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A significant challenge in sustainable energy research is to be
able to devise systems to catalyze reactions at much higher
scales than what is currently practiced for any other chemical
process. Water oxidation and CO, reduction are the two
reactions that carry pivotal importance for efficient solar-to-
chemical energy conversion. However, the large-scale applic-
ability, sustenance, and efficiency of these processes will be
impossible without catalysts that not only have high turnover
rates but also are long lasting, modular (for easy tailoring),
and can be regenerated on demand.

In homogeneous, molecular catalysis, catalysts have
modularity, but highly reactive catalysts are not long-lasting;
they tend to undergo fast degradation. Even though ligand
modification prevents degradation, it usually yields catalysts
with lower turnover rates”! One iconic example, where
degradation of a molecular catalyst could be prevented
without affecting the catalytic efficiency, was the develop-
ment of bulky heme-based catalysts by Collman and co-
workers.”” Incorporation of a bulky substituent on the phenyl
groups of the tetraphenylporphyrin ligand could prevent
inactivation of the heme-based catalysts by bimolecular
interaction to form the Fe—O—O—Fe unit. This apparently
simple modification has spurred a major development in
heme-based oxidation catalysts. Recently, Kubiak and co-
workers have reported a significant improvement in the
activity of [Re(bipy)(CO);Cl]-based catalysts in CO, reduc-
tion by introducing a bulky substituent (rBu), where preven-
tion of the destructive intermolecular interactions was
suggested to be one of the factors for this enhancement.”!

Herein we report a simple yet efficient approach that
prevents degradative side-reactions while sustaining catalyst
turnover, resulting in highly sustained catalysis with mini-
mized degradation. We utilize well-defined cages of a crystal-
line extended framework, the metal-organic framework
(MOF) known as MIL-101(Cr),"! to encage the molecules
of a highly reactive water-oxidation catalyst containing a high-
valent Mn(p-O),Mn core (Figure 1). This cage isolation
enables the catalyst to achieve water oxidation at a sustained
high initial rate. The catalysis persists with the same turnover
rate even after achieving a more than 20-fold higher total
turnover number in water oxidation compared to its homo-
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Figure 1. Comparison of catalysis with MnTD molecules alone and
encaging within the MOF, MIL-101(Cr), resulting in the MnTDCMIL-
101(Cr) construct, leading to sustained water oxidation catalysis.

geneous state. In MIL-101(Cr), the apertures of the cages are
too small for any migration of the catalyst to a neighboring
cage; the cage itself is however large enough to provide the
catalyst with the required catalytic environment. Thus,
a catalyst molecule can remain isolated in the cage, where it
functions like a homogeneous system but is separated from
the bulk population of catalysts.

High-valent di-y-oxo dimanganese catalysts have been
studied thoroughly as functional mimics of the oxygen-
evolving complex (OEC) in photosystem II (PSII).!!
MnTD ([(terpy)Mn(p-O),Mn](terpy)]**; terpy: 2,2":6,2"-ter-
pyridine) is not only among the best homogeneous water-
oxidation catalysts (homogeneous) with an earth-abundant
metal, but also structurally very similar to the OEC.I

Interestingly, while kinetic studies reveal that the major
degradation pathways for MnTD require more than one
MnTD molecule, the catalysis is first-order with respect to the
catalyst.[) Rapid degradation causes only 5% of total catalyst
to remain active as early as the onset of catalysis. Addition of
substituents on the terpy (such as rBu) has been found to
either prevent the assembly of the Mn(u-O),Mn core, or slow
down the catalytic rate.! Previously, intermolecular inter-
actions were decreased by immobilization of MnTD on a solid
surface. This approach showed promise for water oxidation
under photochemical,” photoelectrochemical,®! and highly
acidic conditions® (which causes degradation of the catalyst
in the homogeneous form;'” however, immobilization on
a solid surface cannot control, and therefore prevent, the
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undesired intermolecular interactions between two MnTD
molecules.

This motivated us to investigate the possibility of shutting
down the detrimental intermolecular reactions of the catalyst
without ligand modification. Below, we first discuss the
structural aspect of the design, the synthetic strategy, and
finally, the catalytic evaluation of our construct, respectively.

From the crystal structure of MnTD,® we derived that
a molecule of MnTD is box-shaped with dimensions of circa
14x12x 8 A%, plus the counterions.

MOFs present the prospect of a heterogeneous host,
providing the liberty to plan and engineer well-defined pores
with apertures of desired choice."'! Among MOFs with first-
row earth-abundant transition metals, those with (p;-O)Crs-
(COO); as inorganic nodes were the most suitable to encage
MnTD, as they were previously shown to be stable in highly
oxidizing and acidic conditions."’ Many of these MOFs have
phenyl ring based struts (organic linkers) that are highly
resilient to oxidation with MnTD.

The MIL-101(Cr) is a well-characterized MOF that
comprises (3-O)Cr;(COO)y as the inorganic nodes and 1,4-
benzene dicarboxylate (BDC) as the linker.[¥! It has two types
of mesoporous cages with maximum internal diameters of
29 A and 34 A, and pore apertures with maximum free
diameters of 12 A and 15 A; in reality the available space is
much smaller than these owing to the van der Waals radius of
the m-cloud of the phenyl rings and solvent molecules. It is
found that MIL-101(Cr), even when completely dried, carries
25 moles of H,O per mole of tri-Cr unit."! Therefore, we
assumed that only one molecule of the MnTD can be
assembled in one cage. The apertures, especially after
subtracting 4 A for aromatic m-cloud that borders it, make it
impossible for the MnTD to diffuse out of the cage. MIL-
101(Cr) was synthesized following literature procedure and
was activated following a slightly different activation method
(see the Supporting Information).

As apertures of MIL-101(Cr) are smaller than MnTD,
preassembled MnTD could not be infiltrated into the MOF.
Thus, MnTD was assembled within the cages of MIL-101(Cr)
as the catalytically active, high-valent manganese dimer.
Assembly of MnTD requires precise control over kinetics and
the stoichiometry of all the reagents; that is, terpy, Mn"-salt,
and K-oxone (KHSOs). With MIL-101(Cr), the aperture was
just the right size for starting materials to diffuse in without
any significant mass-transfer problem. However, this problem
of mass transfer prevented us from using other MOFs with
similar tri-Cr unit with smaller cages and apertures (for
example, MIL-100(Cr); linker: 1,3,5-benzene tricarboxy-
late).™ MnTDCMIL-101(Cr) was synthesized by first load-
ing the cages with terpy over a period of 18 h, followed by
addition of Mn(OAc), and, in parallel, K-oxone in stoichio-
metric amounts. The sample was washed with water repeti-
tively to remove any unencaged MnTD. The similarity in the
powder X-ray diffraction spectrum of synthesized MIL-
101(Cr) and MnTDCMIL-101(Cr) indicated the maintenance
of the structure of the extended framework (Figure 2a). The
color of the sample underwent an obvious change from MIL-
101(Cr) (light green) to MnTDCMIL-101(Cr) (dark green;
similar to molecular MnTD). The FTIR spectrum of
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Figure 2. a) PXRD pattern for MnTDCMIL-101(Cr) and MIL-101(Cr),
indicating that the crystal structure is maintained in MnTDCMIL-
101(Cr). b) EPR spectra of MNTDCMIL-101(Cr) (-----) and of
MnTDCMIL-101(Cr)with peaks from MIL-101(Cr) subtracted (—) at
7 K (a strong signal from trapped electrons is present). The arrows
mark the representative hyperfine lines arising from the coupled
nuclear spin from Mn"-Mn" core.

MnTDCMIL-101(Cr) showed the characteristic about
775 cm ™! arising from Mn"™(u-O),Mn" core. EPR (7 K) of
MnTDCMIL-101(Cr) showed the 16-line spectrum character-
istic of MnTD overlying the broad peak from tri-Cr'™" center
(Figure 2b). The absence of EPR signals characteristic of
Mn" species and of IR peaks characteristic of manganese
oxides is indicative of the fact that high-valent MnTD is the
most dominant manganese species in the system, which is also
supported by our elemental analysis.

We reduced the high-valent MnTD to Mn" species by
treating the MnTDCMIL-101(Cr) with dilute HCI; the
resulting strong EPR signal (Supporting Information, Fig-
ure S6) from Mn" is distinctly different from the EPR
spectrum in Figure 2b, ruling out any significant presence of
Mn" species in MnTDCMIL-101(Cr) (although in the syn-
thesis of Mn"™/Mn"Y MnTD, Mn" is always found as a minor
paramagnetic impurity™). Mn,"""V is a catalytically inactive
high-valent di-manganese species; this species is of dark red
color with a strong UV/Vis absorption between 400-520 nm
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centering at about 460 nm (Supporting Information, Fig-
ure S7), whereas Min,™"V is dark green with no absorbance in
this region.™™ Our synthesized MnTDCMIL-101(Cr) does
not match the color of Mn,™" (Supporting Information,
Figure S7), nor does it show the absorbance, expected from
a Mn,", in the UV/Vis spectrum (Supporting Information,
Figure S8).

We quantified MnTD in MIL-101(Cr) by a) elemental
analysis, b) comparing the mass losses in TGA experiments,
and c) digesting a measured amount of MnTDCMIL-101(Cr)
and UV/Vis quantification of the released species (see the
Supporting Information). All analyses yielded about 10 wt %
MnTD with respect to total MnTDCMIL-101(Cr). This is
consistent with an average of about one molecule of MnTD
per cage of MIL-101(Cr).™ Further studies are under way to
develop spectroscopic techniques for specific and unequiv-
ocal quantification of molecules of MnTD in pores (as
opposed to average measurements).

Catalytic water oxidation measurements were carried out
in a double-walled glass chamber equipped with circulating
water bath to maintain the temperature at 25°C. A 6 mL
solution of MnTD and a suspension of MnTDCMIL-101(Cr)
or a suspension of MIL-101(Cr) in acetate buffer was added
to the chamber. A solution of K-oxone (KHSO;s) was also
added as the terminal electron acceptor. Evolved O, was
quantified by a Clark-type oxygen electrode fitted to the
sample chamber with an airtight Delrin collar. The amount of
molecular MnTD used for each catalysis is equivalent to the
calculated amount of MnTD in MnTDCMIL-101(Cr) (equiv-
alent to one-tenth of the total mass of MnTDCMIL-101(Cr)).

With molecular MnTD, high rates of O, evolution was
recorded for about the first 200 s (Figure 3, inset; turnover
frequency (TOF)=0.04 molO,(mol catalyst)™'s™") which
slowed down and almost completely stopped after 400s;
however, MnTDCMIL-101(Cr) continued producing oxygen
at the same initial rate till our Clark-type electrode was
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Figure 3. Oxygen evolution plots for 2 mg of MNTDCMIL-101(Cr)
(black), 0.19 umole of MnTD, 2 mg of MIL-101, 5 mg MnO, and 2 mg
of infiltrated sample in 6 mL acetate buffer (pH 4.5, 0.23 m) with

250 pL K-oxone (200 mm). In the case of MNTDCMIL-101(Cr),

100 pL K-oxone (200 mm) was added every time after the solution was
deoxygenated with N,.
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saturated with the produced O,. At this point, the
MnTDCMIL-101(Cr) was untouched, but the solution deoxy-
genated and a second aliquot of K-oxone (two-fifths of the
initial amount) was added to the chamber. The O, evolution
was observed to continue at the same high rate. This process
was repeated ten times with the same sample of MnTD CMIL-
101(Cr). There was no indication of a decrease in its catalytic
rate. The rate of catalysis is somewhat lower, with a TOF of
about 0.02 molO,(mol caged MnTD-species)™!, than the
initial rate with molecular MnTD; this is expected from
a real-time analysis of the catalytic rate, where mass-transfer
is an issue. Molecular MnTD under identical conditions did
not show any sustained O, evolution beyond the initial surge,
even after addition of a fresh solution of K-oxone (same as
described above). Control experiments with a) only K-oxone
(without catalyst) and b) K-oxone +MIL-101(Cr) did not
show any significant O, evolution.

The amount of MnTD loaded in MnTDCMIL-101(Cr)
was quantified by elemental analysis, TGA, and UV/Vis
spectroscopy (discussed above and in the Supporting Infor-
mation) to be 10% (w/w) of the mass of MnTDCMIL-
101(Cr). The equivalent weight of pure molecular MnTD was
measured (m=0.2mg) and used in our control catalytic
experiments (Figure 3). It should be noted that the analytical
quantification techniques would not distinguish the catalyti-
cally active and inactive forms of Mn. Thus, the amount of
MnTD used in the control experiment could be marginally
higher than the active form of MnTD present in
MnTDCMIL-101(Cr). Therefore, the actual catalytic en-
hancement owing to cage isolation could be higher than the
amount reported herein.

Manganese oxides have been reported to show electro-
chemical water oxidation.™ Under our catalytic conditions,
MnO, did not show any O, production significantly above
background levels (Figure 3, inset). The catalytic curve is
monophasic, which is consistent with no drastic change in
catalytic species throughout the measurement. This is quite
different from what we see with the molecular MnTD.
Moreover, the IR spectrum and PXRD of the sample after
eight-hour catalysis did not show any peak that is character-
istic of manganese oxides; instead, the IR spectrum contained
the peak for the Mn(u-O),Mn-core (see the Supporting
Information).

Instead of the catalyst inside the pore performing the
catalysis, either catalyst adsorbed on the surface of MIL-
101(Cr) or slowly leached catalyst could be performing the
catalysis. To address the first question, we soaked MIL-
101(Cr) particles in a concentrated solution of preassembled
MnTD in acetate buffer (note: for MnTDCMIL-101(Cr),
MnTD was assembled from its starting materials inside the
pore). Upon washing, the material did show some color
change (light gray to very light green; Supporting Informa-
tion, Figure S8) owing to the surface-adsorbed MnTD, but
failed to show any sustained catalysis (Figure 3). To address
the latter concern, we soaked a sample of MnTDCMIL-
101(Cr) in acetate buffer overnight, and checked the super-
natant solution for catalysis; this did not show any O,
evolution. Supernatant solutions from the catalytic suspen-
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sion of MnTDCMIL-101(Cr) also did not show any O,
evolution, nor any UV/Vis absorption.

When catalysis is performed inside porous materials, there
is always a question as to whether the catalysis is limited to the
pores near the material surface. With the same MOF, MIL-
101(Cr) with multiple encaged PTA units (PTA: phospho-
tungstic acid), Hatton and co-workers have reported
unchanged catalytic rates upon variation of the MIL-
101(Cr) particle size.'! With MIL-101(Cr) with encaged
PTA units, the study reports the catalytic rates for Baeyer
condensation of benzaldehyde and 2-naphthol, the three-
component condensation of benzaldehyde, 2-naphthol, and
acetamide, and the epoxidation of caryophyllene by aqueous
H,O, composites: rates were independent of the MIL-101(Cr)
particle size. As the reactants used in our case, K-oxone and
water, are smaller in size, comparable in polarity, and more
abundant than in this previous work, we do not anticipate any
significant hindrance in the movement of reactants through
the pores. However, MOF surfaces are known for their high
affinity for gaseous molecules (such as O, adsorption by Cr-
based MOFs!'"!) and adsorption of some of the evolved O, by
internal surfaces of MOFs, especially at the onset of catalysis,
is possible.

It is often suggested that encapsulated catalysts tend to
show enhanced activity owing to the higher local concen-
tration of substrates, reagents, and catalyst."® As we do not
notice any improvement in TOF, it is unlikely that the above
phenomenon is playing a significant role in this specific
system.

Electrochemical and photoelectrochemical water oxida-
tion with MnTD have so far been largely hindered by fast
bimolecular degradation of the catalyst; these studies will
now be possible with our developed strategy, which is
applicable to all catalyst systems.

In conclusion, we show the assembly of a highly reactive
molecular catalyst (MnTD) that is prone to undergo destruc-
tive intermolecular interactions within well-defined pores of
a MOF (metal: Cr). The pores, along with the apertures of the
MOF, are designed to prevent diffusion of the catalyst
molecules to a neighboring pore or diffuse out. This modular
construct with earth-abundant materials could improve the
turnover number of the water oxidation catalyst more than
twentyfold while still sustaining the catalysis at its initial high
rate. The net catalyst system is heterogeneous, but the catalyst
itself performs homogeneous water oxidation in the isolating
cages. We feel that the simplicity and the universality of this
approach will be highly useful for taking the molecular
catalysts a leap forward.
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