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attacked by even a trace of water, some MOPs are even unstable

ABSTRACT: Metal—organic polyhedra (MOPs) have at atmospheric moisture levels. Despite great challenges, the
attracted great attention due to their intriguing structure. development of an efficient method to enhance the dispersity
However, the applications of MOPs are severely hindered and stability of MOPs is extremely desirable.

by two shortcomings, namely low dispersity and poor Another group of porous materials that have received great
stability. Here we report the introduction of four MOPs interest are mesoporous silicas, which possess large pore
(constructed from dicopper and carboxylates) to cavity- volumes, ordered pore structure, and tunable symmetries (e.g.,
structured mesoporous silica SBA-16 via a double-solvent hexagonal, cubic, and lamellar).” The pore sizes on a nanoscale
strategy to overcome both shortcomings simultaneously. (adjustable from 2 to SO nm) make mesoporous silicas valuable
By judicious design, the dimension of MOPs is just as supports to disperse a range of guests including nanoparticles,
between the size of cavities and entrances of SBA-16, enzymes, and drug macromolecules.’ Taking into consideration
MOP molecules are thus confined in the cavities. This that MOPs have molecular dimensions of several nanometers,
leads to the formation of isolated MOPs with unusual mesoporous silicas should be an ideal accommodation for MOP
dispersion, making the active sites highly accessible. molecules. Among mesoporous silicas, 3D cubic structured
Hence, the adsorption capacity on carbon dioxide and cavity-like materials, which have large cavities interconnected by
propene as well as catalytic performance on ring opening small pore entrances, are of great interest.” The large cavities
are much superior to bulk MOPs. More importantly, the should be able to accommodate MOP molecules, whereas the
structure and catalytic activity of MOPs in confined small pore entrances prevent them from leaching. MOPs are thus
cavities are well preserved after exposure to humid expected to confine in nanoscale cavities, forming isolated
atmosphere, whereas those of bulk MOPs are degraded molecules with high dispersity. As a result, aggregation that
seriously. happens for bulk MOPs may be avoided completely, and the

active sites become accessible. Furthermore, due to the special
microenvironment in nanoscale cavities, the confinement of

D 1 etal—organic polyhedra (MOPs, also known as molecular MOPs is expected to enhance the stability. To our knowledge,

polyhedra, nanoballs, and nanocages) are discrete however, reports concerning the confinement of MOPs in
molecular architectures fabricated through the coordination of nanoscale cavities are very scarce, if any.
metal ions and organic ligands." Due to their fascinating Here we report for the first time the confinement of MOP
structure, relevance to biological self-assembled systems, and molecules in the cavities of mesoporous silica by using a double-
various potential applications (e.g,, adsorption, catalysis, and solvent (DS) strategy (Figure 1). Four MOPs with an identical
molecule inclusion), MOPs have attracted significant attention in geometry but different ligand functionality were carefully
recent years.” However, the applications of MOPs are severely selected (Figure S1). Taking into account that the dimension
hindered by two factors, namely easy aggregation of MOP of these MOPs is ~3 nm, a typical cavity-structured mesoporous
molecules and poor stability. For the first factor, aggregation is silica, SBA-16, with a cavity size of ~6 nm and a pore entrance of
almost inevitable after activation (i.e., the removal of guest ~2 nm was employed to confine MOP molecules. By use of the
molecules to form accessible active sites), which is compulsory DS strategy, the high interfacial tension between hydrophobic
for both MOPs and metal—organic frameworks (MOFs) before solvent and hydrophilic solution (containing precursors) can
utilization.” Owing to the interconnected channels in MOFs, the drive the precursors into hydrophilic cavities. This leads to the
accessibility of active sites is greatly improved after activation. construction of highly dispersed and amount-controllable MOPs
Nevertheless, serious aggregation of MOP molecules occurs after in the cavities of SBA-16, while limits the formation of MOPs
activation, leading to the blockage of active sites by each other.* outside the pores. Our results show that the selective growth of
This compromises the performance of MOPs seriously, and in MOPs in the cavities is successfully achieved, since the
some cases MOPs even do not show any detectable adsorptive dimension of MOPs is just between the size of cavities and
and catalytic activity at all. For the second factor, MOPs are
constructed by metal—organic coordination bonds, giving rise to Received: February 2, 2016
weak hydrostability. Because the coordination bonds are easily Published: April 6, 2016
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Figure 1. Schematic diagram and photographs for the fabrication of
MOP-SO;H in the cavities of mesoporous silica SBA-16 using the DS
strategy. (a) Dispersion of SBA-16 in hydrophobic n-hexane; (b)
addition of the hydrophilic methanol solution containing MOP
precursors (metal ions and ligands); (c) addition of the inducer
(base) for MOPs formation.

pore entrances. Isolated MOP molecules are thus formed,
making the active sites in MOPs highly accessible to adsorbates
and reactants. We demonstrate that, in contrast to aggregated
bulk MOPs, the isolated MOPs exhibit much superior adsorption
capacity and catalytic performance. Furthermore, the stability of
MOPs subjected to confinement in cavities is greatly improved.
After exposure in humid atmosphere, the confined MOPs well
preserve their structure and catalytic activity, which is quite
different from bulk MOPs whose structure and catalytic activity
are seriously weakened.

The first MOP employed is MOP-SO;H, which is synthesized
from Cu(NO,;), and S-sulfonic-1,3-benzenedicarboxylic acid
(H,L1)." Structurally, MOP-SO,H has a cuboctahedral geom-
etry when the 12 dicopper units are viewed as vertices and the
ligands are viewed as edges. The DS strategy for the introduction
of MOPs to mesoporous silica SBA-16 is illustrated in Figure 1.
SBA-16 was added to hydrophobic n-hexane, followed by
successive addition of a small amount of hydrophilic methanol
solution containing precursors (Viouion < Vipore of B a16) and the
inducer 2,6-lutidine. Because the inner surface of SBA-16 is more
hydrophilic than the outer surface, the small amount of
hydrophilic methanol solution easily enters the pores by capillary
force. Self-assembly of MOPs thus takes place in SBA-16 pores in
the presence of 2,6-lutidine. By changing the amount of
precursors, the MOPs@SBA-16 composites containing one or
two MOP(s) in one cavity can be obtained and denoted as MS-
SO;H and M'S-SO;3H, respectively.

The mesoporous structure of samples was first characterized.
In low-angle powder X-ray diffraction (PXRD) patterns, MOPs-
containing composites show similar diffraction peaks to pristine
SBA-16 (Figure 2a), which corresponds to the cubic pore
regularity of the Im3m space group. TEM images of MOPs@
SBA-16 composites at different levels of magnification present
periodic ordering of mesostructure (Figures 2¢ and S2), which is
comparable to pristine SBA-16 (Figure S3). These images thus
confirm the low-angle PXRD results, pointing out that the long-
range pore ordering of SBA-16 is well preserved after the
introduction of MOPs.
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Figure 2. (a) PXRD patterns and (b) UV—vis spectra of the samples
SBA-16, MS-SO;H, M'S-SO;H, and MOP-SO;H. (c) TEM and (d)
STEM images and elemental mapping of the composite MS-SO;H.

The UV—vis spectrum of MOP-SO;H exhibits an intense
adsorption peak at around 695 nm (Figure 2b), which is
characteristic of the dicopper paddlewheel units.*” Because the
tetrahedral coordinated SiO, units have no adsorption in the
UV—vis range, pristine mesoporous silica SBA-16 does not have
any adsorption peaks. In the case of MOPs@SBA-16 composites,
there is an adsorption peak at 695 nm originated from MOPs
despite the intensity is lower in comparison with pure MOPs.
This suggests that MOPs are successfully introduced to
mesoporous silica and that the dicopper paddlewheel units
remain intact in the composites. To gain insights into the
distribution of MOPs in mesoporous silica, elemental mappings
were taken (Figures 2d and S2). In addition to Si and O derived
from SBA-16, the elements Cu and S stemmed from MOPs are
detected. More importantly, these elements are homogeneously
distributed in the whole sample. In wide-angle PXRD patterns,
pristine SBA-16 gives a broad diffraction peak at about 23°
ascribed to amorphous silica (Figure S4). Interestingly, all
MOPs@SBA-16 composites present the same patterns as
pristine SBA-16, which is quite different from bulk MOPs. The
absence of diffraction peaks in MOPs@SBA-16 composites
reveals that MOPs are highly dispersed in SBA-16. On the basis
of these results, it is clear that MOPs are successfully introduced
and well dispersed in mesoporous silica.

The MOPs@SBA-16 composites exhibit a type-IV isotherm
with an H2-type hysteresis loop, which is similar to pristine SBA-
16 (Figure 3a). Due to the aggregation of bulk MOP molecules,
MOP-SO;H presents negligible N, uptake. In comparison with
pristine SBA-16, the hysteresis loop shifts to lower relative
pressure after the introduction of MOPs. The pore size
distributions give more apparent evidence of the location of
MOP molecules (Figure 3b). Pristine SBA-16 shows two pore
size distributions at 2.0 and 6.5 nm, which are caused by pore
entrances and cavities, respectively. It is interesting to note that
the introduction of MOPs leads to the decrease of cavity size
from 6.5 to 5.8 nm (MS-SO;H) and 5.3 nm (M’S-SO;H), while
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Figure 3. (a) N, adsorption—desorption isotherms at 77 K; (b) pore
size distributions; (c) CO, adsorption isotherms at 273 K; and (d) C3Hy
adsorption isotherms at 273 K. The C;H4 and CO, adsorption capacities
of MS-SO;H and M’S-SO;H (mol adsorbate/mol MOP) were
calculated by subtracting the uptake of support from the measured
uptake.

the size of pore entrances keeps unchanged (Table S1). These
results thus clearly show that MOPs are successfully introduced
to cavities rather than entrances of mesoporous silica, which is of
great importance for the formation of isolated MOP molecules in
confined spaces. It is worth noting that the reduction of cavity
size is relatively small and the silica cavities are not proportional
to the size and number of MOPs introduced. This is because
MOPs themselves are porous and N, molecules can also enter
the pores of MOPs during measurement. As a result, the pores of
MOPs also contribute to the overall pore size distributions of
composites. This can also explain that different MOPs do not
reduce the cavity size of SBA-16 proportional to the MOP size.

To probe the dispersion state of MOPs in confined spaces, the
adsorption of two gas molecules (i.e., CO, and C;Hy) was carried
out (Figure 3c,d). CO, is considered an anthropogenic
greenhouse gases,'” while C;Hg is one of the most important
industrial chemicals;'' both of them need to be adsorbed
selectively from corresponding mixtures. For bulk MOPs, a
negligible amount of CO, is adsorbed, because of the aggregation
of MOP molecules and the blockage of active sites. It is worth
noting that MOPs confined in silica cavities exhibit much better
CO, adsorption capacity. To avoid the influence of support on
the comparison, CO, and C;Hg adsorption capacities of the
composites were calculated by subtracting the uptake of
supoport from the measured uptake. In the composite MS-
SO;H, the uptake reaches 48 mol CO,/mol MOP. Taking into
account that one MOP-SO;H molecule consists of 24 copper
sites and 24 sulfonic groups, one copper site/sulfonic group can
capture one CO, molecule. This means that MOP molecules are
highly dispersed and form isolated state in silica cavities, so that
all of the active sites are well-exposed. Because the CO, uptake in
the present study is per mole of MOP, the uptakes correlate well
with the dispersion degree of MOPs. In the case of the composite
M’S-SO;H, there is more than one MOP molecule in each cavity,
and the dispersion degree of MOP is thus declined. Accordingly,
the CO, uptake for MOPs in the composite M'S-SO;H is less
than that in MS-SO;H. Similar results were also observed in the
adsorption of C;Hg. Interestingly, the C;Hg uptake of MOPs in
the composite MS-SO;H is 78 mol C;Hy/mol MOP. This means
in addition to metal and ligand sites, the pores of MOPs are also
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able to capture C;Hg. These results demonstrate that active sites
are highly accessible for well-dispersed MOPs in confined
cavities.

The resultant materials were applied to catalyze the synthesis
of 2-methoxy-2-phenylethanol (MPE) from the ring opening of
styrene oxide. MPE is a valuable intermediate widely used in
pharmaceutical and chemical industries.'” Because of the
coordinatively unsaturated metal active sites, MOPs may be a
good candidate for catalyzing ring-opening reactions. No styrene
oxide was converted at all on SBA-16, owing to the absence of
active sites (Figure 4a). In the case of MOP-SO;H, the
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Figure 4. (a) Catalytic performance of SBA-16, MOP-SO;H, and MS-
SO;H on the ring opening of styrene oxide. (b) Reusability of MOP-
SO;H and MS-SO;H. (c) Catalytic performance and (d) UV—vis
spectra of MOP-SO;H and MS-SO3;H after exposure to humid
atmosphere (relative humidity = 50%) for 24 h.

conversion of styrene oxide is 48% at 60 min, indicating the
existence of catalytic active sites. It is noticeable that under the
catalysis of the composite MS-SO;H, the conversion of styrene
oxide reaches 100%, which is obviously higher than that over
MOP-SO;H and SBA-16. In addition to the difference in
conversion of styrene oxide, the reaction rate is also quite
different for MOPs before and after introduced to SBA-16. By
using MOP-SO;H as the catalyst, the conversion of styrene oxide
is 11% at 10 min, which accounts for 23% of the conversion at 60
min. Nevertheless, the composite MS-SO;H can convert 100% of
styrene oxide even at 10 min, which is equal to the conversion at
60 min. In other words, when the composite MS-SO;H is
employed as catalyst, all reactions take place at the initial stage
(within 10 min). Nonetheless, the conversion of styrene oxide
over MOP-SO;H increases gradually with reaction time. On the
basis of these results, it is conclusive that the catalytic
performance of the composite MOPs@SBA-16 is apparently
better than bulk MOPs with regard to both reaction conversion
and rate.

Because reusability is an important factor influencing the
practical applications of heterogeneous catalysts, the catalytic
activity of recovered MOPs and MOPs@SBA-16 composites was
evaluated. The conversion of styrene oxide remains constant in
the four consecutive cycles over the composite MS-SO;H
(Figure 4b). The Cu content in the filtrate of reaction mixture
was below the detection limits of ICP. This indicates no leaching
of Cu from the solid catalysts. In the case of MOP-SO;H,
however, the conversion of styrene oxide was sharply reduced
(from 48% to 2%) only after one cycle. These results
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demonstrate the excellent reusability of MOPs@SBA-16
composites in the ring-opening reaction. The exposure to
humid atmosphere results in the damge of MOP-SO;H structure,
while the structure of MS-SO;H composite is well preserved, as
discussed later. As a result, the excellent reusability of MOPs@
SBA-16 composites should be ascribed to their high stability.

It is known that Cu-based MOPs are stable in the synthetic
solvents, but the structure tends to collapse when exposed to
humid atmosphere, which limits the applications of MOPs
severely. To examine the stability, both MOPs and MOPs@SBA-
16 composites were exposed to humid atmosphere for 24 h. After
exposure, both catalytic activity and structure were used to
evaluate the stability. For MOP-SO;H after exposure in humid
atmosphere, the conversion of styrene oxide decreased sharply
from 48% to 17% (12 h) and 1% (24 h, Figure 4c). Under the
same conditions, nonetheless, the catalytic activity of the
composite MS-SO;H remained unchanged. UV—vis technique
was also employed to characterize the samples after exposure to
humid atmosphere. When MOP-SO;H was exposed for 12 h, the
adsorption peak at 695 nm ascribed to the dicopper paddlewheel
shifted to 665 nm, suggesting the damage of structure (Figure
4d). For the composite MS-SO;H, however, there is no change in
the position of adsorption peak at 695 nm even after exposure for
24 h. Further increasing the exposure time to 7 days, the structure
of silica-confined MOPs is also well preserved (Figure SS). This
confirms the reaction results and indicates that the stability of
MOP is greatly improved after confinement in silica cavities.

In addition to MOP-SO;H, three other MOPs with an
identical geometry but different ligand functionality (namely
hydroxyl, tert-butyl, and amino groups) were also introduced to
the cavities of SBA-16 (details in Supporting Informaiton). The
DS strategy should enable various supramolecular architectures
to be confined in the cavities of porous supports by judicious
choice of pore structure parameters. This may lead to the
fabrication of isolated architectures with unusual dispersity and
stability that are desirable for adsorptive and catalytic
applications but unlikely to realize for their bulk counterparts.
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