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Driven by the depletion of crude oil, the direct oxidation of
methane to methanol has been of considerable interest. Promising
low-temperature activity of an oxygen-activated zeolite, Cu-
ZSM-5, has recently been reported in this selective oxidation and
the active site in this reaction correlates with an absorption feature
at 22,700 cm~". In the present study, this absorption band is used
to selectively resonance enhance Raman vibrations of this active
site. 180, labeling experiments allow definitive assignment of the
observed vibrations and exclude all previously characterized cop-
per-oxygen species for the active site. In combination with DFT and
normal coordinate analysis calculations, the oxygen activated Cu
core is uniquely defined as a bent mono-(u-oxo)dicupric site.
Spectroscopically validated electronic structure calculations show
polarization of the low-lying singly-occupied molecular orbital of
the [Cu,0]2* core, which is directed into the zeolite channel, upon
approach of CHs. This induces significant oxyl character into the
bridging O atom leading to a low transition state energy consistent
with experiment and explains why the bent mono-(u-oxo)dicupric
core is highly activated for H atom abstraction from CHs. The
oxygen intermediate of Cu-ZSM-5 is now the most well defined
species active in the methane monooxygenase reaction.

density functional theory | dicopper(ll)-oxo | oxygen activation |
resonance Raman spectroscopy | zeolite

M ethane, the major component of natural gas, is highly
abundant and its selective oxidation to a liquid form such
as methanol would help harness its potential as a petroleum
alternative for fuels and in the petrochemical industry. Cur-
rently, industrial methanol production from methane is accom-
plished by the steam reforming of methane into syngas, a mixture
of H, and CO, followed by methanol synthesis. These processes
require high temperatures and pressures and as a result, alter-
natives such as the selective direct oxidation of methane to
methanol are of considerable interest. However, methane has
the strongest C—H bond of any hydrocarbon (104 kcal/mol),
thus its selective oxidation to methanol without further oxidation
is extremely challenging.

In nature, the methane monooxygenase (MMO) enzymes
accomplish the direct conversion of methane into methanol at
ambient temperatures at iron- or copper-oxygen active sites
(1-3). Researchers have attempted to mimic MMO’s activity
synthetically by creating oxygen-activated iron and copper
catalysts (4). Recently, an O,-activated zeolite Cu-ZSM-5 has
been shown to convert methane to methanol at low temper-
atures (100 °C) with selectivity >98% (5). Reactivity only
occurs at a small fraction of the total copper sites in the zeolite
(5). Researchers have attempted to determine the identity of
the active copper-oxygen core, although the challenge of
distinguishing it from spectator sites has not been overcome
and no consensus has been reached as to its structure (6-38).
The oxygen-activated site of Cu-ZSM-5 was correlated to an
absorption feature at 22,700 cm~!, a spectroscopic handle
unique to the reactive core (6). An absorption feature at this
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Fig. 1. rR spectra (\ex = 457.9 nm) of Cu-ZSM-5 + 160, (red), '80; (blue). Inset

A: Absorption spectrum of oxygen activated Cu-ZSM-5. Inset B: **16.180," (green),
and 1:1 normalized sum of 60, and 180, (black).

energy, however, is not sufficient to unambiguously define the
nature of the active site. In the present study, the Raman
vibrations corresponding only to the active site are selectively
resonance enhanced, providing detailed experimental insight.
The same active site can be generated with N,O and is shown
to be capable of selective methane oxidation. The resonance
Raman (rR) and absorption data are coupled to normal
coordinate (NCA) and density functional theory (DFT) calcu-
lations to define the geometric and electronic structure of the active
site of oxygen-activated Cu-ZSM-5 and the nature of its activation
for H atom abstraction.

Results and Discussion

Spectroscopic Characterization of the Active Core in Oxygen-Activated
Cu-ZSM-5. Tuning a laser into the characteristic absorption feature
(Fig. 1 Inset A) of the oxygen-activated Cu-ZSM-5 active site leads
to resonance enhancement of Raman vibrations associated only
with this chromophore and therefore the active site for methanol
synthesis (Fig. 1). The rR spectra show multiple vibrations that
profile the absorption band (Fig. 24)*, confirming that these
vibrations are in-resonance with this electronic transition. These
vibrations gain intensity with increasing Cu/Al ratio (as does the
22,700 cm~! absorption feature) (Fig. 2B) and are not observed
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Fig. 2. IR spectra of O,-activated Cu-ZSM-5. (A) rR
spectra of Oy-activated Cu-ZSM-5 (Cu/Al = 0.54) col-
lected at eight Aexs from 351 nm to 568 nm with cor-
responding absorption spectrum Inset. (B) rR spectra
(Aex = 457.9 nm) of O-activated Cu-ZSM-5 with varying
Cu/Al ratios from 0.10 to 0.54 with corresponding ab-
sorption spectra Inset. (C) rR spectra (Aex = 457.9 nm) of
Cu-ZSM-5 (Cu/Al = 0.54) pretreated in O; at 450 °C,
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after the site reacts with CHy (at 200 °C) or is heated in He >350 °C
(Fig. 2C) [both lead to loss of the 22,700 cm ™! band (9)], confirming
that the vibrations observed are from the active site. A number of
these resonance enhanced vibrations are sensitive to isotope per-
turbation when the active site is generated with 80, (Fig. 1 blue).
These isotope-sensitive vibrations involve the active oxygen species,
as the reaction of the 130,-generated active site with CHy results in
CH;'80H formation (5). The most intense isotope-sensitive vibra-
tion is at 456 cm™! (A(*¥0,) = 8 cm™!) and additional isotope-
sensitive vibrations are at 237 cm~! (A(*80,) = 3 em™!), 870
cm~ ! (A(80,) =40cem 1), 1,725 cm ! (A(*80,) = 83 cm 1), and
1,852 cm™! (A(*80,) = 52 cm™') (Fig. 1). A broad resonance
enhanced feature is observed at 974 cm ! (A(*¥0,) = 10 cm™ 1)
corresponding to the combination band of the 514 cm~! and 456
cm~! vibrations based on energy and isotope shift. The second
member of a progression of the 456 cm™! vibration is observed at
908 cm™! (A(*80,) = 15 em™!). An intense isotope-insensitive
feature is also observed at 514 cm ™! with a shoulder near 540 cm ™.

These data uniquely define the geometric and electronic struc-
ture of the oxygen-activated Cu-ZSM-5 active site. In past work, the
oxygen intermediate of Cu-ZSM-5 was assigned as a bis(u-
oxo)dicopper(IIl) core based on the observation of an absorption
feature at 22,700 cm~! and a Cu—Cu distance of ~2.9 A from
EXAFS studies of O, activated Cu-ZSM-5 (6). However, this
activated Cu core accounts for only a small fraction of the total Cu
content in Cu-ZSM-5 (=5%) (5, 9), making it impossible to
distinguish its contribution to the EXAFS data from that of the

Table 1. Spectroscopically characterized mononuclear and
binuclear Cu/O; species

Cu/O; species rR vibrations

(A"0,) Icm™!
O, activated Cu-ZSM-5 456 (8)
870 (40)
bis(u-oxo) dicopper(lll) Cu"{o\Cu‘” Veu-0=606 (23)
\n/
p-(n%n?) peroxo dicopper(ll) ey veu-cu=284 (0)
\O/ Vo.o=763 (40)
n'-superoxo copper(ll) 1O~ veuw-0=472 (20)
cul” © vo.o=1121 (63)
n2-superoxo copper(ll) Cu”:? veu-0=554 (20)
o vo-0=1043 (59)
n'-hydroperoxo copper(ll) Lo Veu-0=624 (17)
cu'” TOH v0-0=843 (44)
trans-u-1,2-peroxo dicopper(ll) o /Cu” veu-0=561 (26)
cu'” 0 v0.0=832 (44)
u-1,1-hydroperoxo dicopper(ll) o veu-0=322 (10)

Vo.o:892 (52)

0.
cul” Sci
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Raman Shift (cm™')

recorded before and after heating in He at 450 °C and
after reaction with CH4 at 200 °C.

abundantly present spectator Cu sites. Thus, EXAFS cannot pro-
vide structural information for this core. A bis(u-oxo)dicopper(IIT)
complex is characterized by an intense isotope-sensitive stretch
~600 cm™! in its rR spectrum (10, 11). The absence of such a
feature in the rR spectrum of the oxygen intermediate of Cu-
ZSM-5 excludes the assignment of the active site as a bis(u-
oxo)dicopper(III) complex. Further, the observed stretches are
inconsistent with the assignment of the site structure as a u-(n%n%)
peroxo dicopper(Il) (¥Cu—Cu~270 cm™~!, vO—O~750 cm™!)
(12) or a Cu(IT)-superoxo (vO—0O~1,050-1,100 cm™!) species (13,
14) (Table 1). The 870 cm™~! vibration does occur at a reasonable
energy for an O—O stretch of an n'-hydroperoxo copper(Il) or a
p-1,2-peroxo or hydroperoxo dicopper(Il) species (15-17) (Table
1). To evaluate these possibilities, the Cu-ZSM-5 oxygen interme-
diate was formed with mixed isotope O, (“1¢180,”), a statistical
mixture of 100,:19180,:180, (1:2:1 ratio). If the 870 cm™! vibration
is an O—O stretch, vibrations would be observed at 830, ~845 and
870 cm~! with a 1:2:1 intensity pattern, with the feature at ~845
cm~! representing the 1°0'80 and '80'°0 stretches (18, 19). Fig. 1
B Inset (green) shows the rR spectrum of the active species
prepared with “!6180,,” which overlays a 1:1 normalized sum of the
pure %0, (red) and '80; (blue) spectra (black in Fig. 1, Inset B). The
absence of an intermediate stretch ~845 cm~! eliminates the
possibility that the site is a u-1,2-peroxo or hydroperoxo dicoppe-
r(IT) species. Thus, all presently known copper-oxygen active site
structures for the oxygen intermediate of Cu-ZSM-5 are excluded
by the 1R data (Table 1).

In fact, the most intense isotope sensitive feature is the 456 cm ™!
(A(*80,) = 8 cm™!) stretch; the 870 em™! (A(*0,) = 40 cm™!)
vibration has relatively low intensity but its second quantum (based
on isotope shift) is observed at 1,725 cm™! (A('%0,) = 83 cm™!)
with 6 times higher intensity than the fundamental. This intensity
pattern has been observed in p-oxo-diferric complexes (20). The
observed high intensity of the 456 cm~! isotope sensitive vibration
in Fig. 1 supports its assignment as the symmetric stretch of an oxo
group bridging two Cu centers (21). The weak 870 cm ™! vibration
is then assigned as an antisymmetric metal-oxo stretch (vas), which
should not be enhanced in the rR spectrum, while its second
quantum (2v,) is symmetric and consequently would have higher
rR intensity than the fundamental, as observed for the 1,725 cm™!
vibration." The energy of the second quantum of the v, for
160,-activated Cu-ZSM-5 is expected to be at twice the energy of
the fundamental (1,740 cm™') but is instead observed at 1,725
cm™!. Further, both the energy splitting and the intensity of the
1,725 ecm™! peak relative to the nearby 1,852 cm™! peak change
upon '80x-isotopic labeling. This is consistent with a Fermi reso-
nance between two '80-isotope sensitive features i.e., the fourth
quantum of v (4w, predicted at 1,824 cm ™) and 2w, (Fig. S2). The

fConstraints imposed by the zeolite lattice distort the bent Cu—O—Cu core, lowering its
symmetry and enabling vas to become weakly Raman allowed and thus observable, but
with low resonance intensity.
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Fig.3. rRspectra (Aex = 457.9 nm) of Cu-ZSM-5 (Cu/Al = 0.54) activated in
O, (Upper) or N,O (Lower). Inset Diffuse reflectance UV-vis spectra re-
corded at room temperature after treatment of Cu-ZSM-5 with O, (Upper)
or N,O (Lower) in the temperature range of 100 °C-200 °C and 50-125 °C
respectively. The arrows on Inset represent the increasing temperature of
the O, and N,O treatment (temperature difference between two spectra is
25 °Q).

presence of both strong symmetric and weak antisymmetric
stretches leads to the assignment of the Cu-ZSM-5 active site as a
bent Cu—O—Cu core.

The presence of such a core in Cu-ZSM-5 has been proposed as
an intermediate during dehydration based on EXAFS data (22), but
as no absorption feature is observed under these reaction condi-
tions (9) formation of the bent Cu—O—Cu core defined here can
be excluded for this process. Computational studies on Cu-ZSM-5
have surveyed the possible stabilization of several binuclear Cu sites
in Cu-ZSM-5, including Cu—O>—Cu and Cu—O—Cu cores (7,
23), but without spectroscopic data to discriminate among them, no
assignment of the active site structure could be made. The presence
of a bent Cu—O—Cau core in synthetic model complexes has been
proposed (24-26), but to date, no such complex has been unam-
biguously defined. As a result, the data reported in the present study
are the first to definitively characterize a mono-oxygen bridged
binuclear Cu site in any system. Activation of Cu-ZSM-5 by N,O
instead of O also results in the formation of an absorption feature
at 22,700 cm™!. Starting from a dehydrated Cu-ZSM-5 (450 °C in
He), this absorption feature is observed at lower temperatures
(100 °C) than for the O, activation reaction (175 °C) (Fig. 3, Inset).
R spectra were collected on the N,O activated core of Cu-ZSM-5
and compared with the rR vibrations observed for the O, activated
core in Fig. 3. Identical rR features are observed after both
treatments, confirming that activation of Cu-ZSM-5 by either O, or
N>O results in formation of the same active site (Fig. 3). This
N,O-generated active core is also capable of low-temperature
selective oxidation of CH,4 to CH30H to an extent comparable to
the O, activated Cu-ZSM-5 site (14 = 2 umol per gram of
Cu-ZSM-5).

Geometric and Electronic Structure of the Cu0 Core in Cu-ZSM-5.
Normal coordinate analysis (NCA) was used to correlate the
observed rR symmetric (v5) and antisymmetric (v,s) vibrations and
their isotope shifts to the bending angle for a Cu,O core, £ CuOCu.
The symmetric (v5) and antisymmetric (v,s) stretch energies cor-
relate with £ CuOCu, and by fitting the four observables (vs and vy
with 1°0, and '80,) to NCA calculations, the observed stretches are
consistent with a £CuOCu of 140° (Table S1). We further used
these NCA calculations to evaluate the dependence of vs and v,s of
a Cu,O site on £ CuOCu. As this angle decreases from 140° to 100°,
the latter angle consistent with a bis-u-oxo dicopper structure, the
predicted vy increases to 600 cm™! (Table S1). Thus, the observed
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Fig. 4.  Structural models of ZSM-5 and the Cu,0 intermediate used for DFT
calculations. (4) Small model, T—Cu,O0. (B) 10-membered ring of ZSM-5 contain-
ing two Al-sites separated by two Si-sites C. Large model constructed from part of
a 10-membered ring (boxed atoms, B.), L-Cu,0.

vs (=600 cm™1) in bis-u-oxo dicopper complexes is dominantly the
result of the tight Cu—O—Cu angle associated with the presence
of a second single atom bridge. The observed v, and v, for the
active site of Cu-ZSM-5 require that this site has a wide 2 CuOCu
(=140°), and exclude the possibility of a second oxygen atom
bridge.

Using the NCA-calculated £CuOCu of 140° as a starting point,
these studies were expanded with DFT calculations to evaluate the
capacity of the ZSM-5 lattice to host a Cu,O site. To form this active
site, 4 electrons would have to be transferred to O, from Cu!
ZSM-5, forming the Cu,O core and an additional oxo group. This
can result in an active core containing either two Cu'™s or two Cu's
with an accompanying 2-electron transfer from nearby Cu! ions to
reduce the additional O atom.* In ZSM-5, the 10-membered rings
of the lattice are the only sites with pore-sizes appropriate for access
of O,, N>,O, and CHj, and within these rings, a Cu,O core could only
bind two lattice Os to each Cu (28). We therefore initially modeled
the site with a tetrahedral AI(OH)4~ ligand (referred to as an Al
T-site) bound bidentate to each Cu atom of the Cu,O core (Fig. 44,
small Al T-site model “T—Cu,O” where the Hs cap the oxides in
the Si lattice positions). This simplified ligation has been found to
model the contribution of the lattice reasonably well (7). The
wavefunction of T—Cu™,0 (singlet) is electronically unstable and
relaxes to a T—Cu',O core with two additional holes delocalized
to the T-site oxygens. A T—Cu'™,O can only be stabilized by adding
a fourth ligand (OH™) to each Cu'™. However, no feature associ-
ated with a Cu-OH stretch [computationally predicted at 655 cm™!
(A(*80,) = 16 cm™1)] is observed in the rR spectrum (Fig. 1). Thus,
the experimental evidence argues against the presence of a fourth
O-ligand that would be necessary to stabilize a Cu™,O site. The
calculations do, however, support a stable Cu',O electronic struc-

*Electron transfer between molecules incorporated within a zeolite lattice has been
observed for many redox pairs, and the zeolite lattice has been shown capable of facile
charge transfer (27). The crystal structure of Cul-ZSM-5 shows 4 Cu' atoms within a 5A
distance of the two Cu atoms in the 10-membered ring, the predicted location of the Cu,0
species (28).
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Table 2. Experimentally observed rR features, DFT vibrational predictions ('80-isotopic shifts in parentheses) and DFT-optimized
geometric parameters for the small Al T-site (T-Cu",0) and large lattice (L-Cu',0) models.

rR Features

Geometric Parameters

Cu-O-Cu bend Vs, Vas, Al-T-site,

(A"805)/cm~1 (A"80,)/cm1 (A180,)/cm1 (A180,)/cm1 /Cu-0-Cu Cu-0, A Cu-Cu, A
Experiment 237 (-3) 456 (—8) 870 (—40) 514/540 (0)
T-Cu',0 (calcd) 300 (—3) 498 (—6) 890 (—42) 571 (0) 138° 1.74 3.29
L-Cu',0 (calcd) 253 (-2) 456 (—5) 852 (—37) 556/568 (0) 139° 1.75/1.76 3.29

ture for the active site’. We evaluated the effect of the £ CuOCu of
the T—Cu',O model on the DFT calculated v and v, and found
that, in agreement with the NCA calculations, an 2 CuOCu of 138°
results in the best correlation with experimental data (Table 2,
T—CUHQO).

Within the 10-membered ring of ZSM-5, the experimentally
calibrated NCA and DFT calculated structural parameters most
closely fit an active site bound to two Al T-sites connected by two
intermediate Si T-sites (Fig. 4B). This placement is also consistent
with the crystal structure of Cul~ZSM-5, which resolves two Cu!
atoms in the 10-membered ring separated by two intermediate
T-sites (28). Thus, a larger model was formed with each Al T-site
ligand extended with covalently bonded Si T-sites (Fig. 4C, Large
Lattice Model, “L-Cu,0”). The L-Cu™,0 also electronically re-
laxes to a Cu',O core upon optimization, confirming that the
ZSM-5 lattice can only stabilize a Cu,O core'. The calculated
£ CuOCu is 139° with no constraints imposed on this core. The
calculated v (456 cm™1) andw,s (852 cm™!) and '8O-isotopic shifts
(5 and 37 cm™! respectively) for L-Cu,O agree well with the
experimentally observed values for these vibrations [, = 456 cm™!
(A(180,) = 8 cm™ 1) and v,y = 870 cm ™! (A(*80z) = 40 cm™ )]
(Table 2). Further, L-Cu,O has calculated Al-T-site vibrations
between 556 and 568 cm™!, consistent with the observed '30-
isotope insensitive vibrations at 514 cm~! and 540 cm~! in Fig. 1.
The Cu—O—Cu bending mode of L-Cu™,O is calculated at 253
cm~! (A(0,) = 2 cm™'), in agreement with the observed weak
vibration at 237 cm~! (A('80,) = 3 cm ™) in Fig. 1. To investigate
the origin of the absorption feature at 22,700 cm ™!, time dependent
DFT calculations (TD-DFT) were performed on L-Cu',O. These
predict a single dominant feature at 23,400 cm ™! originating from
the bridging oxo ligand to Cu™' charge transfer (Fig. S4), providing
an assignment for the 22,700 cm ™! band in Fig. 1 Inset A. The DFT
calculations on L-Cu,O thus accurately reproduce both the ob-
served rR vibrations and the dominant absorption feature of
oxygen-activated Cu-ZSM-5, a further confirmation of this geo-
metric and electronic structural assignment.

Reaction with CH,. The disappearance of the 22,700 cm ™! absorption
band as a function of temperature was used to evaluate the
activation energy (E,) for the reaction of oxygen-activated Cu-
ZSM-5 with CHy4 (Fig. 54). From the Arrhenius plots of the
reaction at temperatures between 110 and 200 °C, the activation
energy is 15.7 = 0.5 kcal/mol (Fig. 5C, open square). This reaction
has a kinetic isotope effect (KIE) (3.1 at 175 °C) resulting in an
increase in the E, of the reaction by 3.1 = 0.5 kcal/mol, obtained

SCalculations on T—Cu',0 predict a ferromagnetically coupled (triplet) ground state, 2
kcal/mol lower in energy than the antiferromagnetically coupled (singlet) state.

TCalculations on the representative triplet state of L-Cu',0 are presented in the text as the
singlet and triplet states of L-Cu'’;O have nearly identical geometries and energies (within
0.5 kcal/mol) (Table S2 and Fig. S3).

IWhile the Cu—Cu distance of L-Cu',0 (3.29A) is inconsistent with the average Cu—Cu
distance observed by EXAFS (2.87A) (6), the active coreis a minority species (5% of total Cu)
and the Cu—Cu distance predicted from EXAFS is dominated by contributions of the
majority, spectator Cu sites.

Woertink et al.

from an Arrhenius plot of the reaction with C?Hy (Fig. 5 B and C,
filled triangle). This indicates that C—H bond breaking is involved
in the rate limiting step of the oxidation of CHa. Product analysis
(by 'H-NMR, Fig. S54) of the reaction of oxygen-activated Cu-
ZSM-5 with CH,?H, confirms this KIE. Analysis of the KIE as a
function of reaction temperature shows a similar increase in E,
(2.1 = 0.3 keal/mol) for reaction with a C—?H as compared with
a C—H bond (Fig. S5B). Because comparable increases in E, are
observed by monitoring the decay of the 22,700 cm~! band and by
product analysis, the absorption feature can be directly correlated
to the reactive site.

DFT calculations were used to obtain a transition state structure
and evaluate the reactivity of the spectroscopically-validated
L-Cu'™,O model with CH4 (Fig. 64). The H atom abstraction
reaction is calculated to have a zero-point corrected activation
energy of 18.5 kcal/mol and an increase E, upon reaction with C?Hy
of 1.3 kcal/mol, both in reasonable agreement with the experimen-
tally observed E, of 15.7 kcal/mol and AE, of 3.1 kcal/mol. The
calculated H atom abstraction is endothermic by only 13.8 kcal/mol
(AE), reflecting the difference in bond dissociation energy of
H-CHj; compared with that of the [Cu—OH—Cu]?>" intermediate
that would be generated. The strong O—H bond of the
[Cu—OH—Cu]?* species (calculated bond dissociation energy of
90 kcal/mol) helps drive the reaction. The [Cu—OH—Cu]** in-
termediate is best described as a delocalized-radical species, with
Mulliken atomic spin densities of 0.26 and 0.44 on the Cu atoms and
0.17 on the bridging O. In the subsequent step, rebound of the
hydroxyl radical (leaving 2 Cul) to couple with the methyl radical
completes the reaction. Thus, the L-Cu,O model of oxygen-
activated Cu-ZSM-5 can abstract an H atom from CH, through a
low activation barrier consistent with experiment (Fig. 64).

Absorbance
Absorbance

15000 20000 25000 30000 15000 20000 25000 30000
Energy (cm) Energy (cmr)

C y=9.443x - 15.968
=00413

y=7.8732 - 13.316
R?=0.9912

2 21 22 23 24 25 26 27
1000/T (1/K)

Fig.5. E,andKIE measured from the decay of the 22,700 cm~" absorption band
of Oz-activated Cu-ZSM-5 (Cu/Al = 0.54). (A and B) Decay of the 22,700 cm™!
absorption band of an O, activated Cu-ZSM-5 (Cu/Al = 0.54) measured during
reaction at 175 °C with CHy (A) and C2H, (B). The arrow on the figures shows the
evolution in time. Time interval between two spectra is 15 seconds. (C) Arrhenius’
plots for CH4 (open squares) and C?Hy (filled triangle).
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Fig. 6. DFT-calculated reactivity of L-Cu",O with CH,. (A) Reaction coordinate
of H atom abstraction from CHg by L-Cu';0. (B) SOMOs at the TS shown with the
line of CH4 approach in the plane (Left) and below the plane of the figure (Right).

The electronic structure of L-Cu'l,O provides insight into the
activation of [CuyO]?* for this reaction. There are two low-lying
singly-occupied orbitals (SOMOs) that change along the reaction
coordinate (Fig. 6B). Approaching the transition state, one of these
orbitals, perpendicular to the Cu—O—Cau plane i.e., directed into
the zeolite channel, localizes along the O—H—C vector and gains
significant oxygen p-character (24% O with dominant delocaliza-
tion into H*CH3 in the transition state, Fig. 6B, Upper). The second
singly-occupied low-lying molecular orbital is covalently delocalized
between one of the coppers (CuA in Fig. 6B, Lower) (46%) and the
oxygen atom (20%) with some delocalization into the second
copper (CuB in Fig. 6B, Lower) (22%). This is essentially a
(CuB)™-O, cupric-oxyl species with some delocalization of the
oxidized metal into the second Cu (CuA). This is further supported
by changes in the Mayer bond order (29) (MBO) of the CuA—O
and CuB—O bonds along the reaction coordinate. In L-Cu',O, the
MBO of the CuA—O bond is 1.24 and that of CuB—O is 1.02. The
difference in the two MBOs is the direct result of constraints
imposed by the zeolite lattice: The lattice oxygens form stronger
bonds with CuB (MBOs of 0.54 and 0.44) than with CuA (MBOs
of 0.46 and 0.37). The increased donation of the lattice Os to CuB
leads to a decrease in the strength of the CuB—Oxo bond. At the
transition state the CuA—O bond is significantly weaker than in the
reactant L-Cu™>,O (MBO of 0.72, a decrease of 0.52). While the
CuB—O bond also decreases in strength at the transition state
(MBO of 0.86, a decrease of 0.19), this change is less than half that
of the CuA—O bond. A cupric-oxyl species has been proposed as
a highly activated intermediate in copper-oxygen chemistry, how-
ever, it has not been observed in any bioinorganic or model system
(30). The significant oxygen p character in the low-lying half
occupied orbital renders it highly activated as an acceptor orbital in
H atom abstraction (Fig. 6B Upper).

Conclusions

The oxygen-activated core of Cu-ZSM-5, reactive in the selective
oxidation of methane into methanol, correlates to an absorption

18912 | www.pnas.org/cgi/doi/10.1073/pnas.0910461106

feature at 22,700 cm~!. Raman vibrations of this active core are
resonantly enhanced with Ae within this absorption feature. 80
isotope sensitive rR features profile this absorption feature,
uniquely defining the active site structure. %0, and !$1°0,
labeling experiments exclude all previously defined oxygen
bridged mononuclear and binuclear Cu sites for this active core.
The energies, intensities, and isotope shifts of the observed
vibrations lead to the assignment of this core as a mono-oxygen
bridged binuclear Cu site. NCA and DFT calculations define the
geometric and electronic structure of this core and provide
insight into how the constrained lattice of ZSM-5 restricts the
coordination environment of the bound Cu atoms and their
spatial orientation resulting in the formation of a bent mono-
p-oxo dicupric core. These calculations accurately reproduce the
observed rR vibrations and isotope shifts and the dominant
absorption feature.

The observation of a KIE (4.0 to 2.0 at 115-200 °C) shows C—H
bond breaking is involved in the rate limiting step. Because similar
increases in £, in C—H vs. C—?H bond breaking were observed by
monitoring the decay of the 22,700 cm™! band and by product
analysis, the absorption feature can be directly correlated to the
reactive site. DFT calculations show the formation of a
[Cu—OH—Cu]?*" intermediate with a calculated energy barrier
in good agreement with experimental data. The strong O—H
bond of the delocalized radical [Cu—OH—Cu]?>* species helps
drive the reaction. The electronic structure of L-Cu',O provides
insight in the reaction mechanism and shows that upon approach
of CHy, one of the SOMOs of the Cu,O core gains significant
oxygen p-character oriented into the zeolite channel and toward
the H-CHj3; bond. At the transition state this results in the
formation of a cupric-oxyl intermediate that is highly activated
for H atom abstraction and explains the reactivity of the bent
mono-u-oxo dicupric core in Cu-ZSM-5 in the selective oxida-
tion of methane into methanol. While the nature of the active site
in the enzyme particulate MMO is still a matter of discussion, our
studies on Cu-ZSM-5 definitively determine that a binuclear
cupric core can in fact perform the critical reaction of methane
oxygenation.

Materials and Methods

Synthesis of Cu-ZSM-5 Samples. A series of Cu-ZSM-5 samples with increasing Cu
loading was prepared starting from Na-ZSM-5 (Si/Al = 12, ALSI-PENTA). Aqueous
exchange of Na-ZSM-5 with Cu(CH3CO,),. H,0 solutions of various Cu2* concen-
trations resulted in Cu-ZSM-5 with Cu/Al ratios of 0.10, 0.22, 0.31, 0.42 and 0.54,
using procedures reported in ref. 5. The Cu and Al contents were determined by
Inductively Coupled Plasma Atomic Absorption (ICP-AA).

UV-Vis Spectra for Cu-ZSM-5 Samples After 0,, N,0, He, 180, Treatment. In situ
UV-vis-NIR spectra in the diffuse reflectance spectroscopy mode (DRS) of the
Cu-ZSM-5 series were recorded on a Varian Cary 5 UV-vis-NIR spectrophotometer.
All spectra were recorded at room temperature and cooling of the sample was
done in an atmosphere of the corresponding treatment gas. O, and He treat-
ments at 450 °C were done following procedures reported in ref. 5. The UV-vis
spectra after interaction of a dehydrated Cu-ZSM-5 (Cu/Al = 0.54, dehydrated at
450 °Cin He) with N,O and O, at temperatures <250 °C were recorded after the
sample was flushed at room temperature with O, or N;O (5 min, 100vol.% O, or
N,O flow of 50 mL'min~") and heated under this closed atmosphere (5 °C min~'
to the indicated temperature).

For the '80-labeled O, experiments (80, and a statistical mixture of
160,:16/180,:180, with 1:2:1 ratio purchased from Buchem BV), a calcined
Cu-ZSM-5 (Cu/Al = 0.54) was heated in He (heating rate of 1 °C min~' to
450 °C). At 450 °C a flow of 30 mL‘min~" of the '80-labeled O, (100 vol.%)
was passed over the sample for 5 min. The sample was kept under a closed
80, atmosphere at 450 °C for 30 min.

Reaction with CHs, C2H4 and C2H,H,. After O, calcination, the reactions with CHs
and C2H, (purchased from Aldrich) (total flow of 50 mL'min~", 10% CHg or C2H,
in He at reaction temperatures between 115 and 200 °C) were monitored. The
setup consists of a plug-flow reactor (i.d. = 8 mm) fitted inside a furnace, a
UV-Vis light source (Top Sensor Systems DH-2000 deuterium-halogen light
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source) and a photodiode array detector (Ocean Optics SD 2000) connected to the
catalyst bed via optical fiber technology (Top Sensor Systems FCB-UV400-ME
cable and FCB-UV400G-0.1-XHT high-temperature probe) (6). Each spectrum is
the result of the superposition of 300 scans in the 38,000-12,000 cm~" region,
each taking 50 ms. Thus, one spectrum is obtained every 15 s.

For reaction with C2H,H, (purchased from Aldrich) and the subsequent ex-
traction of deuterated methanol, an O, calcined Cu-ZSM-5 was reacted with
C2H;H,. After 2 min flow of 100% C2H;H, the sample was kept under a closed
C2H,H, atmosphere for 20 min at the reaction temperature. The sample was then
cooled to room temperature and the catalyst was poured into a screwtop vial
containing 2 mL of 2H,0. The closed vial was heavily stirred at room temperature
for 20 h. The supernatant was sampled and transferred to an NMR tube for
TH-NMR analysis. "H-NMR spectra were recorded on a Bruker (Fallanden, Swit-
zerland) Avance 11 500 spectrometer operating at 500.130 MHz. To quantitate the
amount of methanol generated by low temperature O, and N,O activated
Cu-ZSM-5, a dehydrated sample was activated in O, or N,O at 200 °C followed by
reaction with CHs (10% in He, 50 mL'min~"') at 200 °C. A known amount of
acetonitrile was added to 1 mL of the supernatant as a calibrant and methanol
concentration was determined by "H-NMR.

Resonance Raman Spectroscopy. Resonance Raman spectra were recorded on a
Princeton Instruments ST-135 back-illuminated CCD detector and on a Spex 1877
CP triple monochromator with 1,200, 1,800, and 2,400 grooves per millimeter of
holographicspectrograph gratings. Excitation was provided by a Coherent 190C-K
Kr*ion laser or an Innova Sabre 25/7 Ar* CW ion laser. The spectral resolution was
<2 cm~. Spectra were recorded at room temperature at powers ranging from
5mW to 75mW at the sample. Sample preparation was the same as for the
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samples prepared for UV-vis measurements. Baseline spectra were collected using
ground, activated charcoal in a quartz U-tube side arm.

Calculations. Normal coordinate analysis (NCA). Normal coordinate analysis (NCA)
was based on a Urey-Bradley force field with the FG-matrix method of Wilson (31)
and was performed on a triatomic Cu—O—Cu model (C;, symmetry) with a
modified version of Schachtschneider’'s GMAT and FPERT programs (32, 33).
DFT calculations. Spin-unrestricted DFT calculations were performed with Gauss-
ian 03 (34) and the B3LYP functional. The 6-311G* basis set was used for the
geometry optimizations and frequency calculations of T—Cu,O. A split basis set
was used for geometry optimizations, transition state searches, frequency calcu-
lations, and TD-DFT calculations of L-Cu,0 with 6-311G* on the three Cu—O—Cu
core atoms and the four Cu-coordinating lattice Os and 6-31G* on all other
atomes. For reaction coordinate calculations, the split basis set included 6-311G*
on the CH4 atoms. Broken symmetry calculations were performed for all singlet
spin states. Single point calculations were performed on optimized structures
using the 6-311+G* basis set. For geometry optimizations and transition state
searches with the L-Cu,O models, eight Si atoms were constrained at their
crystallographically defined coordinates (35). Mulliken population analyses and
MBO analyses were performed with QMForge (36) and vibrations and molecular
orbitals were visualized in GaussView (37).
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SI Text

Peak Fit of rR Spectra. The peak fit of the rR spectra presented in
the main text (Fig. 1) was performed with the program PeakFit
(Version 4.06, AISN Software) and is shown in Fig. S1. The red
spectrum (Upper) corresponds to Cu-ZSM-5 + 190, and the blue
spectrum (Lower) corresponds to Cu-ZSM-5 + 180, The peaks
used to fit the spectra are shown in black. In addition to the
resonantly-enhanced peaks assigned in the text, a zeolite lattice
Raman feature is observed at 385 cm ™!, which is also present at
off-resonance excitation wavelengths (Fig. 24, main text), low
Cu/Al ratios (Fig. 2B, main text), and after heating in He (Fig.
2C, main text). This vibration is the most prominent Raman
feature observed for ZSM-5 (i.e., without Cu) and has been
previously assigned as a lattice vibration associated with the
5-membered rings of the zeolite [Dutta PK, Rao KM, Park JY
(1991) Correlation of Raman Spectra of Zeolites with Frame-
work Architecture. J Phys Chem 95:6654—6656].

Fermi Resonance Assignment. The energy of the second quantum
of the v, for 1°0Oy-activated Cu-ZSM-5 is expected to be at twice
the energy of the fundamental (1,740 cm~!) and is instead
observed at 1,725 cm~! (Fig. 1, main text). Further, both the
energy splitting and the intensity ratio of the 1,725 cm™! peak to
the nearby 1,852 cm™! peak change upon '80,-isotopic labeling.
These differences are explained by a Fermi resonance interac-
tion between two '80,-isotope sensitive peaks. When each peak
shifts by a different energy with 80,-isotopic labeling, the Fermi
resonance interaction changes, resulting in a difference in the
intensity ratio and final energy splitting. From areas obtained
from the peak fit in Fig. S1, the observed ratio of the 1,725
cm~ 11,852 cm™! peaks (1°0,) is 2.7:1.0, while the ratio of the
1,642 cm™1:1,800 cm ™! peaks (180,) is 4.1:1.0. The effect of the
Fermi resonance and the preinteraction energies were deter-
mined by fitting the observed Raman shifts and intensity ratios
of the 1,852 cm ™! and 1,725 cm ™! (1°0,) in parallel with the 1,800
cm~! and 1,642 cm~! features (**0,) (Fig. S2, Upper) to 2 X 2
interaction matrices with preinteraction energies as diagonal

Woertink et al.www.pnas.org/cgi/content/short/0910461104

elements and the Fermi coupling constant as off-diagonal ele-
ments. The Fermi coupling was held constant between the 1°0O,
and '80, matrices and the intensity of one of the preinteracting
peaks was set to zero. The Fermi coupling matrix element is
calculated to be 50 cm~!. The preinteraction energies of the
(initially) intense bands are predicted at 1,750 cm~! (1°O,) and
1,670 cm™! (80;) and the preinteraction energies of the (ini-
tially) zero-intensity features are predicted at 1,810 cm™! (160,)
and 1,770 cm™! (180,) (Fig. S2, Lower). These calculated pre-
interaction energies correlate to the peak energies and isotopic
shifts predicted for 2v,, (intense preinteracting feature) and 4w
(zero-intensity preinteracting feature) within 10 cm ™! The 2w,
and 4vs stretches are both totally symmetric and are at similar
energies, thus interact through a Fermi resonance.

NCA Correlation of ~Cu—0—Cu and vs and vas. Using a triatomic
Cu—O—Cu model, £ Cu—O—Cu was systematically varied and
compared with the observed vs and v, and 80O-isotope shifts of
oxygen-activated Cu-ZSM-5 (vs = 456 cm™1, A0, = 8 cm™!
and v, = 870 cm™!, A0, = 40 cm™'). An increase in
/. Cu—O—-—Cu resulted in a decrease in vs and an increase in v,s.
The observed vibrations were found to correspond to a
£ Cu—O—=Cu of ~140° (Table S1).

Open Shell Singlet DFT Calculations on L-Cu";0. The geometry-
optimized ferromagnetically coupled (triplet) and antiferromag-
netically coupled (singlet) L-Cull,O are close in energy (within
0.5 kcal/mol) and have nearly identical geometries. As for triplet
L-Cu,O (main text), DFT-calculated vibrations and %O,-
isotope shifts for singlet L-Cu',O correlate well to the experi-
mentally observed values (Table S1).

For singlet L-Cu',O, the zero-point corrected activation
energy of H atom abstraction from CHy is 20.4 kcal/mol, similar
to that of triplet L-Cu',O (18.5 kcal/mol, main text). Further, the
calculated transition state structure along the singlet reaction
surface (Fig. S3) is comparable with that of the triplet
(main text).
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Fig. S4. TD-DFT calculated electronic absorption spectra of L-Cu",0. The dominant feature predicted by the calculations is a ligand (oxo) to copper charge
transfer transition at 23,400 cm~', which is in close agreement with the experimentally observed 22,700 cm~" absorption band of the oxygen-activated core of

Cu-ZSM-5.
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Fig. S5.  KIE of the reaction of O,-activated Cu-ZSM-5 (Cu/Al = 0.54) with C2H,H, at 130 °C. (A) "H-NMR spectrum after reaction and extraction in 2H,0. The
quintet (intensity ratio 1:2:3:2:1) around 3.32 ppm is assigned to C2H,HO?2H and the triplet (intensity ratio 1:1:1) around 3.34 ppm to CH,2HO?H. The singlet at
3.36 ppm is CH302H and is added as a reference. (B) In(KIE) as a function of reaction temperature (1,000/T).
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SINPAS

Table S1. NCA predicted vs and v, as a function of 2 Cu-O-Cu

NCA calculated v NCA calculated vas
£/ Cu-0-Cu (A80,)/cm ™! (A'80;)/cm~!
160° 357 (—4) 909 (—46)
140° 446 (—12) 872 (—44)
120° 554 (—21) 813 (—40)
100° 609 (—25) 775 (—37)
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Table S2. Experimentally observed rR features and DFT vibrational predictions ('80-isotopic shifts in parentheses) and optimized
geometric parameters for singlet L-Cu',0.

rR Features Geometric Parameters
Cu-O-Cu bend,(A180,)/cm~1 v, (A'80,) /cm~1 Vas, (A180,)/cm 1 Al-T-site, (A'80,)  £Cu-O-Cu Cu-O,A Cu-Cu, A
Jfem~1
Experiment 237 (-3) 456 (—8) 870 (—40) 514/540 (0)
L-Cu",0 singlet 255 (-2) 467 (—9) 857 (—39) 554/576 (0) 137° 1.75/1.76 3.26

(calculated)
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Table S3. Coordinates for the DFT-optimized models

Atom X Y z
T-Cu",0 (triplet)

Cu 1.62827800 —0.76503000 0.22095400
(o] 3.39574200 —0.70721900 0.97864900
(¢] 2.42455600 0.68020200 —0.82180200
Al 4.08247100 0.63735800 —0.05937900
(e] 4.49422400 1.87473700 1.07493400
(o] 5.14197400 0.20461700 —1.35443900
H 2.29880900 0.77143400 —1.76662400
H 3.62275200 —0.80677800 1.90299800
H 4.88196200 2.72096300 0.85353700
H 6.09259200 0.11871300 —1.28934000
Cu —1.62826100 —0.76498100 —0.22102000
(e] —3.39567500 —0.70701400 —0.97882600
(e] —2.42464400 0.67997900 0.82203500
Al —4.08248200 0.63734300 0.05943600
(¢] 0.00000400 —1.33080400 —0.00006900
(o] —5.14213500 0.20434700 1.35428700
(e] —4.49408500 1.87498200 —1.07465000
H —3.62261500 —0.80637900 —1.90321200
H —2.29899100 0.77097000 1.76689400
H —4.88181800 2.72117200 —0.85310800
H —6.09274900 0.11850100 1.28907200
L-Cu";0 (triplet)

Si 4.65764700 2.76150900 0.14050900
Si 1.00672500 —1.61293700 —0.71475800
Si —2.83255000 —1.19702200 2.68782400
Si 5.83653100 —1.24853700 —1.82312500
Si —4.87203500 2.73944900 0.42218300
Si 4.27509200 —1.33745200 2.69827100
Si —6.19308100 —1.57912400 —0.91945000
Si —1.73618100 —1.22569800 —2.08759000
(e] 3.40767300 1.79276200 —0.37704000
(¢] 1.72290100 —0.12493600 —0.48802700
(o] 2.19091400 —2.62454700 —1.22516700
(e] —3.66263600 —1.50271800 4.08136700
(o] 6.53588400 —2.21294800 —0.69341600
(e] —1.71183900 —2.37939700 2.34795700
o 4.32190100 —0.82884200 —1.41321700
(o] 4.87069600 —0.65646100 4.07601400
(e] —5.51724200 2.61157200 1.94200600
(o] 2.94735700 —2.22410800 3.13708200
(e] —5.35624900 —2.63035200 —1.91814900
(e] —5.26313000 —0.24464700 —0.90266500
(o] —2.29017900 —0.12883600 —0.96351600
(¢] 5.52525500 —2.25081700 2.05927600
(o] —2.52445200 —2.64503900 —1.90105800
(¢] 3.88409500 —0.32941000 1.50160400
(o] —3.83356600 —1.12059200 1.40323500
(e] 4.69225700 4.13241500 —0.79049700
(¢] —6.41055200 —2.16850700 0.60703800
(o] 6.05192700 1.91511200 0.07541800
(¢] —6.01935800 2.42268700 —0.70485300
(o] 5.94535300 —2.02349800 —3.27387600
(e] 6.63162000 0.22164600 —2.01350100
o 0.49762200 —2.20056500 0.72544800
o —0.15292400 —1.47065000 —1.84970200
(¢] —1.98223500 0.20196400 2.91140800
(o] 4.27321500 3.21656100 1.66948200
(e] —3.58768400 1.68540100 0.30447600
(o] —4.14913700 4.20217200 0.21733800
(e] —1.97984500 —0.47878100 —3.53638900
o —7.68641100 —1.35129900 —1.57255600
H 4.18797000 —0.37554600 4.70134100
H 5.99210300 —2.81443800 2.69256700
H 2.28037400 —2.31343800 2.43363700
H —5.80782300 —3.46487000 —2.11243700
H —4.39093400 —2.13620600 4.01385100
H —5.61327500 —2.02802400 1.15387300
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Atom X Y z

Al 3.48667700 0.00796500 —0.12993500
Al —3.78132300 —0.07239000 0.00161100
H 6.00632700 —2.98620100 —3.19411300
H 7.55235100 0.13925300 —2.30338400
H 6.19250100 —2.17828200 0.22580300
H 2.96713100 —2.17891300 —1.61659700
H —3.49929800 —2.66224400 —2.02214500
H —1.11042900 —2.58447000 3.08126400
H —0.42881200 —2.21870300 1.03680100
H —8.39500500 —1.24366900 —0.92254800
H —5.97548600 1.51103300 —1.06197800
H —2.49098900 0.93379500 3.29197300
H —1.61281400 —0.92789100 —4.31094800
H —4.68537900 4.98976700 0.37788200
H —6.44324900 2.33128500 1.95172400
H 6.30324900 1.38859200 —0.71882300
H 4.86832100 3.86421100 2.07155600
H 5.28063200 4.09558200 —1.55737500
Cu —1.79566600 1.75845200 —0.49790300
Cu 1.49004800 1.84031900 —0.60512600
(0] —0.18051100 2.33590200 —0.83676400
Transition state of

L-Cu";0 (triplet) + CH4

Si 4.65975200 2.58788900 0.83549500
Si 1.03251900 —1.47655600 —1.04065700
Si —2.79842500 —-1.91631900 2.36831100
Si 5.85652200 —0.82449400 —2.03669800
Si —4.86868600 2.43589200 1.11902800
Si 4.30993000 —2.00825700 2.33317500
Si —6.16797100 —1.44200800 —1.21955500
Si —1.71698900 —0.78868600 —2.27564800
(6] 3.38078300 1.77253000 0.15544000
(o] 1.72481500 —0.05566800 —0.51542400
(o] 2.24571200 —2.33075700 —1.74332300
(o] —3.60291100 —2.53203500 3.67334700
(0] 6.53446600 —2.05763600 -1.19160100
(6] —1.68433900 —2.98587700 1.74702700
(0] 4.35298900 —0.47952200 —1.52849300
(o] 4.91490600 —1.64055800 3.82227200
(o] —5.15920000 2.59268700 2.73827000
(o] 3.01742700 —3.01497400 2.57231200
(o] —5.38752200 —2.26259700 —2.45230300
(0] —5.18225900 —0.17809400 —0.94785300
(6] —2.21625400 —0.08601400 —0.86973800
(o] 5.57629100 —2.70897300 1.48935100
(0] —2.53201200 —2.16482100 —2.61630900
(o] 3.85639600 —0.77035200 1.40359600
(0] —3.82576400 —1.54850600 1.15954100
(6] 4.71595900 4.12035300 0.20156500
(0] —6.37531000 —2.35719600 0.13795100
(o] 6.04044800 1.75474000 0.57424600
(o] —6.25793600 1.91608900 0.42592000
(o] 5.94609400 —1.21429500 —3.63628100
(o] 6.68597300 0.62797400 —1.85374100
(0] 0.54443700 —2.36304200 0.24768000
(6] —0.13653800 —1.15142700 —2.12944000
(o] —1.93535800 —0.60751700 2.89551100
(0] 4.31503400 2.71475900 2.43543000
(o] —3.61045700 1.40282900 0.79738000
(o] —4.25889900 3.86681300 0.55898900
(6] —1.89965600 0.39167200 —3.42850400
(o] —7.66584100 —-1.01401400 —1.75311600
H 4.23692300 —1.53294700 4.50409200
H 6.07980700 —3.37468900 1.97924300
H 2.33825600 —2.94045900 1.87864300
H —5.82885600 —3.06355100 —2.77034600
H —4.33984500 —3.12597800 3.47128700
H —5.57142900 —2.34380900 0.69429900
Al 3.48341500 —0.01186200 —0.08839300
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Al —3.72813300 —0.20886000 0.02384500
H 5.98386900 —2.16787100 —3.79822200
H 7.61649100 0.59016700 —2.12048100
H 6.20220500 —2.23747500 —0.28491200
H 2.99830000- 1.78849100 —2.04709300
H —3.51303800 —2.15146200 —2.65264400
H —1.07486700 —3.35630200 2.40482000
H —0.38545500 —2.46592800 0.53048400
H —8.34737200 —1.02103800 —1.06607300
H —6.11011500 1.28033500 —0.30729900
H —2.43157800 0.01929300 3.44273100
H —1.75681100 0.09581600 —4.33918100
H —4.73510300 4.66281300 0.83311900
H —5.97063400 2.15057900 3.02690400
H 6.30947400 1.44608600 —0.32204200
H 4.95671000 3.21568300 2.95754600
H 5.34415700 4.23437400 —0.52506900
Cu —1.82746100 1.83181400 0.11866500
Cu 1.44593400 1.84972300 —0.09597100
o —0.20582900 2.59565300 —0.18923400
H —1.53839200 4.35791600 —2.20868700
C —0.75417000 3.63876200 —2.44658800
H 0.16968200 4.08989600 —2.81178800
H —0.38873300 3.13798800 —1.22341700
H —1.09129600 2.75906000 —2.99742900
L-[Cu-OH-Cul?*

Si 4.65472200 2.74331700 0.26725900
Si 1.01439900 —1.60054100 —0.76977500
Si —2.82707900 —1.33458700 2.64532300
Si 5.84373800 —1.17937200 —1.85990900
Si —4.87498400 2.68740400 0.54339300
Si 4.28086900 —1.45874900 2.65322800
Si —6.18539200 —1.57509000 —0.97620900
Si —1.72891000 —1.16328500 —2.12669000
(¢] 3.37328700 1.81340000 —0.23833800
(0] 1.71287200 —0.10711800 —0.56405700
(e] 2.22251500 —2.59679000 —1.26597600
(¢] —3.62396100 —1.66913000 4.05375300
o 6.51701300 —2.21256500 —0.77618800
(¢] —1.73685800 —2.52364900 2.23663800
o 4.33852400 —0.73622900 —1.44254900
(e] 4.87757600 —0.78539800 4.03536100
o —5.17368000 3.13002200 2.10743300
(0] 2.98598300 —2.39325200 3.09057500
(¢] —5.41080700 —2.63092300 —2.01837000
o —5.18874700 —0.29082100 —0.96074300
(e] —2.21669100 —0.21608400 —0.86255200
o 5.55290500 —2.31783300 1.98263400
(e] —2.56076600 —2.56677400 —2.22293100
o 3.83082000 —0.44590700 1.48144100
(0] —3.86693300 —1.19626200 1.40022400
(e] 4.71453400 4.11491900 —0.66594600
o —6.40475900 —2.19673500 0.53639900
(e] 6.03398700 1.87211300 0.18273600
(¢] —6.26247200 2.05507700 —0.05464000
o 5.94440600 —1.88858600 —3.34512500
o 6.67399200 0.28084800 —1.97237700
o 0.51475300 —2.18242200 0.67885400
(e] —0.15417100 —1.51563800 —1.90578100
o —1.94189800 0.03932500 2.89965100
(e] 4.31021600 3.19195100 1.80843100
o —3.61759900 1.61269100 0.41649300
o —4.26009300 3.99513300 —0.25948600
(¢] —1.89353100 —0.18869600 —3.45653300
o —7.67822600 —1.24938100 —1.59056200
H 4.19484300 —0.54209600 4.67630000
H 6.05793800 —2.86065500 2.60462300
H 2.30646300 —2.45206600 2.39567100
H —5.85738000 —3.47566700 —2.17432200
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H —4.37207400 —2.27845300 3.97845700
H —5.60698800 —2.07090200 1.08741100
Al 3.46237200 0.01367300 —0.12948000
Al —3.74452100 —0.12702600 0.01081400
H 5.98455800 —2.85498500 —3.30756300
‘ H 7.60543400 0.18858500 —2.22215900
=T} H 6.18093600 —2.20475100 0.14662800
-. H 2.97842700 —2.13583800 —1.67637200
r‘ H —3.54176700 —2.55417200 —2.25809300
" H —1.12589800 —2.76846000 2.94950800
N H —0.42044500 —2.24264000 0.95505400
H —8.36110800 —-1.11276300 —0.91855700
H —6.11443400 1.28573300 —0.64547600
H —2.42357600 0.76194900 3.32912200
H —1.74872000 —0.62793200 —4.30676400
H —4.74771800 4.82322400 —0.15004300
H —5.98494800 2.74243600 2.46638000
H 6.30012700 1.38511800 —0.63179300
H 4.96898200 3.76147200 2.22912000
H 5.35466200 4.08287800 —1.39040100
Cu —1.84480700 1.86136500 —0.38318600
Cu 1.45469400 1.86110000 —0.58301800
o) —0.21648200 2.56957700 —0.93346000
H —0.29487200 2.88584200 —1.84690600
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