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ABSTRACT: Identifying Cu-exchanged zeolites able to activate C−
H bonds and selectively convert methane to methanol is a challenge
in the field of biomimetic heterogeneous catalysis. Recent experi-
ments point to the importance of trinuclear [Cu3(μ-O)3]

2+

complexes inside the micropores of mordenite (MOR) zeolite for
selective oxo-functionalization of methane. The electronic structures
of these species, namely, the oxidation state of Cu ions and the
reactive character of the oxygen centers, are not yet fully understood.
In this study, we performed a detailed analysis of the electronic
structure of the [Cu3(μ-O)3]

2+ site using multiconfigurational wave-
function-based methods and density functional theory. The
calculations reveal that all Cu sites in the cluster are predominantly
present in the Cu(II) formal oxidation state with a minor contribution from Cu(III), whereas two out of three oxygen anions
possess a radical character. These electronic properties, along with the high accessibility of the out-of-plane oxygen center, make
this oxygen the preferred site for the homolytic C−H activation of methane by [Cu3(μ-O)3]

2+. These new insights aid in the
construction of a theoretical framework for the design of novel catalysts for oxyfunctionalization of natural gas and suggest
further spectroscopic examination.

■ INTRODUCTION
Natural gas is considered the main source of conventional
energy for the future due to recent technological advances in
the excavation techniques and the lower environmental impact
of its utilization compared to other fossil fuels.1 The primary
component of natural gas is methane. Its low price and large
availability have motivated scientists and engineers to explore
new routes for the efficient conversion of methane to liquid
fuels and chemicals.2 The selective catalytic oxyfunctionaliza-
tion of methane to methanol is considered one of the most
viable conversion routes.1,3,4 Methanol is a reactive and easily
condensable chemical that can serve both as the energy carrier
and as a versatile platform chemical, and it thus plays a central
role in future chemical and energy technologies.5 An important
advantage of methanol over other chemicals is the ease of
integration into the existing chemistry infrastructure and the
possibility to derive it from a wide range of potential feedstocks.
The selective activation of methane and its direct conversion to
methanol represent an important challenge for catalysis and

chemical engineering. The established technology to obtain
methanol is only profitable at a very large scale. It involves first
the steam reforming of methane over a nickel catalyst to
produce syngas, which is then converted to methanol over a
Cu/ZnO/Al2O3 catalyst in a separate process. The overall
conversion scheme is optimized for the large-scale operation
under high temperature and pressure conditions.6 The
availability of a cheaper and more flexible process at smaller
scale not only would allow developing relatively small remote
natural gas fields such as shale gas and clathrate reserves but
would also constitute the game changer in the chemical
industry as it would enable the production of a wide range of
chemicals and fuels.
Methane monoxygenases (MMOs) are a family of enzymes

that nature employs for selective oxidation of the inert C−H
bond of methane.7 The MMOs are sorted in two different
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categories based on their position in the cell. The cytoplasmic,
soluble MMOs (sMMOs) contain a bis(μ-oxo)diiron core,8

while the membrane-bound MMOs (particulate MMOs or
pMMOs) oxidize the C−H bond over a Cu-based active site.
Different handling conditions in the purification of the pMMOs
resulted in different Cu concentrations giving rise to a
substantial uncertainty about the nature of the Cu-containing
active site. Whereas dimeric Cu complexes have been
postulated as the active centers by Rosenzweig et al.,9−11 an
alternative hypothesis of the trinuclear speciation of the reactive
Cu sites is advocated by Chan et al.12

Biomimetic catalysis is a promising approach to the design of
functional materials, but it also provides new insights into how
enzymes work. Nanoporous inorganic matrices such as zeolites
and metal−organic frameworks (MOFs) provide well-defined
confinement space and coordination environments suitable for
the stabilization of highly reactive intermediates often regarded
as enzymatic analogues. Cu-containing reactive species have
been the synthetic target for homogeneous13,14 and heteroge-
neous15−25 catalysis. Cationic Cu complexes stabilized in zeolite
micropores have been shown to be efficient catalysts for the
selective oxyfunctionalization of methane.1 However, the exact
structure of the catalytic sites in such materials is still not fully
understood.15,26−35 Originally, a binuclear bis-oxo [Cu(μ-
O)2Cu]

2+ ion was proposed as the active site in Cu-ZSM-5
zeolite.16 In later studies, Woertink et al. employed Raman
spectroscopy to characterize the working Cu-ZSM-5 catalyst
and suggested the mono-(μ-O) dicopper site [Cu(μ-O)Cu]2+

to be the active complex, which does not have analogues in
biological or organometallic systems.35 Similar dicopper sites
were proposed for Cu-SSZ-13 and Cu-SSZ-39 zeolites based on
synchrotron X-ray diffraction, in situ UV−vis, Raman spectros-
copy, and theory.36 Recent theoretical studies addressed the
stability and catalytic performance of mono-CuOH,37 dicop-
per,38 and polynuclear CuxOy (x = 1−5) sites39 as possible
catalytic sites responsible for methane oxidation. An alternative
structural proposal suggesting the trinuclear active site
formulation [Cu3(μ-O)3]

2+ (Figure 1) has been put forward

by Grudner et al. on the basis of a combined experimental and
computational study on well-defined Cu-exchanged mordenite
catalysts.21,40,41 The active site is the ring-type [Cu3(μ-O)3]

2+

extraframework cluster, in which the positive charge is balanced
by two Al sites of the zeolite framework. A similar active site has
been proposed for pMMO,13 and it has also been isolated in a
molecular complex.42,43 The importance of the trinuclear
structure for the activity of Cu-ZSM-5 catalysts has also been
recently discussed.44

Understanding the relationships between the electronic
structure, geometry, and reactivity of such multinuclear clusters
is essential not only to explain the mechanism of selective
oxidation of methane by zeolites but also to design new and
improved catalyst systems. The key challenge here is that the
electronic configuration of the [Cu3(μ-O)3]

2+ cluster as well as
other potential multinuclear Cu-oxo complexes cannot be
readily rationalized based on two-electron Lewis models. The
presence of at least three paramagnetic centers and of covalent
bonds may give rise to a multiconfigurational system, whose
description needs more than one (“multiple”) electronic
configuration. Most computational studies on Cu−zeolite
systems reported up to date have been performed using
single-determinant density functional theory (DFT) that has
intrinsic limitations for multiconfigurational systems.45 The
multiconfigurational character of the Cu-oxo clusters that may
be responsible for metal-to-ligand charge transfer was claimed
to be crucial for their ability to selectively activate methane.21

The evidence of such effects further comes from X-ray
absorption spectroscopy, indicating the predominance of
Cu(II) in the active materials, whereas the formal oxidation
state of Cu in the trimer is Cu(III).
In this study, we employed a high-level ab initio method-

ology based on multiconfigurational wave function theory to
obtain detailed information about the ground spin state of the
[Cu3(μ-O)3]

2+ cluster, the partial oxidation state of each Cu
center, and the oxo/oxyl character of the three (μ-O) atoms.
High-level quantum chemical calculations have previously been
employed to investigate Cu-exchanged zeolites46 and Fe-oxo
sites in zeolitic materials4,47 and elucidate their complex
electronic structure. The results of the multiconfigurational
calculations are compared with those obtained with a range of
popular density functionals providing thus a basis for calibrating
the choice of suitable methods for applied computational
catalysis studies on related systems. An important finding is that
the substantial anisotropy activity of the (μ-O) centers
correlates with both their accessibility and their radical
character.

■ COMPUTATIONAL DETAILS
Periodic DFT Calculations. All spin-polarized periodic

DFT (spin-polarized pDFT) calculations were performed using
the VASP software with a generalized gradient-approximated
PBE exchange-correlation functional.48,49 The projected-
augmented wave method and a plane-wave basis set with a
cutoff of 400 eV were employed.50 Brillouin zone sampling was
restricted to the Γ point. A supercell of all-silica MOR,
constructed by doubling of the monoclinic primitive cell along
the c axis with lattice parameters of a = b = 13.648, c = 15.015
Å, and γ = 97.2° as optimized by DFT, was used as the initial
model (Figure 1(a)).51,52 To compensate for the positive
charge of the extra-framework cationic Cu complexes, two
framework Si4+ ions in the MOR supercell were substituted by
two Al3+ at the side-pocket positions AlISP. The other two
[AlO2]

− units at the remote side-pocket positions (AlIISP) were
charge compensated by two Brønsted acid sites.53 The resulting
MOR model had a Si/Al ratio of 11. The climbing image
nudged elastic band method54 was used to determine the
minimum energy path and locate the transition state for the
homolytic C−H activation step resulting in a hydroxylated Cu
site and a CH3 radical species.40,44 The maximum energy
geometry along the reaction path obtained by the climbing
image nudged elastic band method was further optimized using

Figure 1. (a) Optimized periodic structure of Cu/MOR containing a
[Cu3(μ-O)3]

2+ cationic cluster in the S = 1/2 spin state and (b) the
respective cluster with (c) the schematic representation and atom
numbering within the trinuclear copper-oxo core.
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a quasi-Newton algorithm, as implemented in VASP. In this
step, only the extra-framework atoms were relaxed. Spin-
polarized calculations were performed throughout this study.
Vibrational frequencies for optimized structures of reaction
intermediates and transition states were calculated using the
finite-difference method, as implemented in VASP. Small
displacements (0.02 Å) were used to estimate the numerical
Hessian matrix. The transition states were confirmed by the
presence of a single imaginary frequency corresponding to the
reaction path.
Multiconfigurational Calculations. For all multiconfi-

gurational calculations a cluster model of the [Cu3(μ-O)3]
2+

core stabilized inside the mordenite zeolite micropores was
constructed from the periodic DFT optimized structure with
spin S = 1/2. The cluster was saturated with hydrogen atoms
(Figure 1b). Cu(1), O(2), Cu(3), and O(3) (Figure 1c) are
located on the same plane; Cu(2) is out-of-plane and closer to
the framework of the MOR zeolite; and O(1) is located also
out-of-plane and points to the main channel of MOR. All
calculations were performed without any symmetry restrictions
(point group C1). The structure reported in Figure 1b was used
in the multiconfigurational calculations to elucidate the
electronic effects of the [Cu3(μ-O)3]

2+ core on the methane
functionalization, while it was not employed to model the
oxidation reaction.
The complete active space self-consistent field (CASSCF)

and restricted active space self-consistent field (RASSCF)
methods55,56 and their extension through second-order
perturbation theory (CASPT257 and RASPT2,58 respectively)
were employed for the cluster model calculations. In CASSCF,
a multiconfigurational wave function is considered by perform-
ing a full configuration interaction (full CI) expansion within a
limited orbital space. The notation CAS(n,m) is followed for
the description of the active spaces, where n is the number of
electrons and m the number of orbitals considered for the CI
expansion. In the RASSCF method, three individual orbital
subspaces are considered, RAS1, RAS2, and RAS3, and a CI
expansion is formed by applying restrictions between the three
RAS spaces. A full CI is performed in RAS2, similarly to CAS.
RAS1 includes doubly occupied orbitals, and a maximum
number of holes is allowed; RAS3 includes unoccupied orbitals,
and a maximum number of particles (electrons) is allowed.
Since only two holes and two particles are considered in this
work for RAS1 and RAS3, respectively, a simple RAS(n,m)
notation is used, similar to the CAS notation.
Apart from state-specific (SS) CAS/RAS calculations,

multiple states of the same spin multiplicity were examined
by the state-averaged (SA) CASSCF/RASSCF methods. For
the SA variants, the multistate (MS)-CASPT2/RASPT2
extensions were applied to include dynamical electron
correlation. The nomenclature followed is SA(n)-CASSCF/
RASSCF and MS(n)-CASPT2/RASPT2, where n is the
number of the optimized states.

For the choice of a proper active space, a formal charge of 2+
for each Cu was initially assumed, corresponding to a formal
3d9 electronic configuration per Cu. Based on this assumption,
and in order to have a total charge of 2+ for the [Cu3(μ-O)3]

2+

core, one O2− and two O•− atoms are expected. The
energetically most stable states were first explored using a
minimal active space of size (5,5), namely, the bonding (σ)/
antibonding (σ*) combinations of the 3dx2‑y2 orbitals of two Cu
atoms with the 2p of two neighboring O atoms, respectively,
and a singly occupied 3dx2‑y2 atomic orbital of the third Cu
atom.
After a systematic examination of active spaces of various

sizes (see Supporting Information), we concluded that a
CAS(11,11) and a RAS(19,21) are adequate to describe the
low-lying S = 1/2, 3/2, and 5/2 states of the [Cu3(μ-O)3]

2+

model system. CAS(11,11) includes the five key orbitals of
CAS(5,5), the three 2p orbitals of O(3), and the three 3p
orbitals of O(3). RAS(19,21) includes all 2p/3p orbitals of the
three O atoms and the 3dx2‑y2 orbitals of the three Cu atoms.
The correlated orbital space of RASSCF(19,21) was organized
as such: RAS2 includes the (5,5) minimal space described
above. RAS1 includes the remaining seven 2p orbitals of the
three O atoms, which do not participate in the bonding/
antibonding combinations with the 3dx2‑y2 orbitals of Cu atoms.
RAS3 includes the nine unoccupied 3p orbitals of the three O
atoms. All configurations that involve up to two electron
excitations from RAS1 to RAS2 and RAS3, and from RAS1 and
RAS2 to RAS3 are considered in the CI expansion. It was found
that the doubly occupied 3d atomic orbitals of the three Cu
atoms do not participate in the bonding between the Cu and
the (μ-O) atoms. Therefore, they were not further considered
in this study.
The triple-ζ quality atomic natural orbital basis set59,60

(ANO-RCC-VTZP) was used for the three Cu and three O
atoms of the [Cu3(μ-O)3]

2+ core, the double-ζ basis set
analogue (ANO-RCC-VDZP) for the six O atoms of the zeolite
framework coordinated to the three Cu atoms, and a minimal
basis (ANO-RCC-MB) for all remaining atoms (Si, Al, O, and
H). In all calculations, scalar relativistic effects were included
using the all-electron relativistic basis sets of ANO-RCC type
and a second-order Douglas−Kroll−Hess Hamiltonian.61,62 A
shifted zeroth-order Hamiltonian63 (IPEA shift) with the
default value of 0.25 au and an imaginary shift64 of 0.2 au
were applied to all CASPT2/RASPT2 calculations. The two-
electron integral evaluation was simplified by using the
Cholesky decomposition technique.65 All CAS/RAS calcu-
lations were performed using the MOLCAS 8.0 program
package.66

■ RESULTS AND DISCUSSION

Electronic Structure of [Cu3(μ-O)3]
2+. Table 1 reports the

energy differences among the three lowest states, namely, the
doublet (S = 1/2), quartet (S = 3/2), and sextet (S = 5/2)

Table 1. Relative Energy Differences (in kJ/mol) from the CASSCF/CASPT2(11,11) and RASSCF/RASPT2(19,21)
Calculations

CASSCF(11,11)a RASSCF(19,21)a CASPT2(11,11) RASPT2(19,21)

sextet 22.6 57.1 78.1 108.6
quartet 6.2 13.1 20.7 22.1
doublet 0 0 0 0

aThe weights of the dominant configurations demonstrate the multiconfigurational character of the doublet state, and they are 46%, 25%, 15%, and
8% (CASSCF(11,11)) and 53%, 18%, 14%, and 5% (RASSCF(19,21)).
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states, calculated at the CASSCF/CASPT2(11,11) and
RASSCF/RASPT2(19,21) levels of theory. The multiconfigura-
tional SCF methods (CASSCF and RASSCF) are used to
generate a multideterminant zeroth-order wave function and
provide only qualitative energy differences between different
spin states since they lack dynamical correlation. This type of
correlation energy is recovered by second-order perturbation
theory (PT2). Therefore, in this section we analyze the nature
of the CASSCF/RASSCF wave function, but we discuss only
the energy differences obtained at the CASPT2/RASPT2 levels.
The doublet state is the lowest in energy, followed by the

quartet, 20.7 kJ/mol higher, and by the sextet, 78.1 kJ/mol
higher, at the CASPT2(11,11) level of theory. These energy
differences are in good agreement with the values obtained
from PBE (21.1 and 67.8 kJ/mol, respectively) and BLYP67,68

functionals (22.7 and 71.2 kJ/mol, respectively). The results
obtained with different popular density functionals are
summarized in the Supporting Information. The RASPT2-
(19,21) doublet/quartet energy difference (22.1 kJ/mol) is in
excellent agreement with the CASPT2(11,11) result (20.7 kJ/
mol), while the doublet/sextet difference is predicted to be
slightly higher by RASPT2(19,21), 108.6 kJ/mol, than by
CASPT2(11,11), 78.1 kJ/mol.
The five molecular orbitals (MOs) of the [Cu3(μ-O)3]

2+

cluster with occupation numbers between 0.04 and 1.96 are
shown in Figure 2, as they were obtained from the

RASSCF(19,21) calculation. While they are singly occupied
in the sextet state, they are responsible for the multiconfigura-
tional character of the doublet and quartet states.
RASSCF(19,21) shows that Cu(3) has a pure d9 electronic
configuration, while Cu(1) and Cu(2) form bonding (σ)/
antibonding (σ*) combinations with the 2p orbitals of O(1)
and O(3), respectively. The O(1) and O(3) atoms have a
partially occupied 2p atomic orbital and some O•− (oxyl)
character. On the other hand, O(2) has the three 2p orbitals
doubly occupied (O2− character). Similar orbitals were
obtained in the CASSCF(11,11) calculation (see Supporting
Information).
The first five low-lying doublet states were examined using

SA(5)-RASSCF(19,21)/MS(5)-RASPT2(19,21) level of theory

(for the choice of these five states, see Supporting
Information). For the first three states, one MO is characterized
by a single 3d orbital of only one Cu center: Cu(3) for state 1,
Cu(1) for state 2, and Cu(2) for state 3, respectively. The other
four MOs are bonding (σ)/antibonding (σ*) combinations
between the remaining two Cu centers and the O(1) and O(3)
atoms (Cu(1)−O(1)/Cu(2)−O(3) for state 1, Cu(3)−O(1)/
Cu(2)−O(3) for state 2, and Cu(1)−O(1)/Cu(3)−O(3) for
state 3). The corresponding five MOs of states 4 and 5 are
combinations of one 3d orbital of the three Cu centers and a 2p
atomic orbital of O(1) and O(3). The occupation numbers of
these MOs are close to one.
In the three most stable doublet states, all three Cu centers

are equivalent and have an overall 3d9 atomic configuration
characteristic for the +2 (Cu(II)) oxidation state. The O(2) has
a closed-shell (2p6) electronic configuration. In other words,
O(2) has an O2− character, whereas the O(1) and O(3) centers
“share” an electron and a neighboring Cu resulting in σ/σ*MO
combinations. We can assign to these O atoms a 2p5 open-shell
electronic configuration corresponding to an oxyl (O•−) radical.
A similar interpretation can be given by considering the lowest
two states (states 1 and 2) as near-degenerate states, since they
differ by less than 18 kJ/mol (0.2 eV, Table S2). The
configuration of the two states differs by one σ/σ* pair
(Cu(1)−O(1) for state 1, Cu(3)−O(1) for state 2). A
transition between these two states would involve the
spontaneous formation of O2− for O(1) and the oxidation of
either Cu(1) or Cu(3) to Cu3+, as shown in Figure 3. On the

other hand, Cu(2) is accessible in this “resonance” mechanism
only through O(3) since O(2) was found to have constantly an
oxo character (O2−). Therefore, state 3 is higher in energy
(35.1 kJ/mol or 0.4 eV at the MS(5)-RASPT2 level). The
nature of the oxygen centers is crucial for understanding the
fundamental factors that control the reactivity of the intra-
zeolite Cu sites. Given the importance of the electrophilicity of
the reactive oxygen centers for C−H activation,69−71 one
expects that these two O atoms would provide low-energy
paths for C−H activation. However, if the reactivity is
dominated by the basicity of the proton-accepting site, the
C−H cleavage should be more facile over the electron-rich
closed-shell O(2) center.
The above analysis is based only on one conformer of the

[Cu3(μ-O)3]
2+ cluster with an asymmetric geometry, in which

only Cu(3) is closer to the walls of the MOR zeolite: Cu(3)−
O(MOR-1) and Cu(3)−O(MOR-2) bond distances are 2.105
and 2.044 Å, respectively (Table 2). (The labels MOR-1 and
MOR-2 correspond to the two different oxygen atoms of the
zeolite coordinated with the Cu centers.) Similarly, the out-of-
plane Cu(2) points to the zeolitic framework and is located
1.955 and 2.016 Å from the two oxygen atoms of the
framework. Cu(1) lies significantly further from the zeolite
since the bond distance between Cu(1) and one of the oxygen

Figure 2. Five most relevant MOs of the doublet state of the [Cu3(μ-
O)3]

2+ cluster, as calculated from the RASSCF(19,21) level of theory.
A description and their corresponding occupation numbers are given
below each MO. The atom labels are as on Figure 1c.

Figure 3. Proposed resonance mechanism between states 1 and 2. The
arrows represent the radical character of the O•− atoms.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b08714
J. Phys. Chem. C 2017, 121, 22295−22302

22298

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08714/suppl_file/jp7b08714_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08714/suppl_file/jp7b08714_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08714/suppl_file/jp7b08714_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08714/suppl_file/jp7b08714_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08714/suppl_file/jp7b08714_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08714/suppl_file/jp7b08714_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b08714


atoms of the framework is 2.628 Å, about 0.5 Å longer than the
equivalent distance for Cu(3). On the other hand, we expect an
equal probability of the cluster conformers that are located
closer to MOR, from either the Cu(1) or the Cu(3) site due to
the symmetric nature of the MOR pore and the [Cu3(μ-O)3]

2+

ring cluster. In other words, there should be an isostructural
and isoenergetic conformer of the [Cu3(μ-O)3]

2+ site where
Cu(1) is closer to the walls of the zeolite, while Cu(3) is further
from the oxygen atoms of the zeolite (about 2.6 Å). For this
conformer the electronic configurations of O(2) and O(3) are
interchanged, with O(2) having a radical, oxyl-character, and
O(3) a closed-shell O2− character. The two in-plane oxygens
(O(2) and O(3)) are thus equivalent, and they resonate
between O•− and O2−. Therefore, their reactivity toward
homolytic C−H cleavage should be at most comparable but
most likely less significant than O(1), which provides the
optimal accessibility for the reacting alkane molecules.
Active Site Anisotropy for Homolytic C−H Cleavage.

The above considerations suggest that the oxidation of methane
is more facile over the more electronegative O(1) center which
forms a stronger O−H bond. In order to verify this hypothesis,
we calculated the C−H activation barrier (electronic energies)
over three different oxygen sites of the Cu trimer stabilized in
the MOR model by means of periodic DFT calculations
(Figure 4) to capture all effects from the full pore of the zeolite.
An activation barrier of 37 kJ/mol was obtained for the
hydrogen transfer from methane to O(1), resulting in the
formation of a hydroxo species and a methyl radical confined in
the main channel of mordenite. The same process is
energetically less favorable for O(2) and O(3); the correspond-
ing barriers from periodic DFT are 78 and 74 kJ/mol,
respectively. These results indicate that O(1) is catalytically
more active for methane C−H bond activation than the other
two O sites, which is consistent with our conclusions drawn by
multiconfigurational analysis. Notice that the anisotropy will be

substantially altered after the activation of the first methane
molecule and consumption of the O(1) site as this would result
in the formation of a partially reduced [Cu3O2]

2+ with
electronic structure substantially different from the original
active site.
We propose that this reactivity difference can only manifest

itself within a continuous catalytic process. The catalyst will be
exposed to methane feed at elevated temperature commonly
employed within the sequential process schemes21,72 with
separate methane activation/zeolite regeneration. This expo-
sure will level the intrinsic reactivity differences of the various O
sites within the trinuclear clusters and other potentially reactive
intrazeolite Cu complexes.
Our calculations provide a convincing evidence of the

importance of the radical anion character of the reactive O sites
in the zeolite-stabilized extraframework Cu-oxo clusters for the
activation of the C−H bonds in methane. Although we have
explored only one type of active sites,73 which can be selectively
generated in MOR zeolite,21 the theoretical insights emerging
from this study allow rationalizing reactivity trends predicted
for other types of Cu-oxo complexes. Moreover, they provide
guidelines for active site design to enable a low-temperature
catalytic process for methane oxofunctionalization. Previous
DFT studies37,39 showed that the activity of Cu complexes in
C−H bond activation of methane follows the sequence CuOH+

< [CuO2Cu]
2+ < [CuOCu]2+ < [Cu3O3]

2+ ≈ [Cu4Ox]
2+ ≈

[Cu5Ox]
2+. This trend confirms our finding that the initial

reactivity increase with larger nuclearity is associated with the
number of spin domains in the cluster. This is directly
connected to the radical character of the ligand oxygens. The
effect of spin delocalization and, accordingly, reactivity
enhancement level off for clusters containing more than three
copper sites. We expect that further increase of the cluster size
would result in a complete localization of the spin density on
the Cu centers, as observed in bulk CuO.

■ CONCLUSIONS AND OUTLOOK

The electronic structure of the [Cu3(μ-O)3]
2+ complex

deposited inside the pores of the MOR zeolite was studied
by means of multiconfigurational wave function methods. The
[Cu3(μ-O)3]

2+ site can activate strong C−H bonds and oxidize
methane to methanol, a catalytic process with great industrial
interest due to the large deposits of methane. Understanding
the underlying details that drive this reaction will allow us to

Table 2. Bond Distances (in Å) between the Three Cu
Centers and the Oxygen Atoms of the Mordenite Zeolite
from the Structure Optimized by Periodic DFT (Doublet
Spin State) and Used for the Multiconfigurational
Calculations

Cu(1) Cu(2) Cu(3)

O(MOR-1) 1.987 1.955 2.105
O(MOR-2) 2.628 2.016 2.044

Figure 4. (a) Relative electronic energies of the C−H activation barriers (in kJ/mol, S = 1/2) from the three oxygen atoms of the [Cu3(μ-O)3]
2+

cluster confined in MOR zeolite. (b) Optimized local geometry of the transition state of the C−H activation for O(1).
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optimize catalytic systems with enhanced performance for the
functionalization of C−H bonds.
The analysis of the low-lying energy states confirms the

presence of mixed valence Cu(II)/Cu(III) oxidation states of
the three Cu cations. For the geometrical conformer that was
studied here, Cu(2) has a more pure Cu(II) character, while
Cu(1) and Cu(3) have a mixed Cu(II/III) composition. The
two oxygen atoms with an oxyl character, O(1) and O(3), are
expected to activate the C−H bond of methane. Despite the
fact that two oxygen atoms have both radical character, O(1) is
expected to be catalytically more active than O(3) because of
the lower symmetry of the structural conformer used in our
high-level calculations. Cu(2) and Cu(3) are closer to the
zeolitic walls than Cu(1), an effect that perturbs the electronic
structure of the cluster. Due to the higher symmetry of the
[Cu3(μ-O)3]

2+ site, the in-plane O(2) and O(3) are expected to
be equivalent, and only O(1) is expected to be more
catalytically active. These conclusions were verified by periodic
DFT. The optimized transition state geometries adopt the
proper symmetry and equalize the two in-plane O atoms. This
suggestion was reflected on the calculated C−H activation
barriers: the out-of-plane O(1) was found about 30 kJ/mol
lower than the respective barriers from the in-plane oxygen
atoms. These conclusions can be further examined by EPR
spectroscopy on the activated catalyst. This technique has been
already successfully applied in mono-Cu sites deposited on
zeolites46,74,75 and can provide further insight on the electronic
structure of the cupper cluster. Future experimental examina-
tion of the reaction with operando spectroscopy can provide
further insight into the evolution of the catalyst and help us to
accurately model the next reaction steps and better understand
the activation of the second methane molecule.
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