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ABSTRACT: A combination of polyanion size and charge allows the
Keggin-type polyoxometalate (POM), [CuPW, 1030]°7, a catalyst for some
air-based organic oxidations, to fit snuggly in the pores of MOF-199
(HKUST-1), a metal—organic framework (MOF) with the POM counter-
cations residing in alternative pores. This close matching of POM diameter
and MOF pore size in this POM—MOF material, [Cu3(CoH306),]s
[{(CH3),N},CuPW,;03oH] (1), results in a substantial synergistic stabili-
zation of both the MOF and the POM. In addition, this heretofore
undocumented POM—MOF interaction results in a dramatic increase in
the catalytic turnover rate of the POM for air-based oxidations. While 1
catalyzes the rapid chemo- and shape-selective oxidation of thiols to disulfides
and, more significantly, the rapid and sustained removal of toxic H,S via H,S
+1/2 0,—1/8 Sg + H,O (4000 turnovers in <20 h), the POM or the MOF

non-TICs
(Sg + H,0, disulfides)

TICs

TICs: taxic industrial chemicals

alone is catalytically slow or inactive. Three arguments are consistent with the catalytic reactions taking place inside the pores. POM
activation by encapsulation in the MOF likely involves electrostatic interactions between the two components resulting in a higher

reduction potential of the POM.

B INTRODUCTION

Metal—organic frameworks (MOFs) as a class of crystalline
materials offer high levels of porosity with considerable control
over pore size and composition.''* Such properties have led to
the successful application of MOFs in gas adsorption,'> >
separation,”’ ~** magnetism studies,”*** nonlinear optical pro-
perties,”® and more recently catalysis. Several noteworthy studies
on MOF-based catalysis are now published."' ~'**" 73 POMs
have been successfully incorporated by covalent, electrostatic,
and other means into coordination polymers and large pore
MOFs,'”*'"* and some POM-containing structures catalyze
oxidation reactions.*”***>*® Recent publications report sorp-
tion and hydrolysis of nerve agents by MOFs.'®2%4#

However, there remain two challenges in MOF catalysis that
are both addressed in this study: making MOF derivatives that
can catalyze reactions using the ambient environment and
making MOF catalysts more stable. Catalytic oxidations based
on ambient air are of considerable interest because they promise
the removal of many toxic or odorous molecules using only air
without the need for energy sources, solvents, or other reactives.
Oxidizable undesirable compounds include toxic industrial chemi-
cals, chemical warfare agents, indoor air contaminants, and many
environmental pollutants.*>**
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Alogical approach to such effective aerobic oxidation catalysts
would be to combine the high catalytic activity of particular
POMs*™ 3! for aerobic oxidations*™*>~>% with the porosity and
selective sorption properties of MOFs*~” by encapsulating POM
catalysts into appropriate MOFs. We henceforth refer to these
materials as “POM—MOFs” and note that optimal POM reten-
tion logically requires MOF apertures smaller than the POM
(with counterions) radius, although one type of POM—MOF
has shown negligible loss of POM despite a MOF aperture size
larger than the POM radius.>***® We report here that a MOF
with pore sizes closely matching a POM guest self-assembles
around this guest to make a material, unlike the POM—MOFs
reported in the literature thus far, that has significantly different
properties than either the POM or MOF component alone.
Specifically, MOF-199 (also known as HKUST-1)*" in the
presence of [CuPW,;03,]°" forms a POM—MOF material,
[Cu3(CoH306),14[{(CH3)4N},CuPW,;03,H] - 40H,0 (1),
whose hydrolytic stability is far greater than that of either the
MOF or the POM alone and whose strong POM—MOF inter-
actions also dramatically (two orders of magnitude) increase
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the rate of air-based oxidations catalyzed by the POM guest,
[CuPW,,03]°" (shape-selective thiol oxidation and fast, sustained
decontamination of the toxic industrial chemical H,S, forming
Sg and water).

B EXPERIMENTAL SECTION

General Methods and Materials. MOF-199, PW,,-MOF
([PW15040]> ", the saturated parent Keggin-type polyanion of [CuPWj;-
035]°7, in MOF-199), Ks[ CuPW;,035], and TBAs[CuPW, ;O3] were
prepared according to the literature methods,**”*® and their purity was
confirmed by Fourier transform infrared (FT-IR) and powder X-ray
diffraction (XRD). The other reagents, including HsPW,,0,, trimesic
acid, (CH3),NOH, Cu(NO3),, and the thiols were purchased from
Aldrich and used without further purification. Gas chromatography
(GC) was performed on a Hewlett-Packard 5890 gas chromatograph
equipped with a 5% phenyl methyl silicone capillary column, flame
ionization detector, and a Hewlett-Packard 3390A series integrator using
N, as the carrier gas. Elemental analyses for C, H, and N were performed
by Atlantic Microlab (Norcross, GA), and K, Na, Cu, P, and W were
performed by Galbraith Laboratories (Knoxville, TN). The inductively
coupled plasma (ICP) analysis of Cu in the filtrate after catalysis was
performed by Columbia Analytical Services (Kelso, WA). The infrared
spectra (2% sample in KBr pellet) were recorded on a Nicolet 6700 FT-
IR spectrometer from ThermoElectron Corporation. The thermogravi-
metric data were collected on an ISI TGA 1000 instrument. Powder
XRD was measured on a D8 Discover Powder Instrument on mono-
chromatic Cu Ka (4 = 1.54060 A) radiation. Nitrogen isotherms were
collected on Quantachrome AUTOSORB-1 automatic volumetric ad-
sorption instrument.

Synthesis of [Cus(CoH306),14[{(CH3)4N},CuPW;,039H] - 40-
H,0 (1). To 10 mL of distilled water was added Cu(NO;),2.5H,0
(480 mg, 2.50 mmol) and KsCuPW,,039 (400 mg, 0.14 mmol), and
the resulting blue solution was stirred for 10 min. Trimesic acid (420 mg,
2.0 mmol) and then (CH;),NOH (362 mg, 2.0 mmol) were added
sequentially, with 10 min of stirring after each addition. The resulting
solution with pH ~ 3 was transferred to a Teflon-lined Parr bomb,
heated up to 200 °C for 16 h, programmatically cooled down to 100 °C
for another 4 h, and left to cool to ambient temperature. The resulting
polyhedron-like deep-blue crystals were separated from the solution and
washed with distilled water several times. Further purification was
carried out by soaking the crystals in saturated KCl solution and distilled
water and sonicating them at least 3 times for 30 min each time to
exchange and remove any free metal ions. The product was dried in
vacuo overnight to remove water molecules trapped in the pores of the
product. Yield: 200 mg (ca. 25% based on POM). Elemental analysis
caled (found %) for CggH;53N40127Cu;3PWy; (1): caled for C, 17.11;
H, 2.50; N, 0.91; Cu, 13.37; W, 32.73; found for C, 15.85; H, 2.43; N,
0.92; Cu, 12.3; W, 35.1; FT-IR (cm™"): 1649(s), 1452(m), 1374(s),
1080 (w), 987 (w), 898(w), 824(m), 752 (m), 728(m), 497(w).

X-ray Crystallography. An X-ray quality crystal of 1 was coated
with Paratone N oil and mounted on a small fiber loop for index and
intensity data collection. The XRD data were collected under a nitrogen
stream at 173 K on a Bruker D8 SMART APEX CCD single-crystal
diffractometer using Mo Ka (0.71073 A) radiation. Data collection,
indexing, and initial cell refinements were processed using the SMART>”
software. Frame integration and final cell refinements were carried out
using the SAINT®® software. The final cell parameters were determined
from the least-squares refinement of total reflections. The structures
were determined through direct methods (SHELXS97) for locating the
tungsten atoms and difference Fourier maps (SHELXL97). The final
results of the refinement are listed in Table 1.

Stability Tests of Ks[CuPW,;03,] and the POM—MOF, 1.
The stability of Ks[ CuPW,;O35] (10 mgin 1.0 mL of buffer) at different

Table 1. Crystallographic Data and Structure Refinement for 1
1

empirical formula CgsH153Cu3N4012,PWy

formula weight 617848 g mol !

crystal system cubic

space group Fm3m

unit cell a= 26307(2) A
a =90°

volume 18207(3) A®

VA 4

density (calcd) 2254 gcm?

temperature 173(2) K

wavelength 0.71073 A

abs. coeff 8.500 mm ™"

reflections collected 78158

independent reflections 1448 [R(int) = 0.1396]

GOF 1.040
final R,* [I > 20(I)] 0.0567
final wR,’ [T > 20(I)] 0.1788

“Ry = JIFy| — |FJI/Z|Fo|. *wRy = Z[w(F,” — F2)*]/ Zlw(Fo*)*)"2.

pH values was monitored by UV—vis spectroscopy. The POM—MOF
complex, 1 (10 mg), was suspended in 1.0 mL of buffer at pH 7.0 (0.02
M sodium phosphate, NaPi, buffer), pH 8.0 (0.01 M NaPi buffer), pH
9.0 (0.01 M NaPi buffer), pH 10.0 (0.01 M Na borate buffer), and pH
11.0 (0.01 M NaOH). After 12 h, the solids were separated by centrifuga-
tion, and the reflection IR spectra were measured using a Nicolet 6700 FT-
IR with smart orbital attenuated total reflection (ATR) accessory.

Catalytic Experiments. Aerobic H,S Oxidation in Aqueous
Solution. In a typical reaction, the catalyst (10.0 mg) was weighed and
added to a clean, dry pressure tube, and the complete experimental
assembly was flushed with oxygen or air and weighed. The reaction was
initiated by addition of a saturated aqueous solution of H,S (0.1 mol/L,
pH = 4.8, 75 mL). The reaction vessel was then sealed quickly, and the
reaction solution was stirred at room temperature for 20 h. After several
minutes, the clear colorless solution became cloudy, and the yellow
elemental sulfur began to precipitate on the walls of reaction vial. The
solid reaction mixture, in parallel reactors for each specific reaction period,
was separated by centrifugation, dried in vacuum overnight, and weighed.

Aerobic H,S Oxidation under Gas Phase (Solvent-Free). In a typical
reaction, the catalyst (150.0 mg) was weighed in a beaker and then placed
in a desiccator. The H,S gas was generated by mixing of solid K,S (0.5051
g) with H3PO, (100 mL) in another beaker and placed in the same
desiccator, and then the cap of the desiccator was sealed tightly. The H,S
gas was circulated by a fan in the desiccator. Reaction with the dioxygen in
the air takes place on the surface of the catalyst particles. After one week,
the catalyst was dried and characterized by FT-IR. The weight of
catalyst before and after reaction was assessed carefully three times.

Aerobic Thiol Oxidation. In a typical catalytic thiol oxidation experi-
ment, 60.0 4L (6.62 x 10 * mol) of propanethiol (PrSH), 18.0 uL
(92 x 10> mol) of decane (internal standard), and 10 mg of 1 were stirred
in 2.9 mL of chlorobenzene in a Schlenk tube fitted with poly(tetra-
fluoroethylene) (PTFE) septum stopper under dioxygen at 45 °C for
S days. Aliquots were withdrawn from the Schlenk tube at approximately
10 h intervals, and the products were quantified by gas chromatography.
Before the withdrawal of each aliquot, the reaction solution was placed in
an ice—water bath for 20 min to minimize loss of the volatile PrSH. After
opening the Schlenk tube, 0.1 #L of cooled reaction solution was
withdrawn as quickly as possible, and the atmosphere in the tube was
carefully filled with dioxygen gas.
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Figure 1. FT-IR spectra of MOF-199 alone (blue), Ks[CuPW,;O3,] alone (red), and 1 (black).
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Figure 2. N, gas adsorption isotherms of 1 (left) and MOF-199 (right) measured at 77 K. Filled symbols, adsorption; open symbols, desorption. The
BET surface areas of 1 and MOF-199 alone are 462 and 1264 m®/g, respectively.
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Figure 3. Powder XRD patterns of 1 and MOF-199.
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Figure 4. X-ray crystal structure of 1. The POM, represented as off-white polyhedra, is orientationally disordered in the pores. The MOF-199
framework is represented in ball and stick form, wherein C atoms are represented in gray, O in red, and Cu in blue. Yellow squares denote the geometry of
the copper(1I) acetate clusters. TMA cations, which are disordered in the pores, and hydrogen atoms are omitted for clarity.

B RESULTS AND DISCUSSION

A solution of Cu(NOj3),*2.5H,0, KsCuPW,,03y, trimesic
acid, and (CH;)4NOH, treated under hydrothermal conditions,
results in X-ray quality crystals of the POM—MOF, 1, in ca. 25%
yield (based on POM). These crystals were filtered, washed with
distilled water, and dried in vacuum. The FT-IR spectrum of 1
clearly shows the characteristic peaks of both POM and MOF
components (Figure 1).°” Both the UV—vis and FT-IR spectra of
the concentrated filtrates from washing the purified 1 with water
indicate that no POM whatsoever is lost from 1 by these pro-
cedures. The specific surface area of 1, measured by the Brunauer—
Emmett—Teller (BET) method, is 462 m”/g (Figure 2). The
surface area of the POM—MOF is generally one-third that of
the isostructural bulk MOF-199 (1264 m*/g) before guest mole-
cule incorporation.**” The relatively low surface area indicates
that most of the MOF pores are occupied by the POM and its
counterions. The stoichiometries of formula of 1, shown in Table 1,
were generated and defined on the basis of crystal structure,
elemental analysis, and hermogravimetric analysis.

The powder XRD pattern and single crystal X-ray structure of
1 reveal that the parent MOF-199 framework has been main-
tained and that the catalytically active tetramethylammonium
(TMA) salt of the Cu-containing POM, [CuPW,;030]°" has

been introduced into this [ Cuz(CsH304),]4-based MOF (Figures 3
and 4). The structure of 1 clearly reveals the high occupancy of
the POMs and their counterions in the pores. Predictably, given
the pore and POM volumes, the TMA counterions do not reside
in the same pores as the POM polyanions but in adjacent pores.
Analysis of the unit cells reveals, in addition to the occupancy of
large and small pores by polyanion (POM) units and counter-
cations, respectively, that 50% of the large pores are empty.
The pores are connected in nonlinear channels and facilitate
reactant access and product departure. Both the transition-metal-
substituted POM and countercations are disordered, leading to
the location of the N atoms of only two of total four TMA cations.
As in nearly all X-ray structures of a-Keggin POMs with one
substituted metal-oxo or metal-aqua unit, the polyanion is
orientationally disordered so the substituted metal occurs at all
12 Keggin sites. Each encapsulated POM can be accessed via six
adjacent pores, which contain the TMA ions.

POM—MOF 1 is capable of catalyzing the air-based oxidative
decontamination of toxic sulfur compounds. Hydrogen sulfide is
oxidatively converted by 1 under ambient conditions via eq 1
(Figure S and Tables 2 and 3) in aqueous solution or gas phase.
The resulting yellow powder was confirmed to be elemental
sulfur by its UV—vis spectrum after extraction into chloroform
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Figure 5. Aerobic oxidation of H,S to Sg catalyzed by the POM—MOF,
1, in water. An aqueous solution of H,S (0.1 mol/L, pH = 4.8, 75 mL)
containing 1 (10.0 mg) was flushed with oxygen (black triangles) or air
(open squares) and stirred at room temperature for the duration of the
reaction (20 h). Parallel reactions were conducted and stopped at
specific reaction times for product separation and measurement. Control
experiments for POM (10.0 mg) and MOF-199 (10.0 mg) only under
identical conditions showed no catalytic activity (no production of Sg).

Table 2. Quantity of sulfur, Produced via eq 1 in Aqueous
Solution, Catalyzed by 10 mg of 1 after 20 h

weight of Sg(mg) TON*
oxygen-based catalysis 220+ 30 4300
air-based catalysis 190 £ 20 3800

“ Turnover number (TON) = moles of H,S consumed (or 8 X moles of
product Sg formed) per mol of catalyst used.

Table 3. Quantity of Sulfur, Produced via eq 1 in Gas Phase
under Ambient Conditions, Catalyzed by 1, PW,-MOF,
MOF-199, and {CuPW,,}

catalysts (mg) Sg formed (mg) TON*
1 150 9.5+ 0.1 12.0
PW,,-MOF 150 02401 02
MOEF-199 150 02 +£0.1 0.02
{CuPWy,} 150 b -

“ Turnover number (TON) = moles of H,S consumed (or 8 X moles of
product Sg formed) per mol of catalyst used. ’No detectable weight
change when {CuPW/,} was used as catalyst

solution. The turnover number (TON), based on H,S consumed
(1/8 Sg formed) and POM units present in 1, is ca. 4000 in less
than 20 h in aqueous solution. In aqueous solution, the product
inhibition (blockage of the pores in 1 by marginally soluble Sg
product) does little to inhibit the reaction at the outset, and FT-
IR shows that the integrity of the POM—MOF structure is
maintained during reaction (see Figure S1 in Supporting In-
formation):

Control experiments in aqueous solution using Ks[ CuPW,; ;O3]
only or, separately, MOF-199 only showed no production of

solid Sg. Additional experiments showed that the solid MOF
decomposes in minutes based on both color change (blue to
colorless) and dissolution of the material in the reaction solution
(H,0, pH 4.8). The POM—MOF was reproducibly much more
stable to decomposition than the same MOF alone (no POM
guest). The H,S oxidation in gas phase catalyzed by 1 also
exhibits the synergetic effects. No or very few oxidation products
were detected in control experiments. Interestingly, the non-
copper-containing polyanion, PW,-MOF, showed very low
activity in catalyzing H,S oxidation. These results indicate that
the Cu centers in the POM unit of 1 are very likely the active site
for the H,S oxidation. Production of Sg by 1 in the gas phase
stopped at TON ~ 12, in contrast to the aqueous solution H,S
oxidations, as expected because of the blockage of the pores in 1
by the oxidation product.

To assess the ability of 1 to catalyze other aerobic oxidations,
the conversion of volatile mercaptans to less toxic and odorous
disulfides was examined. Removal of sulfur-based harmful indus-
trial chemicals®”®" is important in the deodorization and jet
fuel sweetening industries.”>”** Aerobic mercaptan oxidation
catalyzed by 1 was established to proceed readily under ambient
conditions via the stoichiometry in eq 2:

Figure 6 shows the air-based oxidation of propanethiol
(PrSH) in chlorobenzene solution catalyzed by 1. Di-n-propyl
disulfide was the only product detected by gas chromatography
and mass spectrometry. Under the same reaction conditions
where 1 produces 200 turnovers, the production of disulfide is
negligible in the absence of the catalyst. Significantly, the activ-
ity of an equimolar amount of the tetrabutylammonium salt
of the monocopper-substituted-POM, TBAs[CuPW;,030],
(homogeneous catalyst), POM-free MOF-199, and PW,-MOF
(heterogeneous) under identical conditions was assessed and
shown to be ca. one order of magnitude lower than that of the
new material, 1, itself. Immobilization of homogeneous catalysts
usually results in turnover rates that are one to three orders of
magnitude lower than those for the same catalyst in solution,
although we have noted modest increases in turnover rates when
some POM catalysts are immobilized on cationic surfaces.*>>%
It is likely that electrostatic interactions between the solvent-
accessible Cu(II) centers of the MOF structure and the encap-
sulated [CuPW,;03]°" units are present in 1, and these
stabilize 1 relative to its components. Such electrostatic
POM—MOF interactions could simultaneously increase the
potential of the Cu centers in the POM unit of 1, which would
be expected to increase the rates of the substrate oxidation-
[CuPW,,035]°" reduction step in the overall oxidations cata-
lyzed by the POM—MOF. Reoxidation of Cu(I) centers in the
reduced POM units of 1 by O, is not rate limiting because the
overall oxidation rates are independent of O, pressure. The
chemistry of thiol oxidation is well-known to proceed through
one-electron oxidized sulfur-based intermediates, and sulfide
oxidation is very similar. The mechanism for Sg formation clearly
involves multiple steps and will be addressed in subsequent work.

Table 4 summarizes the air-based oxidations of representative
mercaptans varying in electron density, nucleophilicity, and steric
bulk around the sulfur atom catalyzed by 1 under similar
conditions. Gas chromatographic analyses confirm the 99%
chemo-selective oxidation of all the evaluated mercaptans to
disulfides. In addition, size- and shape-dependent selectivity is
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Figure 6. Aerobic oxidation of PrSH to PrSSPr catalyzed by 1. PrSH (0.662 mmol) and the catalyst, 1 (10 mg, ~0.0016 mmol), were stirred in
chlorobenzene (2.9 mL) with decane (internal standard, 0.092 mmol) in a pressure tube (45 mL) fitted with a PTFE plug under 100% O, at 50 °C.
Consumption of PrSH (red diamonds) and formation of PrSSPr (blue diamonds) catalyzed by 1; PrSSPr concentration in presence of PW,,-MOF
(orange circle); PrSSPr concentration in presence of MOF-199 alone (green triangle); PrSSPr concentration in presence of TBAs[ CuPW, ;O3] alone
(purple crosses); and PrSSPr concentration in absence of any additives (black squares).

Table 4. Aerobic Oxidation of Thiols to Disulfides Catalyzed
by 1°

Substrates Products Selectivity Conversions
S ST 99 95%
HO HO OH ° °
A~ P - NP 99% 7%
P ANUSTS N 99% 37%
SonSH L s oAU STS A 90% 32%

99% 27%

o JOA <N
“ Conversion measured after 62 h. In a typical kinetic experiment,
substrate thiol (6.5 x 107 mol), decane (18.0 uL, 9.2 x 10™° mol,
internal standard), and 1 (10 mg) were stirred in chlorobenzene
(2.9 mL) in a pressure tube (45 mL) fitted with a PTFE septum stopper
under O, or air (both give very similar results) at 45 °C. A control
reaction conducted under the same conditions except without catalyst
showed no oxidation products whatsoever.

clearly observed in these reactions. 2-Hydroxyethanethiol gives
the highest conversion (95%), while p-toluenethiol gives less
than a 30% yield of disulfide. Conversions decrease with an
increase in the number of mercaptan carbon atoms. This is
consistent with thiol oxidation by the POM units encapsulated in
the MOF: sterically larger thiols are less accessible to the POM
units and thus are oxidized at lower rates. The disulfide products
are also obtained in proportionally lower yields. The higher
conversion for oxidation of 2-hydroxyethanethiol relative to
other thiols is attributed to the higher affinity of this hydrogen-
bonding thiol for the hydrophilic channels in the MOF. Again,
the rates of propanethiol oxidation under air and pure O,
catalyzed by 1 are very similar, indicating that POM reduction,
and not reduced POM reoxidation by O,, is rate limiting.

The used catalyst, 1, is readily separated from the catalytic
oxidations described above by filtration. The separated super-
natant of the reaction solution shows no catalytic activity for any

16844

of the aerobic oxidations reported here. The isolated catalyst was
reused for these reactions after simple filtration, washing with
dichloromethane, and drying. The electronic absorption spectrum
and the ICP analysis of Cu (Table S1, Supporting Information)
of the dichloromethane filtrate shows no leaching of the POM
from 1 whatsoever.

Significantly, the integrated ensemble, 1, is very robust in both
aqueous and organic solutions during the catalysis. Enhanced
structural and hydrolytic stability of both [CuPW,;030]°~ and
MOF-199 in 1 relative to the POM alone (i.e., the K salt)
or the MOF alone is clearly observed over a wide pH range.
[CuPW,,05,]° is hydrolytically stable in solution only from
pH 2.0 to 5.9°° and decomposes quickly in basic aqueous solution.
MOF networks usually exist in a much narrower pH range, and
the host framework used, MOF-199, has been determined to be
only metastable at pH 4.0. In contrast, both the FT-IR and UV—vis
spectra demonstrate that [CuPW;;030]°~ when present in 1
remains intact at pH 11.0 for at least 12 h (see Figure S2,
Supporting Information). This dramatic enhancement of POM
stability upon incorporation into some MOFs has positive
implications for catalytic and other applications.®”%®

Three lines of additional evidence indicate that 1 stays intact
during the catalytic oxidation: (1) The recycled 1 catalyzes aerobic
oxidation of H,S and propanethiol for at least three cycles
without significant activity loss; (2) the FT-IR of 1 after reac-
tion retains all the characteristic peaks of the polyanion,
[CuPW, 1039]57, and MOF-199, indicating that both structural
components are stable (see Figure S3, Supporting Information);
and (3) the X-ray powder diffraction patterns of 1 before and after
use as a catalyst are identical (see Figure S$4, Supporting Information).

The present study clearly documents a new type of robust
catalyst that exhibits the attractive features of both its compo-
nents, the POM and the MOF, shows mutual enhancement of
stability by each component, and efficiently catalyzes the detox-
ification of various sulfur compounds including H,S to Sg using
only ambient air. Significantly, the synergy between the two struc-
tural components of 1 also extends to the catalytic activity of the
polyanion: The {CuPW,,} in 1 is one to several orders of mag-
nitude faster under otherwise identical conditions in these

dx.doi.org/10.1021/ja203695h |J. Am. Chem. Soc. 2011, 133, 16839-16846
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aerobic oxidation reactions than in solution. The fact that 1 is a
readily reisolated and reused heterogeneous catalyst that requires
only the ambient environment for some oxidation processes
indicates its potential value as a versatile and robust catalytic
decontaminant. Considering that both POMs and MOFs are two
large classes of species with different compositions and structures,
selective combinations of these two components would be ex-
pected to afford many new materials, and this large experimental
space could be tuned to target the catalytic removal of a range of
other TICs and pollutants using just the ambient environment.

B ASSOCIATED CONTENT

© Supporting Information. Several spectroscopic and
thermogravimetric analyses of POM—MOF (1) stability in
different reactions and conditions, additional control reactions,
and ICP analysis of the supernatant after catalysis. This material
is available free of charge via the Internet at http://pubs.acs.org.
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