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ABSTRACT: Activation of methane has attracted a great deal of interest
in laboratory chemical synthesis and in large-scale industrial processes.
We performed density functional theory studies to investigate the C−H
bond breaking of methane on Au+ and Au2

+ ions in vacuum and inside
different types of zeolites. The density functional M06-L and the 6-
31G(d,p) basis set were employed as this level of theory had already been
shown to be reasonably accurate and affordable for transition metal
systems. We investigated four industrially important catalysts, ZSM-5,
FAU, FER, and MCM-22, each with a particular framework topology, with respect to their performance for methane activation.
The bicoordinated character of the cationic site in the ZSM-5 structure provides a higher activity than the FAU structure with a
3-fold coordination of its cationic site. The activation energy of the reaction catalyzed by Au-ZSM-5 is lower than the one with
the bare Au+ cation (13.2 vs 21.3 kcal/mol) because of the structural constraint imposed by the zeolite that leads to an earlier
transition state with a high charge difference of the C−H atoms where the bond is broken. It is also found that the activity of
Aun

+ decreases already with n = 2, due to the shared positive charge. For the zeolites with large pores, Au-MCM-22 provides a
higher activity due to the spacious framework of this particular type of zeolite is perfect for stabilizing the transition state
structure but not the corresponding adsorption complex. The small and medium pore-sized zeolites, Au-FER and Au-ZSM-5
stabilize both the adsorption complex and the transition states, thus causing the activation energy to remain the same.
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■ INTRODUCTION
The chemical transformation and functionalization of light
hydrocarbons has been called “the holy grail of chemistry”.1

Such hydrocarbons are the main constituents of oil and natural
gas, a feedstock for the chemical industry that transforms them
to more valuable products. Typically, the cleavage of a C−H
bond is the important initial step of these chemical trans-
formations. Because of the stability of this bond, this is
surprisingly difficult.2 Among the light alkanes that have been
investigated for C−H activation, methane is attracting a great
deal of interest due to the fact that it can be obtained in large
quantities from petrologic natural gas and that it is also a
renewable biochemical resource. Methane can be converted
into other valuable products such as methanol, formaldehyde,
acetic acid or light olefins, and ethylene.3−9 The cleavage of the
C−H bond of methane requires a high energy of about ∼100
kcal/mol10 and its activation by means of catalysts is still a
subject of fundamental research.9 Metals in the form of
ions,11,12 complexes, surfaces,13 clusters,14 cluster ions,15−17

oxides,18,19 metal-exchanged zeolites,20−23 and many more have

been considered as catalysts. Fundamental information comes
often from gas phase metal clusters or metal ions, typically
produced in sophisticated mass-spectroscopic experiments. For
production, heterogeneous catalysts are used on an industrial
scale. Metal-exchanged zeolites hold promise in this aspect
because they possess the characteristics of heterogeneous
catalysts, like an easy separation of the catalyst from the
reaction mixture at the end of the reaction. Their catalytic
activity is connected to the nature of the zeolite frameworks.
A considerable number of theoretical20,21,23 and experimen-

tal22,24,25 studies have investigated the C−H activation of
methane catalyzed by metal-exchanged zeolites. All of these
studies investigated Fe-, Mo-, Ag-, or Cu-exchanged ZSM-5. To
the best of our knowledge, the methane activation catalyzed by
Au-exchanged zeolites has not yet been examined and this is
the scope of our present work. The successful synthesis of MFI
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and NaY type Au-exchanged zeolites, including Au-NaY, Au-

NaZSM-5, Au-ZSM-5, and less frequently, Au-NaMOR,26−32

has already been reported. Recently, Ichikawa et al.26,31 used

CO adsorption to study Au/NaY, Au/Na-MOR, and Au/Na-

ZSM-5 and concluded that Au+ is the dominant active site on
which the reactions take place.
Conversely, also methane activation by dimeric gold cations

(Au2
+)17,33 was recently reported. Despite the likely presence of

gold ions (Aux
n+) with even more different oxidation states and

Figure 1. Cluster models of (a) Au-FAU, (b) Au-ZSM-5, (c) Au-FER, and (d) Au-MCM-22.
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charged as well as neutral gold (Aux) clusters inside the
structures and on the external surface of the zeolites, only Au+

and Au2
+ were considered by us as active species.

In this work, we study the activation of the methane C−H
bond on Au-exchanged zeolites, namely faujasite (FAU), ZSM-
5, ferrierite (FER) and MCM-22 with the M06-L density
functional. We investigate those factors that are expected to be
relevant for the reactivity, for example the cationic coordination
site, the size of the pore channel and the effect of framework
structures. First, we compare coordination sites on FAU and
ZSM-5 with each other and then the effect of the pore channel
size in FER, ZSM-5, and MCM-22. For this, small cluster
models are used while the effect of different frameworks on the
stabilities of adsorption and transition states is studied with
larger clusters, without considering geometric relaxation. Since
the C−H bond of methane is especially strong, the results of
this study could be relevant for developing catalysts for the
activation of other hydrocarbons.

■ METHODOLOGY
The zeolite cluster models were taken from the crystallographic
data of H-ZSM-5, H-FAU, H-FER, and H-MCM-22
zeolites.34−36 Small clusters with a local cationic site were
selected for calculation. They are shown in Figure 1. For the
case of Au(I)-exchanged ZSM-5 (Au-ZSM-5), a 12T cluster
model was used. This model covers the 12-membered-ring
window (5.1 × 5.4 Å) representing the intersection cavity
where the straight channel and the zigzag channel cross. The
molecules cross this intersection cavity with the highest
probability. The question of the preferred position of the
aluminum atom in ZSM-5 zeolite was widely studied
experimentally37−39 and theoretically.37,40,41 The exact position
cannot be determined because the energies of the aluminum
replacement at different T sites differ very little from each other
and calculation of NMR shifts37 to which experimental spectra
could be compared is not yet quite as accurate as would be
required. Most studies indicate that at least part of the
aluminum sits on the T12 site.38,40 In our model, a silicon atom
was substituted by an aluminum atom at the T12 position in
the same way as has been done in former theoretical
studies.42−44 For the case of Au(I)-exchanged FAU (Au-
FAU), the 16T cluster that represents the supercage of FAU
was selected. Even in the case of FAU, there are several possible
sites where the cation can reside. We choose site II, the 6-
membered ring of the T atoms which is confirmed by various
experimental studies as the site with the highest cation
occupation.45,46 For Au(I)-exchanged FER (Au-FER), a 10T
cluster model was used. This model covers the 10-membered
ring window (4.2 × 5.4 Å) where the main channel and the 8-
membered ring channel intersect. There, a silicon atom at the
T2 site was replaced by an aluminum atom to represent the
Brønsted acid site.47 Finally, for Au(I)-exchanged MCM-22
(Au-MCM-22), a 12T cluster model representing the 12-
membered ring channels of the supercage (7.1 × 7.1 × 18.4 Å)
was selected. The substituted aluminum atom is located at the
T1 site to model the Brønsted acid site.48 In all cases, the Au+

ion was located to bridge two oxygen atoms at their Brønsted
acid site. The O atoms at the edge of the cluster were fixed in
their crystallographic positions. H atoms were used to
terminate the O atoms at the edge of the model along the
direction of the crystallographic O−Si bonds with the O−H
bond length of 1.47 Å. Only a portion of 5T around the Al
atom of Au-ZSM-5, Au-FER and Au-MCM-22 and 4T at the 6-

membered ring of Au-FAU and the probe molecule were
allowed to relax during geometry optimizations, as in our
previous studies.49−52

The M06-L density functional53−55 takes dispersion into
account by means of its parametrization and has been shown to
be both accurate for transition metals and affordable for large
systems like the ones studied here.49−52,56−60 Madsen et al.56,61

recently showed that this functional performs also quite well for
the 2D-3D transition of ionic gold clusters and for the covalent
and dispersive interaction in layered solids. We used M06-L
together with the Stuttgart effective core potential62 and its
basis set for Au and the 6-31G(d,p) basis set for all other atoms.
Addition of diffuse functions does not influence the energetics.
Test calculations on Au-ZSM-5 and Au-FER with the 6-
31+G(d,p) basis set are shown in the Supporting Information.
Transition state structures were checked by normal-mode
analysis. In all cases we found only one imaginary frequency,
corresponding to the reaction coordinate, and even the
frequencies of the modes involving terminating atoms are all
real. According to the work of Li and Armentrout,12 a low spin
multiplicity of the Au atom is favorable, and all systems
containing Au+ were considered to be in the singlet state, the
electronic ground state of Au+. Systems with Au2

+ were
assumed to be in the doublet state. To observe the influence of
the framework structures to energies during the reaction on
different zeolites we additionally performed single-point
calculations on each zeolitic framework with large 120T
clusters using the same level of theory. Natural bond orbital
(NBO)63,64 analysis was used to describe the partial charges of
all systems. All calculations were performed with the Gaussian
03 package,65 modified to incorporate the Minnesota density
functionals module 3.1 by Zhao and Truhlar.

■ RESULTS AND DISCUSSION
1. Methane Activation on Bare Au+ and Au2

+ Ions.
First, our methodology was applied on the C−H bond breaking
of methane in the gas phase ionic systems with bare Au+ and
Au2

+ ions in their electronic ground in which are singlet and
doublet states, respectively. The calculated Au−Au distance in
Au2

+ is 2.69 Å and its dissociation energy amounts to 45.1 kcal/
mol. This underestimates experimental values by about ∼5
kcal/mol.66 Distance and dissociation energy values are very
close to high-level of theory CCSD(T)67 results.
The calculated adsorption energies (Eads), activation energies

(Ea), and reaction energies (Er) of the methane/Au
+ and Au2+

systems are shown in Table 1. Optimized structures of the
adsorption state, transition state and the dissociated products
are given in Figure 2. Methane adsorbs more strongly to Au+

(−20.7 kcal/mol) than to Au2
+ (−16.6 kcal/mol). This is

consistent with the shorter Au−C distance for Au+ (2.44 Å) vs
Au2

+ (2.53 Å). The NBO charge of the Au atom in Au-CH4
+ is

+0.90|e| and the charge of the C atom is −1.050|e|. In the case
of the Au2

+ system, the two Au atoms carry NBO charges of
+0.42|e| and +0.49|e| for Au and −1.01|e| for C. The C and H
atomic charges of the isolated methane molecule are −0.96|e|
and +0.24|e|, respectively. Thus, it is found that the Au+ induces
a negative charge on the C atom.
As expected from the discussion above, Au+ lowers the

activation barriers Ea of the C−H activation more than Au2
+.

The barrier heights are 21.3 and 29.7 kcal/mol. In all respects,
the relatively small Au+ cation with its high charge density
provides stronger methane adsorption and better activation
than Au2

+ where the single charge is spread out over two atoms
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and the Au−Au bond. The dissociation intermediates of the
Au+ and Au2

+ systems differ in structure and stability. The
dissociating H atom is located in a bridge position between the
two Au atoms of the Au2

+ system (see Figure 2c). This
intermediate is stabilized by −16.6 kcal/mol while for Au+, the
intermediate is only 0.9 kcal/mol more stable than the
reactants. These results mean that in the C−H activation, the
Au2

+ intermediate is thermodynamically preferred while the
Au+ intermediate is more kinetically favored. We did not
investigate larger gold clusters in which the reactivity is
normally increasing with the number of unsaturated gold
surface atoms and the charge. Other parameters such as shape
and size also influence their electronic structure, so that their
catalytic behavior cannot be predicted easily.68,69

2. Methane Activation over Au+ and Au2
+ Cation-

Exchanged Zeolites. To understand the effects of the local
cation sites in zeolites, we first study the FAU and ZSM-5
systems with their different active site structures. The NBO
charge of Au in the Au-ZSM-5 cluster is +0.75|e|. In Au-FAU
the Au charge has a lower value of +0.70|e|, because of the three
surrounding oxygen atoms, compared to two in Au-ZSM-5.
The lower charge goes along with a lower adsorption energy of
methane over the Au-FAU (Eads = −11.1 kcal/mol) compared
to those of the Au-ZSM-5 (Eads = −18.9 kcal/mol). The
complexation of the Au+ cation and the negatively charged
zeolite clusters is exothermic by 154.2 and 152.4 kcal/mol for
Au-FAU and the Au-ZSM-5, respectively. The introduction of
the second gold atom to Au-ZSM-5 and Au-FAU is exothermic
by about 35 kcal/mol in both cases but this value is smaller

than the dissociation energy of the Au−Au bond (∼45 kcal/
mol) in the free Au2

+ ion.
The difference in the active site characteristics of the zeolites

does not much affect the adsorption energies in the Au2
+

systems: The energies of adsorption of methane in the Au2
+ ion

in Au2-ZSM-5 and in Au2−FAU are −16.6, −8.1, and −6.0
kcal/mol, respectively. The Au atom where the methane C
atom becomes adsorbed (the “Auac” atom) is already
deactivated and the additional influence of the zeolite
framework is small. Its NBO charges in Au2-ZSM-5 and
Au2−FAU are +0.33|e| and +0.25|e|, respectively. The presence
of the zeolite frameworks decreases the adsorption energy. Two
pathways for methane activation over the Au-zeolites are
possible. In the first one, methane dissociates over the Au+ ion.
Then the CH3 group and the H atom stay coordinated to the
Au+ ion (Pathway A). In the other pathway, methane
dissociates over both the Au+ ion and an O atom of the zeolite
framework. One H atom of methane migrates to the O atom
while CH3 still binds to the Au atom (Pathway B). The reaction
mechanisms of Pathways A and B are summarized in Scheme 1.

Both pathways lead to charge polarization between the CH3
group and the H atom, respectively (CH3

δ−−Hδ+). They can be
considered to be different pathways of the same “alkyl”
activation which was proven to be favorable for methane
activation over Ag-ZSM-5 by the group of Huang.21 The
reaction energies for both pathways are shown in Table 1.
Our results indicate a preference of Pathway A for both the

reactions over Au-ZSM-5 and Au2-ZSM-5. The presence of
ZSM-5 zeolite reduces the activation energies from 21.3 and
29.7 kcal/mol for the bare Au+ and Au2

+ systems to 13.2 and
22.2 kcal/mol, respectively.
In the FAU systems with Au+ and Au2

+ as active species, the
activation energy of Pathway A is again the lower one and it
should be the preferred one for both Au+ and Au2

+. Here the
presence of the FAU framework does not decrease the
activation barriers which are similar to the bare ion cases,
unlike ZSM-5 (Table 1).
To understand the activity of Au-ZSM-5 over the gold

cations, we analyzed structural parameters and atomic
populations. The Au partial charge in Au-ZSM-5 is 0.75|e|,
0.58|e| and 0.71|e| at the bare-catalyst, methane adsorption and
transition state, respectively. The corresponding values for pure
Au+ are 1.00|e|, 0.90|e|, and 0.73|e|, respectively. Even though
the Au charges at the transition state are similar, Au-ZSM-5
induces a much smaller positive partial charge into methane
than the Au+ cation (0.01|e| vs 0.27|e|). The charge differences
between the C and H atoms involved in the bond breaking
process are 1.03|e| and 0.89|e| for the Au-ZSM-5 and Au+

cation, respectively with C−H bond distances at the transition
states of 1.67 and 1.91 Å, respectively. Again this is correlated

Table 1. Adsorption Energy (Eads), Activation Energy (Ea)
and Reaction Energy (Er) of the C−H Activation of Methane
over the Au-ZSM-5 and the Au-FAU Systems (kcal/mol)a

systems Eads Ea Er

Au+ −20.7 21.3 −0.9
Au2

+ −16.6 29.7 −16.6
Au-ZSM-5 (Pathway A) −18.9 13.2 −10.1
Au-ZSM-5 (Pathway B) 32.0 −18.8
Au2-ZSM-5 (Pathway A) −8.1 22.2 8.7
Au2-ZSM-5 (Pathway B) 33.2 4.3
Au-FAU (Pathway A) −11.1 22.2 5.1
Au-FAU (Pathway B) 31.7 4.4
Au2−FAU (Pathway A) −6.0 27.2 13.3
Au2−FAU (Pathway B) 30.8 13.5

aEr is the energy difference between the dissociative product and the
reactants (Edissociative product − Ereactants).

Figure 2. Optimized structures (M06-L/6-31G(d,p) calculations) of
(a) adsorption state, (b) transition state, and (c) dissociative product
with some interatomic distances (Å) for the methane activation over
the Au+ (upper graphs) and Au2

+(lower graphs) ions.

Scheme 1. Reaction Scheme of Pathways A and B
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to the C−H distances in the intermediates which are 2.31 and
2.42 Å for the Au-ZSM-5 and Au+ system, respectively. The
shorter C−H distances in the zeolite system imply that the
constraints imposed by the ZSM-5 structure play a role in its
higher activity as well as in stabilizing the product over the Au+

cation (see Figures 2 and 3). This structural constraint leads to
an earlier transition state of Au-ZSM-5.

For Au-FAU, we found a C−H distance of 1.75 Å and a
charge difference of 0.89|e| at the transition state. These values
are close to the ones of the Au+ ion system. The FAU
framework cannot increase the activity of Au+ at its local site.
From this part it can be summarized that the activation

energy is lower than the adsorption energy only in Au-ZSM-5
while for the rest of the systems the adsorption energy is lower
(see Table 1). This, of course, would indicate that in Au-ZSM-5
C−H bond breaking rather than only methane adsorption
occurs. This issue was also studied for the cationic sites in the
zeolite channels of FER and MCM-22 which have smaller and
larger pore structures, respectively, than ZSM-5.
3. Methane Activation over Au-FER and Au-MCM-22

Compared to Au-ZSM-5. In the same way as described
above, we investigated the reaction over FER and the MCM-22
zeolites. FER has a smaller pore size than that of the ZSM-5,
while MCM-22 has a larger one. These zeolites were studied
with a bicoordinated Au atom to keep the character of the
active site the same. Thus, only effects of frameworks are
elucidated. For simplicity, we investigated only the Au+ systems
and Pathway A since they can be assumed to be the most
important also for these systems as they were for ZSM-5 and
FAU as discussed above.
Both Au-FER and Au-MCM-22 provide lower adsorption

energies compared to Au-ZSM-5. The adsorption energies are
−16.8 and −16.5 kcal/mol for Au-MCM-22 and Au-FER,
respectively. The activation barrier in the larger pore structure
of MCM-22 is lower than in Au-FER. The values of Ea of the
methane activation over Au-FER and Au-MCM-22 are 15.0 and
12.0 kcal/mol, respectively. Like in Au-ZSM-5, the polarization

of the breaking C−H bond expressed as partial charge
differences, is in the same order as the Ea values (Au-MCM-
22 ≈ Au-ZSM-5 > Au-FER > bare Au+) and as the C−H
distances which have values of 1.63, 1.67, and 1.70 Å for Au-
MCM-22, Au-ZSM-5, and Au-FER, respectively. The charge
differences and bond distances are summarized in Table 2.

The above investigations were extended by single point
calculations on the 120T framework structure for Au-ZSM-5,
Au-MCM-22 and Au-FER in order to evaluate the effect of
long-range interactions that the small models cannot cover. The
structure of those zeolite pores is shown in Figure 4.
Additionally, geometry optimization of Au-ZSM-5 and Au-
FER were performed on larger 46T clusters which cover the
pore structures. They show the same energetic trend as in the
relaxed 12T clusters (see Table S1 in Supporting Information).
From here on, we only discuss the 120T single point results.
For Au-ZSM-5 and Au-FER, this results in slightly higher
adsorption energies of −21.0 and −18.3 kcal/mol, respectively.
The activation energies change even less (12.7 and 14.0 kcal/
mol, respectively). For the structure with larger pores, Au-
MCM-22, the adsorption energy does not change but the
transition state is more stabilized, resulting in an activation
energy of 9.7 kcal/mol. Altogether, in the extended Au-MCM-
22, Au-ZSM-5, and Au-FER clusters the energy of transition
structures (ΔETS) decrease by 2.1, 2.5, and 2.9 kcal/mol,
respectively, compared to the small clusters. For Au-MCM-22
this can be explained by long-range interactions which do not
play a role for the adsorption of CH4 but do so for the ion-pair
like transition state, thereby reversing the trend between the
activation energies and the pore size found in Au-MCM-22 and
Au-FER. A smaller activity in small pores has also been
observed before for the acetone keto−enol tautomerization on
H-ZSM-5, H-FER and H-MCM-22.70 There, the large cavity of
MCM-22 zeolite is best suitable for the bulky enol form of
acetone molecule.

■ CONCLUSION
The activation of the methane C−H bond on Au-cation-
exchanged zeolites was investigated by calculations with the
M06-L density functional. For the methane activation on Au+-
exchanged zeolites, we found that the cationic site is important
for the reaction activity: a smaller coordination number of Au,

Figure 3. Reaction profile of Pathway A on Au-ZSM-5 and reference
energies that are used in this work, namely, adsorption energy (Eads),
activation energy (Ea), and transition state energy (ΔETS).

Table 2. Geometrical Parameters of the Transition States
(TS) and Adsorption Energies for Au+ and for the Small and
Large Zeolite Models

parameters Au+ Au-ZSM-5 Au-FER Au-MCM-22

TS C−H distance 1.91 1.67 1.70 1.63
TS C−H charge
difference

0.89 1.03 1.00 1.02

adsorption energy
molecular model −20.7 −18.9 −16.5 −16.8
nano model −21.0 −18.3 −16.7

ΔETSa

molecular model 0.6 −5.7 −1.5 −4.8
nano model −8.2 −4.3 −7.0

activation energy
molecular model 21.3 13.2 15.0 12.0
nano model 12.8 14.1 9.7
aΔETS is the relative energy of the transition state compared to the
isolated reactants (ΔETS = ETS −Ereactant1 − Ereactant2 − ...).
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like in the case of ZSM-5, results in a higher activity than the
highly coordinated Au atom in the FAU structure. In the case
of ZSM-5, the activation energy of the methane activation is
lower than for bare gold cations because of the structural
constraints that cause the transition state to appear early in the
reaction coordinate. Generally, Au2

+ is less active than Au+

because the charge-sharing is not counteracted by a large
polarizability. We have studied the effect of pore sizes by
comparing Au-FER, Au-ZSM-5 and Au-MCM-22 zeolites
which represent structures with small, medium and large
pores, respectively. The zeolite with the largest pores, Au-
MCM-22 exhibits the highest activity (the lowest activation
energy) because of a better stabilization of its transition state
structure.
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(69) Roldań, A.; Gonzaĺez, S.; Ricart, J. M.; Illas, F. ChemPhysChem
2009, 10, 348−351.
(70) Boekfa, B.; Pantu, P.; Probst, M.; Limtrakul, J. J. Phys. Chem. C
2010, 114, 15061−15067.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs200653q | ACS Catal. 2012, 2, 986−992992


