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a b s t r a c t

Density functional theory (DFT) calculations were carried out in a study of the mechanism of direct oxi-
dation of methanol to formaldehyde by N2O over an extra-framework species in ZSM-5 zeolite repre-
sented by a [(SiH3)4AlO4(Fe) or (FeO)] cluster models. The major difference between these two sites is
that in the case of the [Fe]1+ site, a reaction is present that leads to the formation of the thermodynam-
ically highly stable grafted OH and methoxy (OCH3) species. Moreover, the vibrational frequencies for
grafted species on the surface match well with the experimental values. The theoretical calculations
achieved in this study obviously show that [Fe–O]1+ site in Fe–ZSM-5 catalyst has a significant role on
the catalytic oxidation of methanol to formaldehyde by N2O.

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

Methanol, the smallest number of aliphatic alcohols, has tradi-
tionally been used as a solvent and as a feedstock for bulk organic
chemicals (primarily formaldehyde), with modest growth poten-
tial [1]. Forty percent of the produced methanol is used to form
formaldehyde on iron molybdenum oxide catalysts. Because of
its relatively low cost, high purity, and variety of chemical reac-
tions, formaldehyde has become one of the world’s most impor-
tant industrial and research chemicals [2]. Formaldehyde is
currently produced directly from methanol via two different ways
such as dehydrogenation or oxidative dehydrogenation on Ag or
Cu catalysts and oxidation with Fe-containing MoO3 catalysts.
These processes need high temperature (573–923 K) and produce
several by-products such as carbon monoxide, carbon dioxide, di-
methyl ether, methyl formate, and formic acid [2]. There has been
significant research activity to develop new processes for produc-
ing formaldehyde. In the literature, there are a few theoretical
studies [3–6] on methanol oxidation to formaldehyde with small
iron-oxo species. Liang et al. [7] have investigated several reac-
tions of methanol oxidation to formaldehyde on [FeO]1+–ZSM-5
modeled as [(SiH3)2AlO2(OH)2(FeO)] in their theoretical study
where direct oxidation of methane on Fe–ZSM-5 zeolite has been
studied. However neither theoretical nor experimental literature
ll rights reserved.
has an investigation for methanol oxidation to formaldehyde by
N2O on Fe–ZSM-5 zeolite.

Fe-exchanged ZSM-5 catalysts have good catalytic activities for
a number of reactions. It has been experimentally reported [8,9]
that [Fe,Al]MFI gives good performance in the selective oxidation
of benzene to phenol. The a-form of oxygen (extra-framework oxy-
gen) formed by decomposition of N2O plays an important role in
the direct oxidation of benzene on Fe–ZSM-5 that is confirmed
by both experimental [10–15] and theoretical [16–20] literature.
It should also be noted that Fe–ZSM-5 is an active catalyst for
the stoichiometric decomposition of N2O to form a-oxygen,
according to both experimental [21–33] and theoretical [32–41]
reports. Methanol selectivity is less than 2% at temperatures above
523 K for methanol formation reactions on Fe/Al-MFI via the oxida-
tion of methane by nitrous oxide [42]. On the contrary, benzene is
selectively oxidized to phenol by interaction with the a-form of the
surface oxygen produced on Fe–ZSM-5 zeolite by N2O decomposi-
tion [10–15,43]. The following reaction is proposed for the decom-
position of N2O to form a-oxygen [14,15,44]

N2Oþ ð Þa ! ðOÞa þ N2 ð1Þ

The major challenge or debate in understanding the activity of
Fe/ZSM-5 catalysts is about the nature of the active sites in the
ZSM-5 zeolite [45]. Extra-framework Fe species in the zeolite microp-
ores can be present as mono-, bi-, or oligonuclear cationic species;
neutral iron oxide species; or mixed oxide phases combining Fe
and Al. Several experimental studies have utilized extended X-ray
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absorption fine structure, high-resolution X-ray absorption near-
edge spectroscopy, Fourier transform infrared spectroscopy, electron
spin resonance, electron paramagnetic resonance, X-ray diffraction,
Mössbauer spectroscopy, and UVvisible spectroscopy and have re-
ported that iron sites of Fe–ZSM-5 are mononuclear sites [46–54],
binuclear structures [53,55–59] and small iron oxide or oligomeric
clusters [59–61]. Volodin et al. [54] studied the spin state of iron ions
in Fe–ZSM-5 zeolites experimentally and reported that ferrous ions
have integer electron spins (S = 2). They also reported that Fe–ZSM-
5 catalyst contains a FeO complex where iron has a charge of 3+.
Based on an experimental [62] XAFS study, it was reported that FeO
complexes where Fe atoms are in the 3+ and 4+ oxidation states exist
in Fe–ZSM-5 catalyst. Several Fe–ZSM-5 clusters having different iron
charges have been used in many theoretical studies. Yoshizawa et al.
[19,63] oxidation to phenol on Fe–ZSM-5 zeolite represented as a
[(SiH3)2AlO2(OH)2(FeO)] cluster. Benzene oxidation to phenol by
N2O was also studied over (SiH3)4AlO4(FeO) and (SiH3)4AlO4(FeO2)
clusters [16]. Recently, computational studies investigated the direct
benzene oxidation to phenol by N2O on Fe1+–ZSM-5 [64] zeolite rep-
resented as a [Si4AlO4H12Fe] cluster and on [FeO]1+–ZSM-5 zeolite
modeled as [Si4AlO4H12FeO] [65]. A [Si4AlO4H12Fe] cluster where Fe
has a charge of 1+ was recently investigated for methane oxidation
to methanol by N2O [66]. A mononuclear Fe1+ in the Fe–ZSM-5 cluster
has been investigated in many theoretical studies for several reac-
tions [16,17,36,64,65,67].

As mentioned above, neither experimental nor theoretical anal-
ysis of methanol oxidation to formaldehyde by N2O over the
Fe–ZSM-5 catalyst has been performed. Therefore, the aim of this
study is to analyze the catalytic reactivity on [Fe]1+ and [FeO]1+

sites in Fe–ZSM-5 zeolite during the catalytic oxidation of metha-
nol to formaldehyde formation by nitrous oxide. Density functional
theory (DFT) calculations with the B3LYP formalism using
6–31G(d,p) as a basis set for all atoms are utilized to obtain energy
profiles, equilibrium geometries, and transition state geometries.
(c)

Fig. 1. Optimized geometries for (a) [Fe]1+, (b) [Fe–O]1+ and (c) [O–Fe–O]1+ sites in
Fe–ZSM-5 cluster (distance values in units of angstroms).
2. Surface model and calculation method

All calculations in this study were based on DFT [68] as imple-
mented in the Gaussian suite of program [69]. Becke’s three-
parameter hybrid method [70,71] involving the Lee, Yang, and Parr
correlation functional (B3LYP [72]) formalism was utilized to take
into account the exchange and correlation. The 6–31G(d,p) basis
set was used for all atoms including iron.

A cluster modeling approach in present study was used to sim-
ulate a representative portion of ZSM-5 zeolite stabilizing the
extra-framework iron species. Previous studies on iron-modified
ZSM-5 and ferrierite zeolites by Kachurovskaya et al. [20,73] re-
ported only minor quantitative differences between the results
obtained using cluster and periodic modeling approach. In addi-
tion, cluster modeling approach has been widely used to create a
qualitative molecular-level picture of CO and NO adsorption on dif-
ferent iron sites of Fe–ZSM-5 [74]. Very similar structural and ener-
getic properties of the adsorption complexes were obtained by
using small 5T and large 83T ZSM-5 cluster models [74]. A more
important issue is that DFT calculations on cluster or periodic zeo-
lite models generally predict very similar reactivity trends [74–77].
On the other hand, one should make a calculation for methanol
oxidation to formaldehyde on a larger cluster.

In this study, a ZSM-5 cluster including five Si and four O atoms
was cut from inside a ZSM-5 channel constructed by using the
Cartesian coordinates reported by Lermer et al. in a XRD study
[78]. The Al atom was placed in the T12 site of the framework sur-
rounded by O and Si atoms resulting in a [(SiH3)4AlO4]1�. The neg-
ative charge of the cluster was compensated by the extra-
framework reactive [Fe]1+ and [FeO]1+ sites. The resulting cluster
models are shown in Fig. 1. The dangling bonds of the terminal sil-
icon atoms of all clusters were terminated with H atoms. All atoms
of the cluster, except terminating H atoms, and the reactant and
product molecules were kept relaxed. Terminating H atoms were
kept fixed to orient in the T-O direction of the next Si site.

Energy profile, equilibrium geometry (EG), and transition state
(TS) calculations were performed for the determination of the acti-
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vation barriers and relative reaction energies. All energy values and
energy differences in this study include zero-point energy (ZPE)
corrections, which were obtained using frequency calculations at
a temperature of 298 K because no experimental thermochemistry
data are available for methanol oxidation to formaldehyde by N2O
on Fe–ZSM-5 catalyst. The computed hS2i values confirmed that
the spin contamination was very small (max. 0.19% after annihila-
tion). Vibrational analysis was also performed to obtain vibrational
frequencies and Gibbs free energies. All frequency values were
scaled by 0.9613 [79] to reproduce experimental fundamentals.
Time-dependent DFT calculations were performed to calculate
UV–vis spectra. Mulliken population analysis [80] was utilized to
obtain Mulliken atomic charges and Mulliken atomic spin densi-
ties. Natural bond orbital (NBO) [81] analysis was used to obtain
electronic configurations of iron atoms. The convergence criteria
involving gradients of maximum force, root-mean-square (rms)
force, maximum displacement, and rms displacement in Gaussian
software were 0.000450, 0.000300, 0.001800, and 0.001200,
respectively.

The computational strategy employed in this study is as follows.
Initially, the correct spin multiplicity (SM) of the system consisting
of cluster and adsorbing molecules was determined by single point
energy (SPE) calculations. SPEs were calculated with different SM
numbers for each cluster system, and the SM number that corre-
sponds to the lowest SPE was accepted as the correct SM. The clus-
ter and the adsorbing molecules, N2O and CH3OH, were then fully
optimized geometrically by means of EG calculations.

The adsorbing molecule was first located over the active site of
the cluster at a selected distance, and a coordinate driving calcula-
tion was performed by selecting a reaction coordinate to obtain the
variation of the relative energy with a decreasing reaction coordi-
nate to get an energy profile as a function of the selected reaction
coordinate distance. These energy profiles also helped us find TS
and final EGs by using the geometry that has the highest energy
and the geometry that has the final minimum energy, respectively.
SPE calculations were also performed where necessary by locating
the adsorbing molecule in the vicinity of the catalytic cluster. Coor-
dinate driving calculations resulted in an energy profile. The result-
ing relative energies for the cluster and reactant molecule complex
were plotted against the reaction coordinate. The relative energy
was defined with the following formula:

DE ¼ ESystem � ðECluster þ EAdsorbateÞ

where ESystem is the calculated energy of the optimized geometry
containing the cluster and the adsorbing molecule (TS or EG), ECluster

is the energy of the cluster, and EAdsorbate is that of the adsorbing
molecule. After the energy profile was obtained for the reaction
step, the geometry with the minimum energy on the energy profile
was re-optimized by means of EG calculations to obtain the opti-
mized geometry for the particular reaction step. In this re-optimiza-
tion calculation, the reaction coordinate was not fixed. Additionally,
the geometry with the highest energy from the energy profile was
taken as the input geometry for the TS geometry calculations. Start-
ing from these geometries, the TS structures with only one negative
eigenvalue in Hessian matrix were obtained. TS geometries were
calculated by using the Berny Algorithm [82] implemented in
Gaussian software.
3. Results

3.1. Optimization of clusters

The optimized geometries for the Fe– and FeO–ZSM-5 clusters
were obtained for the charge neutral cluster, and the SM corre-
sponding to the lowest SPE was determined to be 6 (sextet) meaning
there are five unpaired electrons. The SM number was also deter-
mined as 6 for the clusters including N2O and methanol molecules.
This value was used for all reactions studies. It means that the num-
ber of unpaired electrons was kept constant throughout all calcula-
tions with an even number of electrons to avoid spin transitions
along the reaction path. The optimized geometries of clusters are
depicted in Fig. 1. Si–O distances of a cluster range from 1.55 to
1.68 Å. The corresponding distances reported earlier in the experi-
mental literature are between 1.55 and 1.65 Å [78].

3.2. Oxidation ofmethanol to formaldehyde by N2O on the [Fe]1+–ZSM-5
cluster

The following elementary reaction steps A1–A6 are considered
to be involved in different potential reaction paths for the oxida-
tion of methanol oxidation to formaldehyde by N2O:

Step A1: N2O decomposition

N2Oþ Fe—ZSM5! Fe—O—ZSM5þ N2 ð2Þ

Step A2: Methanol adsorption
Fe—O—ZSM5þ CH3OH! O—Fe—OHCH3—ZSM5 ð3Þ

Step A3: Proton transfer from the OH to form grafted species

O—Fe—OHCH3—ZSM5! HO—Fe—OCH3—ZSM5 ð4Þ

Step A4: Proton transfer from metoxy to form formaldehyde
and water

HO—Fe—OCH3—ZSM5! H2O—Fe—OCH2—ZSM5 ð5Þ

Step A5: Desorption of water

H2O—Fe—OCH2—ZSM5! Fe—OCH2—ZSM5þH2O ð6Þ

Step A6: Desorption of formaldehyde

CH2O—Fe—ZSM5! Fe—ZSM5þ CH2O ð7Þ

First reaction (step A1) of the catalytic cycle for oxidation of meth-
anol to formaldehyde by N2O on Fe1+–ZSM-5 cluster is the decom-
position of N2O molecule resulting in Fe–O site on the ZSM-5
cluster. This step was investigated in our previous study [39]. The
optimized geometry of [Fe–O]–ZSM-5 cluster is depicted in part b
of Fig. 1. At the next step, methanol molecule adsorbs on the
Fe center of [FeO] site (step A2). This exothermic reaction step
(DE = �100 kJ/mol) occurs without an activation barrier. The corre-
sponding optimized geometry is shown in Fig. 2.

Proton transfer from the OH group of adsorbed methanol to O
atom of the extra-framework iron cluster results in the formation
of adsorbed grafted species such as hydroxyl and methoxy (step
A3). This reaction step is strongly favored thermodynamically
(DE = �127 kJ/mol) and faces a relatively low activation barrier
(Eact = 23 kJ/mol). TS and EG of this step are depicted in Fig. 3.

Subsequent proton transfer from the CH3 group of adsorbed
methoxy to adsorbed hydroxyl group in the extra-framework iron
cluster results in formaldehyde and water formation (step A4). This
reaction step is endothermic (DE = 142 kJ/mol) and shows a very
high activation barrier (Eact = 155 kJ/mol). The energy profile for
this step obtained by the coordinate driving calculation in Gauss-
ian software is shown in Fig. 4a to illustrate the computational
methodology used in this study. TS and EG for this step are repre-
sented in parts b and c of Fig. 4.

After these reactions, formaldehyde formed on the clusters or
water will desorb from the surfaces. If formaldehyde firstly des-
orbs from the surface, desorption barrier value is calculated to
be 138 kJ/mol. The desorption barrier is 81 kJ/mol if water



Fig. 2. Final equilibrium geometry for methanol adsorption (step A2) (distance
values in units of angstroms).

Fig. 3. (a) TS and (b) EG for proton transfer from the OH to form grafted species
(step A3) (distance values in units of angstroms).
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desorbs firstly from the surface. DG values for formaldehyde and
water desorptions from the surface is computed as 102 and
35 kJ/mol, respectively. When water is absent on the surface,
desorption barrier value for formaldehyde is computed as
127 kJ/mol.

3.3. Oxidation of methanol to formaldehyde by N2O on the [FeO]1+–
ZSM-5 cluster

The following elementary steps B1–B7 are considered for direct
methanol oxidation to formaldehyde by N2O over [FeO]1+.
Step B1: N2O decomposition

N2Oþ Fe—O—ZSM5! O—Fe—O—ZSM5þ N2 ð8Þ

Step B2: Methanol adsorption

O—Fe—O—ZSM5þ CH3OH! O—O—Fe—OHCH3—ZSM5

ð9Þ

Step B3a: Proton transfer from the OH to form grafted species

O—O—Fe—OHCH3—ZSM5! HO—O—Fe—OCH3—ZSM5

ð10Þ

Step B3b: Proton transfer from the OH to form grafted species

O—O—Fe—OHCH3—ZSM5! O—OH—Fe—OCH3—ZSM5

ð11Þ

Step B4: Proton transfer metoxy to form formaldehyde and
water after step B3a

HO—O—Fe—OCH3—ZSM5! H2O—O—Fe—OCH2—ZSM5

ð12Þ

Step B5: Proton transfer metoxy to form formaldehyde and
water after step B3b

O—OH—Fe—OCH3—ZSM5! O—H2O—Fe—OCH2—ZSM5

ð13Þ

Step B6: Desorption of formaldehyde

H2O—O—Fe—OCH2—ZSM5! O—Fe—H2O—ZSM5þ CH2O

ð14Þ

Step B7: Desorption of water

H2O—O—Fe—OCH2—ZSM5! O—Fe—OCH2—ZSM5þH2O

ð15Þ

Similar to the case of the Fe1+–ZSM-5, first reaction (step B1) of the
catalytic cycle for oxidation of methanol to formaldehyde by N2O
on (FeO)1+–ZSM-5 cluster is the decomposition of N2O molecule
resulting in O–Fe–O site on the ZSM-5 cluster. This step was also
studied in our previous work [65]. The optimized geometry of
[O–Fe–O]–ZSM-5 cluster is depicted in part c of Fig. 1.

The adsorption of methanol on (OFeO)1+ site (step B2) is an exo-
thermic reaction (DE = �82 kJ/mol). The corresponding TS and EG
structures of the step, which occurred without an activation bar-
rier, are shown in Fig. 5.

Proton transfer from the OH group of adsorbed methanol to one
O atom of the extra-framework iron site of (OFeO)1+ results in the
formation of adsorbed grafted species such as hydroxyl and meth-
oxy (step B3a). This reaction step is an endothermic reaction
(DE = +72 kJ/mol) that takes place on the site with a relatively
low activation barrier (Eact = 19 kJ/mol). DG# for this reaction is cal-
culated to be 79 kJ/mol. TS and EG of this step are also depicted in
Fig. 6.



(a)

(b) (c)

Fig. 4. (a) Energy profile, (b) TS, (c) EG proton transfer from CH3 of metoxy to form formaldehyde and water (step A4) (distance values in units of angstroms).

Fig. 5. Final equilibrium geometry for methanol adsorption (step B2) (distance
values in units of angstroms).
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Another alternative reaction path for the formation of grafted
species is the hydrogen transfer to other oxygen atom of the iron
site (step B3b). This reaction is also endothermic step
(DE = +81 kJ/mol) with an activation barrier value of 22 kJ/mol.
DG# for this reaction is computed as 84 kJ/mol. Fig. 7 represents
the corresponding TS and EG structures of this step.

Following proton transfer from the CH3 group of adsorbed meth-
oxy to adsorbed hydroxyl group in the extra-framework iron cluster
after step B3a results in formaldehyde and water formation (step
B4). This reaction step is strongly favored thermodynamically
(DE = �171 kJ/mol) and shows a very low activation barrier
(Eact = 24 kJ/mol). Fig. 8 represents TS and EG structures for this step.

Another proton transfer from the CH3 group of metoxy is step
B5, which occurs after step B3b. Similar to previous reaction (step
B4), this step is also strongly favored thermodynamically
(DE = �177 kJ/mol) and shows a very low activation barrier
(Eact = 22 kJ/mol). The corresponding TS and EG structures for this
step are depicted in Fig. 9.

After these reactions, formaldehyde formed on the clusters or
water will desorb from the surfaces to complete the catalytic cycle.
If formaldehyde desorbs from the surface, desorption barrier val-
ues are calculated to be 43 and 45 kJ/mol for two cases (two O
atoms of the iron site) as mentioned above. The desorption barriers
are 62 and 64 kJ/mol if water desorbs from the surface. When
formaldehyde is absent on the surface, desorption barrier value
for water is computed as 101 kJ/mol.



(a)

(b)

Fig. 6. (a) TS and (b) EG proton transfer from the OH to form grafted species (step
B3a) (distance values in units of angstroms).

(a)

(b)

Fig. 7. (a) TS and (b) EG proton transfer from the OH to form grafted species (step
B3b) (distance values in units of angstroms).
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4. Discussion

The catalytic oxidation of methanol to formaldehyde by N2O on
[Fe]1+ and [FeO]1+ sites in Fe–ZSM-5 zeolite has been investigated
theoretically in this study. The SM number of 6 computed in this
study for the [Fe]1+– and [FeO]1+–ZSM-5 clusters is the same as
the SM number used in the literature [16,17,19,36,39,63–67]. A
5T ZSM-5 cluster model was used to produce formaldehyde from
methanol by N2O in this study since very similar structural and
energetic properties of the several adsorption complexes have
been achieved in both small 5T and large 83T ZSM-5 cluster models
[74], as mentioned in Section 2. Tables 1 and 2 report the Mulliken
atomic charges and spin densities, and electron configurations of
iron atoms of the cluster for all steps for EG and TS geometries,
respectively. As can be seen from these tables, the iron atoms have
a high spin density, which indicates that the unpaired electrons are
localized on iron atoms. Furthermore, the atomic charges of iron
atoms for the clusters after the reactions are somewhat higher than
those of the initial ZSM-5 clusters, which show a more positive
character on iron atoms in the cluster during the reactions in com-
parison to the initial ZSM-5 clusters.
Fig. 10 shows a summary the calculated reaction energy dia-
gram (including ZPE corrections) for the oxidation of methanol to
formaldehyde by N2O over the sites such as [Fe]1+ and [FeO]1+ in
Fe–ZSM-5 zeolite. Activation barriers for the respective reaction
steps involved in the methanol oxidation to formaldehyde are also
tabulated in Table 3. Prior to the methanol oxidation, [Fe] and [Fe–
O] sites promote the N2O decomposition resulting in the formation
of [Fe–O] and [O–Fe–O] sites, respectively. The formed extra-
framework oxygen species on the ZSM-5 clusters are the reactive
centers for the following oxidation of methanol to formaldehyde.
Decomposition of N2O molecule on both [Fe]1+ and [FeO]1+ sites
has been investigated on the same cluster models and discussed
in our previous theoretical studies [39,65].

The most critical reaction for the methanol oxidation is the acti-
vation of O–H bond of methanol since dissociation energy of that
bond is 435 kJ/mol [6]. In this study, the activation barrier value
for the proton transfer from OH of adsorbed methanol on [FeO] site
to form grafted species (step A3) is calculated to be 23 kJ/mol. This
value is substantially lower than the value of dissociation energy of
O–H bond of methanol. In addition, the activation barrier value of



(a)

(b)

Fig. 8. (a) TS and (b) EG proton transfer CH3 of metoxy to form formaldehyde and
water after step B3a (step B4) (distance values in units of angstroms).

(a)

(b)

Fig. 9. (a) TS and (b) EG proton transfer CH3 of metoxy to form formaldehyde and
water after step B3b (step B5) (distance values in units of angstroms).
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step A3 is somewhat lower than the value of 62 kJ/mol obtained on
3T [FeO]1+–ZSM-5 cluster [7]. The difference with the results pre-
sented here is probably due to the differences in the computational
methodologies used and more specifically to the differences in ba-
sis sets used for the description of iron atoms. Moreover, this value
is also significantly lower than the theoretical value of 141 kJ/mol
for the formation of grafted species on iron-oxo ([FeO]1+) with sex-
tet spin state although different basis sets were used for atoms for
methanol oxidation [6]. This shows that Fe–ZSM-5 catalyst has a
positive effect on methanol oxidation to formaldehyde. In the next
step, the activation of grafted species to form formaldehyde and
water on the surface (step A4) has required a high energy barrier
(Eact = 155 kJ/mol). This is probably due to the fact that the forma-
tion of grafted species of [HO–Fe–OCH3] (step A3) is a reaction step
which is strongly favored thermodynamically on the site
(DE = �537 kJ/mol). The activation barrier of this step is somewhat
lower than the value (165 kJ/mol) for formaldehyde and water for-
mation from grafted species by using 3T [FeO]1+–ZSM-5 cluster [7].
Additionally, the activation barrier value of 155 kJ/mol for step A4
is slightly higher than the value of 145 kJ/mol obtained for formal-
dehyde formation from the grafted species on iron-oxo structure
by Yoshizawa and Kagawa [6]. After the formation of formaldehyde
and water on the surface, water firstly desorbs with a desorption
barrier value of 81 kJ/mol from the surface since formaldehyde
desorption from the surface has a higher desorption barrier
(138 kJ/mol). Furthermore, Gibbs free energy changes that were
calculated for desorption of water and formaldehyde from the sur-
face [H2O–Fe–OCH2] (+35 and +102 kJ/mol, respectively) also indi-
cate this order of desorption. Finally, formaldehyde desorption
(step A6) has a desorption value of 127 kJ/mol.

All of the formaldehyde formation paths (steps A1–A6) over
[Fe]1+ resulted in the formation of a oxygenated [Fe–O]1+ species,
which can also act as the reactive center for methanol oxidation
to formaldehyde by N2O. These steps are similar to the steps B1–
B7 considered for the [F–O]1+ site. On the [O–Fe–O]1+ site, there
are two alternative reactions (steps B3a and B3b) for proton trans-
fer from OH group of adsorbed methanol to form methoxy and hy-
droxyl species. The step B3a is more favorable reaction when
compared to step B3b since it has a lower activation energy barrier
and DG# values than those of step B3b (72, +79 kJ/mol vs. 81,
+84 kJ/mol). Although the activation barrier values for these reac-
tions (steps B3a and B3b) are somewhat higher than that of step
A3 took place on [Fe–O]1+ site, they are substantially lower than
the dissociation energy value (435 kJ/mol) [6] for O–H bond of
methanol. The activation barriers for the proton transfer from
CH3 group of methoxy species to form formaldehyde and water
via steps B4 and B5 are very close to each other (24 and 22 kJ/
mol, respectively). Moreover, these values are significantly lower
than the value (155 kJ/mol) obtained on [Fe]1+ site (step A4) in this



Table 1
Mulliken atomic charges and spin densities and electronic configurations of iron
atoms for EG structures of steps.

Clusters/steps Charge Spin
density

Electron configuration of iron
atom

Fe1+–ZSM-5 +0.47 4.811 [core]4s1.073d6.004p0.09

[FeO]1+–ZSM-5 +1.00 4.023 [core]4s0.323d5.944p0.065p0.01

[OFeO]1+–ZSM-5 +1.14 3.069 [core]4S0.273d5.974p0.034d0.01

Step A2 +0.98 4.051 [core]4S0.293d5.934p0.065p0.01

Step A3 +1.19 4.189 [core]4S0.253d5.754p0.045p0.01

Step A4 +0.93 3.762 [core]4S0.383d6.054p0.035S0.01

Step A5 +0.49 4.860 [core]4S1.003d6.054p0.08

[CH2O–Fe]–ZSM-
5

Step B2 +1.15 3.088 [core]4S0.283d5.934p0.024d0.01

Step B3a +1.26 3.318 [core]4S0.283d5.764p0.024d0.015p0.01

Step B3b +1.26 3.314 [core]4S0.283d5.764p0.024d0.015p0.01

Step B4 +1.00 4.028 [core]4S0.283d5.914p0.035p0.01

Step B5 +0.99 4.049 [core]4S0.293d5.924p0.055p0.01

Step B6 +0.98 4.081 [core]4S0.303d5.934p0.075p0.01

[H2O–Fe–O]–
ZSM-5

Table 2
Mulliken atomic charges and spin densities and electronic configurations of iron
atoms for TS structures of steps.

Steps Charge Spin density Electron configuration of iron atom

Step A3 +1.05 4.133 [core]4S0.293d5.834p0.045p0.01

Step A4 +1.00 3.854 [core]4S0.313d6.014p0.035S0.01

Step B3a +1.15 3.158 [core]4S0.303d5.854p0.024d0.015p0.01

Step B3b +1.18 3.219 [core]4S0.293d5.834p0.024d0.015p0.01

Step B4 +1.20 3.201 [core]4S0.273d5.854p0.024d0.015p0.01

Step B5 +1.19 3.201 [core]4S0.273d5.864p0.024d0.015p0.01

Table 3
Activation barriers of all steps for direct oxidation of methanol to formaldehyde by
N2O on Fe–ZSM-5 zeolite (values in units of kJ/mol).

Steps [Fe]1+

site
[FeO]1+

site

Step A1. N2O decomposition 18
Step A2. Methanol adsorption 0
Step A3. Proton transfer from the OH to form

grafted species
23, 62a

Step A4. Proton transfer from the metoxy to form
formaldehyde and water

155,
165a

Step A5. Desorption of water 81
Step A6. Desorption of formaldehyde 127
Step B1. N2O decomposition 113
Step B2. Methanol adsorption 0
Step B3a. Proton transfer from the OH to form

grafted species
72

Step B3b. Proton transfer from the OH to form
grafted species

81

Step B4. Proton transfer metoxy to form
formaldehyde and water after step B3a

24

Step B5. Proton transfer metoxy to form
formaldehyde and water after step B3b

22

Step B6. Desorption of formaldehyde 43, 45
Step B7. Desorption of water 101

a Liang et al. [7] 3T cluster, [(SiH3)2AlO2(OH)2(FeO)].
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study. The reason for this difference between the activation barri-
ers of steps A3 and B3 (grafted species formation) and steps A4 and
B4,5 (formaldehyde formation) might be that in transition state
modes that have lower activation barriers the distance of H–O is
much greater than those of other modes having higher activation
barriers. After the formations of formaldehyde and water, formal-
dehyde molecules firstly desorb with desorption barrier values of
Fig. 10. Relative energy profile (including ZPE corrections) for direct methanol oxidation
43 and 45 kJ/mol from the surface [H2O–O–Fe–OCH2], since water
desorptions from the surface have higher desorption barriers (62
and 64 kJ/mol). Finally, water desorption (step A6) has a desorp-
tion value of 101 kJ/mol).

Wood et al. [42] have reported in their experimental study on
Fe–ZSM-5 catalyst that the pair of bands at 2921 and 2824 cm�1

was assigned to the asymmetric and symmetric C–H stretching
for Fe-bound methoxy groups. In this study, corresponding fre-
quency values are calculated to be 2943, 2881 cm�1 and 2960,
2892 cm�1 for grafted species including methoxy and hydroxyl
on Fe–ZSM-5 clusters (steps A3 and B3), respectively. The stretch-
ing frequencies of O–H for surface hydroxyl are computed as 3724
and 3626 cm�1 for the same steps, respectively. The band at
3673 cm�1 was assigned to hydroxyl group bonded to extra-frame-
work Fe where the study was done on Fe/Al-MFI catalyst [42],
to formaldehyde on [Fe]1+ and [Fe–O]1+ sites in Fe–ZSM-5 (steps A1–A6 and B1–B7).
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based on similar bands on FeOOH due to OH coordinated Fe
[83,84]. It has also been reported that a series of bands were ob-
served at lower energies with the frequencies of 1460, 1434, and
1413 cm�1 which were then assigned to methoxy CH-bending
vibrations [42]. The equivalent vibrational frequencies are com-
puted as 1445, 1439, 1429 cm�1 and 1435, 1433, 1420 cm�1 for
equilibrium geometries of steps A3 and B3 including grafted species
in this study. These bands are also in the region of the spectrum pro-
jected for methoxy bending vibrations of C–H [85]. Consequently,
theoretical frequencies calculated for surface grafted species in the
present study are in a good agreement with the experimental data
[42] mentioned above for methoxy and hydroxyl species on Fe/Al-
MFI catalyst. Additionally, it has been also reported by Wood et al.
Table 4
Vibrational frequencies of equilibrium geometries for catalytic steps.

Step Type of
frequency

Frequency

Step A2 Fe–O Streching 881
C–O Streching 981
H of OH Rocking 1057
O–H Streching 3671

Step A3 H of OH Rocking 545
OH Streching 704
C–O Streching 1105
O–H Streching 3724

Step A4 H of CH2O Wagging 850
H of CH2O Rocking 1133
C–O Streching 1240
H of CH2O Scissoring 1453
H of H2O Scissoring 1537
Hs of CH2O Symmetrical streching 2907
Hs of CH2O Anti-symmetrical

streching
3006

H of H2O Streching 3091,
3709

Step A5 H of CH2O Wagging 743
[CH2O–Fe]–ZSM-

5
H of CH2O Rocking 1117

C–O Streching 1155
H of CH2O Scissoring 1440
Hs of CH2O Symmetrical streching 2952
Hs of CH2O Anti-symmetrical

streching
3059

Step B2 O–O Anti-symmetrical
streching

585

O–O Symmetrical streching 855
C–O Streching 986
H of OH Rocking 1048
O–H Streching 3649

Step B3 H of OH Rocking 416
O–O(OH) Anti-symmetrical

streching
640

O–O(OCH3) Symmetrical streching 546
OH Streching 685
C–O Streching 1036
O–H Streching 3633

Step B4 Fe–O Streching 835
H of CH2O Rocking 1224
H of CH2O Scissoring 1453
H of H2O Scissoring 1536
C–O Streching 1698
Hs of CH2O Symmetrical streching 2877
Hs of CH2O Anti-symmetrical

streching
2990

H of H2O Streching 3472,
3668

Step B6 Fe–O Streching 896
[H2O–Fe]–ZSM-5 H of H2O Scissoring 1584

H of H2O Streching 3305,
3719
[42] that the intensities of the O–H bands are much greater than
those of the corresponding methoxy C–H bands. A parallel observa-
tion has been previously reported for the interaction of methanol
with ZSM-5 [86]. In the same way, IR intensities for the O–H stretch-
ing frequencies are significantly greater than those of C–H stretching
frequencies of surface methoxy species in the present study. Other
vibrational frequencies of equilibrium geometries for catalytic cycle
steps are tabulated in Table 4.

The TD-DFT computed UV–vis spectra for the structure contain-
ing Fe–metoxy and Fe–OH reveal absorption bands at max 157 nm
in the range of 140–180 nm on [Fe]1+ site. The UV–vis bands for the
metoxy species on the [Fe–O]1+ site were computed to be max
293 nm in the range of 250–350 nm and max 216 nm in the range
of 200–250 nm, respectively. The excited state energy of spectra
for [Fe]1+ site is significantly higher than that of spectra for [Fe–
O]1+ site. This is probably due to the fact that surface metoxy spe-
cies on [Fe]1+ site is much more thermodynamically stable than
those on [Fe–O]1+ site.

In summary, the fundamental result of this study is that the
interaction of the [Fe–O]1+ site with methanol to produce formal-
dehyde by N2O is more energetically favored that involving the
mononuclear iron site of [Fe]1+ in ZSM-5. The most important dif-
ference between these two sites is that in the case of the [Fe]1+ site,
a reaction is present that leads to the formation of the thermody-
namically highly stable grafted OH and methoxy (OCH3) species.
The activation barrier for formaldehyde formation on [O–Fe–O]1+

site is considerably lower than that of the reaction on [Fe–O]1+ site.
The reason of this might be explained that grafted species formed
on [Fe]1+ site is much more thermodynamically stable than that on
[FeO]1+ site. Moreover, there seems to be a great consistency be-
tween the overall heat of reaction values for direct oxidation of
methanol to formaldehyde by N2O on [Fe]1+ and [FeO]1+ sites of
Fe–ZSM-5 clusters (�186 and �191 kJ/mol, respectively). The
vibrational frequencies for grafted species on the surface are also
in line with the experimental values. Whereas the theoretical re-
sults obtained in this study clearly indicate the significant role of
[Fe–O]1+ site in Fe–ZSM-5 catalyst in the catalytic oxidation of
methanol to formaldehyde by N2O, obviously there is a need to also
study more extensively other sites such as [Fe]2+, [FeO]2+ and [FeO-
Fe]2+ of Fe–ZSM-5 for this reaction.

5. Conclusion

The elementary reaction steps involved in the catalytic metha-
nol oxidation to formaldehyde by N2O over iron sites in Fe–ZSM-5
zeolite represented by a [(SiH3)4AlO4(Fe) or (FeO)] clusters model
have been investigated by means of DFT calculations. The major
difference between these two sites is that in the case of the
[Fe]1+ site, a reaction is present that leads to the formation of the
thermodynamically highly stable grafted OH and methoxy
(OCH3) species. The vibrational frequencies for grafted species on
the surface are in good agreement with the experimental values.
According to the results obtained in this study, [Fe–O]1+ site in
Fe–ZSM-5 catalyst has a unique role on the catalytic direct oxida-
tion of methanol to formaldehyde by N2O.
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