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ABSTRACT: Particulate methane monooxygenase (pMMO) is an enzyme 
that oxidizes methane to methanol with high activity and selectivity. 
Limited success has been achieved in incorporating  biologically 
relevant ligands for the formation of such active site in a synthetic system. 
Here, we report the design and synthesis of metal− organic framework 
(MOF) catalysts inspired by pMMO for selective methane oxidation to 
methanol. By judicious selection of a framework with appropriate topology 
and chemical functionality, MOF-808 was used to postsynthetically install 
ligands bearing imidazole units for subsequent metalation with Cu(I) in the 
presence of dioxygen. The catalysts show high selectivity for methane 
oxidation to methanol under
isothermal conditions at 150 °C. Combined spectroscopies and density functional theory calculations suggest bis(μ-oxo)
dicopper species as probable active site of the catalysts.

■ INTRODUCTION

Selective methane oxidation to methanol represents an
important challenge in catalysis due to the difficulty in
activating the strong C−H bond of methane (bond
dissociation energy = 104 kcal mol−1), giving rise to selectivity
and activity problems.1−8 Finding a solution to this impedi-
ment is a key toward the direct synthesis of methanol from
methane.9−11 In nature, particulate methane monooxygenase
(pMMO) is an effective catalyst for the oxidation of methane
to methanol.12 Extensive studies on the pMMO suggest that
the active sites are composed of copper complexes coordinated
to histidines, although the nuclearity and the definitiveness of
their structures remain a subject of debate.12−15

Inspired by pMMO, molecular complexes have utilized the
tunability of ligand design in pursuit of duplicating the
structure and reactivity in a synthetic system. A library of
compounds with various copper−oxygen complexes have been
reported, including but not limited to Cu2O2 [trans-1,2-peroxo,
μ-η2:η2-peroxo and bis(μ-oxo)dicopper cores] and Cu2O
[mono(μ-oxo) dicopper core] along with their spectroscopic
fingerprints.16−18 Despite such a vast library of compounds, the
reactivity of this class of catalysts is generally limited to
substrates with weak C−H bonds due to the restricted thermal
stability.19 At elevated temperatures, these compounds are

susceptible to decomposition via ligand oxidation and thus the
loss of catalytically active copper−oxygen cores.20 Although
there exist synthetic catalysts capable of partial methane
oxidation such as Cu-exchanged zeolites, the diversity of the
active sites is limited to mono(μ-oxo)dicopper and tris(μ-
oxo)tricopper cores.3,5,21 In the gas phase, these catalysts
typically operate in stepwise treatment for partial methane
oxidation: (1) catalyst oxidation, (2) methane activation, and
(3) methanol extraction, proceeding at different reaction
temperatures, thus presenting a challenge for a streamlined
catalytic process. Comparatively, oxidation of methane in the
liquid phase where H2O2 is used as an oxidant, despite
exhibiting high conversion, suffers from overoxidation of
methanol yielding a mixture of methyl peroxide, formic acid,
and carbon dioxide.1,2,22

The active sites of metalloenzymes are typically enclosed in a
pocket for environmental control, hydrogen bonding, ion
transport, or controlling the reaction to prevent self-
destruction.23−27 We envisaged that metal−organic frame-
works (MOFs)28 can serve as a scaffold akin to the polypeptide
chains in enzymes whose arrangement of secondary and



tertiary structures can be achieved by judicious choice of
structure and topology of MOFs.29−32 The metal binding
ligands bearing an imidazole unit in the copper active site of
pMMO can be mirrored in a synthetic system by postsynthetic
modification of MOFs.33−35 Once these metal-binding ligands
are in place, metalation with the desired configuration can be
accomplished.36,37

Here, we demonstrate how a MOF can be used as a
backbone for the creation of an enzyme-like active site by
installing biologically relevant imidazole moieties, then
subsequently metalating these ligands to incorporate reactive
copper−oxygen complexes within the framework. From
structural analys is of var ious MOFs, MOF-808,
Zr6O4(OH)4(BTC)2 (HCOO)5(H2O)1(OH)1,

38 was selected
as it possesses the chemical and geometric parameters for
postsynthetic modifications to create the active sites inspired
by pMMO. The resulting catalysts are capable of highly
selective oxidation of methane to methanol under isothermal
conditions. We identified the structure of the active sites using
solid-state UV−vis, resonance Raman, and X-ray absorption
spectroscopies complemented by density functional theory
(DFT) calculations.

■ EXPERIMENTAL METHODS

Further details are available in the Supporting Information.
Synthesis of MOF-808. MOF-808 was synthesized following the

reported procedure.39 In a 100 mL media bottle were dissolved 1,3,5-
benzenetricarboxylic acid (210 mg) and ZrOCl2·8H2O (970 mg) in a
solution containing DMF (30 mL) and formic acid (30 mL). The
bottle was sealed and heated in a 100 °C isothermal oven for a day.
White powder was collected by centrifugation (8000 rpm, 3 min),
washed with DMF three times (60 mL × 3) over a 24 h period, and
then washed with acetone three times (60 mL × 3) over a 24 h
period. Finally, MOF-808 was dried under dynamic vacuum overnight
a t r o o m t e m p e r a t u r e . A n a l . C a l c d f o r
Zr6O4(OH)4(C9H3O6)2(HCOO)5(H2O)(OH)(C3H7NO)0.5: C,
21.17; H, 1.56; N, 0.50. Found: C, 21.18; H, 1.37; N, 0.44.
Synthesis of MOF-808-Bzz. A solution of 5-benzimidazolecar-

boxylic acid was prepared by dissolving 5-benzimidazolecarboxylic
acid (3 g) in DMSO (100 mL) in a 250 mL bottle in a 100 °C
isothermal oven. MOF-808 (0.5 g) was suspended by sonication in
the solution of 5-benzimidazolecarboxylic acid, and the suspension
was heated in a 100 °C isothermal oven overnight. The reaction was
allowed to cool to room temperature. Brown powder was collected by
centrifugation (8,000 rpm, 3 min), washed with DMSO five times (80
mL × 5) over 3 days, and then with acetone five times (80 mL × 5)
over 3 days. Finally, MOF-808-Bzz was dried under dynamic vacuum
ov e r n i g h t a t r o om t empe r a t u r e . An a l . C a l c d f o r
Zr6O4(OH)4(C9H3O6)2(C8H5N2O2)3.4(HCOO)1.6(OH)1(H2O)1: C,
32.15; H, 1.82; N, 5.45. Found: C, 31.07; H, 2.61; N, 5.30.
Synthesis of MOF-808-Bzz-Cu. A solution of CuI (99.999%

metals basis, 81.6 mg) in ACN (12.8 mL) was added to a suspension
of MOF-808-Bzz (75 mg) in ACN (1.9 mL) in a 20 mL vial while
stirring (500 rpm) under ambient conditions. The vial was sealed, and
the mixture was stirred for 3 days at room temperature. Brown
powder was collected by centrifugation (8000 rpm, 3 min) and
washed with ACN five times (15 mL × 5) over 3 days. Finally, MOF-
808-Bzz-Cu was dried under dynamic vacuum overnight at room
temperature. ICP analysis: Cu/Zr molar ratio = 1.2.
Catalysis. The catalytic testing was performed using a custom-

designed continuous flow tubular reactor (Parr Instrument Co.). Mass
flow controllers were calibrated using an ADM 1000 flow meter
(Agilent Technologies) and ultrahigh purity He; CH4 (Research 5.0
grade, Airgas) and 3% N2O/He (Primary Standard grade, Praxair)
were flowed into a 30 cm long quarter inch 316-stainless steel reactor.
The catalyst (100 mg) was sieved to 100−250 μm and placed in the
middle of the reactor tube, delimited by a layer of purified glass wool

and a layer of quartz sand (50−70 mesh) at each end. Pretreatment of
the catalyst was conducted under He (30 sccm) at 150 °C (3 °C/
min) for 1 h. The catalyst was then oxidized using 3% N2O/He flow
(30 sccm) at 150 °C for 2 h. After being purged with He (30 sccm)
for 30 min, CH4 (30 sccm) was flowed into the catalyst for 1 h. After
purging with He (50 sccm) for 1 h, 3% steam/He (30 sccm) was
flowed into the catalyst. All lines were heated at 120 °C to prevent
condensation. The outlet of the reactor was analyzed by gas
chromatography (model GC-2014, Shimadzu Co.). The measurement
started 3 min after opening the valve to 3% steam/He. The reactants
and products were separated using a HayeSep R 80/100 stainless steel
packed column (12 ft, 1/8 in OD, 2 mm ID). The water and CO2

were monitored using a thermal conductivity detector, and methanol
was monitored using a flame ionization detector.

X-ray Absorption Spectroscopy (XAS). N K-edge X-ray
absorption spectra were collected at beamline 8.0.1, an undulator
beamline with energy range of 80−1200 eV of the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). Its
spherical gratings monochromator delivers 1012 photons/s with
linear polarization with a resolving power up to 6000. The
experimental energy resolution is better than 0.15 eV. Experiments
were performed at room temperature. All of the spectra were collected
in both total-electron-yield (TEY) and total-fluorescence-yield (TFY)
modes simultaneously, corresponding to a probe depth of about 10
and 100 nm, respectively. We present spectra of TFY modes in this
work as bulk measurement is preferred for our samples. The MOF-
808-L-Cu samples were cooled with a He purge after each gas
treatment in a 316-stainless steel reactor. The reactor containing the
sample was sealed with a Swagelok valve and moved to an argon-filled
glovebox (H2O and O2 levels <1 ppm). The sample was unloaded and
pressed onto an indium foil using a hand press. Thereafter, these
samples were transferred into an ultrahigh vacuum XAS end station
(10−9 Torr) through our dedicated sample transfer kit to avoid air
exposure. Energies were aligned by periodically collecting Ti L-edge
spectra of a TiO2 (anatase) reference for N K-edge. The XAS spectra
were recorded over a wide energy range covering energies well below
and above sample absorptions. The normalization was performed
following the established procedure: (1) I0-Normalization, the sample
signal is divided by the incident intensity measured from the sample
drain current from a freshly coated gold mesh inserted into the beam
path before the X-rays can impinge on the sample. (2) A linear,
sloping background is removed by fitting a line to the flat low energy
region of the XAS spectrum, that is, at energies below any absorption
peaks. (3) The spectrum is normalized by setting the flat low energy
region to zero and the post edge to unity (unit edge jump).

Cu K-edge X-ray absorption spectroscopy data were collected at
the Advanced Light Source (ALS) bending-magnet beamline 10.3.2
(2.1−17 keV) with the storage ring operating at 500 mA and 1.9 GeV,
using a Si(111) monochromator and adjustable premonochromator
slits.40 All data were collected at room temperature (24 °C) in
fluorescence mode at the Cu K-edge (8980.48 eV). The incoming X-
ray intensity (I0) was measured in an ion chamber and the
fluorescence emission with a seven-element LN2 cooled Ge solid-
state detector (Canberra) using XIA electronics. Cu foil was used to
calibrate the monochromator, with first derivative maximum set at
8980.48 eV,41 and an internal I0 glitch (present in all spectra) was
used to calibrate the data. The MOF-808-L-Cu samples were cooled
with a He purge after each gas treatment in a 316-stainless steel
reactor. The reactor containing the sample was sealed with a Swagelok
valve and moved to an argon-filled glovebox (H2O and O2 levels <1
ppm). The sample was unloaded and sealed with Kapton tape for ex
situ measurements. Cu K-edge XANES spectra were recorded in
fluorescence mode by continuously scanning the Si (111)
monochromator (Quick XAS mode) from 8880 to 9020 eV, with
0.3 eV steps in the XANES region. All data were processed using the
LabVIEW custom BL 10.3.2 software to perform dead time
correction, energy calibration, and glitch removal with detail
procedure described elsewhere.42 XANES spectra were processed
with Athena software61 to find the first derivative peak (E0), pre-edge
background subtraction and postedge normalization, and then align
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and merge the spectra. EXAFS spectra were recorded up to 565 eV
above the edge (8880−9545 eV, i.e., up to k ≈ 12 Å−1), and 11 scans
were averaged. EXAFS spectra of samples were reduced with k1-, k2-,
and k3-weighting, out to k = 10 Å−1, and analyzed via shell-by-shell
fitting using the FEFF6l code and the Artemis software where it yields
minima in variances.43,44

Resonance Raman Spectroscopy. In an argon-filled glovebox, a
solution of CuI (6.25 mg) dissolved in anhydrous ACN (0.98 mL)
was added to a suspension of MOF-808-Bzz (5.77 mg) in anhydrous
ACN (0.14 mL) in a 1.5 mL GC autosampler vial equipped with a
PTFE/rubber septum. The vial was sealed and removed from the
glovebox. Either 16O2 (Praxair, 99.999%) or 18O2 (Aldrich, 99 atom
%) was bubbled through the solution using a needle pierced through
the septum at a rate of ca. 30 mL min−1 for 10 min. The suspension
was allowed to react at room temperature for 3 days. The solid was
collected by centrifugation, dried overnight, transferred to an argon-
filled glovebox, and washed with anhydrous ACN five times (2 mL ×

5) over 3 days. The sample was dried under dynamic vacuum
overnight at room temperature, and the dried solid was transferred
back to the glovebox. The sample was loaded into a thin-wall quartz
capillary tube and sealed with epoxy glue for the measurements. All
spectra were collected using the 407 nm light with the power density
of 3.1 W/cm2. The Raman scattering was collected using a Spex 1401
double grating spectrograph and liquid nitrogen cooled Roper
Scientific LN/CCD 1100 controlled by a ST133 controller. The
measured Raman shifts were calibrated by using Raman peaks of
cyclohexane.
DFT Calculations. The clusters were geometrically optimized at

the density functional theory (DFT) in the gas phase using spin-
unrestricted B3LYP functional45,46 as implemented in Gaussian 16
(revision A03) without symmetry constraints.47 The 6-31G basis sets
were employed for C and H atoms, while 6-311G(d) basis sets were
used for Cu, N, and O atoms. Numerical integrations were performed
on an ultrafine grid. During geometry optimization, O atoms of
carboxylate groups of the metal binding ligands were frozen to
simulate the rigidity of the framework. Minima of all geometry-
optimized structures were verified by having no imaginary frequency

found from analytical frequency calculation performed at the same
level of theory.

■ RESULTS AND DISCUSSION
Synthesis of the Catalysts. MOF-808 is composed of 12-

connected cuboctahedron Zr6O4(OH)4(−COO)12 secondary
building units (SBUs) linked to the other SBUs by six
benzenetricarboxylates (BTC) with three above and three
below the ring of formates to form tetrahedral cages (Figure
1a). When linked, these cages form an adamantane-shaped
pore with formate, water, and hydroxide molecules completing
the coordination spheres of Zr(IV) and pointing into the
pseudohexagonal pore openings (Figure 1b). Replacement of
these formate, water, or hydroxide molecules with imidazole-
based ligands bearing carboxylic acid functionality will result in
imidazole units localizing in the center of the pores. These
ligands are spatially and precisely positioned for stabilizing
copper−oxygen species in the framework (Figure 1c).
Specifically, we synthesized microcrystalline MOF-808 to

allow for a facile diffusion of substrates during postsynthetic
modifications and catalysis.39 We selected three different metal
binding ligands comprising biologically relevant imidazole
units for incorporation into the framework to demonstrate the
modularity of our system and to study the effects of ligand on
the catalytic properties. Metal binding ligands including L-
histidine (His), 4-imidazoleacrylic acid (Iza), and 5-benzimi-
dazolecarboxylic acid (Bzz) were incorporated into the
framework by heating MOF-808 in saturated solutions of
these metal binding ligands to produce MOF-808-L with -L
being -His, -Iza, and -Bzz, respectively. The successful
substitution of formate with these ligands in the MOF was
confirmed by 1H nuclear magnetic resonance (NMR) of the
digested samples (section S2.1). Of the six available sites per

Figure 1. Design and synthesis of the catalysts bearing copper−oxygen complexes in MOF-808 for methane oxidation to methanol. (a) Structure of
MOF-808. (b) Pseudohexagonal pore opening of MOF-808. (c) Synthesis of the catalysts comprising the replacement of formate with imidazole-
containing ligands and metalation with Cu(I). Atom labeling scheme: C, black; O, red; N, green; Cu, orange; Zr, blue polyhedra. H atoms are
omitted for clarity. Orange spheres represent the space in the tetrahedral cages.
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chemical formula, approximately one-half of these were
exchanged with the metal binding ligands to produce MOF-
808-His [Zr6O4(OH)4(BTC)2(His)3.5(OH)2.5(H2O)2.5],
M O F - 8 0 8 - I z a
[Zr6O4(OH)4(BTC)2(Iza)3.7(HCOO)1.6(OH)0.7(H2O)0.7],
a n d M O F - 8 0 8 - B z z
[Zr6O4(OH)4(BTC)2(Bzz)3.4(HCOO)1.6(OH)1(H2O)1]. Sim-
ilar procedures were performed on single crystals of MOF-808
for structural elucidation of these functionalized MOFs. Single-
crystal X-ray diffraction (SXRD) analysis reveals that these
ligands bind to the Zr clusters in a bridging fashion with
carboxylate group coordinating to Zr(IV) (section S4) and
thus placing imidazole units in the center of the pseudohex-
agonal window. Metalation of these MOFs with CuI in ACN
under air at room temperature provides the catalysts, MOF-
808-His-Cu, MOF-808-Iza-Cu, and MOF-808-Bzz-Cu. In-
ductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis performed on these catalysts indicates
the Cu/Zr6 molar ratios of 4.9, 6.0, and 7.1 for MOF-808-His-
Cu, MOF-808-Iza-Cu, and MOF-808-Bzz-Cu, respectively
(Table 1). A control experiment was performed by metalation

of MOF-808 under similar conditions. Negligible incorpo-
ration of copper was observed (Cu/Zr6 molar ratio = 0.3),
suggesting the role of imidazole ligands in ligating to copper
atoms. The phase purity and crystallinity of the materials after
postsynthetic modifications were preserved as confirmed by
powder X-ray diffraction (PXRD) analysis (section S2.2). The
porosity of these materials was verified by N2 adsorption−
desorption isotherm measurements at 77 K with BET surface
areas of 385, 580, and 580 m2 g−1 for MOF-808-His-Cu, MOF-
808-Iza-Cu, and MOF-808-Bzz-Cu, respectively (section S2.3).

Methane Oxidation. Methane oxidation was conducted
with an isothermal series of treatments at 150 °C. First, 100 mg
of MOF-808-L-Cu catalyst was pretreated in He flow to
remove residual solvents (i.e., ACN and water) at temperatures
starting from room temperature to 150 °C at a ramping rate of
3 °C min−1. After a clean background was achieved by
monitoring the signals from a gas chromatograph, the catalyst
was treated with 3% N2O/He for 2 h at 150 °C followed by
purging the catalyst with He for 30 min. The catalyst was
subsequently exposed to a flow of CH4 for 1 h at 150 °C for
methane activation. After He purge, water was introduced in
the form of 3% steam in He at 150 °C to desorb methanol. As
shown in Figure 2a, the average methanol productivity
corresponds to 31.7 ± 13.0, 61.8 ± 17.5, and 71.8 ± 23.4
μmol gMOF‑808‑L‑Cu

−1 for MOF-808-His-Cu, MOF-808-Iza-Cu,
and MOF-808-Bzz-Cu, respectively, indicating that the MOF-
808-Bzz-Cu has the highest methanol productivity among
three catalysts. In terms of the turnover numbers (methanol
productivity per mole of copper), MOF-808-His-Cu exhibited

Table 1. Summary of Catalyst Compositions

catalyst
L/Zr6 molar

ratio
Cu/Zr6 molar

ratio
Cu/L molar

ratio

MOF-808-His-Cu 3.5 4.9 1.4

MOF-808-Iza-Cu 3.7 6.0 1.6

MOF-808-Bzz-Cu 3.4 7.1 2.1

MOF-808-Cu 0.3

Figure 2. (a) Average with standard error of methanol productivity of MOF-808-His-Cu, MOF-808-Iza-Cu, and MOF-808-Bzz-Cu. (b) Ex situ N
K-edge XANES spectra of MOF-808-Bzz, as-synthesized MOF-808-Bzz-Cu, and MOF-808-Bzz-Cu after the reactions with He, 3% N2O/He, CH4,
and 3% steam/He. (c) Ex situ Cu K-edge XANES spectra of MOF-808-Bzz-Cu after the reactions with He, 3% N2O/He, CH4, and 3% steam/He.
(d) Resonance Raman spectra of MOF-808-Bzz-Cu synthesized using 16O2 and

18O2 with 407 nm laser. Note that the 18O2 spectrum contains some
16O2 contamination.
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lower activity, which is more likely due to lower number of
catalytically active copper−oxygen species (∼43% lower
turnover number as compared to MOF-808-Bzz-Cu),
attributed to the flexibility of histidine ligand. Another possible
reason is related to the electronic properties of the active site,
which will be discussed below.
Notably, only methanol and water were observed as

products during methanol desorption at temperatures below
or equal to 150 °C. This was confirmed by gas chromatographs
equipped with flame ionization and thermal conductivity
detectors and a mass analyzer. Above this temperature, we
observed increased methanol production with temperature, as
we expected due to improved methanol extraction efficiency.
However, CO2 was also observed as a byproduct from the
overoxidation of the methanol generated (Figure S27). For the
control experiments, we did not observe any products in the
experiments performed on MOF-808-L and CuI (Cu(I)
precursor in this study).
We examined the structural integrity of the catalysts after the

reactions. The crystallinity of the catalysts was maintained as
evidenced by PXRD (Figure S14). Interestingly, unlike
molecular copper−oxygen complexes,19 ligand hydroxylation
was not observed from digested 1H NMR of the catalysts even
at 150 °C, highlighting the significantly enhanced stability
imposed by covalent attachment of the complexes that are
geometrically constrained in the MOF.
We performed a recyclability test on MOF-808-Bzz-Cu with

an isothermal series of treatment at 150 °C (Figure S28). A
drastic deactivation was observed in the second and third
cycles, giving methanol productivities of 7.5 and 0.1 μmol g−1,
respectively. After the third cycle, MOF-808-Bzz-Cu was
subjected to a flow of He by increasing the temperature from
150 to 250 °C at a ramping rate of 3 °C min−1 and holding for
10 min. Desorbed water was observed during this He
treatment until the temperature reached 250 °C. We then
proceeded with the isothermal series of treatments at 150 °C;
the catalyst showed methanol productivity of 5.4 μmol g−1,
which is similar to the productivity obtained from the second
cycle. This result indicates that the catalyst deactivation is due
to water molecules strongly bound to the active site. We also
performed the recyclability test of MOF-808-His-Cu. There is
a 77% decrease in methanol productivity from 28 μmol g−1 in
the first cycle to 6.3 μmol g−1 in the second cycle (Figure S29).
Unlike MOF-808-Bzz-Cu, the histidine-derived catalyst still
exhibits methanol productivity in the third and fourth cycles
with 17% and 12% decreases per cycle. Even though there is a
recyclability problem in MOF-808-L-Cu catalysts, it is
noteworthy that this catalyst shows the highest reported
methanol productivity at 71.8 μmol g−1 with an isothermal
series of treatments at 150 °C with high selectivity to
methanol.48

Identification of the Active Site in MOF-808-L-Cu. To
elucidate the identity of the active site of the catalysts, we
synthesized single crystals of MOF-808-L-Cu catalysts
following similar procedures employed for microcrystalline
samples. However, the active sites of the catalysts are
crystallographically disordered, prohibiting an unambiguous
structural characterization using SXRD analysis (section S4).
We therefore employed element- and structure-specific
techniques to determine the structures of the active sites.
Energy-dispersive X-ray spectroscopy (EDS) analysis of the
catalysts shows a uniform distribution of Zr, N, and Cu atoms

throughout the crystals, thus precluding the localization of the
active sites on the surface of the MOF crystals (section S2.5).
We carried out N K-edge X-ray absorption near edge

structure (XANES), Cu K-edge X-ray absorption spectroscopy
(XAS), UV−vis diffuse reflectance spectroscopy (DRS), and
resonance Raman spectroscopy measurements on three MOF-
808-L-Cu catalysts (detailed spectroscopic data can be found
in the Supporting Information). These catalysts show similar
trends in the spectroscopic features unless otherwise noted. We
therefore use MOF-808-Bzz-Cu as a representative in the
following discussion. Comparison of N K-edge XANES spectra
of MOF-808-Bzz and MOF-808-Bzz-Cu provides insight into
the location of copper in the MOF catalysts (Figure 2b). Two
absorption bands at 398.8 and 400.6 eV are observed,
assignable to the 1s → π* transitions of the nitrogen atoms
in C−NH−C and C−NC of imidazole ring, respectively.49

After the metalation, two absorption peaks are shifted and
changed in intensity, indicating that Cu atoms are coordinated
to N atoms that are part of the imidazole units. Ex situ N K-
edge XANES measurements of the samples after each step of
the series of treatments show that two absorption bands
remain similar. This indicates that the Cu atoms are
coordinated to N atoms throughout the catalytic process.
Ex situ Cu K-edge XANES measurements were performed to

probe the oxidation states of copper during catalysis (Figure
2c). Four characteristic peaks located at 8979, 8984, 8989, and
8998 eV are observed. The pre-edge region is shown in the
inset of Figure 2c showing a weak absorption peak around
8979 eV corresponding to a dipole-forbidden Cu(II) 1s → 3d
electronic transition.50 The shoulder peak at 8989 eV is
attributable to the Cu(II) 1s → 4p + L shakedown
transition.51,52 The Cu(I) 1s → 4p + L shakedown feature is
observed at 8984 eV.53 These data suggest that the catalysts
are composed of a mixture of Cu(I) and Cu(II) species. The
He pretreatment at 150 °C resulted in a decrease in the white
line intensity at 8998 eV along with an increase in the
absorption peak intensity at 8984 eV showing that the majority
of Cu(II) is reduced to Cu(I) by autoreduction.54,55 The
spectrum recorded after 3% N2O/He at 150 °C exhibits
oxidation of Cu(I) to Cu(II), indicative of the formation of the
active copper−oxygen species. After the reaction with methane
at 150 °C, the peak intensity of Cu(I) at 8984 eV increased
while the white line intensity decreased, suggesting the
reduction of Cu(II) to Cu(I).
This reduction could be ascribed to either homolytic

cleavage C−H bond followed by direct radical rebound
route56 or Lewis acid/base pair adsorption of methane where
oxygen atoms of the active copper−oxygen species reacted
with methane.7,57 After methanol desorption was performed by
flowing 3% steam/He at 150 °C into the catalyst, the white
line intensity increased accompanied by decreasing intensity of
the peak of Cu(I) at 8984 eV. This redox behavior of copper
observed from Cu K-edge XANES further proves that the
copper active site in our catalysts participates in methane
oxidation to methanol. MOF-808-Iza-Cu also shows distinctive
changes in the oxidation state of copper following the same
trend through the course of the catalytic process as described
for MOF-808-Bzz-Cu. MOF-808-His-Cu, however, shows
minor intensity changes, consistent with the lower methanol
productivity as previously described (Figure 2a).
To gain more information about the active copper−oxygen

species, UV−vis DRS was performed. Background subtracted
UV−vis DRS spectra of the as-synthesized samples show the
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absorption band centered at ∼400 nm. After 3% N2O/He
treatment at 150 °C, we observed the increase of this
absorption band (section S5.1) corresponding to oxygen-to-
metal charge-transfer transition.58−61 To definitively character-
ize this copper−oxygen species, we turned to resonance Raman
spectroscopy measurement because each copper−oxygen
species have characteristic Raman shifts (section S8).16,17 We
prepared the samples by synthesizing MOF-808-L-Cu in an
argon-filled glovebox and oxygenating the samples with either
16O2 or 18O2 gas at room temperature. Figure 2d shows the
isotope-dependent Raman peaks at ∼560 and ∼640 cm−1 by
using an excitation wavelength of 407 nm, which is resonant at
the charge-transfer band. These peaks are assigned to Cu−O
bonds vibration in the core breathing mode of bis(μ-oxo)
dicopper species (section S6). In the 18O2-labeled samples,
these Raman peaks are shifted to ∼545 and ∼630 cm−1. This
isotope-dependent trend is verified for all three MOF-808-L-
Cu (Figure 2d and Figures S37 and S39). Ex situ resonance
Raman spectroscopy of the samples after the treatments in He
and 3% N2O/He display similar Raman peaks, indicating that
bis(μ-oxo) dicopper species are preserved prior to the methane
activation. The deviation (∼20 cm−1) in the vibrational energy
from the reported values17 can be ascribed to the variation in
the geometric parameters of the dicopper species due to the
framework constraints.
With the information on the location of the ligands (section

S4) and the identity of active copper−oxygen sites, we
modeled the active sites using the framework as a constraint
and geometrically optimized the models using density
functional theory (DFT) calculations. Following the digested
1H NMR data where ∼3 ligand molecules were incorporated
per chemical formula, these ligands were placed on the Zr
cluster on the pseudohexagonal window in a way such that
these ligands pose a minimal steric hindrance to each other. Cu
atoms were then allowed to coordinate to N atoms of
imidazole units, and the Cu atoms were further coordinated to
O2 to form N−Cu2O2−N species (section S6). Geometrical
optimization indicates that bis(μ-oxo) dicopper species can
reside in the framework in all MOF-808-L-Cu structures
(Figure 3). Of particular note, the Raman shifts relevant to O2

are in close agreement with the experimental data, confirming
the presence of bis(μ-oxo) dicopper species in the catalysts
(section S6).
Figure 4 depicts the k2-weighted and Fourier transforms

without phase correction of the extended X-ray absorption fine
structure (EXAFS) data measured at the Cu K-edge of the
MOF-808-Bzz-Cu. The spectra were recorded after the
successive treatment with (a) He, (b) 3% N2O/He, (c)
CH4, and (d) 3% steam/He at 150 °C. We used the DFT-
optimized cluster as a model to fit the experimental Cu EXAFS
spectra. The full EXAFS data were analyzed in k- and R-space
using a combined k1-k2-k3 fitting procedure for reliable
analysis.62 The best fits are presented in Figure 4, and the
respective fitted parameters are reported in Table 2. In the He
treated sample, the first shell is assigned to Cu−N/(O)
coordination with the coordination number of 2.9 at distance
of 1.94 Å. It should be noted that N and O atoms are
indistinguishable from EXAFS analysis as they have similar
atomic scattering factors. For the second shell, we identified
the scatterer by fitting the EXAFS data with Cu, C, N, and O,
and only Cu could be fitted with reasonable fitting statistics.
Copper was found at a distance of 2.51 Å with the
coordination number of 0.6. This result suggests that the

copper site is present as dinuclear, and a short distance of Cu···
Cu supports the presence of bis(μ-oxo) dicopper species.
Contrary to a formal Cu(III) oxidation state typically assigned
for bis(μ-oxo) dicopper species,63,64 the oxidation state of

Figure 3. DFT optimized structure of the proposed active site in
MOF-808-Bzz-Cu. From ICP, 1H NMR, and N K-edge XANES, each
N atom of the ligands is coordinated to one copper atom. However,
copper in bis(μ-oxo) dicopper is known to be four-coordinated.17 We
propose that the fourth ligand coordinating to copper is a neutral
ligand such as water or N,N-dimethylformamide molecules as we
observed the latter molecule in the 1H NMR spectra of the digested
samples after activation (only the optimized structure of the active site
is shown, while the remaining atoms of the MOF-808 are omitted for
clarity). Atom labeling scheme: C, black; O, red; N, green; H, white;
Cu, orange.

Figure 4. Series of k2-weighted Cu-EXAFS spectra of MOF-808-Bzz-
Cu (black line) and best fit (red line) in k-space (left) and R-space
(right) without phase correction after the reactions with (a,b) He,
(c,d) 3% N2O/He, (e,f) CH4, and (g,h) 3% steam/He at 150 °C.
Fitting was conducted using N scatter. Fit range, 3 < k < 10 Å−1; 1 < R
< 4 Å; fit window, Hanning.
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active copper in our catalysts appears to be close to Cu(II).
This discrepancy can be ascribed to the high electron density
provided by the imidazole ligand to the Cu centers. The bond
valence sum analysis (BVS) (Tables S5−S7) further indicates
the actual charge being close to 2-fold.53,65,66 Oxidation of the
catalyst in 3% N2O/He at 150 °C leads to 0.8 increase of the
Cu−N/(O) coordination while its distance remains at 1.94 Å,
indicating the additional formation of bis(μ-oxo) dicopper
species. BVS analysis further sheds light on the difference in
electronic properties leading to varying catalytic properties
among three catalysts. From this analysis, the oxidation state of
copper in MOF-808-His-Cu is slightly lower than those in
MOF-808-Iza-Cu and MOF-808-Bzz-Cu, which agrees with
the trend of Mulliken charges of these catalysts determined
from DFT calculations (Figures S49−S51). These results
suggest that Cu active sites in MOF-808-His-Cu have lower
oxidizing power as compared to the other two. After methane
treatment, there is a slight decrease in Cu−N/(O)
coordination, and, after methanol extraction, Cu−N/(O)
coordination increases by 0.6. However, Cu−N/(O) coordi-
nation in MOF-808-His-Cu and MOF-808-Iza-Cu remains
similar after treatment with methane and steam.

■ CONCLUSION

We show that, by selection of MOF with appropriate structure
and topology, MOF-808 can be utilized as a scaffold to host
and stabilize highly active copper−oxygen complexes, bis(μ-
oxo) dicopper species, ligated to biologically relevant imidazole
moieties including L-histidine (His), 4-imidazoleacrylic acid
(Iza), and 5-benzimidazolecarboxylic acid (Bzz) inspired by
pMMO. The catalysts show high selectivity for methane
oxidation to methanol under isothermal condition at 150 °C.
We anticipate that the strategy reported here will serve as a
blueprint for other bioinspired catalysts in MOFs for a broad
array of catalytic transformations.

Detailed description of synthesis, materials character-
ization, catalysis, single-crystal X-ray diffraction analyses,
UV−vis diffuse reflectance and resonance Raman
spectroscopy, density functional theory calculations, X-
ray absorption spectroscopy, charge distribution, and
identification of the active site (PDF)

X-ray crystallographic data for MOF-808-His (CIF)

X-ray crystallographic data for MOF-808-Iza (CIF)

X-ray crystallographic data for MOF-808-Bzz (CIF)
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