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ABSTRACT: Metal—organic frameworks (MOFs) provide
convenient systems for organizing high concentrations of
single catalytic sites derived from metallic or oxo-metallic
nodes. However, high-temperature processes cause agglomer-
ation of these nodes, so that the single-site character and
catalytic activity are lost. In this work, we present a simple
nanocasting approach to provide a thermally stable secondary
scaffold for MOF-based catalytic single sites, preventing their
aggregation even after exposure to air at 600 °C. We describe
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the nanocasting of NU-1000, a MOF with 3 nm channels and Lewis-acidic oxozirconium clusters, with silica. By condensing
tetramethylorthosilicate within the NU-1000 pores via a vapor-phase HCI treatment, a silica layer is created on the inner walls of
NU-1000. This silica layer provides anchoring sites for the oxozirconium clusters in NU-1000 after the organic linkers are
removed at high temperatures. Differential pair distribution functions obtained from synchrotron X-ray scattering confirmed that
isolated oxozirconium clusters are maintained in the heated nanocast materials. Pyridine adsorption experiments and a glucose
isomerization reaction demonstrate that the clusters remain accessible to reagents and maintain their acidic character and
catalytic activity even after the nanocast materials have been heated to 500—600 °C in air. Density functional theory calculations
show a correlation between the Lewis acidity of the oxozirconium clusters and their catalytic activity. The ability to produce
MOF-derived materials that retain their catalytic properties after exposure to high temperatures makes nanocasting a useful
technique for obtaining single-site catalysts suitable for high-temperature reactions.

B INTRODUCTION

In the pursuit of highly active heterogeneous catalysts, great
emphasis has been placed on the catalyst surface, as mainly the
surface atoms are involved in the catalytic reactions. The
importance of this active surface has prompted efforts to
convert bulk systems to nanoparticles and porous materials,
where the reduced size and porosity work to increase the
accessible surface area in these materials and thereby enhance
reaction rates. Even with these systems, however, the ratio of
surface to nonsurface atoms is still small. Structural defects and
nonuniformity of the catalyst surface also exist, which can lead
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to poor selectivity in the reaction products. The need for a
catalyst system that combines high catalytic activity and
selectivity has thus sparked an interest in single catalytic
sites—single atoms or small, well-defined clusters of atoms
stabilized as discrete units on a support.’ Single metal sites
arguably maximize catalytic activity per metal compared to their
nanoparticle counterparts.” Product selectivity can also be

expected because these identical, structurally well-defined sites
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should have similar electronic and spatial interactions with
reactant molecules.*™®

A key to promoting the catalytic activity of these single sites
is to distribute them at high loadings in a heterogeneous
system, which requires porous, high surface area supports.
Microporous zeolites have been used as supports for these
single sites and have become some of the most important
catalyst systems in the industry.” Recently, significant focus has
been directed to metal—organic frameworks (MOFs),* ™!
which in comparison with zeolites are a more diverse class of
materials in terms of both structure and composition. MOFs
are porous materials that consist of metal ions or clusters
interconnected via organic linkers. The metal or cluster sites in
the MOF themselves can be catalytic,'””~"” and these materials
can be modified postsynthetically to install other single-site
metals.'®™** Thus, it is possible to tune the reactivity of a MOF-
based catalyst by engineering the catalytic metal sites, first with
the choice of metal present in the framework itself and then by
postsynthetic modification.”” In addition, larger pore sizes have
been achieved in MOFs than in zeolites, providing easy reactant
access to the catalytic sites present in the MOF structure.””*

One drawback of MOFs, however, is their limited thermal
stability. Most MOFs can only withstand temperatures of about
150-350 °C in air.””?°">° Above these temperatures, the
organic linkers that connect the catalytic metal sites in the
MOF structure decompose, leading to the aggregation of the
metal sites and loss of their catalytic activity. For this reason,
MOFs cannot be used to catalyze reactions that occur only at
high temperatures, including a number of industrially important
reactions, such as alkane dehydrogenation and water gas shift
reactions.’””" Faster reaction rates are also attained if catalysts
can operate at high temperatures, which makes catalysts with
high thermal stability desirable. To take advantage of the highly
tunable catalytic metal sites in MOFs for high-temperature
catalysis, it is therefore necessary to stabilize the sites so that
they remain isolated from each other and accessible even after
the linkers are lost at these high temperatures.

Inspired by nanocasting techniques developed extensively for
mesoporous materials,”> we have developed an approach to
stabilize the MOF cluster sites by supporting them in a
secondary porous skeleton that is maintained at high
temperatures. A few examples of nanocasting in MOFs exist
in the literature, where the target structure is an inverse replica
of the original MOF and all of the original material is
removed.”” *® In the product structures described here, only
the organic linkers are eliminated, while the catalytic oxometal
cluster sites are kept embedded in a thermally stable matrix
where they remain isolated from each other and accessible to
reactants. In this work, we report the preparation of a silica
nanocast of NU-1000,'"® a MOF composed of hexanuclear
oxozirconium clusters ([Zrg(p;-0),(u3;—OH),(OH),-
(H,0),]*") and 1,3,6,8-tetrakis(p-benzoate)pyrene linkers
(TBAPy*") (Figure 1la). When NU-1000 is heated to a
temperature at which the oxozirconium clusters lose coordi-
nated water (Figure 1b), it becomes a Lewis acid catalyst,
showing superior activity, for example, in the catalytic
breakdown of known chemical warfare agents.'® We
determined the Lewis acid activity of the oxozirconium clusters
experimentally by measuring the catalytic activity and using
theory by computing the reaction mechanism of glucose
isomerization and analyzing the atomic charges in the clusters
throughout the reaction. We demonstrate that the nanocast
NU-1000 maintains this activity after the organic linkers have
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Figure 1. (a) Structure of NU-1000 showing the oxozirconium
clusters ([Zrg(u3-0),4(u3-OH),4(OH),(H,0),]**) and organic linkers
(TBAPy*") that make up the framework. (b) Dehydration of the
oxozirconium clusters converts them to the Lewis acidic form
([Zrg(p3-0)5]1%*). Color code: Zr (blue); O (red); C (black); H
(white).

been removed from the structure by high-temperature
treatment. We also show that through nanocasting with silica
aggregation of the oxozirconium clusters of NU-1000 is
prevented after the linkers are removed. Thus, a high
concentration of these well-dispersed catalytic sites is
maintained in a thermally stable material that is now suitable
for catalytic processes that may require high temperatures.

B EXPERIMENTAL METHODS

Materials. The following chemicals were used as received:
tetramethyl orthosilicate (TMOS, 98%), methanol (>99.8%),
ZrOCl,-8H,0 (98%), benzoic acid (99.5%), pyridine (99.8%), and
p-glucose (>99.5%) from Sigma-Aldrich; acetone (98%) and N,N-
dimethylformamide (DMF, 99.8%) from Macron Fine Chemicals; and
hydrochloric acid (36.5—38.0%) from BDH Chemicals. The linker,
1,3,6,8-tetrakis(p-benzoic acid)pyrene (H,TBAPy) was synthesized as
previously described.”® Deionized water produced on-site with a
minimum resistivity of 18.2 MQ-cm was used in all experiments.

Nanocasting NU-1000 with Silica. NU-1000 was synthesized
following a previously reported method (details in the Supporting
Information).” To prepare a silica nanocast of NU-1000, 300 uL of
TMOS and S uL of H,O were first sonicated in a vial for 10 min. The
mixture was then added to 30 mg of activated NU-1000 and allowed to
infiltrate the MOF particles for 24 h. The infiltrated sample was
washed with methanol twice to remove the TMOS on the external
surface of the NU-1000 particles and then heated at S0 °C for S min to
dry. To induce polycondensation of TMOS within the sample, the
sample was first exposed to HCI vapor for 24 h at room temperature.
This was followed by heat treatment in a closed vial at 60 °C for
another 24 h. The resulting nanocast material is referred to as
SiO,@NU-1000. This material was heated to 500 °C using a
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Figure 2. Scheme for the process of stabilizing the oxozirconium clusters in NU-1000 by nanocasting with silica. The image on the left represents the
NU-1000 structure with cluster nodes (red) and linkers (black). The white layer in the middle image represents silica.

temperature ramp rate of 2 °C/min and maintained at that
temperature in air for 1 h to remove the organic linkers from the
structure. The resulting product is denoted as Zrg@SiO,. To
determine the limits of thermal stabilization, SiO,@NU-1000 was
also independently calcined at 600 and 700 °C for 1 h using a ramp
rate of 2 °C/min. The resulting samples are denoted as Zr@SiO,
(600 °C) and Zry@SiO, (700 °C), respectively.

Pyridine Adsorption. The Lewis and Brensted acid sites on Zr,@
SiO, were detected using pyridine as a probe molecule. The sample
was placed under dynamic vacuum (<200 mTorr) at 200 °C for 1 h to
remove surface-adsorbed water. After cooling to room temperature,
the sample was placed under static vacuum, and excess pyridine was
injected through a septum. The reaction with pyridine was allowed to
proceed for 1 h. The sample was placed under dynamic vacuum again
at 200 °C for 1 h to remove any physisorbed pyridine and then cooled
to room temperature. Pyridine adsorption was then analyzed by FT-IR
spectroscopy.

Catalyst Testing: Glucose Isomerization. The catalytic
performance of Zr,@SiO, was tested using the Lewis-acid-catalyzed
isomerization reaction of glucose to fructose as a model reaction. This
reaction, carried out at a low temperature (90 °C), allows assessment
of the retention of catalytic performance against the original NU-1000
structure which is stable at this temperature. In a typical reaction, 0.03
g of D-glucose, 2.97 g of ethanol, and 0.012 g of the catalyst were
added into a 20 mL thick-walled glass reactor and sealed with a crimp
top (PTFE/silicone septum) from VWR. The reactor was placed in an
oil bath at 90 °C at specific reaction times, and the reaction was
quenched afterward by placing the reactor in an ice bath. The catalyst
was then filtered out, and deionized H,O (3.87 g) was added to the
reaction solution to hydrolyze ethylated sugars at 90 °C for 2 days. All
reactants and products were analyzed by HPLC. Aside from NU-1000,
the catalytic performance of the nanocast material was tested against
other samples including calcined NU-1000 and control samples of
oxozirconium clusters in nontemplated silica (see Supporting
Information for the detailed synthesis of the control samples).

Computational Methods. Density functional theory (DFT) has
proven to be helpful for determining the structure® and reactivity'® of
NU-1000. To aid in our understanding of the effectiveness of the
oxozirconium clusters in NU-1000 and in Zrg@SiO, as Lewis acid
catalytic sites, we computed the reaction mechanism of glucose
isomerization at these clusters. The free energies (AG) of each
mechanistic step were computed using the dehydrated oxozirconium
cluster model described by Planas et al® with the eight linkers
truncated to formic acid groups (Figure S1). Each step of the reaction
pathway was fully optimized with the M06-L*’ density functional in
Gaussian 09*"* in the gas phase. The optimizations were performed
with the 6-31G(d) basis set on C, H, and O and the Stuttgart/Dresden
effective core potential (SDD)* on Zr. Frequency calculations at 298
K were also performed at this level to find the transition states. Single-
point frequency calculations at the same temperature were then
performed on these equilibrium and transition state structures with the
def2-TZVP basis set' to extract free energies. The relative free
energies were computed by subtracting the free energy of glucose
bound to the oxozirconium cluster model from the free energy of each
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reaction step. Mulliken charges were computed for the Zr and O
atoms in the cluster as indicators of the change of Lewis acidity along
the glucose isomerization reaction path.

Instrumentation. FT-IR spectra were collected on a Nicolet
Magna-IR 760 spectrometer. Thermogravimetric analysis (TGA) was
carried out using a Netzsch STA 409 PC Luxx instrument. Scanning
electron microscopy (SEM) measurements were performed on a JEOL
6700 scanning electron microscope operated using a 3.0 kV
accelerating voltage. Prior to SEM analysis, all samples were sputter
coated with a conductive thin film (50 A) of Pt. X-ray diffraction
(XRD) patterns were collected using an X'Pert Pro diffractometer with
an X’Celerator detector. A Co anode (Ka, 1 = 1.789 A) operated at 45
kV and 40 uA was used as the radiation source. Simulated XRD
patterns of tetragonal ZrO, (PDF #50-1089) were generated using
Mercury® based on Scherrer line widths for different crystallite sizes.
Inductively coupled plasma—optical emission spectrometry (ICP-
OES) using a Thermo Scientific iCAP 6500 analyzer was employed for
the determination of the Zr content in the samples. High-performance
liquid chromatography (HPLC) with a Bio-Rad Aminex HPX87C
(300 x 7.8 mm) column and refractive index detector was used for all
reactant and product analyses during the catalytic tests. The mobile
phase was ultrapure water (pH = 7), and the column temperature was
80 °C. The C, H, and N content in Zr,@SiO, (500 °C) was
determined to be 0.2, 1.1, and 0.0 wt %, respectively, using combustion
analysis by Atlantic Microlab, Norcross, GA.

N, sorption analyses were conducted using a Quantachrome
Autosorb iQ2. The NU-1000 and SiO,@NU-1000 samples were
degassed at 120 °C, and the Zr,@SiO, and control samples were
degassed at 200 °C, at 1 mTorr for 12 h prior to the analysis.
Brunauer—Emmett—Teller (BET) surface areas were evaluated from
the adsorption isotherms within the 0.08—0.28 P/P, range. Pore size
distributions and surface area histograms were obtained using DFT
(Quantachrome, N, at 77 K on carbon or silica, slit pore) methods.

Transmission electron microscopy (TEM) images were collected on
an FEI Tecnai G? field-emission S/TEM operating at an accelerating
voltage of 300 kV. High-angle annular dark field (HAADF) images
were collected on an E. A. Fischione annular detector at a camera
length of 120 mm, which yields an inner collection semiangle of 49.8
mrad. Energy-dispersive X-ray spectroscopy (EDS) spectra were
collected using an EDAX RTEM thin-window detector. To provide
sufficient X-ray intensity for the maps and line-scans, the sample was
tilted to the detector takeoff angle of 15°. EDS line scans and maps
were collected using a pixel dwell time of 16 s, a beam convergence
semiangle of 9.2 mrad, and a probe current of ~0.5 nA. Data were
analyzed using FEI TIA software (version 4.5) and Gatan Digital-
Micrograph software (version 1.84).

Synchrotron X-ray Structure Analysis. X-ray scattering data
suitable for pair distribution function (PDF) and diffraction analysis
were collected at beamline 11-ID-B at the Advanced Photon Source at
Argonne National Laboratory. High-energy X-rays (wavelength 0.2114
A, 58.6 keV) were used in combination with a large amorphous silicon-
based area detector. For PDF analysis, total scattering data were
collected using a short sample-to-detector distance (~18 cm) to Quu
= 23 A7". For diffraction analysis, data with improved angular
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Figure 3. (a) DFT pore size distribution of NU-1000 (BET surface area = 2064 m” g”', pore volume = 1.44 cm® g™") before and after nanocasting
with SiO, (BET surface area = 901 m” g™, pore volume = 0.55 cm® g™'). (b) Difference envelope density analysis data showing the new electron
density (SiO,, purple) after nanocasting NU-1000 (oxozirconium clusters in teal, organic linkers in gray).

resolution were collected at longer sample-to-detector distance (~9S
cm). The X-ray scattering images were reduced within QXRD and
FIT2D.**

A difference envelope density (DED) analysis was applied to
diffraction data to evaluate the distribution of SiO, within the
crystalline NU-1000 framework. The diffuse contributions to the
background were removed by subtracting scatt_erin§ measured for an
empty sample capillary and amorphous Si0,.°°~>* The Bragg peak
intensities for pristine and nanocast NU-1000 were determined by
performing Le Bail whole pattern fits to the diffraction data within the
P6/mmm space group of the parent phase,20 refining the hexagonal
lattice parameters and pseudo-Voigt profile parameters. Structure
envelopes were generated based on the low-index reflections, as
described previously.**** A difference envelope, reflecting the
distribution of silica within the NU-1000 lattice, was generated by
taking the difference between the envelopes for SiO,@NU-1000 and
an unmodified NU-1000 sample.

Pair distribution functions (PDFs) were extracted from the total
scattering data within PDFgetX2, correcting for background and
Compton scattering.’* Data were collected for pristine NU-1000,
SiO,@NU1000, Zrs@SiO,, TMOS-derived silica, and the control
Zrg@n-t-SiO,. Differential analyses were applied to separate the
contributions from silica from the oxozirconium clusters or NU-1000
lattice. Structure models were refined against the differential PDFs
(dPDFs) within PDFgui to evaluate the particle size of the Zr-based
clusters following thermal treatment.

48,49

B RESULTS AND DISCUSSION

Silica Nanocasting. Silica nanocasts of NU-1000 were
prepared according to the scheme shown in Figure 2. The silica
precursor, tetramethylorthosilicate (TMOS), is small enough to
fit in the 3 nm pores of NU-1000, allowing the precursor to
infiltrate these pores. Under hydrolytic conditions, TMOS can
then be condensed in the presence of an acid catalyst to form
silica within the NU-1000 framework. Our earlier attempts to
nanocast NU-1000 with silica used a mixture of TMOS,
aqueous HCI, and methanol as the casting fluid (see Supporting
Information for details). The added methanol was necessary to
slow down the silica formation during infiltration, which could
otherwise lead to pore blockage, hindering percolation through
the entire NU-1000 particle. However, that method yielded
mainly extra-framework silica, with virtually no shift to lower
pore size for the 3 nm channels in NU-1000, indicating that
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Figure 4. PDFs for Zrs@SiO, and an amorphous silica sample, dPDF,
for Zr,@SiO, showing new Zr—O and Zr---Zr correlations and PDFs
for the oxozirconium clusters (0.6 nm, Fm3m, a = 4.88 A) and larger
cubic ZrO, particles (3 nm, Fm3m, a = 4.88 A).

only a small amount of silica was present in these pores (Figure
$2). This could be due to TMOS occupying only 68% of the
precursor solution volume. Because both H,O and HCI as an
acid catalyst are present in the precursor solution, TMOS
hydrolysis and oligomerization is also possible, yielding short
silica chains that could already be too large to infiltrate into the
NU-1000 pores. Multiple infiltration steps were carried out
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Figure 6. XRD patterns of Zrs@SiO, after heat treatment at 500, 600,
or 700 °C in air. For comparison, the XRD pattern of NU-1000
calcined at 500 °C in air is also shown. The line pattern corresponds to
the published powder diffraction file pattern for tetragonal ZrO,
(powder diffraction file #50—1089).

using this method, but this did not improve the silica loading in
the pores (Figure S2).

Instead, to raise the amount of silica in the pores of
NU-1000, we increased the fraction of TMOS in the casting
fluid to 98% v/v, the balance being water. As TMOS hydrolysis
and condensation occur instantaneously when HCl is added to
this mixture, the acid must be introduced (via vapor-phase HCl
treatment) only after the mixture has percolated through the
NU-1000 pores. The presence of silica in the product obtained
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Figure 7. High-angle annular dark field (HAADF) image and STEM-
EDS elemental maps of Zrs@SiO,. The scale bar corresponds to 200
nm.

after nanocasting was confirmed by the appearance of an
intense absorption at 1090 cm™" in the FT-IR spectrum (Figure
§3) related to the Si—O—Si stretching vibration. While the total
amount of silica in this nanocast product is approximately the
same as in the sample from the original nanocasting method
(TGA data, Figure S4), a larger proportion of it is present
within the NU-1000 framework as shown by the greater shift in
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Figure 8. FT-IR spectra showing pyridine adsorption data for Zr,@
SiO, (500 °C) and dehyd-NU-1000. The peaks indicate the presence
of accessible Lewis (L) and Brensted (B) acid sites in the samples. The
spectra of Zrs@SiO, (500 °C) (before pyridine adsorption) and SiO,
(after pyridine adsorption) are also shown for comparison.
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Figure 9. Reaction scheme for the isomerization of glucose to fructose.
Adapted from Saravanamurugan et al’’ The computed reaction
mechanism is provided in Figure SI11.

the DFT pore size distribution of the sample (Figure 3a). The
pore radius decreased by ca. 0.2 nm upon infiltration of the
larger hexagonal channels in NU-1000, while the smaller
trigonal channels maintained their original dimensions.

The diffraction and pair distribution function (PDF) data
demonstrate that the NU-1000 framework structure is
maintained through the nanocasting procedure. The presence
of Bragg diffraction peaks indicates that the long-range
crystalline ordering of the lattice is preserved (Figure SS).
The differential PDF trace, subtracting the contributions from

the new silica phase, shows the same local structures in the
pristine and nanocast systems (Figure S6), characterized by a
feature at ~1.4 A associated with the C—C and C—O bonds in
the TBAPy*" linker, and features at ~2.1 and 3.5 A associated
with the Zr—O and Zr---Zr" atom—atom distances, respectively.

The difference envelope density (DED) analysis, based on
the low-index Bragg reflections, provides a map of electron
density added to the NU-1000 pores following the silica
nanocasting (Figure 3b). This analysis shows that the silica is
primarily deposited in a layer on the surface of the 3 nm
hexagonal channels close to the oxozirconium nodes and
organic linkers, with almost no silica in the smaller 1 nm
trigonal pores. This is also reflected in the decrease in intensity
of the 010 reflection following nanocasting (Figure SS5)—this
peak corresponds to the 3 nm channel spacing in NU-1000.
The reduced electron contrast following silica incorporation
into these channels leads to reduced intensity of this 010 peak.
As suggested by the nitrogen sorption data (Figure 3a), there is
no shift in the pore size for the trigonal pores indicating no
significant silica electron density within these small pores. The
distribution of the silica as a layer on the pore surface of the
hexagonal channels provides a secondary skeleton or frame-
work structure that can serve as a scaffold for the oxozirconium
clusters following removal of the organic linkers at high
temperature.

Cluster Stabilization at High Temperatures. An
ultimate aim is to use these nanocast products to catalyze
reactions at high temperatures. To be useful for high-
temperature catalysis, however, the silica backbone in the
nanocast materials should be able to serve as a support for the
Lewis acidic oxozirconium clusters in place of the organic
linkers that are lost at these temperatures. Site isolation and
accessibility of these clusters are necessary to maintain high
Lewis acid catalytic activity. To determine whether this high-
temperature cluster stabilization was achieved through nano-
casting, we removed the organic linkers in the nanocast material
(Si0,@NU-1000) by calcination, which leaves only the
oxozirconium clusters and the silica matrix (Zr @SiO,).

The dPDF trace for Zry@SiO, (Figure 4, 0—8 A region
highlighted in Figure S7) shows that the organic linkers were
eliminated, with no peaks at ~1.4 A from C—C or C—O bonds
within the linkers. This is consistent with chemical analysis that
detected only 0.2 wt % of carbon in the sample. The dPDF is
dominated by peaks at ~2.14 and ~3.47 A associated with Zr—
O and Zr-Zr correlations within oxozirconium clusters,
respectively. Structural models, based on cubic ZrO,, were
refined against the dPDF data, using a spherical particle
parameter to estimate the ZrO, particle size distribution. The
nanocast Zrs@SiO, was dominated by small ~0.6 nm clusters
ZrO, (~95%, a = 4.88 A) with a minor component of larger ~3

Table 1. Properties of Catalysts Tested for Glucose Isomerization

sample Zr content” (% w/w)
Zrs@SiO, 23
dehyd-NU-1000 30
cal-NU-1000 74
Zrg@n-t-SiO, 0.7
Zrg@n-t-SiO,(High Zr) 9

“The Zr content of dehyd-NU-1000 and cal-NU-1000 was estimated assuming the formulas Zr(y15-O)s(HTBAPy), and ZrO,,
content of nanocast Zrs@SiO, and the control samples, Zrs@n-t-SiO, and Zry@n-t-SiO,(High Zr), were determined by ICP-MS.

maximum synthesis temperature (°C)

500
300
500
500
500

b

BET surface area’ (m> g ) pore volume (cm® g™')

444 0.46
2100 1.61
52 0.13
371 0.32
173 0.12

resgectively. The Zr
The N, sorption

isotherms and DFT surface area versus pore size histograms are shown in Figure S10.
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Figure 10. (a) Fructose yield versus glucose conversion and (b) fructose yield versus time over different catalysts.

nm nanoparticles, modeled as cubic ZrO, with significant O
disorder (~5%, a = S.11 A). The retention of such a large
fraction of the small ~0.6 nm clusters suggests that the
nanocasting approach is successful in improving the thermal
stability of the clusters. While aggregation was not entirely
eliminated in the nanocast system, it may be expected that
oxozirconium clusters closer to the outer surface of the particles
may be more susceptible to aggregation, and the larger
nanoparticles observed in this case may be associated with
clusters near the surface. Alternatively, small domains of
NU-1000 not penetrated by the silica precursor could account
for the minor phase of aggregated ZrO, nanoparticles.

Figure S shows electron micrographs tracking the pro-
gression from NU-1000 to the nanocast material
SiO,@NU-1000 and to the final product after removal of the
linkers, Zr,@SiO,. There is no significant change in
morphology after nanocasting (Figure Sb), and the lattice
fringes from the 3 nm channels are still observable from the
high magnification TEM image of the nanocast products
(Figure Se). This is consistent with the XRD data which shows
a low angle peak at 20 = 3° that corresponds to structural
features on the ~3 nm scale (Figure S5). After the linkers are
removed by heating the sample at 500 °C in air, the particles
shrink, and the TEM image shows a more disordered structure
(Figure Sc, Sf). This is accompanied by a decrease in BET
surface area (from 944 to 444 m* g™') and pore volume (from
0.55 to 0.46 cm® g”') due to the loss of micropores in the
structure. Of particular interest is the XRD pattern of this
sample, which does not exhibit any notable diffraction peaks
(Figure 6, Zrg@SiO, (500 °C)). On the other hand, a
noninfiltrated NU-1000 sample that was heated to the same
temperature (cal-NU-1000) exhibits diffraction peaks that can
be indexed to the tetragonal phase of ZrO, (Figure 6,
cal-NU-1000 (500 °C)). This difference is also reflected in
the selected area electron diffraction (SAED) patterns of the
two samples (Figure S8), where cal-NU-1000 shows diffraction
rings that index to tetragonal ZrO,, which are absent in the
SAED pattern of Zrs@SiO,. The presence of the diffraction
patterns in the XRD and SAED data indicates that in cal-NU-
1000 the oxozirconium clusters have aggregated at the high
treatment temperatures to form larger ZrO, crystallites (ca. 18
nm calculated from the XRD line broadening using the
Scherrer equation), which would cause a loss in catalytic
activity because agglomeration reduces the number of exposed
Lewis acid sites. The absence of notable diffraction peaks in
Zrs@SiO, demonstrates that, by nanocasting with SiO,, we are
able to prevent the oxozirconium clusters from aggregating
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after the linkers are removed at high temperatures, in
agreement with the dPDF data.

The SiO,@NU-1000 samples were also calcined at 600 and
700 °C to determine the limits of thermal stabilization. As
shown in Figure 6, the broad features are still maintained at 600
°C, indicating that there is still no significant cluster aggregation
at this temperature. At 700 °C, some peaks are visible in the
pattern, but these are still not as prominent as in the case of cal-
NU-1000. We simulated the Scherrer broadening of the XRD
peaks of tetragonal ZrO, for different crystallite sizes (Figure
S9). From this we estimate that for Zrs@SiO, heated to 600 °C
the crystallites are still single, isolated clusters (ca. ~ 0.6 nm).
The clusters start to aggregate at 700 °C, but the aggregate size
is still significantly smaller (<2 nm) compared to the case of cal-
NU-1000 (ca. 18 nm) that was heated to only 500 °C.

STEM-EDS elemental maps (Figure 7) of the nanocast
products after linker removal show a homogeneous distribution
of O, Si, and Zr throughout the material. For Si in particular,
there is no Si-deficient core, which indicates that uniform
infiltration was achieved during nanocasting. This presumably
afforded the site isolation of the clusters, as the presence of
silica throughout the particle can provide proximal anchor sites
for these clusters. Additionally, the EDS map also shows only a
very thin outer layer of silica on the sample surface, not a thick
crust which would prevent access to the catalytic clusters within
the particles.

Lewis Acidity and Catalytic Performance of Nanocast
NU-1000. NU-1000 is an excellent Lewis acid catalyst owing to
the high concentration of the Lewis acidic oxozirconium
clusters in its structure, which are easily accessible through its
mesoporous channels.'® In particular, the Lewis acidity can be
enhanced by dehydration of the clusters, which eliminates
terminal aquo and hydroxo ligands and converts hydroxo
bridges to oxo bridges, thereby reducing the number of oxide-
based species that bind to the Zr(IV) centers.' ® Similar cluster
dehydration processes are expected during the heat treatment
at 500 °C to form Zrs@SiO, and open up Zr(IV) sites. To
determine whether the Lewis acidic clusters in the nanocast
materials remain accessible, we carried out a pyridine
adsorption experiment on Zrg@SiO,. Pyridine is a common
IR probe for detecting acidic sites in solid acid catalysts. The
peaks for the ring vibrations of pyridine, which appear in the
region between 1700 and 1400 cm’, shift depending on
whether pyridine is coordinated to a Lewis acid site or is
protonated by a Bronsted acid site.” After pyridine adsorption,
the FT-IR spectrum of Zr,@SiO, shows peaks for pyridine
adsorbed on Lewis acid sites (Figure 8). These peaks
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correspond to the normal modes vg, and vy, of the ring-
breathing (#CCN) vibrations of pyridine with A; symmetry
(1607 and 1490 cm™, respectively) and the vg, and vy, modes
with B, symmetry (1576 and 1445 cm™, respectively),”® all in
close agreement with those found for Lewis-site coordinated
pyridine on ZrO,.”” Similar peaks are observed for pyridine
adsorbed on dehydrated NU-1000. It is interesting to note that
the pyridine peaks are less well resolved in the case of
dehydrated NU-1000, possibly due to additional interactions of
the probe molecule with linkers between oxozirconium clusters.
Evidence for some Bronsted acidity is also present in both the
Zrg@SiO, sample and the dehydrated NU-1000, as indicated by
a vibrational band at 1545 cm™' typical for pyridinium ions
bonded to Brensted sites.”” Amorphous silica prepared from
TMOS using the same treatment as for Zrg@SiO, shows no
corresponding absorption bands in the FT-IR spectrum. The
pyridine adsorption data confirm that the clusters are accessible
in the nanocast material, which is facilitated through its high
surface area and mesoporous structure (Figure S10). We
estimated the ratios of Lewis-to-Brensted acid sites (L:B) in the
Zrs@SiO, (500 °C) and dehyd-NU-1000 samples by
integrating the peaks at 1445 and 1545 cm™" in Figure 8 (see
Table S1 for the peak integration values). Absorption
coefficients from Rosenberg and Anderson™ were used to
estimate relative acid site concentrations from the peak areas.
While the resulting L:B ratios of 0.46 for Zr,@SiO, and 0.24
for dehyd-NU-1000 have some uncertainty due to peak fitting
procedures, they show that the relative L:B content did not
decrease after nanocasting and probably increased slightly, most
likely because removal of the organic linkers exposed more
Lewis acid sites on the clusters. More importantly, these data
show that both materials contain appreciable amounts of
Bronsted and Lewis acid sites, and both sites remain accessible
to pyridine molecules.

The catalytic activity of the oxozirconium clusters was tested
with the Lewis-acid-catalyzed isomerization of glucose to
fructose. As this reaction occurs at low temperatures, the
catalytic performance of the clusters in the nanocast Zr,@SiO,
and the original NU-1000 structure can be compared. We used
DFT calculations to determine the mechanism of glucose
isomerization on the clusters (Figure S11). The dehydrated,
Lewis acidic form of the clusters, [Zrs(u;-O)s]%, features two
Zr and two p3-O sites on each face of the cluster structure
(Figure 1b), which work in tandem to stabilize protonic and
oxidic moieties that form during the isomerization reaction.
The Mulliken partial charges of the Zr atoms in the bare
oxozirconium cluster are ~1.75. Throughout the reaction, the
charges of the two Zr atoms on the reacting face fluctuate
between 1.50 and 1.69 (Table S2), indicating that both Zr
atoms are acting as electron acceptors to stabilize the
intermediate species throughout the glucose isomerization. A
more detailed description of the mechanism is provided
together with the reaction scheme in the Supporting
Information. The largest transition state barrier in the
mechanism is 20.6 kcal/mol, which indicates that the clusters
are efficient Lewis acid catalysts.

For the catalytic tests, the glucose isomerization reaction was
carried out in two steps (Fiégure 9), following the scheme of
Saravanamurugan et al””®’ In the first step, glucose is
isomerized to fructose in the presence of the catalyst. The
fructose that is formed immediately reacts with the solvent,
ethanol, to form ethyl fructoside. Water is then added in the
second step to hydrolyze the fructoside back to fructose. Both
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steps are carried out at 90 °C. The catalytic performance of the
nanocast material was tested against other samples (Table 1),
including NU-1000, calcined NU-1000, and control samples of
oxozirconium clusters in nontemplated silica supports. As
shown in Figure 10, both dehyd-NU-1000 (NU-1000
dehydrated at 300 °C under vacuum to make the oxozirconium
clusters Lewis acidic) and the nanocast Zr,@SiO, are active.
The rate is slower for Zrs@SiO, which could be due to some of
the clusters becoming fully coated with SiO, during nano-
casting or due to the silica scaffold providing some steric
hindrance. Despite this, significant catalytic activity was retained
in the nanocast material even after it had been heated to 500
°C. In contrast, bare NU-1000 heated to the same temperature
(cal-NU-1000) had very low activity. This shows the
importance of maintaining the site isolation in the clusters in
order to retain catalytic activity, which was made possible by
nanocasting. An XRD pattern of the Zr,@SiO, sample
collected after the 72 h catalytic reaction (Figure S12) shows
that the broad diffraction features seen for the original sample
(Figure 6) are maintained, implying that the clusters remained
isolated and did not aggregate during the catalytic reaction.
Recycling experiments with Zrg@SiO, show an average loss in
glucose conversion of ~13% per cycle over five cycles (Figure
S13). The loss in overall activity is more pronounced initially
and appears to level off after the third cycle. Interestingly, the
fructose yield loss is less pronounced, and as a result, the
recycled catalysts become progressively more selective to
fructose. It is possible that this is due to reduction of the
Bronsted:Lewis acid site ratio with recycling, but further
investigations are required to test this hypothesis. Despite these
changes, higher catalyst activity is still maintained in recycled
Zrs@SiO, as compared to cal-NU-1000. In addition, a higher
loading of these site-isolated clusters is also obtained by the
nanocasting method than by incorporating oxozirconium
clusters in nontemplated silica (Table 1). The nontemplated
samples Zr,@n-t-SiO, and Zrs@n-t-SiO,(High Zr) exhibit
cluster aggregation (Figure S14) despite having a lower Zr
loading. Since only micropores are present in both non-
templated samples (Figure S10), the catalytic sites are also less
accessible compared to those in the mesoporous nanocast
material. This resulted in a significantly lower yield of fructose
with Zr¢@n-t-SiO, and Zr,@n-t-SiO,(High Zr) samples as
compared to Zrs@SiO,. The ability to retain catalytic activity
through site isolation and the templated porosity despite being
heated to high temperatures makes nanocasting a useful
technique for applying MOF-based catalytic clusters for
catalytic processes that may require high temperatures.

H CONCLUSION

We demonstrated the effectiveness of nanocasting the MOF
NU-1000 with silica as a strategy to maintain the catalytic
activity of MOF-derived single-site catalytic clusters after high-
temperature treatment. Silica coated the larger, 3 nm diameter
mesopores, but the precursor did not infiltrate the smaller, 1
nm diameter micropores of NU-1000. Aggregation of
oxozirconium clusters to form tetragonal ZrO, nanoparticles
occurred when NU-1000 was heated to 500 °C in air, but in the
nanocast materials no significant cluster agglomeration was
observed even after heating to 600 °C in air. The clusters
remained accessible to reagents such as pyridine or glucose
after these high-temperature treatments. The Lewis acidity of
these clusters was demonstrated through the isomerization of
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glucose to fructose, and the mechanism of this reaction was
computed with DFT.

The nanocasting method should also be applicable to other
large-pore MOF systems that can accommodate precursors like
TMOS in the pores. In addition, other precursors could be used
for infiltration to produce other secondary scaffold composi-
tions like metal oxides (e.g,, titanium dioxide)”” or carbon by
adapting existing nanocasting methods.*” This affords another
handle for optimizing the catalytic properties of the single-site
metals or clusters in the nanocast materials. Multiple
nanocasting cycles may be used to control the thickness and
stability of the secondary scaffold. Nanocasting, combined with
the exceptional tunability of MOFs, may pave the way toward a
new generation of highly active and stable catalysts for many
transformations.
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