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Density functional theory (DFT) calculations were carried out in the study of oxidation of benzene to

phenol by N2O on relaxed [(SiH3)4AlO4M] (where M=Fe, Co) cluster models representing Fe- and Co-

ZSM-5 surfaces. The catalytic cycle steps are completed for both Fe-ZSM-5 and Co-ZSM-5 clusters. The

general trend of the results that were obtained in terms of activation barriers for the Fe-ZSM-5 cluster is

in agreement with the experimental and theoretical literature. It was observed that the phenol formation

step is the rate-limiting step for both clusters and Co-ZSM-5 surface has a lower activation barrier than the

Fe-ZSM-5 surface (i.e. 35.82 kcal/mol vs. 45.59 kcal/mol, respectively).
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Introduction

The predominant use of phenol as an important chemical raw material is in the production of bisphenol, phenolic
resins, caprolactam, aniline, and alkylphenols. In 2001, worldwide phenol has been producted was nearly 6.4
million metric tons.1 Phenol is produced by the cumene process, which has some definite disadvantages such
as poor ecology, an explosive intermediate (cumene hydroperoxide), and a multistep character.2 The direct
oxidation of benzene to phenol is an alternative process to the cumene process. Fe-ZSM-5 zeolite was used as
a catalyst for the direct benzene oxidation to phenol3 with oxygen (O2) or nitrous oxide (N2 O) as oxidants.

Panov and co-workers3 have reported that with nitrous oxide benzene conversion reaches 27% at 350 ◦C,
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333



A density functional theory study of oxidation of..., M. F. FELLAH, I. ÖNAL

whereas it is only 0.3% at 500 ◦C in the presence of oxygen. It is also reported that with N2 O as the oxidant
phenol forms with a high selectivity (98%), while with O2 only complete oxidation occurs. Several studies3−21

have demonstrated that Fe-ZSM-5 can be used to produce phenol from C6H6 and N2 O. Hensen et al.20,21 have
reported that [Fe,Al]MFI shows good performance in selective oxidation of benzene to phenol. It is reported

in both the experimental4,5,13,22−24 and theoretical25−29 literature that the α -form of the surface oxygen
formed by decomposition of N2 O plays an important role in the direct oxidation of benzene on Fe-ZSM-5. It is
experimentally30−38 and theoretically39−45 reported that Fe and Co-exchanged ZSM-5 are active catalysts for
the stoichiometric decomposition of N2 O to form the α -form of the surface oxygen and benzene is selectively
oxidized to phenol over the interaction with the α -form of the surface oxygen produced on Fe-ZSM-5 zeolite by
N2 O decomposition.4,5,13,22−24 The following reactions are also proposed for the direct oxidation of benzene
by N2 O;2,23,24

N2O + ( )α → (O)α + N2 (1)

(O)α + C6H6 → (C6H5OH)α (2)

(C6H5OH)α → C6H5OH + ( )α (3)

The surface oxygen (O)α formed in reaction 1 on Fe-ZSM-5 by decomposition of N2 O is responsible for the
formation of phenol from benzene (reaction 2). The phenol product can be finally desorbed from the surface

(reaction 3). Yoshizawa et al.26 studied the reaction pathways and the energetics for the direct benzene
oxidation to phenol on Fe-ZSM-5 zeolite represented as a [(SiH3)2 AlO2 (OH)2 (FeO)] cluster. They reported
that the surface oxygen species is responsible for the catalytic reactivity of the Fe-ZSM-5 zeolite. Ryder et
al.25 have studied benzene oxidation to phenol over Fe-ZSM-5 cluster modeled as (SiH3)4 AlO4 (FeO) and
as (SiH3)4AlO4 (FeO2). They reported that both (FeO) and (FeO2) are active centers of the clusters for
the direct oxidation of benzene. The intermediates of the benzene oxidation to phenol by N2 O have been
investigated theoretically on Fe-ZSM-5 cluster by Kachurovskaya et al.29 Neither the experimental nor the
theoretical literature contains studies on benzene oxidation to phenol by N2 O on Co-ZSM-5. Recently we have
theoretically reported that an α -oxygen formation reaction by N2 O decomposition (reaction 1) occurs on Fe-

and Co-ZSM-5 clusters with a high exothermic relative energy through a very small activation barrier44 .

The aim of this study was to investigate the catalytic oxidation of benzene to phenol by nitrous oxide and
to identify the mechanistic steps by use of the density functional theory (DFT) calculations. ZSM-5 is modeled
as a [(SiH3)4 AlO4 M] (M=Fe, Co) cluster. DFT calculations with B3LYP formalism using 6-31G** as a basis
set are utilized to obtain energy profiles and equilibrium geometries.

Surface models and calculation method

All calculations in this study are based on DFT,46 which is implemented in the Gaussian 2003 suit of programs.47

Becke’s48,49 3-parameter hybrid method involving the Lee, Yang, and Parr50 correlation functional (B3LYP)
formalism using 6-31G** as the basis set was utilized. The ZSM-5 structure shown in Figure 1(a) was constructed

by using the Cartesian coordinates reported by Lermer et al.51 A ZSM-5 cluster including 5 Si and 4 O atoms
is cut from inside a channel (see Figure 1(b)) and the ZSM-5 clusters used in this study were modeled as
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[(SiH3)4 AlO4 M] (M=Fe, Co) clusters as shown in Figure 1(c). The dangling bonds of the terminal silicon
atoms are terminated with H atoms to obtain a neutral cluster. The reactant and product molecules as well
as all of the cluster atoms were kept relaxed. Energy profile, equilibrium geometry (EG), and transition state
(TS) calculations were performed for determination of the activation barriers and relative reaction energies.
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Figure 1. (a) ZSM-5 zeolite, (b) ZSM-5 channel, (c) Optimized geometries M-ZSM-5 cluster (where M=Fe, Co).

The computational strategy employed in this study was as follows. Initially, the correct spin multiplicity
of the system consisting of cluster and adsorbing molecules was determined by single point energy (SPE)
calculations. SPEs were calculated with different spin multiplicity numbers for each cluster system and the
spin multiplicity number that corresponds to the lowest SPE was regarded as the correct spin multiplicity. The
cluster and the adsorbing molecules, N2 O and C6 H6 , are then fully optimized geometrically by means of EG
calculations.

The adsorbing molecule is first located over the active site of the cluster at a selected distance and a
coordinate driving calculation was performed by selecting a reaction coordinate in order to obtain the variation
in the relative energy with a decreasing reaction coordinate to get an energy profile as a function of the
selected reaction coordinate distance. Single point equilibrium geometry calculations were also performed
where necessary by locating the adsorbing molecule in the vicinity of the catalytic cluster. Coordinate driving
calculations result in an energy profile. The resulting relative energies for the cluster and reactant molecule
complex are plotted against the reaction coordinate. The relative energy was defined with the following formula:

ΔE = ESystem − (ECluster + EAdsorbate)

where ESystem is the calculated energy of the given geometry containing the cluster and the adsorbing molecule
at any distance, ECluster is the energy of the cluster, and EAdsorbate is that of the adsorbing molecule, e.g. N2 O
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or C6 H6 in this case. After obtaining the energy profile 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 final geometry for the
particular reaction step. In this re-optimization calculation, the reaction coordinate is not fixed. Additionally,
the geometry with the highest energy from the energy profile is taken as the input geometry for the transition
state geometry calculations. Starting from these geometries, the transition state structures with only one
negative eigenvalue in the Hessian matrix are obtained. Transition states have been calculated using the
synchronous quasi-Newtonian method of optimization, QST3.52

Results

a. Optimization of clusters and reactant molecules

EGs for Co- and Fe-ZSM-5 clusters were obtained taking the total charge as neutral, and the spin multiplicities
corresponding to the lowest SPE were determined to be 5 and 6, respectively. The optimized geometries of a
ZSM-5 cluster with a single M site (M=Fe, Co) are depicted in Figure 1(c). Si-O distances for M-ZSM-5 clusters
range from 1.63 A to 1.68 A. The corresponding distances reported earlier in the experimental literature are
between 1.55 A and 1.65 A51 . Similarly, M-O (M=Fe, Co) distances were calculated as 2.005 A and 2.006 A
for Fe-ZSM-5 cluster and 1.975 A and 1.979 A for the Co-ZSM-5 cluster. Average Si-H distance was calculated
as 1.485 A for these clusters.

EGs for N2 O and C6 H6 as reactant molecules were obtained by taking the total charge as zero and with
a singlet spin multiplicity. The optimized linear N2 O molecule has a distance of 1.134 A for N-N bond and
1.192 A for N-O bond. The corresponding values were reported to be 1.128 A and 1.185 A in the experimental
literature.53 Linear (N-N-O) N2 O molecule was used for decomposition reaction calculations on all clusters.
The calculated C-H bond distance value of 1.397 A and C-C bond distance value of 1.082 A of benzene molecule
are very close to the previously reported experimental values of 1.399 A and 1.084 A, respectively54 .

b. Oxidation of benzene on M-ZSM-5 (M=Fe, Co) clusters

The proposed reaction steps, which are given in detail in the References,2,23,24 for the cycle of benzene oxidation
by N2 O on a mononuclear site on M-ZSM-5 are

M − cluster + N2O → O − M − cluster + N2

(Step 1, N2O decomposition) (4)

O − M − cluster + C6H6 → HO − M − cluster + C6H5

(Step 2, C-H bond activation of C6H6) (5)

HO − M − cluster + C6H5 → HO − M − C6H5 − cluster

(Step 3, hydroxy complex formation) (6)

H − O − M − C6H5 − cluster → M − C6H5OH − cluster

(Step 4, phenol formation) (7)
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M − C6H5OH − cluster → M − cluster + C6H5OH

(Step 5, phenol desorption) (8)

b1. Oxidation of benzene on Fe-ZSM-5 cluster

Decomposition of the N2 O molecule on the Fe-ZSM-5 cluster is the first reaction step (step 1) as reported

in our previous study.44 The second and third steps (C-H bond activation of C6H6 and third step hydroxy
complex formation, respectively) occur simultaneously on the FeO-ZSM-5 cluster. A reaction coordinate was
selected as the distance between the hydrogen atom (H) of the C6H6 molecule and oxygen atom (O5) adsorbed
on the cluster during the first step. The relative energy profile obtained is depicted in Figure 2. This reaction
occurs with an exothermic relative energy difference of -20.80 kcal/mol through an activation barrier (TS) of

20.29 kcal/mol. The calculated imaginary frequency related with the transition state mode is 1674i cm−1 . The
corresponding O-H distance for the transition state was found as 1.259 A. The next reaction was the formation
of phenol on the FeO-ZSM-5 cluster. For this step, a reaction coordinate was selected as the distance between
the oxygen atom (O5) and carbon atom (C1) of the adsorbed phenyl ring. The relative energy profile obtained
is presented in Figure 3. This reaction has an endothermic relative energy difference of 44.82 kcal/mol through
a higher activation barrier (TS) of 45.59 kcal/mol as compared to those for steps 1, 2, and 3. The calculated

imaginary frequency related to the transition state mode was 261i cm−1 . The corresponding C-O distance for
the transition state was 1.713 A.
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Figure 2. Relative energy profile, transition state, and final equilibrium geometries for C-H bond activation of C 6 H6

and hydroxy complex formation (steps 2 and 3) on FeO-ZSM-5 cluster.
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Figure 3. Relative energy profile, transition state, and final equilibrium geometries for phenol formation reaction (step

4) on FeO-ZSM-5 cluster.

Finally, the last reaction step (step 5) is the desorption of phenol that is formed on the cluster. For this
step, a reaction coordinate is selected as the distance between the oxygen atom (O5) of the phenol molecule
and the Fe atom of the cluster. This reaction has a very small desorption barrier of 5.65 kcal/mol as compared
the other steps.

b2. Oxidation of benzene on Co-ZSM-5 cluster

The first reaction (step 1), the decomposition of the N2 O molecule on the Co-ZSM-5 cluster, was already

reported similarly in our previous study.44 For the second step, the C-H bond activation of benzene molecule,
a reaction coordinate was selected as the distance between the hydrogen atom (H) of the C6 H6 molecule and
oxygen atom (O5) adsorbed on the cluster during the first step. The relative energy profile obtained is depicted
in Figure 4. This reaction occurs with an endothermic relative energy difference of 16.83 kcal/mol through an
activation barrier (TS) of 20.58 kcal/mol. The calculated imaginary frequency related to the transition state

mode is 1515 cm−1 . The corresponding O-H distance for the transition state is 1.141 A.

The third step, hydroxy complex formation, is the reaction between C6H5 radical and Co atom of the
cluster. For this reaction, a reaction coordinate was selected as the distance between the carbon atom (C1) of
the phenyl radical and Co atom of the cluster. This reaction seems to occur on the cluster with an exothermic
relative energy difference of -31.57 kcal/mol and its relative energy profile obtained is represented in Figure 5.
The next reaction is the formation of phenol on the CoO-ZSM-5 cluster. For this step, a reaction coordinate
was selected as the distance between the oxygen atom (O5) and C1 atom of the adsorbed C6 H5 group. The
relative energy profile obtained is given in Figure 6. This reaction has an endothermic relative energy difference
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of 35.11 kcal/mol through an activation barrier (TS) of 35.82 kcal/mol as compared to steps 1, 2, and 3. The

calculated imaginary frequency related with the transition state mode is 257i cm−1 . The corresponding C-O
distance for the transition state is 1.718 A.
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Figure 4. Relative energy profile, transition state, and final equilibrium geometries for C-H bond activation of C 6 H6

(step 2) on CoO-ZSM-5 cluster.
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CoO-ZSM-5 cluster.
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Figure 6. Relative energy profile, transition state and final equilibrium geometries for phenol formation reaction (step

4) on CoO-ZSM-5 cluster.

Finally, the last reaction step (step 5) is desorption of phenol that is formed on the cluster. For this step,
a reaction coordinate is selected as the distance between the oxygen atom (O5) of the phenol molecule and Co
atom of the cluster. This reaction has a very small desorption barrier of 6.90 kcal/mol as compared to the other
steps.

Discussion

A comparison of the activation energy barriers of the direct benzene oxidation to phenol cycle steps on a Fe-
ZSM-5 cluster with the available theoretical and experimental literature data is given in the Table. As mentioned
before, there are no activation barrier data for the reactions on Co-ZSM-5 in the experimental or theoretical
literature. Since surface oxygen is responsible for the formation of phenol from benzene,2,23,24 the reaction of
surface oxygen formation by N2 O on a cluster is a key step in benzene oxidation.

The activation barrier (TS) for step 2 (C-H bond activation of benzene molecule) and step 3 (hydroxy
complex formation) was calculated to be 20.29 kcal/mol for the Fe-ZSM-5 cluster. This is close to the theoretical

values (17.4 kcal/mol26 and 23.9 kcal/mol28) reported in the literature. Several theoretical studies26,28 have
also reported that hydroxy complex formed on the cluster is stable in energy (-20.80 kcal/mol). The step that
has the highest activation barrier is the phenol formation reaction from hydroxy complex formed on the cluster.
The activation barrier for this step for Fe-ZSM-5 cluster was calculated to be 45.59 kcal/mol, which is higher

than the experimental (30.1 kcal/mol14) value reported. There may be several reasons for this discrepancy: 1.

Isolated cations, dimers, and oligonuclear clusters may be present in the Fe- ZSM-5 catalyst as opposed to our
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single site model; 2. our model does not include the effect of the zeolite channel; 3. experimental conditions
such as 648-698 K, feed gas concentration of 30-80 mol% benzene, 1.5-5.0 mol% N2 O, and 0-4.7 mol% phenol
as opposed to benzene/N2 O = 1 in this study. Activation barriers for the phenol formation reaction on the

Fe-ZSM-5 cluster previously reported in the theoretical literature are given as 31.1 kcal/mol26 , 60.1 kcal/mol25 ,

and 45.3 kcal/mol25 on the (FeO2) center and 51.3 kcal/mol28 on the (OFeO) center. Yoshizawa et al.26 have
calculated the activation barrier (31.1 kcal/mol) for the phenol formation reaction on a Fe-ZSM-5 cluster by
using quartet (4) spin multiplicity. In our study, however, a spin multiplicity number of a sextet (6) was found by

SPE calculations for the Fe-ZSM-5 cluster. Ryder et al.25 have also found and used a spin multiplicity number
of a sextet (6) for the oxidation of benzene to phenol over Fe-ZSM-5 cluster modeled as (SiH3)4 AlO4 (FeO).
Since there are some significant differences such as using a smaller cluster and a different spin multiplicity
number26 as well as different active sites25,28 between the present study and the other theoretical studies, they
cannot be directly compared.

Table. Comparison of the activation energy barriers of benzene oxidation to phenol by N2O on Fe-ZSM-5 cluster and

Co-ZSM-5 cluster with literature values.

Activation Barrier (kcal/mol)

Fe-ZSM-5 Cluster Co-ZSM-5 Cluster

This Study
Other

Theoretical
This Study

Other
Theoretical

Step 1 (N2O decomposition) 4.41a 2.4b 6.28a

Step 2 (C-H bond activation of C6H6) 20.29
17.4c

23.9e
20.58

Step 3 (Hydroxy complex formation) - - 0

Step 4 (Phenol formation) 45.59

31.1c

60.1d

45.3d*
51.3e**

35.82

Step 5 (Phenol desorption) 5.65

20.2c

4.5d

20.2d*
20.1e**

6.90

Global (Experimental) 30.1f

a Fellah and Onal44 (Gaussian/DFT/B3LYP/Cluster)
b Yoshizawa et al.45 (Gaussian/DFT/B3LYP/Cluster)
c Yoshizawa et al.26 (Gaussian/DFT/B3LYP/Cluster)
d Ryder et al.25 (Gaussian/DFT/B3LYP/Cluster)
e Yoshizawa et al.28 (Gaussian/ONIOM/QM:DFT/B3LYP-MM:UFF/Total 2084 Atoms)
f Panov et al.14 (648-698 K, feed gas concentration of 30-80 mol% benzene, 1.5-5.0 mol% N2O and 0-4.7 mol% phenol)
* Reaction occurs on (FeO2) center of ZSM-5 Cluster.
** Reaction occurs on (OFeO) center of ZSM-5 Cluster.
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The activation barrier for the phenol desorption step is the lowest among all the other steps. In summary,
it can be concluded from the present study and from both experimental14 and theoretical25,26,28 data that the
phenol formation step is the rate-limiting step for benzene oxidation to phenol by N2 O on Fe-ZSM-5.

A similar discussion would be valid for the entire cycle step results for Co-ZSM-5 cluster, which are
collected in the Table. In summary, similar activation barrier trends are valid both for Fe-ZSM-5 and Co-ZSM-
5 clusters. There are no activation barrier data observed for the reactions on Co-ZSM-5 in the literature. The
step that has the highest activation barrier is the phenol formation reaction from hydroxy complex formed on
the Co-ZSM-5 cluster. The activation barrier for this step for the Co-ZSM-5 cluster was calculated to be 35.82
kcal/mol, which seems to be lower than the value of 45.59 kcal/mol for the Fe-ZSM-5 cluster. Figure 7 also
summarizes the energy diagram of the reaction steps of benzene oxidation cycle for Fe- and Co-ZSM-5 clusters,
which for all of the cycle steps’ calculated results reported indicate somewhat lower activation barrier values for
Co-ZSM-5 in comparison to Fe-ZSM-5 catalysts.
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Figure 7. A summary energy diagram showing a comparison of all the steps of benzene oxidation to phenol by N2O

on Fe-ZSM-5 cluster and Co-ZSM-5 cluster.

Conclusions

The steps for the catalytic cycles of benzene oxidation to phenol by N2 O on Fe- and Co-ZSM-5 clusters
modeled as [(SiH3)4 AlO4 M] (M=Fe, Co) are calculated using DFT. The general trend of the results obtained
for activation barriers on the Fe-ZSM-5 cluster is in agreement with the experimental and theoretical literature.
According to the results obtained, the phenol formation step is the rate-limiting step for both clusters and the
Co-ZSM-5 cluster has a lower TS barrier than the TS value obtained for the Fe-ZSM-5 cluster (35.82 kcal/mol

342



A density functional theory study of oxidation of..., M. F. FELLAH, I. ÖNAL

vs. 45.59 kcal/mol). The other type of metal site on ZSM-5 zeolites is the subject of our next study for direct
benzene oxidation to phenol.
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