alternative reaction pathway that may lead to
deactivation of the active site. Indeed, in all these cases, the OH
group of adsorbed phenol can heterolytically dissociate over the
Fed+� � �Od– acid base pair yielding a phenolate species (C5H6O–)
and an OH group grafted to iron sites. This reaction is thermody-
namically favored and proceeds with very low activation energies
for all sites containing extraframework oxygen species (Scheme 1).
The formation of such a stable phenolate intermediate is more
favorable than the regeneration of the extraframework iron
complexes. The formation of Fe(III)-phenolate complex was also
evidenced in a combined UV–Vis and Raman study [29]. Dissocia-
tion of phenol over the isolated exchangeable Fe2+ sites is strongly
unfavored thermodynamically. Accordingly, it is reasonable to sug-
gest that despite the competing reactivity of [FeO]+ and oxygen/hy-
droxy-bridged binuclear Fe2+/Fe3+ complexes, these sites
deactivate due to irreversible adsorption of a phenolate complex
following benzene oxidation. The thus formed grafted hydrocarbon
species can play a role of the intrazeolitic coke precursors and
substantially decrease the accessability of the zeolitic voids. This
deactivating reaction pathway is not possible for the isolated Fe2+

ions.
5. Conclusions

A comprehensive DFT study on the stability and reactivity of
ferrous and ferric ions in a periodic ZSM-5 model has been carried
out. The stability of Fe2+ strongly depends on the flexibility of the
zeolitic site to which it coordinates and the distribution of the
charge-compensating Al substitutions in the zeolite lattice. The
preferred location of isolated Fe2+ involves six-membered rings
with a symmetric distribution of framework Al atoms within the
same ring. When these requirements are not met, iron will be pres-
ent as isolated [FeO]+ and oxygen/hydroxy-bridged binuclear Fe2+

and Fe3+ complexes.
The intrinsic reactivity of the Fe2+ in ZSM-5 zeolite in the cata-

lytic oxidation of benzene to phenol with N2O depends only
slightly on the local coordination environment of the ferrous ion.
The confinement effect exerted by the zeolite cage on the hydro-
carbon reactant and product in the vicinity of Fe2+ affects the
reaction energy diagram. Such steric constraints lead to more facile
desorption of phenol and regeneration of the active Fe2+ site.
Accordingly, the most preferred catalytic pathway is the oxidation
of benzene to phenol catalyzed by Fe2+ at the a- and b-site.

Oxygen-containing mono- and binuclear Fe2+ and Fe3+ com-
plexes are also potential sites for the formation of phenol, although
the initial formation of the reactive oxygen atom via the dissocia-
tion adsorption of N2O is considerably less favorable for the
binuclear complexes. The overall reaction is however not catalytic
because of the presence of highly basic oxygen ligands in the active
Fe complexes. These basic oxygen anions favor dissociation of ad-
sorbed phenol as compared to desorption, leading to the formation
of stable phenolates that are difficult to desorb under practical
conditions.
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