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Abstract
The present work highlights recent advances in elucidating the methane oxidation mechanism of
inorganic Cu-ZSM-5 biomimic and in identifying the reactive intermediates that are involved.
Such molecular understanding is important in view of upgrading abundantly available methane,
but also to comprehend the working mechanism of genuine Cu-containing oxidation enzymes.
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1. Introduction
In 1986, Iwamoto and his group [1] discovered that over-exchanged Cu-ZSM-5 was an
excellent catalyst for the decomposition of nitric oxides. Those findings have been reported
and reviewed [2-11] and motivated further research on Cu-ZSM-5 and its (re)activity
[12-14]. A unique property of Cu+2 and other TMI-zeolites is the so-called “auto-reduction”
phenomenon: the exchanged metal ion partially reduces at high temperature in inert
atmosphere. Partial reduction has been confirmed by several spectroscopic techniques such
as XAFS, luminescence spectroscopy and probe IR spectroscopy [15-17]. As an example,
XAFS demonstrates a reduced number of O atoms in the first coordination shell; also, a
feature at 8983 eV, assigned to 1s → 4p transition in Cu+, appears in XANES during He
treatment at 500 °C at the expense of Cu2+ transitions, typically present in O2-treated
samples (Fig. 1). [3, 18]

In 2005, Groothaert et al. [20] were the first to report the selective oxidation of methane into
methanol using Cu-ZSM-5. Due to the low temperature of the reaction (<200 °C), methanol
remained adsorbed on the catalyst, presumably as a methoxide, but it can be recovered by
extraction with a suitable solvent or solvent mixture. Thus, the reaction is stoichiometric.
Such a stoichiometric oxidation of methane was also reported for Fe-ZSM-5 by Panov’s
group [21-25], and thoroughly reviewed by Zecchina et al. [26]. Both catalysts, Cu-ZSM-5
and Fe-ZSM-5, have very similar activation procedures and reaction conditions (Table 1).
The most notable difference is that the active site in Fe-ZSM-5 is only formed from N2O,
while Cu-ZSM-5 is also capable of being activated by O2, which is an advantage from an
economical standpoint.
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Cu- and Fe-enzymes also have the ability to selectively convert methane into methanol at
ambient temperatures. These are the enzymes soluble methane mono-oxygenase (sMMO)
and particulate methane mono-oxygenase (pMMO). While sMMO uses Fe to carry out this
difficult reaction, pMMO employs Cu. In both enzymes, methane oxidation occurs at a
binuclear active site.

Nature has always been rich in inspiration for developing new catalysts. Indeed, biomimetic
catalysis is a very mature research field today showing many fascinating examples of model
systems. Such synthetic catalysts typically contain ligated metal active sites (e.g., Fe, Cu,
Mo, W, and Ru) and are soluble in the reaction environment [28-34]. The ideal catalyst in an
industrial operating system, however, is preferably a solid material for reasons of ease of
handling and recovery. Immobilization of such homogeneous catalysts is an elegant option
[35-43], but the design of a completely inorganic model is even better from the perspective
of stability and catalyst service lifetime. An appealing approach, applied for instance in Cu-
ZSM-5 and Fe-ZSM-5, is the substitution of ligands around the active sites by the rigid
zeolite lattice.

It is thus interesting to determine whether similarities exist between the heterogeneous Cu-
ZSM-5 and the active sites designed by nature, e.g., in pMMO. We therefore pursued a
systematic study of the Cu-ZSM-5 system.

The spectroscopic features of Cu ions, coordinated to the zeolite lattice, are best resolved at
low Cu loadings. EPR and UV-vis-NIR measurements show a fourfold coordination of Cu2+

located in six-membered rings (MRs). Cu2+ is not symmetrically coordinated in the center of
the 6MRs, but preferentially coordinates with O atoms of the Al tetrahedra [12, 44, 45].
Similar spectroscopic and theoretical information on the coordination chemistry of Cu+ in
zeolites have been reported as well [15-17, 46-53]. Isolated, monovalent Cu+ sites in ZSM-5
show two luminescence bands; they have been assigned to Cu+ coordinated to 3 or 4 oxygen
atoms of the 6MR inside the zeolite channel (at 480 nm) and to 2 oxygen atoms at the
channel intersections (at 540 nm) [16, 17, 47-49]. It is not yet clear if Cu+ and Cu2+ occupy
the same sites or whether Cu ions migrate from one site to another upon reduction.

A high Cu loading is very important in the methane oxidation. Unfortunately, the
spectroscopic information of Cu2+ sites at the higher Cu loadings is less clear due to co-
existence of various Cu species. Binuclear, oligonuclear and even chains of CuOx have been
described [54]. The amount of Cu in a zeolite is typically expressed as the Cu/Al ratio.
Ideally, this ratio is between 0 and 0.5, with the two limits representing, respectively, no
exchange of Cu2+ and 100% exchange (i.e., all Na+ is replaced by Cu2+). An over-
exchanged Cu-ZSM-5 has a Cu/Al ratio above 0.5. The total amount of Cu2+ in the zeolite is
typically measured by Inductively Coupled Plasma Atomic Absorption (ICP-AA) after
dissolution of the catalyst in HF.

Electron Paramagnetic Resonance (EPR) is an important tool to determine the content of
non-magnetically interacting Cu2+ ions on zeolites (Fig. 2) [55, 56]. Up to Cu/Al = 0.2, both
ICP and EPR give the same result, meaning that all Cu2+ is present as isolated ions. Above
Cu/Al = 0.2, the intensity of the EPR signal reaches a maximum, while the total amount of
Cu continues to increase. This indicates that a large fraction of the Cu2+ is EPR-silent at Cu/
Al loadings larger than 0.2 due to the close proximity of magnetically interacting Cu2+ ions.
The presence of (Cu2+)x clusters in the sample is unlikely due to strong electrostatic
repulsion. Formation of (CuO)x clusters is only expected for over-exchanged samples (i.e.,
Cu/Al > 0.5).

Upon contacting the highly loaded Cu-exchanged ZSM-5 with dioxygen at elevated
temperature, its color changes from blue to yellow-green. Fig. 3A shows the UV-vis
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absorption spectra of the activated catalysts. At low copper loadings (<Cu/Al = 0.2), there
are no observable absorption features except for a weak absorption at ~13,300 cm−1 due to
d-d transitions of Cu2+, and at higher wavenumbers, an intense band around 40,000 cm−1,
due to charge transfer transitions from the oxygens of the zeolite lattice to Cu2+. As soon as
the Cu/Al ratio exceeds 0.2, a new absorption band appears in the visible region at 22,700
cm−1. The band intensity increases with the Cu/Al ratio (Fig. 3A). Those absorption features
are only present for Cu-ZSM-5 samples with a Si/Al ratio between 12 and 30.

Fig. 3B shows the amount of methanol extracted from the corresponding catalysts after
reaction with methane at 175 °C. Methanol can only be extracted from samples which
contain the 22,700 cm−1 band, i.e., for O2-treated Cu-ZSM-5 with Cu/Al > 0.2. The amount
extracted increases with the Cu/Al ratio until a maximum of 10 μmol/g (Cu/Al = 0.3) is
obtained. The extraction is a measure of the methanol produced, but is not quantitative. The
maximum is most likely an underestimate of the total amount of methanol formed due to
inefficiency of the extraction, pore blocking or side reactions [20, 27, 57].

2. Spectroscopic and computational characterization of the methane-
oxidizing active site

Methane oxidation is thus directly linked to the presence of the 22,700 cm−1 absorption
band [58]. A comparison of previous results from a combined UV-vis, EPR, and EXAFS
study with those accumulated for structurally and spectroscopically characterized Cu/O2
complexes indicates that the absorption spectrum of Cu-ZSM-5 best corresponds to an O2-
derived binuclear Cu species [59-70]. There are three common O2-bridged Cu pairs, viz
bis(μ-oxo)dicopper, trans-(μ-1,2-peroxo)dicopper and (μ-η2:η2-peroxo)dicopper. All of
these are observed in synthetic models, whereas only the latter is also observed in the active
sites of the proteins hemocyanin, tyrosinase, and catechol oxidase in their oxy form. The
structural and spectroscopic characteristics are summarized in Table 2 [67, 71-77].

The active core was first assigned to a bis(μ-oxo)dicopper core based on the spectroscopic
similarities with these copper complexes [3] despite the formal ‘+3’ oxidation state of Cu,
which was not detected by EXAFS [85]. A peroxo Cu site was excluded because the Cu-Cu
distance obtained by EXAFS (2.8 Å) was too short, and the energy of the characteristic
absorption band is inconsistent with a peroxo Cu site [3, 12, 67]. However, only a minor
fraction (~5%) of copper species is involved in the formation of the active core, as estimated
from the amount of methanol produced in a single turnover experiment. Therefore, a
selective spectroscopic probe that exclusively focuses on the catalytically relevant site is
mandatory. Direct evidence for assigning the active site was established by resonance
Raman (rR) spectroscopy. The rR spectra of 16O2- and 18O2-treated Cu-ZSM-5 samples are
shown in Fig. 4 (λex = 457.9 nm) [58].

These resonance-enhanced vibrations profile the 22,700 cm−1 absorption band and disappear
upon reaction with CH4 as well as autoreduction in He at temperatures higher than 350 °C.
The isotope-sensitive vibrations reflect the active O moiety since CH3

18OH was obtained
from the CH4 reaction on the 18O2-activated Cu-ZSM-5. Isotope insensitive resonance-
enhanced lattice modes are also observed, viz at 514 and 540 cm−1. The previously
suggested bis-μ-oxo Cu(III)2 species was definitively excluded due to the lack of an intense
isotope sensitive vibration at 600 cm−1 (Table 2) [78, 79] in the O2-treated Cu-ZSM-5.

The energies and isotope shifts of the active-site vibrations are inconsistent with all Cu-
complexes found in the literature (table 2), i.e. μ-(η2:η2) peroxo (νCu-Cu ~270 cm−1, νO-O
~750 cm−1) or a superoxo (νO-O ~1100 cm−1) species [80-82]. Also an end-on bridged
peroxo (832 cm−1) and hydroperoxide (843–892 cm−1) complex [83] are excluded since no
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intermediate vibration at ~850 cm−1 is observed in mixed dioxygen isotope-activated
samples. This observation shows that the 870 cm−1 vibration is not due to an O-O stretch.
Thus, all known Cu/O2 complexes are excluded based on the absorption and rR data. The
active site is therefore assigned to a new Cu-oxo species, not yet described in inorganic
chemistry literature [58, 86]. Correlating the observed vibrations to a normal coordinate
analysis (NCA), the rR vibrations at 237 cm−1, 456 cm−1 and 870 cm−1 are assigned to the
bending mode, the symmetric Cu-oxo stretch (νs) and anti-symmetric Cu-oxo stretch (νas)
of a mono-μ-oxo bridged dicopper core, respectively. This assignment is required by the
high intensity of the first overtone (at 1725 cm−1) of the formally forbidden anti-symmetric
Cu-oxo stretch, as the second quantum (2νas) is symmetric and rR allowed [58]. A similar
intensity pattern has also been found in oxo-diferric complexes [87]. NCA of the symmetric/
anti-symmetric splitting and their isotope perturbation data give a Cu-O-Cu angle of 140°
[58].

A model of the new Cu-O-Cu species in ZSM-5 was developed with the aid of DFT
calculations. The experimentally obtained copper core is stabilized in the 10-membered ring
(MR) of ZSM-5 with the two coppers binding bidentate to oxygens of Al T sites, which are
separated by two Si T sites (Fig. 5) [58]. The rigid lattice structure induces a slight
asymmetry in the core, resulting from differences in the Olattice-Cu bond strengths. The
copper core likely contains CuII ions since calculations starting from CuIII result in the
relaxation of the two holes into oxygen T atoms of the lattice [58]. Moreover, the 10 MR is
the only channel large enough for CH4 migration. The proposed structure in Fig. 5
corroborates two important structural criteria, namely the Cu/Al ratio and the lattice Si/Al
ratio. The dimeric nature of the active sites agrees well with the high Cu/Al ratio required to
form the active site, while the active site resides in ZSM-5 only when the Si/Al ratio of the
lattice is smaller than 30 [27]. The latter is in accordance with the stabilizing and charge
compensating role of the two Al sites.

It should be emphasized that this is the first time a Cu-oxo complex with oxidative reactivity
toward methane has been unequivocally characterized. Thus far, there were a few bent Cu-
O-Cu cores suggested [88-92], but they were not characterized in terms of structure or
reactivity with methane. It is also the first time that an active TMI site of a heterogeneous
catalyst has been unambiguously identified spectroscopically [85]. This assignment is made
possible by the characteristic 22,700 cm−1 absorption feature, which was used to selectively
probe the active site with rR and to study the catalyst in situ, during the catalytic reaction,
with fiber optical technology.

3. Formation of the active site: the O2 activation pathway
An appealing part of the reaction scheme for Cu-ZSM-5 is the formation of the methane
oxidizing species (a mono-oxo species) from dioxygen. Further study of the O2 activation
process in Cu-ZSM-5 will lead to a better overall understanding of the implementation of
O2, an abundant and environmentally benign molecule, in selective oxidation reactions.
Formation of the [Cu2O]2+ core formally requires the cleavage of the O-O bond, and thus,
two extra electrons (i.e. two Cu+ react with O2, reducing it by two electrons to the peroxo
level and a second two electrons are required for complete reduction to the oxo level).

A precursor complex to the active site was recently discovered by activating Cu-ZSM-5 with
O2 at ambient temperatures [93]. A characteristic absorption band in the UV-vis spectrum at
29,000 cm−1 was observed, which transforms into the 22,700 cm−1 band upon heating (Fig.
6). The 29,000 cm−1 feature is formed in Cu-ZSM-5 samples with Cu/Al ratios higher than
0.2, much like the 22,700 cm−1 band.
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Laser excitation into the 29,000 cm−1 absorption feature yields a rR spectrum characterized
by 18O2 isotope sensitive and insensitive vibrations at 736 (Δ18O2: 41 cm−1) and 269 cm−1,
respectively (Fig. 7) [93].

The vibrational frequencies and isotope perturbation pattern in Fig. 7 are characteristic of a
μ-(η2:η2) peroxo dicopper(II) species, [Cu2(O2)]2+ [80]. Thus, the 736 and 269 cm−1

features are assigned to the O-O stretch (νO-O) and the Cu-Cu stretch (νCu-Cu) of a μ-
(η2:η2) peroxo dicopper(II) moiety, respectively. The 29,000 cm−1 absorption band is
assigned to a peroxo π*σ to Cu(II) charge-transfer (CT) transition [70]. The interconversion
of the two absorption bands, viz. 29,000-22,700 cm−1, indicates that the side-on bridged
peroxo dicopper(II) precursor converts directly into the bent [Cu2O]2+ species, which is
reactive in the selective oxidation of methane into methanol. O2-TPD experiments with 18O2
show the incorporation of the second 18O atom into the zeolite lattice during the
transformation of [Cu2(O2)]2+ into [Cu2O]2+, since no 18O2 desorbs during the temperature
increase. The formation of the active core from [Cu2(O2)]2+ requires two additional
electrons. It is possible that these electrons are provided by spectator Cu+ ions in
neighboring ion-exchange sites; electron donor and acceptor capacities of the zeolite lattice
have been established experimentally [93-96]. Analogously, there also exist non-coupled
binuclear Cu enzymes, i.e. peptidylglycine-α-hydroxylating monooxygenase (PHM) and
dopamine α-monooxygenase (DβM), with one copper site merely serving as an electron
transfer function. In these enzymes, the two coppers are separated by 11 Å. [70] The O2
activation process in Cu-ZSM-5 is summarized in Fig. 8.

Side-on peroxo dicopper moieties are known for their reactivity in the hydroxylation of
aromatic compounds through an electrophilic aromatic substitution mechanism, e.g., in
tyrosinase [70, 97, 98]. Reaction of benzene with this peroxo species in Cu-ZSM-5 would
therefore further elucidate the potential chemistry of this new Cu/O2 species in Cu-ZSM-5.

4. Evaluation of the methane to methanol reaction mechanism
A complete understanding of the active site requires the evaluation of its reactivity. This
should elucidate the activity of the Cu-ZSM-5 site and its propensity for oxidizing strong C-
H bonds.

An experimental activation energy, Ea, of 15.7 ± 0.5 kcal/mol was determined using
Arrhenius plots of the 22,700 cm−1 absorption band. In addition, an increase in the
activation energy of 3.1 ± 0.5 kcal/mol at 175 °C was determined from an Arrhenius plot of
the reaction of C2H4. This clearly indicates that C-H bond breaking is involved in the rate-
limiting step of the oxidation of CH4. [20, 58].

Once activated, the Cu-ZSM-5 site is capable of reacting with methane already at 100 °C. A
DFT study suggests that the high reactivity toward H-atom abstraction could likely be
attributed to two contributions. The reaction is driven by the high O-H bond strength (90
kcal/mol) in the [Cu-(OH)-Cu]2+ complex formed during H atom abstraction (Fig. 9A).
Furthermore, an analysis of the frontier molecular orbitals (FMOs) of the active species
indicates that upon CH4 approach, a low-lying SOMO (oriented toward the zeolite channel
and the H-CH3 bond) polarizes so as to gain oxygen p-character. This transfers the originally
Cu-based hole to the oxo group, and thus creates a CuI-oxyl-CuII at the transition state (Fig.
9A and B) [58]. The rigid structure of the zeolite lattice, resulting in an asymmetric
[Cu2O]2+ core, is crucial in the formation of the Cu2+-O•−-Cu+ radical (Fig. 10). Such a
cupric-oxyl core has been presented as a very reactive species in the literature, but had never
been observed before in an enzymatic or model complex [99, 100]. The Ea and KIE obtained
from calculations are in reasonable agreement with the experimental values; however,
further experimental evaluation of the reaction mechanism is mandatory.
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5. Outlook and significance
A complete understanding of the methanol producing core described here will provide major
contributions to a variety of scientific disciplines. Cu-ZSM-5 could potentially serve as a
model for the design of catalytic and/or highly reactive active sites while also serving as a
tool to better understand the working mechanisms of enzymes. Ultimately, the insight
gained from studying the elementary steps in the reaction of Cu-ZSM-5 with CH4 will
hopefully pave the way for the development of a methane to methanol process.

Cu-ZSM-5 may, in further research, provide a system to experimentally probe and
ultimately more fully understand the H-atom abstraction mechanism. Trapping the putative
Cu(I)-OH-Cu(II) intermediate before rebound to the •CH3 radical could provide significant
insight into understanding the mechanism. However, as H bond breaking is involved in the
rate-limiting step, as indicated by the KIE, this will likely be challenging.

Presently, the stoichiometric reaction is not suitable for an industrial process, unless perhaps
a high density of Cu active sites could be acquired, making methanol extraction, for instance
in subsequent steaming cycles, economically feasible. Understanding the cause of the
hampered methanol desorption is therefore of utmost importance. Methanol is often
considered to adsorb as a methoxy species on the catalyst surface. It is not clear whether that
is due to direct inhibition of the active site by the methoxy species or due to the strong
readsorption of the methanol product. A manner to spectroscopically probe the methoxy
species would provide the knowledge to define strategies to accomplish facile methanol
desorption. Eventually such knowledge may lead to a catalytic cycle where activation with
O2 or N2O, reaction with CH4, desorption of methanol and regeneration of the active site
would all occur within the same mild temperature range.

A mono-oxygen bridged Cu-dimer with methane-oxidizing properties has previously not
been observed in inorganic chemistry. It is astonishing that such an active copper complex
has been identified in Cu-ZSM-5, whereas the copper core and its O2 reaction mechanism in
the pMMO enzyme is still unidentified. Its identification opens a new and significant
perspective on the model role of Cu-ZSM-5. Recently, it has been demonstrated that the
pMMO active site consists of a binuclear copper core [101-104]. In earlier computational
studies on pMMO, a bis(μ-oxo)dicopper(III) was proposed [105], but its potential to
selectively oxidize methane was questioned. A mixed-valent CuII–(O)2–CuIII species was
predicted to be more reactive toward C-H bond activation, but no experimental evidence has
been found for such a Cu moiety [106]. The discovery of the bent Cu(II)-O-Cu(II) core in
Cu-ZSM-5 may shed new light on the fascinating world of pMMO research. The bent
[Cu2O]2+ at least fits the X-ray structure of pMMO, which consists of three histidines and an
N-terminal amino nitrogen (4N-type ligation) and a short Cu-Cu interaction (Fig. 11) [86,
101-103, 107].

Recently, Solomon et al. modeled the active [Cu2O]2+ core in the active site of pMMO, and
found the same polarization mechanism toward a reactive CuII-oxyl radical along the
reaction coordinate. Therefore, a similar reactivity for C-H atom abstraction from methane is
possible [107, 108]. Experimental evidence evaluating this possibility still has to be
obtained. The importance of the zeolite constraints to stabilize the active bent [Cu2O]2+ core
and its correlation with the ligand environment in the protein pocket are important issues.
For the zeolite system, a variety of parameters are likely crucial to stabilize the active
[Cu2O]2+ site and to induce its high reactivity, e.g., channel sizes, channel intersections,
dimensionality of the zeolite pore architecture, Si/Al ratio, Al distribution in the lattice. In
this context, it has been observed that Cu-MOR also allows the formation of a methane-
oxidizing active site [20, 27]. Thus far, it is unclear if the active core in MOR is related to
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the Cu-ZSM-5 active site. The larger pore size in MOR might favor desorption and
transportation of the reaction product.

In summary, zeolites provide a manifold to create metal active sites and channels to deliver
substrates that very much parallel metalloenzymes and have the advantages associated with
heterogeneous systems and large-scale synthesis. The parallels (and differences) between
these very complementary areas of catalysis are now an area of active research effort.
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Figure 1.
(- - -) Cu-ZSM-5 treated in He at 773 K, ( — ) Cu-ZSM-5 after contact with O2 at 623K.
Adapted from ref. [19].
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Figure 2.
(■) Amount of spins/g catalyst detected with EPR as a function of the Cu/Al obtained with
ICP, (●) highest possible spin concentrations (i.e. ICP copper concentrations) [44].
Reproduced by permission of the PCCP Owner Societies.
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Figure 3.
(A) UV-vis-NIR absorption spectra of the of Cu-ZSM-5 samples (Si/Al=12) activated in O2
at 450°C, (B) amount of methanol extracted per gram of Cu-ZSM-5 sample, as a function of
the Cu/Al ratio [20]). Reprinted with permission from ref.[20], © 2005 American Chemical
Society.
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Figure 4.
rR spectra (λex=457,9nm) of Cu-ZSM-5 after calcination in 16O2 (red) and 18O2 (blue) [58].
Reproduced with permission from ref.[58], © 2009 the National Academy of Sciences of the
United States of America.
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Figure 5.
Large structural model constructed from part of the 10 MR of Cu-ZSM-5 used for DFT
calculations of the Cu2O intermediate [58]. Reproduced with permission from ref. [58], ©
2009 the National Academy of Sciences of the United States of America.
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Figure 6.
UV-vis absorption spectra of a prereduced Cu-ZSM-5 (in He at 450 °C) during (A) O2
treatment at RT (10 s time interval between spectra in the first 2 min, then every 50 s for 10
min) and (B) subsequent heating from 25 to 375 °C in He atmosphere (heating rate 2°C
min−1; temperature interval between spectra is 25 °C) [93]. Reprinted with permission from
ref [93], © 2011 American Chemical Society.
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Figure 7.
rR spectra (363.8 nm) of 16O2 (black) and 18O2 (blue) precursor formed at RT [93].
Reprinted with permission from ref [93], © 2011 American Chemical Society.
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Figure 8.
O2 activation pathway in Cu-ZSM-5. Reprinted with permission from ref [93], © 2011
American Chemical Society.
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Figure 9.
A) Reaction coordinate of H-atom abstraction from CH4 by L-CuII

2O. B) SOMO’s at the H-
atom abstraction TS shown with the line of CH4 approach in the plane (left) and below the
plane of the figure (right). Reproduced with permission from ref. [58], © 2009 the National
Academy of Sciences of the United States of America.
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Figure 10.
Schematic presentation of CuII-oxyl.
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Figure 11.
The dicopper active site of pMMO. Adapted from ref. [107].
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Table 1

Comparison of activation procedures, reaction conditions and methanol yield of Cu-ZSM-5 and Fe-ZSM-5
[25, 27].

Cu-ZSM-5 Fe-ZSM-5

Activation with oxidant Autoreduction at 500°C Autoreduction at 900°C

Contact with O2 (less than
200°C) or N2O (already at
room temperature)

N2O at about 200°C

Reaction with CH4 Temperature range 100 –
200°C

Room temperature

Maximum methanol yield:
10 μmol/g

Maximum methanol yield:
40 μmol/g
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