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We investigate how nanospaces surrounded by a 10-membered ring of ZSM-5 zeolite affect the reaction intermediates
formed during dioxygen activation by enclosed dicopper cations. Two types of dioxygen intermediates are considered:
one is an O2 · · · Cu2 complex, where dioxygen binds to the two Cu cations, and the other is a bis(µ-oxo)dicopper
complex converted from an O2 · · · Cu2 complex by the cleavage of the O-O bond. We employ large-scale density
functional theory (DFT) calculations with the B3LYP functional to examine the energetics of the two dioxygen
intermediates inside a 10-membered ring of ZSM-5 with double Si f Al substitutions at variable locations. The
properties of the O2 · · · Cu2 complexes, such as the dioxygen bridging modes and dioxygen activation, are strongly
affected by the locations of the two Al atoms within the 10-membered ring. In particular, the O2 · · · Cu2 complexes
have either end-on or side-on bridging modes depending on the substituted Al positions. On the other hand, the
steric hindrances of a ZSM-5 cavity play crucial roles in determining the properties of the bis(µ-oxo)dicopper complexes
containing a diamond Cu2O2 core. By restricting its Cu2O2 core to a 10-membered ring of ZSM-5 in which the two
Al atoms are second-nearest neighbors, each Cu cation is tetrahedral four-coordinate. On the other hand, the Cu
cations have almost square planar coordination inside a ZSM-5 where the Al atoms are fourth-nearest neighbors.
The different Cu coordination environments are responsible for the different levels of stability; the planar diamond
Cu2O2 core is 30.7 kcal/mol more stable relative to the tetrahedral case. Since the ZSM-5 nanospaces directly
influence the stability of the bis(µ-oxo)dicopper complexes by changing the Cu coordination environments, zeolite
confinement effects on the bis(µ-oxo)dicopper complexes are more noticeable than those in the O2 · · · Cu2 cases.
The DFT findings are important in terms of catalytic functions, because the spatial constraint from the ZSM-5
should significantly contribute to the stability of the reaction intermediates formed during the dioxygen activation.

Introduction

Zeolites, which are aluminosilicate-based materials,
have inner cavities with diameters at the nanometer scale.1

By encapsulating various molecules into their cavities,
they can become novel host-guest materials.2 In fact,
zeolites can act as molecular sieves, and consequently the
restricted environment of a zeolite host should have an
influence on the chemical reactions that take place within

the zeolite. Another characteristic is that substituting Al3+

for Si4+ in SiO2 frameworks introduces negative charges
on the oxygen atoms in the neighboring sites. Because of
the charge balance requirement, a wide range of cations
(e.g., Na+ and K+) can be accommodated in an inner
cavity and be loosely bound to its framework. The loosely
bound cations can be exchanged for transition-metal
cations.3 The trapping of transition-metal cations gives
zeolites additional catalytic functions due to the high
chemical reactivities of transition-metal cations. Accord-
ingly, zeolites have been utilized as nanoporous catalysts
in a wide range of industrial applications.4,5
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One of the most successful ion-exchanged zeolites is
copper-exchanged ZSM-5 (Cu-ZSM-5),6-14 because it
catalyzes NO decomposition and reduction. The ZSM-5
structure consists of 5- and 6-membered rings (MRs) on
channel walls, and 10-MRs in straight and sinusoidal
channels. Schoonheydt and co-workers recently reported that,
in addition to its catalytic activity, Cu-ZSM-5 can also
convert methane and dioxygen into methanol.15 The direct
methane oxidation is reminiscent of the oxidation ability of
membrane-bound particulates of methane monooxygenase
(pMMO) containing mononuclear and dinuclear copper
species as active sites.16-19 Since Cu-ZSM-5 seems to
mimic the catalytic functions of the enzyme, many research-
ers have attempted to identify a reaction mechanism for the
direct methane oxidation by Cu-ZSM-5.

A possible mechanism has been proposed15 by analogy
with the biological system, together with its relevant synthetic
models,20,21 as given in Scheme 1. In the first step, dioxygen
binds to two Cu(I) centers14e in a side-on fashion to generate
an O2 · · ·Cu2 complex where each Cu cation has a formal
charge of +2. After that, the dioxygen O-O bond in the
resultant O2 · · ·Cu2 complex is activated, leading to a bis(µ-

oxo)dicopper(III) complex, which is responsible for the direct
methane oxidation. The proposed reaction mechanism is
based on experimental results that have indicated the presence
of Cu pairs in ZSM-5.6-14 In particular, extended X-ray
absorption fine structure (EXAFS) spectroscopy studies have
revealed that the separations of Cu pairs fall in the range of
2.47-3.13 Å.11-14 In line with the experimental proposals,
Goodman and co-workers used density functional theory
(DFT) calculations to investigate the properties of the
dioxygen intermediates in ZSM-5 modeled by Al2(OH)8 or
slightly larger clusters (Al2Si7O26H16 and Al2Si8O29H18).

22

According to their pioneering work,22 the bis(µ-oxo)dicopper
complex, as well as the side-on peroxo complex, are
energetically preferable when the separations between the
two Cu cations range from 2.5 to 3.7 Å.

A fundamental question arises as to where Cu cations sit
within the real ZSM-5 framework. To answer this question,
Mentzen and co-workers recently used the Rietveld method
of X-ray powder diffraction (XRPD) to examine the locations
of Cu cations within the ZSM-5 framework with a certain
Si/Al substitution ratio.23 Their analysis revealed that the
Cu cations are located near the wall of 10-MRs of straight
channels, and the narrowest Cu · ·Cu separation is 4.33 Å,
substantially longer than those obtained in the EXAFS
analyses.11-14 The Cu cations within 10-MRs should be
responsible for the catalytic activity, due to the facile entry
of guest molecules such as dioxygen and methane into the
cations. Despite the importance of the Cu cations located in
the vicinity of their 10-MRs, the effects of zeolite nanospaces
on the reaction intermediates formed during the dioxygen
activation have remained relatively unexplored. In the present
study, we use large-scale DFT calculations to investigate how
the restricted environment of a 10-MR in ZSM-5 affects the
dioxygen intermediates (O2 · · ·Cu2 complexes and bis(µ-
oxo)dicopper complexes).

Method of Calculation

To date, zeolite systems have been theoretically investigated
using both cluster-model24-37 and periodic boundary condition
(PBC) calculations.38,39 For PBC calculations of ZSM-5, a large
unit cell (20.1 Å × 19.7 Å × 13.1 Å) including 288 atoms is
required. Due to the limitations of our computational resources,
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PBC calculations with sufficiently flexible plane-wave basis sets
are not feasible at the present time. As an alternative, cluster-model
calculations have employed quantum mechanics (QM) meth-
ods23-31 and hybrid quantum mechanics/molecular mechanics (QM/
MM) methods.32-37 In the QM/MM methods, a cluster model is
divided into two regions: an inner region in the vicinity of an active
site, which is treated with a high-accuracy QM method, and an
outer environment, which is treated with a low-accuracy MM
method. In previous QM studies, the number of atoms in the cluster
models was limited for computational efficiency, and thus these
studies sometimes failed to elucidate the unique properties of an
active site inside a zeolite. In contrast, hybrid QM/MM methods
can be promising tools to investigate catalytic functions of an active
site, because the zeolite surroundings can be treated with a low-
accuracy method. In the hybrid methods, the size of the inner region
around an active site plays a crucial role in accurately estimating
the various reaction profiles, particularly the geometries of the active
site, the heats of reaction, and the barrier heights.34 One of the
authors investigated covalent bond formation in a different type of
host-guest material, a nanopeapod where fullerene molecules are
encapsulated inside a carbon nanotube, and found that the covalent
bonds formed between a nanotube host and a deformed fullerene
guest modify the host surface in a large region.40 This indicates
that the structure of the ZSM-5 host may be significantly deformed
by the interactions with a Cu2O2 guest. However, our knowledge
about how the coordination of a Cu2O2 guest to the ZSM-5 host
perturbs the host structure is incomplete. As a result, we do not
have definitive information on the most suitable size for the inner
region of Cu-ZSM-5 in order to describe its catalytic function
properly using the hybrid methods.

Given the disadvantages in the previous theoretical studies,
we carried out a QM calculation with a ZSM-5 cluster large
enough to clarify the roles of nanospaces surrounded by 10-
MRs in the catalytic functions of Cu-ZSM-5. In the present
study, we used the B3LYP method as a QM method implemented
in the Gaussian 03 software package.41 The B3LYP func-
tional42,43 consists of the Slater exchange, the Hartree-Fock
exchange, the exchange functional of Becke,42a the correlation
functional of Lee, Yang, and Parr (LYP),43 and the correlation
functional of Vosko, Wilk, and Nusair (VWN).44 As a model
of aluminum-free ZSM-5,45 we adopt a Si92O151H66 cluster where
the terminal atoms are bound to H atoms, as shown in Figure 1.
The model corresponds to the red part of the ZSM-5 framework
(Figure 1, left)45 and explicitly contains 10-MRs of ZSM-5. To
check whether the model is suitable to represent a 10-MR cavity

of ZSM-5, we fully optimized the Si92O151H66 structure at the
B3LYP/3-21G level of the theory.46 In the optimized geometry
of Figure 1, right, the separations between two diametrically
opposed Si atoms within the purple 10-MR are only 3% longer
than those obtained experimentally.45 Therefore, the chosen
model is appropriate for the present study.
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Figure 1. Structures of ZSM-5 zeolite and a model aluminum-free ZSM-5 zeolite, Si92O151H66. The model corresponds to the red part in ZSM-5, and the
terminal atoms are saturated by H atoms.
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With the use of the ZSM-5 Si92O151H66 cluster, we constructed
Cu-ZSM-5 models in which two Cu cations are located in the
vicinity of two Al atoms substituted for two Si atoms within
the purple 10-MR. The purple 10-MR corresponds to its cavity
at an intersection of a straight and a sinusoidal channel. Previous
DFT calculations have indicated that there is no pronounced
preference for substituting an Al atom for a Si atom at a
particular tetrahedral site of the ZSM-5 structure.38a In light of
the theoretical findings and Loewenstein’s rule, we consider
various locations for the double Si f Al substitution within the
10-MR of ZSM-5 in Chart 1, although there are many other
possibilities for the substitution. As can be seen in Chart 1, the
2NN, 3NN, and 4NN configurations contain the Al pairs in the
second-, third-, and fourth-nearest-neighbor positions, respec-
tively, with respect to tetrahedral sites contained in the 10-MR.
Depending on the positions of the double Si f Al substitutions,
the inner spaces available for the reaction vary in size. Chart 1
shows that their sizes decline in the order 4NN > 3NN > 2NN,
because the 4NN (2NN) configuration has the widest (narrowest)
separation of the Al pair, whose neighboring oxygen atoms bind
coordinately to the Cu cations.

To fully optimize the geometries of the dioxygen intermediates
in the Cu-ZSM-5 models, and because of the limitations of our
computational resources, we used the 6-311G* basis set47 for the
Cu cations, the 6-31G* basis set48,49 for the adsorbing dioxygen

and the four O atoms that are bound to the two substituted Al atoms
and simultaneously coordinated by the Cu atoms, and the 3-21G
basis set46 for the Al, Si, H, and the other O atoms in the zeolite
framework. To the best of our knowledge, the magnetic properties
of the dioxygen intermediates formed after the reaction between
dioxygen and Cu-ZSM-5 have not been reported experimentally,
so we used the closed-shell singlet spin state to obtain their local
minimum. Within the B3LYP optimizations, the separation between
the two Cu atoms in Cu-ZSM-5 (Figure 2) decreases in the order
4NN (6.309 Å) > 3NN (2.538 Å) > 2NN (2.385 Å), as expected.50

In the optimized Cu-ZSM-5 structures, each Cu cation coordinates
to two or three oxygen atoms of the ZSM-5 framework. The Cu-O
separations range from 1.90 to 2.57 Å, which is in good agreement
with those obtained from EXAFS14 and XRD23 analyses (1.98-2.56
Å). In addition, the Cu coordination environments in the optimized
structures, as well as their Cu-O separations, are consistent with
previous DFT results.31,38c Since this consistency indicates the
reliability of our choices in the present calculations, the three
configurations are sufficient to investigate the ZSM-5 confinement
effects.
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kcal/mol more stable relative to those in the 2NN and 3NN configura-
tions, respectively.

Figure 2. Local structures of three optimized Cu-ZSM-5 structures where the ZSM-5 framework was modeled as an Al2Si90O151H66 cluster. The three
types of optimized structures can be distinguished by the positions of the double Si f Al substitution: the two substituted Al atoms are in second-nearest-
neighbor (2NN), third-nearest-neighbor (3NN), and fourth-nearest-neighbor (4NN) positions in a 10-membered ring. The relative energies are given in
kcal/mol. The bond lengths are in angstroms. The complete optimized geometries are given in Supporting Information Figure S1.
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Results and Discussion

Energetics of O2 · · ·Cu2 Complexes. We first discuss the
properties of O2 · · ·Cu2 complexes where dioxygen binds to
the Cu cations enclosed in the 10-MR of the ZSM-5 model.
Previously, Goodman and co-workers investigated the po-
tential energy of an O2 · · ·Cu2 complex as a function of its
Cu · ·Cu separation in a smaller ZSM-5 model and found
that the Cu · ·Cu separation is responsible for determining
their properties. According to previous DFT studies, dioxy-
gen coordinates in an end-on cis-µ-1,2 fashion into the Cu
cations, which are a distance of ∼2.5 Å apart, whereas a
side-on peroxo complex has a Cu · ·Cu separation of ∼3.5
Å. On the other hand, there exists an end-on peroxo complex
with a trans-µ-1,2 bridging mode with a Cu · ·Cu separation
greater than 4.0 Å. On the basis of their findings, we tried
to obtain local minima of O2 · · ·Cu2 complexes using the
more realistic ZSM-5 model in Chart 1. Since the Cu · ·Cu
separation in the larger ZSM-5 model varies from 2.4 to 6.3
Å, depending on the locations of the Al pairs substituted in
the 10-MR, we can gain direct information about the
relationship between the properties of O2 · · ·Cu2 complexes
and the positions of the Al substitutions.

As a result of the B3LYP optimizations, we obtained one
dioxygen bridging mode into the dicopper site in the 2NN
and 4NN configurations and two modes in the 3NN config-
uration. The local and complete structures of the four
optimized complexes are given in Figure 3 and Figure S1
(Supporting Information), respectively. The relative stability
of the four O2 · · ·Cu2 complexes is shown in Figure 3. In
the 2NN (4NN) configuration, dioxygen binds to the Cu
cations in an end-on cis-µ-1,2 (trans-µ-1,2) fashion, whereas
the 3NN configuration has a side-on peroxo-bridged dicopper
complex as well as an end-on complex with a cis-µ-1,2

mode.51 In the 3NN configuration, the side-on form is 17.8
kcal/mol more stable relative to the end-on form. The
preference for the side-on bridging mode appears to be quite

(51) We cannot obtain optimized side-on peroxo complexes in the 2NN
and 4NN configurations. Instead, we obtained the optimized end-on
peroxo complex with a trans-µ-1,2 mode in the 4NN configuration.
After the dioxygen binding, the 4NN Cu-ZSM-5 structure is
deformed, and the two Cu cations are significantly pushed off the
ZSM-5 framework to a separation of 4.3 Å. As shown in Table 1, the
geometrical deformation of Cu-ZSM-5 requires 41.1 kcal/mol, which
is significant relative to those in the 2NN and 3NN configurations.
To obtain an optimal Cu · ·Cu separation for the dioxygen binding in
a side-on fashion (∼3.5 Å) (ref 22), a further geometrical deformation
is necessary. Consequently, the Cu-ZSM-5 structure is expected to
be additionally destabilized. Such destabilization can prevent dioxygen
from binding in a side-on fashion to the dicopper active site. To justify
the above discussion, we performed partial optimizations of an
O2 · ·Cu2 structure in the 4NN configuration where the dioxygen O-O
bond is fixed at 1.45 Å (a typical peroxo bond in a side-on fashion).
The partially optimized geometry with the O-O bond at 1.45 Å still
has an end-on form and is 5.5 kcal/mol more unstable relative to the
fully optimized end-on peroxo complex. It seems that a peroxo species
with an O-O bond of ∼1.45 Å cannot bind in a side-on fashion to
the two Cu cations of the 4NN configuration. In contrast, the 2NN
configuration does not have a space where the Cu cations are allowed
to migrate from their original position of its Cu-ZSM-5. Please note
that the optimized end-on peroxo complex has a Cu · ·Cu separation
of 2.224 Å (Figure 3), which is shorter than that in the O2-free
Cu-ZSM-5 (2.385 Å). It is difficult for dioxygen to bind to the
dicopper active site in a side-on fashion, while keeping its O-O bond
of ∼1.4 Å. Actually, we used a side-on peroxo complex as an initial
geometry in the 2NN configuration. However, we could not obtain
the side-on peroxo form. During the B3LYP optimization, the dioxygen
O-O bond breaks, and eventually the initial geometry converted into
a bis(µ-oxo) dicopper species. The initial geometry with a side-on
bridging mode is 62.7 and 52.2 kcal/mol more unstable in energy
relative to the optimized end-on peroxo and bis(µ-oxo) dicopper
complexes in the 2NN configuration, respectively. Moreover, we can
see in Figure 5 that the optimized Cu · ·Cu separation in the bis(µ-
oxo) dicopper complex in the 2NN configuration (2.787 Å) is
significantly shorter than the optimal Cu · ·Cu separation for a side-
on peroxo complex as obtained in ref 22. This result also suggests
that the 2NN configuration does not allow dioxygen to bind to the
dicopper active site in a side-on fashion.

Figure 3. Local structures of four optimized O2 · · ·Cu2 complexes where dioxygen binds into the two Cu cations enclosed in Al2Si90O151H66 clusters. The
four types of optimized structures can be distinguished by the positions of the double Si f Al substitution: the two substituted Al atoms are in second-
nearest-neighbor (2NN), third-nearest-neighbor (3NN), and fourth-nearest-neighbor (4NN) positions in a 10-membered ring. The relative energies are given
in kcal/mol. The bond lengths are in angstroms. The complete optimized geometries are given in Supporting Information Figure S1.
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unique, compared with the case of diiron peroxo complexes,
where the end-on bridging mode is favored.21c,52,53 The
energy differences between the side-on and end-on com-
plexes (17.8-18.5 kcal/mol in Figure 3) are comparable to
those obtained in the smaller Cu-Al2(OH)8 model (∼12 kcal/
mol),22 suggesting that the zeolite confinement does not have
a significant influence on the O2 · · ·Cu2 complexes.

In contrast to the findings described in ref 22, the new
large-scale DFT calculations indicate that the positions of
the Al substitutions strongly affect the modes of dioxygen
bridging into a dicopper active site inside the 10-MR; from
the viewpoint of energetics, the end-on forms are feasible
in the 2NN and 4NN configurations, whereas the side-on
form is preferred in the 3NN configuration. Table 1 shows
the binding energies of the O2 · · ·Cu2 complexes calculated
by EBE ) E(O2 · · ·Cu-ZSM-5) - E(Cu-ZSM-5) - E(O2).
Here, E(O2 · · ·Cu-ZSM-5) and E(Cu-ZSM-5) represent the
total energies of an O2 · · ·Cu complex (Figure 3) and an O2-
free Cu-ZSM-5 (Figure 2), respectively. A negative EBE

value indicates that dioxygen is preferentially bound to a
dicopper active site of ZSM-5. Table 1 shows that all
dioxygen additions are exothermic. Their calculated binding
energies vary, depending on the dioxygen bridging modes
as well as the Al positions. The stabilization energy in the
side-on peroxo complex is 64.0 kcal/mol, which is larger
than those obtained in the end-on peroxo complexes
(34.0-46.2 kcal/mol).54

Additionally, the large-scale DFT calculations reveal that
the coordination environments of the Cu cations are changed
by the formation of the new Cu-O bonds (1.77-2.00 Å).
As shown in Figures 2 and 3, both Cu cations migrate from
their original positions in an O2-free Cu-ZSM-5, and their
separation then becomes suitable for the binding of dioxygen
in an end-on or a side-on fashion. We see different Cu · ·Cu
separations depending on the dioxygen bridging modes; the
optimized Cu · ·Cu separation in the side-on peroxo complex
is 3.397 Å, whereas that in the end-on peroxo complex with
a cis-µ-1,2 (trans-µ-1,2) fashion is 2.224 (4.259) Å. The
optimal Cu · ·Cu separations for a dioxygen bridging mode
obtained from the large-scale DFT calculations are similar
to those reported by Goodman and co-workers.22 The Cu

migration destabilizes the Cu-ZSM-5 structure itself, as can
be estimated by the energy difference between an O2-free
Cu-ZSM-5 and a Cu-ZSM-5 deformed by the dioxygen
binding, ∆E ) E(deformed Cu-ZSM-5) - E(Cu-ZSM-
5). Here, E(deformed Cu-ZSM-5) is the single-point energy
of a deformed Cu-ZSM-5 taken from an optimized
O2 · · ·Cu-ZSM-5 structure. A positive ∆E value indicates
that the Cu-ZSM-5 is destabilized by the Cu migration. As
expected, we obtained positive ∆E values in all the con-
figurations in Table 1. Moreover, the destabilization strongly
depends on the positions of the Al substitutions. In fact, the
∆E value decreases in the order 4NN > 3NN > 2NN. The
DFT findings indicate that the positions of the Al substitu-
tions in a 10-MR govern whether the Cu cations can migrate
easily to fit dioxygen binding in a given fashion. Thus, the
geometric changes in the Cu-ZSM-5 are among the key
factors in determining the preferable dioxygen bridging
modes within the 10-MR,51 although the destabilization is
compensated for by strong attractive interactions between
dioxygen and a Cu-ZSM-5.

In the present study, we confined our discussion to the
O2 · · ·Cu2 complexes in the closed-shell singlet state, because,
until now, antiferromagnetic couplings between the Cu(II)
cations have not been reported experimentally in the ZSM-5
system. On the other hand, analogous peroxo-bridged di-
copper(II) complexes with nitrogen-based ligands have a
singlet biradical ground state through antiparallel couplings
of the spins on the opposite Cu(II) centers.55 Thus, it is
interesting to investigate whether the open-shell (OS) singlet
biradical state of an O2 · · ·Cu complex in ZSM-5 can compete
in energy with its closed-shell (CS) singlet state. To describe
the singlet biradical systems, we used the unrestricted broken-
symmetry (BS) approach. However, the BS approach is time-
consuming, in particular for large-scale DFT calculations.
Thus, we performed single-point energy calculations with
the four optimized O2 · · ·Cu2 complexes (Figure 3) using the
BS approach to obtain the OS singlet state.56,57 As shown
in Table S1 (Supporting Information), in the B3LYP method
the O2 · · ·Cu2 complexes in the OS singlet state58 are 2.3-9.8
kcal/mol more stable relative to those in the CS singlet state.
The energy difference increases as the Cu · ·Cu separation
increases. However, the B3LYP method often overstabilizes
biradical singlet O2 · · ·Cu2 systems.56,57 The erroneous over-
stabilization in the BS B3LYP method is associated with
the inadequacy of a single Kohn-Sham (KS) determinant
as a description of the biradical systems. Also, inclusion of

(52) (a) Yoshizawa, K.; Hoffmann, R. Inorg. Chem. 1996, 35, 2409. (b)
Yoshizawa, K.; Yokomichi, Y.; Shiota, Y.; Ohta, T.; Yamabe, T.
Chem. Lett. 1997, 587. (c) Yoshizawa, K.; Yumura, T. Chem. Eur. J.
2003, 9, 2347. (d) Yumura, T.; Yoshizawa, K. Bull. Chem. Soc. Jpn.
2004, 77, 1305.

(53) Han, W.-G.; Noodleman, L. Inorg. Chem. 2008, 47, 2975.
(54) In the end-on peroxo complexes, the differences in the calculated

binding energies are related to the stability of the O2-free Cu-ZSM-5
structures. See ref 50.

(55) Karlin, K. D.; Tyklár, Z.; Farooq, A.; Jacobson, R. R.; Sinn, E.; Lee,
D. W.; Bradshaw, J. E.; Wilson, L. J. Inorg. Chim. Acta 1991, 182, 1.

(56) Rode, M. F.; Werner, H.-J. Theor, Chem. Acc. 2005, 114, 309.
(57) Cramer, C. J.; Wloch, M.; Piecuch, P.; Puzzarini, C.; Gagliardi, L. J.

Phys. Chem. A 2006, 110, 1991.
(58) The broken-symmetry (BS) state (E〈Sz〉)0) is not a pure spin state

described by a single determinant but rather a weighted average of
pure spin states. To eliminate spin contamination from the triplet spin
state (E〈Sz〉)1) in the BS-SCF solution, the open-shell (OS) singlet state
energy (EOS) was defined (ref 57) as (2E〈Sz〉)0 - 〈S2〉E〈Sz〉)1)/(2 - 〈S2〉),
where the triplet spin state energy was obtained by single-point energy
calculations with the optimized geometry (Figure 2) and 〈S2〉 is the
expectation value of the total-spin operator in the BS state. We used
EOS values to obtain energy differences between the OS and closed-
shell (CS) singlet spin states in Table S1 (Supporting Information).

Table 1. Energetics of the Optimized O2 · · ·Cu2 Complexes in the
ZSM-5 Model

O2 bridging mode EBE
a ∆Eb

2NN configurationc end-on cis-µ-1,2 mode -45.4 19.9
3NN configurationc end-on cis-µ-1,2 mode -46.2 22.0
3NN configurationc side-on mode -64.0 27.9
4NN configurationc end-on trans-µ-1,2 mode -34.0 41.1

a EBE ) E(O2 · · ·Cu-ZSM-5) - E(Cu-ZSM-5) - E(O2). b ∆E )
E(deformed Cu-ZSM-5) - E(Cu-ZSM-5). c The 2NN, 3NN, and 4NN
configurations have the Al pairs in second-, third-, and fourth-nearest-
neighbor positions, respectively, in a 10-membered ring in the ZSM-5 model.
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the Hartree-Fock exchange in hybrid functionals seems to
result in overstabilizing of singlet biradical dicopper(II)
systems.57 Instead, we used a pure DFT method with the
PW91 functional to evaluate the CS-OS energy difference,
according to ref 53. In the PW91 method, the CS-OS energy
differences, which range from 0.8 to 3.5 kcal/mol,59 are
significantly smaller than those obtained by the B3LYP
calculations. Thus, we found that the CS-OS energy
differences are sensitive to the DFT functionals used,
although from an energetics viewpoint the peroxo-bridged
dicopper complexes may have antiferromagnetically coupled
Cu(II) sites, as shown in Table S1 (Supporting Information).
Up to now, it has been uncertain which functionals can
correctly describe the geometrical features as well as the
electronic properties, especially the magnetic couplings, of
these complexes. Despite the uncertainty, these preliminary
theoretical findings should stimulate not only experimental
efforts to observe antiferromagnetic couplings between the
Cu(II) cations in ZSM-5 but also theoretical developments
to precisely calculate the biradical state of such large
systems.

O-O Bond Activation in the O2 · · ·Cu2 Complexes.
Since the magnetic couplings between the two Cu cations
have remained experimentally unknown, we return our
attention to the dioxygen activation in the O2 · · ·Cu2 com-
plexes in the CS singlet state. The dioxygen O-O bond
lengths vary significantly between the various bridging
modes, as shown in Figure 3. The O-O bond in the side-on
peroxo complex, whose length was computed to be 1.436
Å, is significantly activated relative to the free dioxygen case.
The computed value is also substantially larger than those
in the end-on peroxo complexes (1.303-1.376 Å). In the
end-on peroxo complexes, the Cu · ·Cu separation, which
depends on the positions of the Al substitutions, determines
their dioxygen O-O bond length.60,61 In the 2NN config-
uration, the end-on complex has an O-O bond of 1.379 Å,
whereas slightly shorter peroxo O-O bonds (∼1.31 Å)62

are found in the 3NN and 4NN configurations. These findings
suggest that vibrational analyses of O-O stretching modes
provide a clue not only to the dioxygen bridging modes into
the dicopper active site63 but also to the locations of the
substituted Al atoms within a 10-MR.

In order to clarify why the dioxygen bridging modes and
the Cu · ·Cu separations are important to the dioxygen
activation, useful information can be derived from their
frontier orbitals, whose amplitudes are localized mainly in
the O2 · · ·Cu2 cores, as shown in Figure 4. Here, we pay
attention to the energetically preferable peroxo forms in the
three configurations. Figure 4 shows that the three peroxo
forms exhibit quite different electronic properties. In the
frontier orbital region of the end-on form in the 2NN
configuration, only one occupied orbital (the highest occupied
molecular orbital (HOMO)) appears, and it lies ∼1.2 eV
above the next HOMO (HOMO-1). In the HOMO, which
should make a key contribution to the O2 · · ·Cu2 structure,
there is the antibonding π orbital with respect to the dioxygen
O-O bond. The out-of-phase interactions between the two
O atoms are an important factor in lengthening their bond
length.

Unlike the 2NN case, two occupied orbitals lie in the
frontier orbital regions of the 3NN and 4NN cases. In the
3NN configuration, where dioxygen binds to the two Cu
cations in a side-on fashion, the HOMO and HOMO-1
consist of antibonding couplings between the two O atoms.
This is one of the main reasons that the side-on form has an
O-O bond longer than those in the end-on forms. In contrast,
the end-on form in the 4NN configuration has in-phase and
out-of-phase interactions between the two O atoms of
dioxygen in the HOMO and the HOMO-1, respectively.
The repulsive forces between the two O atoms, derived from
the antibonding characters in the HOMO-1, are similar to
the 2NN case. However, the repulsive couplings in the 4NN
case are diminished by attractive interactions due to the
bonding characters in the HOMO. The cancelations account
for the shorter O-O bond lengths in the 4NN case than in
the 2NN case. Judging from the Cu · ·Cu separations in the
end-on forms, the striking differences in the electronic
properties between the 2NN and 4NN cases are due to
interactions between the two Cu cations.60,61 Thus, the orbital
interaction analyses (Figure 4) may illuminate the fact that
the Al substitution positions dominate the activation of the
dioxygen O-O bond in the end-on forms through the
Cu · ·Cu interactions.

Bis(µ-oxo)dicopper Complexes. Next, we investigate how
the ZSM-5 cavity affects the properties of bis(µ-oxo)dicopper
complexes generated by cleaving the dioxygen O-O bond in
the O2 · · ·Cu2 complexes. The three optimized structures of
bis(µ-oxo)dicopper complexes are shown, with their local
structures surrounding the active sites, in Figure 5. The two
oxo ligands are separated by ∼2.1 Å.64 We can also see
similarities in the bond distances in diamond Cu2O2 cores of
the three bis(µ-oxo)dicopper complexes, irrespective of the
positions of the Al atom substitutions; the optimized Cu-O
bonds range from 1.74 to 1.83 Å, and the Cu · ·Cu separations
fall in the range of 2.76-2.87 Å, as shown in Figure 5.

Despite their similar Cu-O bondings, the diamond Cu2O2

cores have quite different structural features in terms of their

(59) We also calculated the CS-OS energy difference (ECS-OS ) ECS -
EOS) using another pure DFT method using the BLYP functional,
because the BLYP method can give a reliable unrestricted solution
and then can reproduce experimental data (ref 57). In the BLYP
method, the calculated CS-OS energy differences also have small
values of up to 3.5 kcal/mol. The BLYP results are essentially
consistent with the PW91 results.

(60) Thorn, D. T.; Hoffmann, R. Inorg. Chem. 1978, 17, 126.
(61) Mehrotra, P. K.; Hoffmann, R. Inorg. Chem. 1977, 17, 2187.
(62) To justify our DFT results that the end-on peroxo complexes in the

3NN and 4NN configurations have the short peroxo bonds in Figure
3, we replaced the 6-31G* basis set for dioxygen with the 6-31+G*
basis set and then reoptimized their O2 · · ·Cu2 complexes. As a result
of the reoptimization using the diffuse function for dioxygen, the
optimized O-O bond lengths in the 3NN and 4NN configurations
are 1.319 and 1.313 Å, respectively. These values are fully consistent
with those obtained using the 6-31G* basis set for the dioxygen (Figure
3). The short peroxo O-O bonds are characteristic of the end-on
peroxo complexes relative to the side-on peroxo complex, because of
the different electronic properties in the frontier orbital regions between
the two forms in Figure 4. Also see ref 12.

(63) Cramer, C. J.; Tolman, W. B.; Theopold, K. H.; Rheingold, A. L.
Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 3635.
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planarity. The 4NN configuration has a nearly planar Cu2O2

structure, whose dihedral angle is 0.4°, whereas the 2NN
and 3NN configurations have Cu2O2 structures distorted from
a planar structure (the dihedral angles in the 2NN and 3NN
cases are 25.4° and 25.7°, respectively). These structural
differences in the bis(µ-oxo)dicopper complexes should
reflect whether a configuration has enough room to accom-
modate a planar diamond Cu2O2 core; the 4NN configuration,

where the substituted Al atoms are nearly diametrically
opposed, can contain a planar structure in the 10-MR,
whereas the 2NN and 3NN configurations cannot. Accord-
ingly, these restrictions make the diamond cores adopt
butterfly structures, as shown in Figure 5.

Along with the structural differences of the diamond Cu2O2

cores in the three configurations, the coordination environ-
ments of the two Cu(III) cations vary significantly. As shown
in Figure 5, the 4NN (2NN) configuration possesses Cu(III)
cations coordinating four oxygen atoms in a nearly square
planar (a tetrahedral) manner. The differences in the Cu
coordination should govern their stability, in light of the
relationships between the coordination environments of
transition-metal atoms and their stability.65 Chart 2 shows
the d splittings of square planar and tetrahedral Cu(III)L4

complexes, where L represents a ligand.65 In Chart 2, a
tetrahedral Cu(III)L4 complex has two low-lying e orbitals

(64) To investigate whether the bis(µ-oxo) dicopper species in the singlet
spin state is energetically stable relative to those in the triplet and
quintet spin states, we performed single-point energy calculations with
the optimized structures (Figure 5). In the 2NN configuration, the
singlet spin state lies 5.0 and 13.5 kcal/mol below the triplet and quintet
spin states, respectively. The 3NN (4NN) configuration has the singlet
spin state being 14.1 (16.8) and 14.8 (28.2) kcal/mol more stable than
the triplet and quintet spin states, respectively. According to the DFT
calculations, the bis(µ-oxo) dicopper species have the singlet ground
state, which is consistent with the lack of an EPR signal for the species
in ref 15. Note that the energy difference between the single and quintet
spin states increases in the order 2NN < 3NN < 4NN. This order
should reflect their electronic properties in the frontier orbital region,
especially the HOMO-LUMO gap. See Chart 2 and Figure S2
(Supporting Information).

(65) Albright, T. A.; Burdet, J. K.; Whangbo, M.-H. Orbital Interactions
in Chemistry; John Wiley & Sons, Inc.: New York, 1985.

Figure 4. Frontier orbitals of the three types of optimized O2 · · ·Cu2 complexes inside the Al2Si90O151H66 clusters, depending on the positions of the double
Si f Al substitution (second-nearest-neighbor (2NN), third-nearest-neighbor (3NN), and fourth-nearest-neighbor (4NN) Al pairs). Energy levels of the
orbitals, based on the couplings between d(Cu) and p(O) orbitals, are given in eV. Their orbital amplitudes are also shown.
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and three high-lying t2 orbitals. In contrast with a tetrahedral
Cu(III)L4 complex, one of the t2 orbitals is destabilized in a
square planar Cu(III)L4 complex, whereas the other two t2

orbitals are stabilized. At the same time, the degeneracy of
the e orbitals is lifted in a square planar Cu(III)L4 complex,
where one is destabilized to generate the 2a1g orbital, and
the energy of the other remains unchanged. We can justify
the qualitative interpretations of their frontier orbitals with
the DFT calculations in Figure S2 (Supporting Information),
which shows the orbital energies in the frontier orbital
regions. For example, the DFT calculations show that the
energies of the lowest unoccupied molecular orbitals (LU-
MOs) in the bis(µ-oxo) dicopper species are significantly
shifted upward as the dihedral angle of the Cu2O2 structure
decreases. From the viewpoint of d splittings in Chart 2, a
Cu(III)L4 complex preferentially adopts a planar structure
instead of a tetrahedral structure as a result of the destabiliza-

tion of the highest occupied MO (t2) on the tetrahedral side
relative to the HOMO (2a1g) on the planar side.

This simple argument can be applied to their stability, as
obtained by DFT calculations. Figure 5 shows that the 4NN
configuration, where both Cu cations have square planar
coordination, is the most stable energetically, as it is 14.2
and 30.7 kcal/mol more stable relative to those in the 3NN
and 2NN configurations, respectively. These energy differ-
ences are more pronounced than in the O2 · · ·Cu2 cases, which
can be ascribed to the different sizes of the enclosed Cu2O2

structures between the two intermediates. In the O2 · · ·Cu2

complexes, the binding of dioxygen into the two Cu cations
requires one side of the line connecting the two Cu cations,
whereas the bis(µ-oxo)dicopper species require both sides
to form the four Cu-O bonds. In other words, cleaving the
dioxygen O-O bond differentiates the bis(µ-oxo) dicopper
species from the O2 · · ·Cu2 complexes in terms of the sizes
of Cu2O2 cores. Since the three bis(µ-oxo)dicopper com-
plexes have strikingly different Cu coordination environ-
ments, due to the confinement of a diamond Cu2O2 guest
inside a ZSM-5 host, the bis(µ-oxo)dicopper complexes are
more susceptible than the O2 · · ·Cu2 complexes to special
constraints from the ZSM-5.

Dioxygen Activation Mediated by Dicopper Cations
Enclosed inside ZSM-5. Finally, we examine the energetics
of the reaction intermediates along the dioxygen activation
pathway in order to investigate whether the intermediates
can be formed within the zeolite. Table 2 tabulates the
relative energies of the intermediates with respect to the
dissociation limit toward dioxygen and Cu-ZSM-5. The
initial step of the dioxygen activation, in which dioxygen
binds to the enclosed Cu cations, is energetically preferable
irrespective of the locations of the two Al atoms that
substitute for the two Si atoms. The stabilization due to the
dioxygen binding can facilitate subsequent reaction steps,
at least the conversion of an O2 · · ·Cu2 complex to a bis(µ-

Figure 5. Local structures of three optimized bis(µ-oxo)dicopper complexes where two oxo ligands coordinate the two Cu cations inside Al2Si90O151H66

clusters. The three types of optimized structures can be distinguished by the positions of the double Si f Al substitution: the two substituted Al atoms are
in second-nearest-neighbor (2NN), third-nearest-neighbor (3NN), and fourth-nearest-neighbor (4NN) positions in a 10-membered ring. The relative energies
are given in kcal/mol. The bond lengths are in angstroms. The complete optimized geometries are given in Supporting Information Figure S1.
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oxo)dicopper complex. In fact, we can see in Table 2 that
the bis(µ-oxo)dicopper complexes that are formed by cleav-
ing the dioxygen O-O bond in the O2 · · ·Cu2 complexes lie
below the dissociation limit. Thus, the bis(µ-oxo)dicopper
complexes can be easily formed inside the 10-MR of the
ZSM-5, although we did not evaluate the activation energy
for the cleavage of the dioxygen O-O bond in the present
study.

Table 2 also shows that the ZSM-5 confinement plays a
significant role in the relative stability of the dioxygen
intermediates. In the 2NN and 3NN configurations, the
O2 · · ·Cu2 complexes are, respectively, 10.5 and 11.7 kcal/
mol more stable relative to the bis(µ-oxo)dicopper com-
plexes, in contrast to the 4NN case, where the bis(µ-
oxo)dicopper complex is energetically favored.66 The
destabilization of the bis(µ-oxo)dicopper complexes relative
to the O2 · · ·Cu2 complexes in the 2NN and 3NN configura-
tions comes from the tight spatial restrictions, as mentioned
above. The importance of the ZSM-5 constraint to their
stability is unique in zeolite systems, as compared with
synthetic Cu2O2 models.67 Since the bis(µ-oxo) dicopper
complexes can act as direct intermediates for methane
oxidation, a restricted ZSM-5 environment should contribute
to the catalytic activity of Cu-ZSM-5 by adjusting the
stability of its active species. This is the first theoretical report
obtained from large-scale DFT calculations that has il-
luminated the roles of the ZSM-5 surroundings in the
catalytic activity mediated by enclosed Cu2O2 cores, although
Bhan and Iglesia recently suggested an experimental link
between reactivity and local structure in acid catalysis in
zeolites.68

Conclusions

At the level of B3LYP theory, we analyzed the properties
of dioxygen intermediates generated during the activation

of dioxygen by two Cu cations enclosed in a 10-MR of ZSM-
5. In order to investigate how the ZSM-5 nanospaces affect
their properties, three types of configurations were considered
in which two Al atoms replace two Si atoms in a 10-MR:
the configurations in which the Al pairs are in second-, third-,
and fourth-nearest-neighbor positions with respect to their
tetrahedral sites in the 2NN, 3NN, and 4NN configurations,
respectively. Judging from the Cu · ·Cu separations in the
three Cu-ZSM-5 configurations, the inner spaces available
for the reaction decrease in size in the order 4NN > 3NN >
2NN. In the first intermediates, O2 · · ·Cu2 complexes where
dioxygen binds to the two Cu cations, the zeolite confinement
effects are not significant because the inner spaces are large
enough to form new Cu-O bonds. Instead, the positions of
the substituted Al atoms in a 10-MR play a crucial role in
determining the type of dioxygen bridging (an end-on or a
side-on fashion). The dioxygen O-O bond is activated
differently depending on the dioxygen bridging fashions, as
well as the Cu · ·Cu separation.

In contrast, the second intermediates, bis(µ-oxo) dicopper
complexes following the O2 · · ·Cu2 complexes by cleaving
the dioxygen O-O bond, are more subject to spatial
constraints from the ZSM-5 because the contained diamond
Cu2O2 cores need larger spaces to form four Cu-O bonds.
Because of the limited inner space available in the 2NN
configuration, its diamond core has a butterfly form with a
Cu tetrahedral coordination. On the contrary, the 4NN
configuration does not have such a restriction and thus
possesses a diamond core where each Cu cation is coordi-
nated by four oxygen atoms in a square planar manner. Since
the tetrahedral Cu(III) coordination is not energetically
preferable relative to the square planar coordination, the
bis(µ-oxo)dicopper complex in the 4NN configuration is 30.7
kcal/mol more stable relative to the 2NN case. The DFT
results show more pronounced ZSM-5 confinement effects
in the bis(µ-oxo)dicopper complexes than the O2 · · ·Cu2 cases.
Accordingly, the spatial constraint from the ZSM-5 has a
strong impact on energy profiles along the dioxygen activa-
tion by Cu-ZSM-5. These effects should be important in
direct methane activation derived from the bis(µ-oxo)dicop-
per complexes.
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(66) We obtained the energy differences between an O2 · · ·Cu2 complex
and a bis(µ-oxo) complexes in the closed-shell singlet state in Table
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Table 2. Energies (kcal/mol) of Dioxygen Intermediates Formed during
the Dioxygen Activation by Cu-ZSM-5, Relative to the Dissociation
Limit toward Cu-ZSM-5 (Cu-Al2Si90O151H66) and Dioxygen

O2 · · ·Cu2 complex bis(µ-oxo)dicopper complex

2NN configurationa -45.4 -34.9
3NN configurationa -64.0b -52.3
4NN configurationa -34.0 -54.9

a The 2NN, 3NN, and 4NN configurations have the Al pairs in second-,
third-, and fourth-nearest-neighbor positions, respectively, in a 10-membered
ring in the ZSM-5 model. b The relative energy of the side-on peroxo
complex in the 3NN configuration is listed.
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