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ABSTRACT: Molybdenum(VI) oxide was deposited on the Zr6 node of the
mesoporous metal−organic framework NU-1000 via condensed-phase
deposition where the MOF is simply submerged in the precursor solution,
a process named solvothermal deposition in MOFs (SIM). Exposure to
oxygen leads to a monodisperse, porous heterogeneous catalyst, named Mo-
SIM, and its structure on the node was elucidated both computationally and
spectroscopically. The catalytic activity of Mo-SIM was tested for the
epoxidation of cyclohexene. Near-quantitative yields of cyclohexene oxide and
the ring-opened 1,2-cyclohexanediol were observed, indicating activity
significantly higher than that of molybdenum(VI) oxide powder and
comparable to that of a zirconia-supported analogue (Mo-ZrO2) prepared
in a similar fashion. Despite the well-known leaching problem of supported
molybdenum catalysts (i.e., loss of Mo species thus causes deactivation), Mo-
SIM demonstrated no loss in the metal loading before and after catalysis, and no molybdenum was detected in the reaction
mixture. In contrast, Mo-ZrO2 led to significant leaching and close to 80 wt % loss of the active species. The stability of Mo-SIM
was further confirmed computationally, with density functional theory calculations indicating that the dissociation of the
molybdenum(VI) species from the node of NU-1000 is endergonic, corroborating the experimental data for the Mo-SIM
material.

■ INTRODUCTION

Metal−organic frameworks (MOFs), simultaneously possessing
porosity and crystallinity,1−6 have attracted significant attention
as heterogeneous catalysts6−10 and scaffolds on which to
deposit externally introduced catalytic species.11−23 Rational
designs of both the inorganic node and the organic linker allow
substantial structural freedom within a confined chemical
environment.4−6 In particular, MOFs with free hydroxyl groups
have attracted much attention due to their potential to anchor
catalysts in an analogous manner to traditional metal-oxo
supports (e.g., alumina, zirconia, or silica).11−15,24 These
catalysts have long played a central role as heterogeneous
catalysts applicable to industrial-scale syntheses.25−27 Yet, the
exact structure and location of the metal catalysts, and the
involved catalytic mechanisms, are difficult to probe due to the
phenomenon known as the “support effect”.11,28,29 In tradi-
tional amorphous material, the hydroxyl groups exploited for
anchoring active species possess various Lewis and/or Brønsted
acidities, local densities, and binding motifs. Consequently, the
structure and the surrounding chemical environment of the

catalyst are often challenging to predict or manipulate.11 In
contrast, the discrete grafting sites provided by the isolated
metal oxide/hydroxide nodes of MOFs offer the potential to
produce structurally characterizable heterogeneous catalysts.1−6

We11−15,19,24 and others21−23,30,31 have exploited impregnation
of metal-containing species in MOFs and have successfully
prepared transition metal-based heterogeneous catalysts, both
in the vapor phase via atomic layer deposition (ALD) in MOFs
(AIM)11−13,24 and in condensed phase via solvothermal
deposition in MOFs (SIM).14,15,19,31

Here we explore the deposition of a catalytically active
molybdenum(VI) oxide on the node of a MOF by SIM.32,33

Homogeneous oxomolybdenum species have demonstrated
high conversion and selectivity for the synthesis of
epoxides.34−37 Traditionally, these catalysts suffer from
deactivation by μ-oxo oligomerization.36,37 Deposition of the
Mo catalyst on a silica38−41 or alumina42,43 support suppresses
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such deactivation on the surface; however, the active species
commonly leaches out of the support, and hence the stability is
a challenging problem yet to be fully resolved.34,35,37 To our
understanding, the exact mechanism behind the leaching
process (i.e., loss of Mo species via cleavage from the support)
remains to be deconvoluted due to the structural ambiguity of
the active species. Motivated by this problem, we decided to
deposit molybdenum(VI) oxide in a MOF, specifically NU-
1000.
NU-1000, which consists of eight-connected Zr6(μ3-O)4(μ3-

OH)4(H2O)4(OH)4 nodes44 connected by 1,3,5,8-(p-
benzoate)pyrene linkers (TBAPy4−)45 was specifically chosen
as the platform for the molybdenum(VI) oxide deposition. It
has a well-defined crystal structure44 and the proton topology
of the nodes is well understood.46 In addition, NU-1000 is
thermally and chemically stable.47 The hierarchical structure of
NU-1000, with micro- and mesoporosity and pore sizes of 10
and 31 Å, allows efficient diffusion of substrates and ready
access to designed active sites (Figure 1).48,49

■ RESULTS AND DISCUSSION
Mo-SIM Synthesis. The detailed synthesis of Mo-SIM is

outlined in the Methods section. SIM was implemented due to
its facile three-step preparation: (1) metalation, (2) exposure to
oxygen, and (3) activation. Commercially available bis(tert-
butylimido)bis(dimethylamino)molybdenum(VI) (Mo-
(am)2(im)2) was chosen as the molybdenum precursor as the
compound is stable under air- and water-free environments, but
readily reacts upon exposure to hydroxyl groups to form the
metal oxide and benign byproduct (tert-butyl amine and
dimethyl amine). Subsequent exposure to oxygen leads to a
site-isolated heterogeneous molybdenum(VI) oxide catalyst.
Characterization of Mo-SIM. Small decreases in Bruna-

uer−Emmett−Teller (BET) surface area from 2100 to 1800
m2/g and pore volume from 1.4 to 1.2 cm3/g were observed for
Mo-SIM relative to bare NU-1000. The isotherm clearly shows
the type IVc feature, associated with the mesoporosity of NU-
1000,24,49 suggesting that the framework remained intact
(Figure 2). The decrease in density function theory (DFT)-
calculated average pore width of Mo-SIM (Figure S1) was
observed for the hexagonal pores (i.e., from 29 to 27 Å). From

the thermogravimetric analysis (TGA) graph, 24% weight loss
difference at 700 °C between Mo-SIM and NU-1000 was
observed. We attribute this difference in weight loss to
molybdenum oxide, which remained with the decomposed
framework, thus leading to smaller decrease in mass with
respect to its initial mass (Figure S2). Scanning electron
microscopy (SEM) images exhibited no morphological change
of the parent framework upon metal deposition, and the
energy-dispersive spectroscopy (EDS) line scan was used to
confirm uniform dispersion of the molybdenum species
throughout the crystal (Figure S3). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) measurements
showed the metal loading of 2.8 ± 0.3 Mo/Zr6 node.
In the diffuse reflectance infrared Fourier transform

(DRIFT) spectrum of Mo-SIM (Figure S4), a decrease in
intensity of the peak associated with terminal and bridging
−OH stretches on the node at 3674 cm−1 relative to NU-1000
was confirmed, suggesting a chemisorption of Mo species on
the node, as shown previously.24 The new emerging peak at
3660 cm−1 was attributed to −OH stretch attached to Mo. In
the Raman spectrum of Mo-SIM (Figure S5), a small broad
peak at 922 cm−1 attributed to the terminal MoO
stretch50−52 was confirmed. The Raman spectra of MoO3 and
Na2MoO4 show peaks at 820 and 840 cm−1, attributed to the
stretch by Mo−O−Mo moieties, and thus suggest oligomeriza-
tion.50−52 Though this stretch is not apparent in the Mo-SIM
spectrum, potential overlap with peaks associated with NU-
1000 cannot be ruled out.
X-ray absorption spectroscopy (XAS) was employed to

further elucidate the structure of the Mo species in NU-1000.
In the X-ray absorption near edge structure (XANES) region
(Figure 3a), the edge energy (corresponding to a 1s-to-5p
transition) of both Mo-SIM and MoO3 was measured to be
20 006 eV, while that of MoO2 was 20 005 eV. The pre-edge
energy, associated with the 1s-to-4d transition, was measured to
be 1 eV lower for Mo-SIM than MoO3 (19 996 and 19 997 eV,
respectively), typically associated with the distortion of the
preferred octahedral geometry to a more tetrahedral
symmetry.53,54 Thus, we conclude that the Mo species
deposited are fully oxidized to a Mo(VI) with a tetrahedral
local symmetry. The oxidation state of the species was further

Figure 1. Nonmetalated NU-1000 with pore sizes and structures of
metal oxide node and organic linker. Three of the 12 anchoring sites
upon metalation are shown on the node.

Figure 2. N2 isotherm of NU-1000 and Mo-SIM with every other data
point plotted. Adsorption and desorption are represented by filled and
unfilled points, respectively.
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confirmed by X-ray photoelectron spectroscopy (XPS) (Figure
S6). In the extended X-ray absorption fine structure (EXAFS)
region (Figure 3b), Mo−O and Mo−O−Zr scatterings were
confirmed, suggesting Mo species to be monomeric, or at most
few Mo atom clusters.
Density functional theory (M06-L functional, see Methods

section for full details) calculations were performed to
characterize the structures and energetics of various Zr6
nodes modified supporting mono- and binuclear molybdenum
complexes. For the node itself, a cluster model comprised of the
Zr6 node itself with eight truncated linkers was adopted, and
many different mono- and binuclear Mo complexes were
constructed by anchoring Mo(VI) atoms to oxygen function-
ality of the Zr6 node, and then adding oxide and/or hydroxide
ligands, and/or losing node protons, to achieve charge balance
and a coordination number of at least 4 for all Mo atoms.
Lowest energy species were identified from this procedure and
we now discuss them in more detail.
From a number of possible monometallic structures

considered, the three shown in Figure 4a (Mo-1−Mo-3) had
the lowest relative free energies. All possess MoOH and/or
MoO bonds, in agreement with the DRIFT and Raman
spectra, respectively, noted above. These most favorable
structures all have tetrahedral, rather than octahedral,

coordination environments, which is consistent with the
XANES measurements. Systems containing two molybdenum
centers with Mo−O−Mo bonding motifs bound to one face of
the node were compared to a system where the two
molybdenum atoms bind to two different faces of the Zr6
node (Figure 4b).Mo-4 is the most stable structure of the three
and would not show Mo−O−Mo scattering. Deposition of
molybdenum onto PCN-700, a related Zr6 MOF, also showed
one molybdenum per face.32 Therefore, we conclude that the
secondary scattering peaks ofMo-SIM in the EXAFS region are
primarily associated with Mo−O−Zr scattering, further
supporting the site-isolated nature of Mo-SIM.

Cyclohexene Epoxidation. Since Mo-based catalysts have
long been understood to have catalytic activity toward
epoxidation,34−37 Mo-SIM is an appropriate candidate catalyst
for cyclohexene epoxidation. Details of the reaction conditions
can be found in the Methods section and the Supporting
Information (SI). The reaction can proceed via two
mechanisms: direct and radical pathways. As shown in Scheme
1, possible products are cyclohexene oxide, 2-cyclohexenol, 2-
cyclohexenone, and trans-1,2-cyclohexanediol (racemic mix-
ture).Mo-SIM exhibited a high conversion of 93 ± 2% after 7 h
of reaction at 60 °C under N2 atmosphere upon optimization of
the reaction condition with 0.5 mol % catalyst and 2 equiv of
the oxidant relative to cyclohexene. A very high selectivity of 99
± 1% for cyclohexene epoxide and the ring-opened diol (Figure
5, Table 1) was measured. Leus et al.55 have proposed the
generation of water during this catalysis, which then initiates
the epoxide ring opening. Since no other mechanisms to
generate the diol have been reported, these two products were
considered to derive from the same elementary path.11,26,27,55

The parent MOF framework without chemisorbed Mo species
was observed to have a significantly lower yield of 5 ± 3% (and

Figure 3. (a) XANES of Mo-SIM, MoO3, and MoO2 and (b) EXAFS
of Mo-SIM that justify the presence of monomeric nature of Mo
species with tetrahedral symmetry. Note that Mo−O−Mo scattering
signal overlaps with that of Mo−O−Zr, so small amounts of
oligomeric Mo species may not be detected. For details, see Figure S8.

Figure 4. (a) Three energetically accessible monomolybdenum
structures Mo-1−Mo-3, and (b) three dimolybdenum species, Mo-
4−Mo-6, with their associated relative free energies. For other
structures, see SI. ΔGtol in kcal/mol.
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never above 8 ± 3%) after 420 min, which is marginally larger
compared to that of reaction without any additive at all (1.5 ±
0.1% yield). Thus, the catalytic activity of Mo-SIM can be
solely attributed to the deposited molybdenum species.
Bulk MoO3 and Mo supported on zirconia (Mo-ZrO2) were

subjected to the same reaction conditions. For details of the
synthesis of Mo-ZrO2, refer to the Methods section. Equimolar
amounts of MoO3 powder showed a lower yield of 18 ± 9%
with a selectivity of 80 ± 10%. Oligomerization, confirmed by
the aforementioned Raman spectrum, lowers the concentration
of the active species and may have led to such low yield relative
to Mo-SIM. Mo-ZrO2 exhibited a yield of 97 ± 1% with a
selectivity of 99 ± 1%. While this system had marginally higher
yield, significant leaching of the catalytic species was confirmed
via ICP-OES measurements and a leaching test (Figure 6). In
particular, wt % loss of 79 ± 1% was observed after the initial
reaction. When the catalyst was filtered after 60 min
(corresponding to a yield of 75%), the reaction continued in
the filtrate solution albeit more slowly than reaction in the

original heterogeneous system, with the yield eventually
reaching 97% after 420 min. Thus, the catalytic activity of
Mo-ZrO2 derives from a combination of heterogeneous and
homogeneous catalysis. When Mo-SIM was filtered at 60 min
at 60 °C, by contrast, the catalysis was fully arrested; i.e., no
active catalyst leaches into solution. The ICP-OES measure-
ments of Mo-SIM before and after catalysis remained
consistent as 2.8 ± 0.3 Mo per node, demonstrating exceptional
stability of molybdenum(VI) oxide following deposition in NU-
1000. Further supporting the stability of Mo-SIM is its
recyclability as no decrease in yield was confirmed within
three cycles. Mo-ZrO2, however, had a significant decrease in its
yield to 30 ± 10% at its third cycle (Figure S11). Mo-SIM was
determined to maintain its morphology and monodispersity as
judged by SEM images and EDS line scans, respectively (Figure
S3). Powder X-ray diffraction (PXRD) patterns (Figure 7)
show the framework remains crystalline; the patterns
correspond to the literature,12−14,16,38 both upon SIM and
after catalysis, confirming the robustness of NU-1000.
To test the versatility of Mo-SIM as an epoxidation catalyst,

two other substrates, 1-hexene and cis-cyclooctene, were tested

Scheme 1. Reaction Scheme of Cyclohexene Epoxidation

Figure 5. Cyclohexene oxide and 1,2-cyclohexanediol yield vs reaction
time of Mo-SIM, Mo-ZrO2, MoO3, NU-1000, and background (no
MOF). For graphs with error bars, see SI.

Table 1. Yield, Selectivity, and Turnover Frequency (TOF)
of Mo-SIM, Mo-ZrO2, MoO3, NU-1000, and Background for
Cyclohexene Epoxidation

conditions yield (%)a selectivity (%)a TOF (min−1)

Mo-SIM 93 ± 2 99 ± 1 7 ± 2b

Mo-ZrO2 97 ± 1 99 ± 1 8 ± 1b

MoO3 22 ± 9 80 ± 9 0.3 ± 0.3b

NU-1000 5 ± 3 86 ± 6 −c

background 1.5 ± 0.1 36 ± 6 −c
aValues at 420 min. bFor TOF, assumed catalyst was 100% of the Mo
species. cBackground and NU-1000 TOFs were difficult to measure.

Figure 6. Leaching test of Mo-SIM and Mo-ZrO2. No catalytic species
in the filtrate of Mo-SIM was observed while the filtrate of Mo-ZrO2
continued to catalyze cyclohexene epoxidation up to 97% yield. Error
bars are omitted for clarity (see SI).

Figure 7. PXRD patterns of NU-1000 and Mo-SIM before and after
cyclohexene epoxidation. The parent framework stays intact upon
metal deposition and during catalysis.
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under the same conditions (for experimental details, see the
SI). In both cases, Mo-SIM significantly outperformed Mo-
ZrO2, the parent framework, and with no additives with the
yield of 55 ± 4% and 99.8 ± 0.2% of 1-hexene oxide and trans-
1,2-hexanediol, and cyclooctene oxide and trans-1,2-cyclo-
octanediol, respectively (Figures S12−S15, Tables S1 and
S2). The selectivity in both reactions were greater than 99%.
Mo-ZrO2 drastically decreased its catalytic activity upon
changing the substrate with the yield of 38 ± 4% and 24 ±
5% for 1-hexene and cyclooctene epoxidations, respectively.
Mo-SIM, again, demonstrated its stability where no leaching
was confirmed (Figures S13 and S15). Mo-ZrO2, on the other
hand, lost 55 ± 3 and 50 ± 1 wt % for 1-hexene, and
cyclooctene epoxidation, respectively. Furthermore, Mo-SIM
and Mo-ZrO2 were both subjugated to cyclohexene epoxidation
in acetonitrile, a more polar solvent. Though a decrease in yield
was confirmed for both systems, Mo-SIM outperforms Mo-
ZrO2 by close to 20% in yield (Figure S16, Table S3). Despite
low performance, Mo-ZrO2 lost 71 ± 2 wt % after a single run,
Mo-SIM had minimal leaching of 0.29 ± 0.02 Mo/Zr6. For all
reactions mentioned above, Mo-SIM retained its crystallinity
(Figure S17), further demonstrating its stability.
To further understand the stability of the chemisorbed Mo

species, the thermodynamics of the leaching was calculated at
the DFT level. For this calculation, the most stable structure
Mo-1 was considered (Figure 4). As shown in Figure 8,

regeneration of the nonmetalated Zr6 node via reaction with
two H2O molecules under the reaction conditions is predicted
to be endergonic by 8.3 kcal/mol. To mimic the catalytic
conditions, other complexes were considered that might be
formed by ligand exchange that may also promote leeching of
molybdenum. The exchange reactions with M(O)2(OH)2 were
explored (see Figure S20) and structures bound to NU-1000
corresponding to the most exoergic exchange reactions were
calculated, i.e., peroxo (−OOtBu) and alkoxide (−OCyOH).
The leaching of a κ2-peroxo complex was also calculated as κ2-
peroxo complexes are well-known intermediates for olefin
epoxidation.35 Leaching of all Mo species considered in Figure
8 is still found to be energetically unfavorable by at least 2.7
kcal/mol.56 Thus, the endergonic nature associated with the
leaching of molybdenum, regardless of its ligands, allows Mo-
SIM to be a stable catalyst for cyclohexene epoxidation.

■ CONCLUSION
A robust molybdenum(VI) oxide-deposited metal−organic
framework, Mo-SIM was prepared in a simple three-step

synthesis. The extent and potential structure of molybdenum
species were elucidated both computationally and experimen-
tally via XAS measurements, DRIFT and Raman spectra, and
ICP-OES measurements, supported by DFT calculations. Not
only does Mo-SIM achieve a high conversion of 93 ± 2%,
which is close to that of a bulk zirconia-supported analogue, but
it also exhibits exceptional stability where no leaching of the
active species and no loss in yield upon recycling were detected,
crucial factors for a heterogeneous catalyst that are lacking for
Mo-ZrO2. Furthermore, a precise understanding of the
structure of the Zr6 node permits ready prediction of the
active species and rationalization of its/their stability via in silico
calculations of the thermodynamics of the leaching process,
again a factor difficult or even impossible to achieve for the
zirconia-supported counterpart, given the ambiguity of its
structure. Our calculations show that, in Mo-SIM, the Mo
leaching is endergonic, regardless of its ligands, allowing Mo-
SIM to be a stable catalyst for cyclohexene epoxidation. This
may, in turn, facilitate further molecular engineering of more
stable molybdenum species for deposition, with the goal of
preparing structurally uniform, yet highly active, heterogeneous
catalysts for alkene epoxidation.

■ METHODS
NU-1000 Synthesis. NU-1000 was synthesized according to the

procedure by Wang et al.49 N2 isotherm and PXRD patterns were used
for confirming its porosity (i.e., BET surface area and pore size
distribution), and crystallinity, respectively.

Mo-SIM Synthesis. SIM was performed by submerging 100 mg
(0.05 mmol of Zr6 node) of NU-1000 into a solution of 120 mg (0.37
mmol) of Mo(am)2(im)2 (Strem, 98%) in 16 mL of anhydrous
heptane (Aldrich, 99%) at room temperature in an argon-filled
glovebox and left overnight. The sample was washed with fresh
heptane until the supernatant was colorless. The sample was exposed
to air, centrifuged to remove excess heptane, and heated under vacuum
for 80 °C followed by 120 °C overnight. The molybdenum loading
was confirmed by SEM-EDS line scan and ICP-OES measurements.
100 mg of molybdenum-deposited high surface area zirconia (Mo-
ZrO2) was prepared by adding the support to a solution of 13 mg
(0.04 mmol) in 16 mL of heptane to achieve close to same wt % as
Mo-SIM calculated from the ICP-OES measurements. The sample
was washed and dried in a similar fashion to Mo-SIM. The zirconia
support was synthesized according to the procedure reported
previously.57 DRIFTS, TGA, Raman spectroscopy, and XPS were
used to further characterize the deposited species. XAS Mo K-edge
(20000 eV) scans of Mo-SIM and standards were all performed at
Argonne National Laboratory. Details of all measurements are given in
the SI.

Cyclohexene Epoxidation. This is a modified version of the
protocol reported by Leus et al.55 The radical inhibitor in cyclohexene
(Aldrich, ≥99.0%) was removed using activated alumina. Into a 2−5
mL Biotage microwave process vial, 0.3 mL of cyclohexene in 1.75 mL
of toluene (Fischer, 99.9%) with 10 mg of Mo-SIM was submerged.
The mixture was purged under N2 for 1 min and heated with
mechanical stirring at 60 °C for 10 min. Two molar equivalence
(relative to cyclohexene) of tert-butyl hydroperoxide (TBHP)
(Aldrich, 5.5 M in decane) was injected. Reaction kinetics were
monitored via analysis of the extracted aliquots at given times and
running it through GC-FID (see SI for details). Kinetics of the
background reaction, where no MOF is present, reactions solely with
10 mg of NU-1000, MoO3 powder (Aldrich, ≥99.5%), and Mo-ZrO2
were monitored in a similar fashion. Leaching tests for Mo-SIM and
Mo-ZrO2 were conducted by removing the catalyst after 60 min. The
filtrate was placed inside the microwave vial, purged under N2, and
heated at 60 °C to monitor its kinetics. Postsynthetic characterizations
(PXRD, SEM-EDS, and ICP-OES) and recyclability tests were

Figure 8. Thermodynamics of the leaching process of Mo-SIM. ΔGtol
in kcal/mol.
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conducted after the solvent exchange of the catalyst with acetone (see
SI).
Computational Modeling. Model. A neutral cluster model

formed by one node and eight organic linkers was extracted from
periodic density functional theory (DFT) calculations.44 The so-called
mixed proton topology was used to describe the node, i.e., [Zr6(μ3-
O)4(μ3−OH)4(OH)4(OH2)4]

8+. The eight TBAPy4
− (1,3,6,8-tetrakis-

(p-benzoate)pyrene) linkers were truncated so as to retain only
coordinating benzoate groups, thereby increasing computational
efficiency while maintaining overall charge balance. During the
geometry optimization, the organic linkers were kept fixed to account
for the rigidity of the solid structure.
Methodology. All calculations were performed at the DFT level

using the M06-L functional58 as implemented in Gaussian 09.59 The
M06-L functional has shown good performance for dispersion
interactions, transition metal chemistry,60,61 and zeolites.62 Numerical
integrations were performed with an ultrafine grid. An automatic
density-fitting set generated by the Gaussian program was employed to
reduce the computational cost. The 6-31G(d) basis set was used for H,
C, and O;63,64 the SDD pseudopotential and its associated double-ζ
basis set was employed for Mo and Zr.65 All geometry optimizations
were performed in the gas phase. The natures of all minima were
confirmed by analytic computation of vibrational frequencies at 298.15
K. Final Gibbs energies in solution were computed by adding Gibbs
energy contributions in the gas phase to single-point calculations in
toluene solvent using the SMD model.66 Finally, a factor of RT ×
ln(24.46) was added to account for the 1 atm to 1 M standard-state
change.
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