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Density  functional  theory  (DFT)  calculations  were  carried  out  in a study  of  C–H  bond  activation  of  methane
on [(SiH3)4AlO4(M,  MO)]  (where  M =  Ag,  Au, Cu,  Rh  and  Ru)  cluster  models  representing  ZSM-5  surfaces.
The  following  activity  order  of  clusters  with  respect  to  their  activation  barriers  could  be  qualitatively
classified:  Au  �  Rh >  Cu  =  Ru  >  Ag  for metal-ZSM-5  clusters  and  Ag  >  Cu  >  Au  �  Rh  >  Ru  for  MetalO-ZSM-5
clusters.  Therefore,  activation  barriers  based  on  transition  state  calculations  showed  that  Ag–O–,  Cu–O–
and  Au–O-ZSM-5  clusters  (4, 5,  and  9  kcal/mol,  respectively)  are  more  active  than  all  the  other  clusters
for  C–H  bond  activation  of  methane.
ethane
–H bond activation
creening of catalytic activity
etal
etal–oxygen

SM-5
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. Introduction

Methane, the most plentiful component of natural gas, is a use-
ul raw material for the synthesis of more valuable products such
s ethylene, methanol or formaldehyde. The C–H bond activation of
ethane that is considered to be the rate-limiting step in catalytic
ethane partial oxidation has received a great deal of attention

oth experimentally and theoretically [1–3]. Methane activation
as been studied experimentally [4–8] as well as theoretically [9]
n metal-exchanged ZSM-5 by several research groups. M’Ramadj
t al. [4] investigated catalytic combustion of methane on high
opper loading of ZSM-5 catalysts. They reported that Cu-ZSM-

 catalyst is an active catalyst for methane oxidation. They also
eported that CuO is the active site for methane oxidation. Solmosi
t al. [5] studied decomposition of methane and its reaction with
O2 on Rh-ZSM-5 catalyst. They proposed the following reaction
teps for methane activation:

H4 ↔ CH3(a) + H(a) (1)
H4 + O(a) ↔ CH3(a) + OH(a) (2)

here “a” represents adsorbed species.

∗ Corresponding author. Tel.: +90 312 210 2639.
E-mail address: ional@metu.edu.tr (I. Onal).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.04.001
Ag-ZSM-5 catalyst has also been investigated for methane acti-
vation [8],  and also in the presence of ethane [6,7] or benzene [6].
However, methane activation has not been experimentally inves-
tigated on Rh-ZSM-5 and Ag-ZSM-5 without an oxidant.

The only theoretical study of methane activation on mononu-
clear metal exchanged ZMS-5 is the work carried out by Ding et al.
[9]. They used a [(Si(OH)3)4AlO4Ag] model cluster for C–H bond
activation of methane. They reported that the isolated Ag+ cation
has a role in the activation of methane on Ag-ZSM-5. Binuclear
sites (metal–�O–metal) for several metals including Fe, Au, Ag
and Cu in ZSM-5 have been used for methane activation in our
recent theoretical study [10]. Many metal exchanged ZSM-5 cat-
alysts, including Fe-ZSM-5 [11], Co-ZSM-5 [11], Cu-ZSM-5 [12–15],
Rh-ZSM-5 [16,17] Ag-ZSM-5 [18,19], Au-ZSM-5 [19,20] and Ru-
ZSM-5 [17] are presently being considered active catalysts for N2O
decomposition due to their high activity. N2O decomposes to N2(g)
and O(a) on the metal site of metal exchanged ZSM-5 catalyst. N2O
decomposition step can be shown as:

N2O(g) + O∗ → N2(g) + O∗ (3)

where * represents metal site. Metal–oxygen site is formed as a

result of this reaction.

A major challenge or debate on understanding the activity
of metal-ZSM-5 catalysts is about the nature of active sites in
ZSM-5 zeolite. The extra framework metal species in the zeolite

dx.doi.org/10.1016/j.cattod.2011.04.001
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ional@metu.edu.tr
dx.doi.org/10.1016/j.cattod.2011.04.001
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icropores can be present as mononuclear, binuclear, oligonu-
lear cationic species. Solans-Monfort and co-workers have used

 [(SiH3)2AlO2(OH)2Cu] model cluster for N2O decomposition [15],
O decomposition [21] and NOx decomposition [22] on Cu-ZSM-

 catalyst. They have reported that Cu and CuO sites are stable
n Cu-ZSM-5 clusters. A [(SiH3)4AlO4Cu] ZSM-5 cluster model has
een used for NO decomposition in theoretical [23,24] and exper-

mental [25] studies by Bell and co-workers. They mentioned
hat both Cu and CuO sites are active sites for NO decompo-
ition. These sites have been also used for interaction of NO2,
2O, SO2 and NO molecules in other theoretical studies using a

(SiH3)2AlO2(OH)2Cu] cluster model [26–28] and an [Al(OH)4Cu]
luster model [29,30]. Zhanpeisov et al. [18] researched inter-
ction of N2O with Ag+ ion-exchanged ZSM-5 experimentally
nd theoretically. They used FT-IR spectroscopy and several clus-
er models such as [Al(OH)4Ag], [(Si(OH)3)2AlO2(OH)2Ag] and
(Si(OH)2)5O4AlO2(OH)2Ag] for N2O decomposition. The sites of
g and Ag–O formed by N2O decomposition have been investi-
ated in a theoretical study [19] using a [(SiH3)2AlO2(OH)2Ag]
luster model. Simakov et al. [31] experimentally investigated
O oxidation on Au-ZSM-5 catalyst. They reported that Au sites

n the Au-ZSM-5 catalyst are responsible for the high activity in
O oxidation [32]. Au sites in the Au-ZSM-5 catalyst have been
lso reported by Gao et al. [33] in their experimental study of
haracterization of Au-ZSM-5. Au site of Au-ZSM-5 catalyst has
een theoretically investigated by Sierraalta et al. [34]. Au and
u–O sites have been also reported in some theoretical stud-

es which use a [(SiH3)2AlO2(OH)2Au] cluster model [15] and a
Si6AlO23H14Au) cluster model [20] by Sierraalta et al. Rh-ZSM-

 catalyst has been investigated for N2O decomposition [14,15].
ondratenko and co-workers [16] reported in an experimental
tudy that N2O reversibly adsorbs over Rh-ZSM-5 with subsequent
ecomposition of adsorbed N2O species to gas-phase N2 and sur-
ace mono-atomic oxygen species.

The aim of this study is to investigate and compare C–H bond
ctivation of methane on metal-exchanged ZSM-5 clusters by use
f density functional theory (DFT) calculations. A metal-exchanged
SM-5 zeolite is modeled as a [(SiH3)4AlO4(M or MO)] (M = Ag, Au,
u, Rh and Ru) cluster. DFT calculations with B3LYP formalism using
-31G(d,p) basis set for Si, Al, O, C and H atoms and LANL2DZ basis
et for metal atoms are utilized to obtain energy profiles, equilib-
ium geometries, and transition state geometries.

. Surface models and calculation method

All calculations in this study are based on DFT [35] as imple-
ented in Gaussian 03 suit of programs [36]. To take into account

he exchange and correlation, Becke’s [37,38] three-parameter
ybrid method involving the Lee, Yang, and Parr correlation func-
ional (B3LYP) formalism [39] was used in this study. It has already
een demonstrated that hybrid B3LYP method is a high-quality
ensity functional method certainly for organic chemistry [40]. 6-
1G(d,p) basis set was utilized for Si, Al, O, C and H atoms and the
os Alamos LANL2DZ effective core pseudo-potentials (ECP) basis
et was used for all metal atoms. Very large nuclei and electrons
ear the nuclei are treated in an approximate way  in the LANL2DZ
seudo-potential basis set via effective core potentials including
ome relativistic effects as given in Ref. [41].

A cluster modeling approach was used to simulate a represen-
ative portion of ZSM-5 zeolite stabilizing the extra framework

etal and metal–oxygen species in this study. Previous studies

n metal-modified ZSM-5 and ferrierite zeolites by Kachurovskaya
t al. [42,43] revealed only minor quantitative differences between
he results obtained using cluster and periodic modeling approach.
n addition, cluster modeling approach has been widely used to cre-
oday 171 (2011) 52– 59 53

ate a qualitative molecular-level picture of CO and NO adsorption
on different iron sites of Fe-ZSM-5 [44] and on Pd–H-ZSM-5 [45].
Very similar structural and energetic properties of the adsorption
complexes were obtained using small 5 T and large 83 T clus-
ter models [44]. Furthermore, 7 T and 93 T cluster models were
found as equally efficient in terms of the adsorption of CO and NO
molecules on Pd–H-ZSM-5 [45]. A more important issue is that DFT
calculations on cluster or periodic zeolite models generally predict
very similar reactivity trends [44,46–48].

In this study, a 5T-ZSM-5 cluster from the wall (see Fig. 1b) of
ZSM-5 zeolite was used. The starting geometry of the cluster model
corresponded to the experimental XRD structure of ZSM-5 [49].
The initial cluster model contained 5 Si and 4 O atoms. An Al atom
was  placed in T12 site of the framework surrounded by O and Si
atoms to generate distant framework anionic sites resulting in a
[(SiH3)4AlO4]1− cluster model. The negative charge of the cluster
was  compensated by the extra framework reactive sites such as
[M]1+ and [MO]1+ where metal has a formal charge of 3+. The 5T-
ZSM-5 clusters used in this study were modeled as [(SiH3)4AlO4(M
or MO)] (where M = Ag, Au, Cu, Rh and Ru) as shown in parts c and
d of Fig. 1, respectively. The dangling bonds of the terminal silicon
atoms are terminated with H atoms to obtain a neutral cluster. Total
charge value for all complex systems such as M-ZSM-5 cluster-
methane and MO-ZSM-5 cluster-methane systems was taken to be
neutral. All of the atoms of a cluster except terminating H atoms,
as well as reactant and product molecules were kept relaxed. Ter-
minating H atoms were kept fixed to orient in the Si–O direction of
the next Si site. Zeolite micropore feature was not considered in this
study. The reactive sites studied in our work are relatively localized.
Although dispersion may  affect the energy of the adsorbed states in
zeolite [50], it was also not taken into account in the present study
since only a qualitative screening of activity for C–H bond activation
of methane on metal exchanged ZSM-5 zeolites has been investi-
gated. This effect would likely be similar for each of these cluster
systems and thus would not influence conclusions based on the
screening of the ZSM-5 clusters. Moreover, it has been reported
that dispersion energy terms are comparable for different metal
exchanged zeolite systems [51]. Energy profile and equilibrium
geometry calculations were in general performed for determina-
tion of activation barriers and relative energies. Energy values in
this study include zero-point energy (ZPE) corrections which are
obtained using frequency calculations at a temperature of 298 K
since there is no experimental thermochemistry data for C–H bond
activation of methane. Computed 〈S2〉 values confirmed that the
spin contamination was very small (within 0.5% after annihila-
tion). Vibrational analysis was performed by means of single point
frequency calculations for all transition states in order to confirm
that they have only one imaginary mode of vibration. Natural bond
orbital (NBO) [52] analysis has been used to obtain NPA charges
and electronic configurations of metal atoms. Convergence criteria
which are gradients of maximum force, root-mean-square (rms)
force, maximum displacement, and rms  displacement in Gaus-
sian’03 software are 0.000450, 0.000300, 0.001800 and 0.001200,
respectively.

The computational strategy employed in this study is as fol-
lows: initially, the correct spin multiplicity (SM) of the cluster and
adsorbing molecule is determined by single point energy (SPE) cal-
culations. SPE’s are calculated with different SM numbers for each
cluster system and the SM number which corresponds to the low-
est SPE is accepted as the correct SM.  The cluster and the adsorbing
molecule, CH4, are then fully optimized geometrically by means of
equilibrium geometry calculations.
The adsorbing molecule is first located over the active site of
the cluster at a selected distance and a coordinate driving calcu-
lation is performed by selecting a reaction coordinate in order to
obtain the variation of the relative energy with a decreasing reac-
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Fig. 1. (a) ZSM-5 zeolite, (b) ZSM-5 channel, (c) optimized geometries of M-ZSM-

ion coordinate to get an energy profile as a function of the selected
eaction coordinate distance. These energy profiles are also use-
ul in finding transition state and equilibrium geometries. Single
oint energy calculations were also performed where necessary by

ocating the adsorbing molecule in the vicinity of the catalytic clus-
er. Coordinate driving calculations result in an energy profile. The
esulting relative energies for the cluster and reactant molecule
omplex are plotted against the reaction coordinate. The relative
nergy is defined as the following formula:

E  = ESystem − (ECluster + EAdsorbate)

here ESystem is the calculated energy of the optimized transition
tate or equilibrium structure, ECluster is the energy of the clus-
er, and EAdsorbate is that of the adsorbing molecule, CH4 in this
ase. After obtaining the energy profile for the reaction step, the
eometry with the minimum energy on the energy profile is fully
e-optimized to obtain the equilibrium geometry for the particu-
ar reaction step. In this re-optimization calculation, the reaction
oordinate is not fixed. Additionally, the geometry with the high-
st energy from the energy profile is taken as the input geometry
or the transition state geometry calculations. Starting from these
eometries, the transition state structures with only one negative
igenvalue in Hessian matrix are obtained. Transition states have
een calculated using the synchronous quasi-Newtonian method
f optimization, QST3 [53] in which reactant, product and a guess
ransition state structure are used. It has been reported that this
ethod appears to be more reliable than conventional transition
tate optimization algorithms, and requires only energies and gra-
ients, but not second derivative calculations [54]. Additionally, the
omputational cost of relaxing the path is less than or comparable
ters, (d) optimized geometries of MO-ZSM-5 clusters (M = Ag, Au, Cu, Rh and Ru).

to the cost of standard techniques for finding the transition state
structures. It should be also noted that activation barrier values
have been computed to be in well agreement with the experimental
values using QST3 method in our theoretical studies [55,56] where
benzene oxidation has been studied on Fe-ZSM-5 zeolite clusters.

3. Results

3.1. Optimization of clusters and reactant molecule

Equilibrium geometries for M-  and MO-ZSM-5 clusters (M = Ag,
Au, Cu, Rh and Ru) were obtained taking the total charge as neutral,
and the calculated spin multiplicities corresponding to the low-
est SPE’s, respectively. Computed spin multiplicity (SM) numbers
were shown in Table 1. The same spin multiplicity numbers for
M-  and MO-ZSM-5 clusters were also used for the cluster-methane
molecule complex. The spin multiplicity numbers of 1 (singlet) and
3 (triplet) have been also reported for M-  and MO-ZSM-5 clusters
(where M = Ag and Au [19] and Cu [22]), respectively The parts c
and d of Fig. 1 show geometries of a ZSM-5 cluster with a single
M site and an MO  site, respectively. Si–O distances for all clusters
range from 1.63 Å to 1.68 Å. The corresponding distances reported
in the experimental literature are between 1.55 Å and 1.65 Å [49].
Average Si–H distance was calculated as 1.485 Å for all clusters.
NPA charges, the interaction energies of metal atoms with M-ZSM-
5 cluster, distance values of M–O1, M–O2 and M–O3, and electronic

configurations of metal atoms are reported in Table 1. Equilibrium
geometry for CH4 as a reactant molecule was  obtained by taking
the total charge to be neutral and with a singlet spin multiplic-
ity. The calculated C–H bond distance value of 1.093 Å for methane
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Table 1
NPA charges, interaction energies of metal atoms, selected distance values, and electron configurations of metal atoms of M-  and MO-ZSM-5 clusters.

ZSM-5 Spin multiplicity Distances (Å) NPA charges Interaction
energy,
kcal/mol

Electron
configurations
of metal atoms

M–O1 M–O2 M–O3 Metal atom Oxygen
(O1) atom

Oxygen
(O2) atom

Oxygen
(O3) atom

Ag 1 2.276 2.275 – 0.865 −1.316 −1.316 – −78 [core]5S0.134d9.975p0.016p0.02

Au 1 2.284 2.280 – 0.744 −1.279 −1.279 – −71 [core]6S0.305d9.926p0.027p0.02

Cu 1 2.006 2.003 – 0.864 −1.326 −1.326 – −102 [core]4S0.163d9.944p0.025p0.02

Rh 3 2.209 2.204 – 0.773 −1.284 −1.288 – −89 [core]5S0.094d8.115p0.02

Ru 4 2.212 2.120 – 0.787 −1.290 −1.292 – −85 [core]5S0.114d7.085p0.03

AgO 3 2.226 2.224 2.018 1.076 −1.304 −1.300 −0.279 – [core]5S0.224d9.675p0.04

AuO 3 2.237 2.230 1.885 0.995 −1.256 −1.256 −0.346 – [core]6S0.675d9.306p0.037p0.01

CuO 3 1.977 1.977 1.763 1.167 −1.300 −1.301 −0.415 – [core]4S0.353d9.444p0.03
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RhO 3 2.128 2.105 1.723 1.029 −1.216
RuO 4 2.189 2.094 1.737 1.172 −1.213

olecule is very close to the reported experimental [57] value of
.096 Å.

.2. C–H bond activation of methane on M-  and MO-ZSM-5
M = Ag, Au, Cu, Rh and Ru) clusters

The proposed reactions [5] for the C–H bond activation of
ethane on a mononuclear site of M-ZSM-5 and MO-ZSM-5 clus-

ers are:

-ZSM-5 + CH4(g) → CH3(M) + H(Ob) (4)

O-ZSM-5 + CH4(g) → CH3(g) + OH(M) (5)

here M represents the metal site and Ob is the bridge oxygen atom
O1) (see Fig. 1c).

.2.1. C–H bond activation of methane on M-ZSM-5 (M = Ag, Au,
u, Rh and Ru) clusters

For C–H bond activation of methane on M-ZSM-5 clusters, a
eaction coordinate is the distance between the carbon atom (C)
f the CH4 molecule and the metal atom of the cluster. The rela-
ive energy profile for the activation on Ag-ZSM-5 cluster is shown
n Fig. 2 to illustrate the methodology in obtaining the relative
nergy profiles. Tables 2 and 3 show NPA charge values and elec-
ronic configurations of metal atoms for equilibrium geometries

nd transition state geometries respectively for methane activa-
ion on M-  and MO-ZSM-5 clusters. The transition states geometries
nd the equilibrium geometries for methane activation on M-ZSM-

 cluster are represented in parts a and b of Fig. 3, respectively.
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ig. 2. Relative energy profile for C–H bond activation of methane on Ag-ZSM-5
luster.
−1.262 −0.424 – [core]5S0.194d7.755p0.035d0.01

−1.283 −0.543 – [core]5S0.224d6.575p0.045d0.01

All geometries are similar for all metal exchanged ZSM-5 clusters.
Table 4 shows geometric distance values for transition state and
equilibrium geometry structures. Additionally, activation barriers,
reaction energies and vibrational frequencies related with the tran-
sition mode for M-ZSM-5 clusters are tabulated in Table 6.

3.2.2. C–H bond activation of methane on MO-ZSM-5 (M = Ag, Au,
Cu, Rh and Ru) clusters

A reaction coordinate is taken to be the distance between the
hydrogen atom (H) of the CH4 molecule and the adsorbed oxygen
atom (O3 on metal atom) of the MO-ZSM-5 cluster for C–H bond
activation reaction of methane which results in H adsorbed on O3
and CH3 radical in the gas phase. Tables 2 and 3 show NPA charge
values and electronic configurations of metal atoms for equilibrium
geometries and transition state geometries respectively on M-  and
MO-ZSM-5 clusters. The transition state geometries and the equi-
librium geometries for methane activation on MO-ZSM-5 cluster
are represented in parts a and b of Fig. 4, respectively. All geome-
tries are similar for all metal exchanged ZSM-5 clusters. Table 5
also shows geometric distances values for transition state and equi-
librium geometry structures. Activation barriers, reaction energies
and vibrational frequencies related with the transition mode for
MO-ZSM-5 clusters are tabulated in Table 6.

4. Discussion

Since metal and MetalO sites have been determined in both
experimental and theoretical studies in metal exchanged ZSM-5
[12–30], ZSM-5 clusters modeled as [(SiH3)4AlO4(M,  MO)] (M = Ag,
Au, Cu, Rh and Ru) are used for C–H bond activation of methane.
Metal atoms interact chemically with ZSM-5 zeolite clusters by rea-
son of their computed interaction energies shown in Table 1. The
reason for this chemical interaction might be that the interaction
between the negatively charged framework of a zeolite and the
charge-compensating cations is primarily electrostatic and there-
fore quite strong and predominantly covalent [58]. NPA charge
values and electronic configurations of metal atoms for equilibrium
geometries and transition state geometries for methane activa-
tion on M-  and MO-ZSM-5 clusters are shown in Tables 2 and 3,
respectively. As seen from these tables, charge transfer occurs from
the metal atoms and lattice oxygen atoms (O1 and O2) of zeolite
to the adsorbing molecule for the reaction on M-ZSM-5 clusters
whereas transfer takes place from the metal atoms and lattice oxy-
gen atoms (O1 and O2) to the oxygen atoms (O3) on metals and

adsorbing molecule during the reaction over MO-ZSM-5 clusters.
The charges of metal atoms have decreased after breakage of C–H
bond of methane on M-  and MO-ZSM-5 clusters since ZSM-5 clus-
ter has a Bronsted H site from methane. On the other hand, metal
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Table 2
NPA charge values and electron configurations of metal atoms of transition state geometries for methane activation on M-  and MO-ZSM-5 clusters.

ZSM-5 cluster NPA charges Electron configurations of metal atoms

Metal Oxygen (O1) atom Oxygen (O2) atom Oxygen (O3) atom

Ag 0.755 −1.214 −1.316 – [core]5S0.294d9.946p0.02

Au 0.665 −1.244 −1.278 – [core]6S0.555d9.777p0.02

Cu 0.749 −1.219 −1.319 – [core]4S0.383d9.865p0.01

Rh 0.645 −1.227 −1.284 – [core]5S0.214d8.145p0.01

Ru 0.658 −1.220 −1.288 – [core]5S0.254d7.085p0.015d0.01

AgO 0.939 −1.284 −1.281 −0.502 [core]5S0.334d9.705p0.03

AuO 0.942 −1.252 −1.256 −0.625 [core]6S0.655d9.376p0.037p0.01

CuO 1.172 −1.302 −1.303 −0.700 [core]4S0.353d9.444p0.03

RhO 0.930 −1.242 −1.187 −0.699 [core]5S0.234d7.825p0.025d0.01

RuO 1.179 −1.283 −1.280 −0.832 [core]5S0.294d6.505p0.035d0.01

Table 3
NPA charge values and electron configurations of metal atoms of equilibrium geometries for methane activation on M-  and MO-ZSM-5 clusters.

ZSM-5 cluster NPA charges Electron configurations of metal atoms

Metal Oxygen (O1) atom Oxygen (O2) atom Oxygen (O3) atom

Ag 0.397 −1.183 −1.302 – [core]5S0.774d9.826p0.01

Au 0.293 −1.144 −1.289 – [core]6S1.045d9.667p0.01

Cu 0.515 −1.140 −1.308 – [core]4S0.693d9.785p0.01

Rh 0.443 −1.163 −1.293 – [core]5S0.444d8.115p0.01

Ru 0.471 −1.164 −1.291 – [core]5S0.634d6.905p0.015d0.01

AgO 0.960 −1.271 −1.282 −0.710 [core]5S0.324d9.685p0.036p0.01

AuO 0.949 −1.246 −1.252 −0.813 [core]6S0.655d9.376p0.037p0.01

CuO 1.199 −1.300 −1.302 −0.937 [core]4S0.343d9.424p0.045p0.01

RhO 0.924 −1.237 −1.187 −0.842 [core]5S0.244d7.805p0.035d0.01

RuO 1.170 −1.290 −1.280 −0.938 [core]5S0.304d6.495p0.035d0.016p0.01

Fig. 3. (a) Transition state geometry and (b) equilibrium geometry for C–H bond activation of methane on M-ZSM-5 cluster (M = Ag, Au, Cu, Rh and Ru).

Table  4
Selected distance values of transition state geometries and equilibrium geometries for methane activation on M-ZSM-5 clusters (values are in units of Å).

M-ZSM-5 cluster Transition state geometry Equilibrium geometry

M–O2 O1–H C–H M–O2 M–C  O1–H

Ag 2.304 1.219 1.520 2.314 2.097 0.991
Au  2.203 1.489 1.477 2.301 2.034 1.001
Cu  1.950 1.222 1.559 2.002 1.913 1.001
Rh  2.215 1.299 1.501 2.317 2.075 1.026
Ru  2.237 1.258 1.540 2.340 2.080 1.025

Table 5
Selected distance values of transition state geometries and equilibrium geometries for methane activation on MO-ZSM-5 clusters (values are in units of Å).

MO-ZSM-5 cluster Transition state geometry Equilibrium geometry

M–O1 M–O2 M–O3 O3–H C–H M–O1 M–O2 M–O3 O3–H

Ag 2.237 2.253 2.049 1.223 1.299 2.250 2.228 2.058 0.977
Au 2.275 2.216 1.941 1.199 1.327 2.269 2.208 1.958 0.986
Cu 1.988 1.988 1.783 1.229 1.287 1.987 1.985 1.783 0.979
Rh  2.087 2.097 1.859 1.120 1.436 2.090 2.084 1.894 0.999
Ru 2.224 2.221 1.866 1.104 1.449 2.293 2.187 1.910 0.992
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Fig. 4. (a) Transition state geometry and (b) equilibrium geometry for C–

toms in ZSM-5 clusters have already a positive charge at the end of
–H bond activation reaction. A comparison of the activation bar-
iers and relative reaction energies for metal- and MetalO-ZSM-5
lusters is given in Table 6. Figs. 5 and 6 also summarize the energy
iagrams of C–H bond activation of methane reaction on M-  and
O-ZSM-5 clusters, respectively. As seen from Table 6 and Fig. 5,
etal-ZSM-5 clusters except Au-ZSM-5 have similar heat effects

n C–H bond activation of methane. Since NPA charge value of
u atom in the transition state geometry for Au-ZSM-5 cluster is

ower than those of other metal-ZSM-5 clusters, Au-ZSM-5 clus-
er has a lower activation barrier value for C–H bond activation of

ethane than those of other ZSM-5 clusters. The reason for this dif-
erence between the activation barriers for Au-ZSM-5 cluster and
ther M-ZSM-5 clusters might be that in transition state mode of
u zeolite cluster the distance of H–O1 is much greater than those
f other modes. Accordingly, a decrease in the number of electrons
n the d orbital of the transition state mode for Au-ZSM-5 cluster is

ore than those of other M-ZSM-5 clusters. The methyl radical is
trongly adsorbed on Au atom since Au atom has the lowest NPA
harge after the C–H bond activation on Au-ZSM-5 cluster as com-
ared to other metal-ZSM-5 clusters. Moreover, maximum charge
ecrease occurred on Au atom during the reaction. In order to see
he reason for different heat effects on that reaction, desorption bar-
iers of the methyl radical adsorbed on metal atom were calculated
or Ru-ZSM-5 and Au-ZSM-5 clusters. Since Rh-, Ru-, Ag-, and Cu-

SM-5 clusters have similar effects, Ru-ZSM-5 cluster was selected
o compare with Au-ZSM-5 cluster. Desorption barrier values of
he methyl radical from the surface for Ru-ZSM-5 and Au-ZSM-5
lusters were calculated to be 71 and 112 kcal/mol, respectively.

able 6
 comparison of the reaction energies and activation barriers of the C–H bond activation 

Metal Metal-ZSM-5 cluster 

Activation
barrier,
kcal/mol

TS frequency, cm−1 Reaction
energy,
kcal/mol

Ag 37, 34a 1236i 23 

Au  25 1381i −18 

Cu 36  1175i 27 

Rh 34  1260i 24 

Ru  36 1255i 27 

a A theoretical value reported by Ding et al. [9].
d activation of methane on M-ZSM-5 clusters (M = Ag, Au, Cu, Rh and Ru).

Energy difference of these desorption barriers is calculated to be
41 kcal/mol. This is in reasonable agreement with the energy dif-
ference value of 45 kcal/mol calculated between reaction energy
values for Ru- and Au-ZSM-5 clusters. Consequently, Au-ZSM-5
gives only exothermic heat effect for C–H bond activation.

Neither experimental nor theoretical literatures have activation
barrier data for C–H bond activation of methane on M-ZSM-5 or
MO-ZSM-5 catalysts except Ag-ZSM-5 which was  used in a theo-
retical study [9].  Metal-ZSM-5 clusters have high activation barriers
for C–H bond activation of methane. Conversely, activation barri-
ers of metal-oxide ZSM-5 clusters except RhO- and RuO-ZSM-5 are
significantly lower than those of metal-ZSM-5 clusters. The activa-
tion barrier of the reaction for Ag-ZSM-5 cluster was calculated to
be 37 kcal/mol which is close to a theoretical value of 34 kcal/mol
reported by Ding et al. [9].  However, there is a small difference
which could be originated due to different basis sets utilized. AgO-
ZSM-5 cluster has the lowest activation barrier (4 kcal/mol) for C–H
bond activation of methane among all the metal oxides studied. Au-
ZSM-5 is more active than Ag-ZSM-5 and other M-ZSM-5 clusters.
Although the activation barrier for Au-ZSM-5 cluster was calcu-
lated to be 25 kcal/mol, it is much higher than that (9 kcal/mol) of
AuO-ZSM-5 cluster. This is a similar trend to the experimentally
reported information that AuO is responsible for the high activity
in CO oxidation [32]. CuO-ZSM-5 cluster has an activation barrier
value of 5 kcal/mol for methane activation whereas the barrier is

36 kcal/mol for Cu-ZSM-5 cluster. Here, CuO is the active site as
also reported in the experimental study of M’Ramadj et al. [4].
Activation barriers for Rh- and RhO-ZSM-5 clusters were found as
34 and 28 kcal/mol, respectively. This, of course, indicates lower

of methane on metal- and MetalO-ZSM-5 clusters.

MetalO-ZSM-5 cluster

Activation
barrier,
kcal/mol

TS frequency,
cm−1

Reaction
energy,
kcal/mol

4 1340i −1
9 1485i 3
5 1404i −3

28 1421i 24
33 1226i 31
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Fig. 5. A summary energy diagrams showing a comparison for C–H bond activation
or methane on M-ZSM-5 clusters (M = Ag, Au, Cu, Rh and Ru).

Fig. 6. A summary energy diagrams showing a comparison for C–H bond activation
or methane on MO-ZSM-5 clusters (M = Ag, Au, Cu, Rh and Ru).
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activity for Rh metal as compared to other metals located in a ZSM-
5 cluster. These values are in agreement with the data given in
an experimental study [5] which reports only 11.5% conversion of
methane on Rh-ZSM-5 catalyst used for decomposition of methane
and its reaction with CO2. Clusters that exhibit the highest acti-
vation barriers for C–H bond activation of methane are Ru-ZSM-5
and RuO-ZSM-5 clusters. Activation barriers for these clusters were
computed as 36 and 33 kcal/mol, respectively. Similar to the case of
the M-ZSM-5 cluster discussed above, the explanation for the lower
activation barriers of AgO-, AuO- and Cu-ZSM-5 clusters might be
that in transition state modes of these clusters the H–O3 distance
is greater than those of other modes.

As a result, the following activity order of clusters with
respect to their activation barriers could be qualitatively
classified: Au � Rh > Cu = Ru > Ag for metal-ZSM-5 clusters and
Ag > Cu > Au � Rh > Ru for MetalO-ZSM-5 clusters. In view of these
results, other possible reactions such as formation of methanol
and/or formaldehyde can also be studied on AgO-, CuO- and AuO-
ZSM-5 clusters.

5. Conclusions

The elementary reaction of C–H bond activation of methane
on metal- and MetalO-ZSM-5 clusters modeled as [(SiH3)4AlO4(M,
MO)] (M = Ag, Au, Cu, Rh and Ru) has been studied using DFT. The
following activity order of clusters with respect to their activation
barriers could be qualitatively classified: Au � Rh > Cu = Ru > Ag for
metal-ZSM-5 clusters and Ag > Cu > Au � Rh > Ru for MetalO-ZSM-5
clusters. Activation barriers based on transition state calculations
showed that AgO-, CuO- and AuO-ZSM-5 clusters are more active
for C–H bond activation of methane as compared to other clusters.
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