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Metal—organic frameworks (MOFs) are polymers consisting of
metal ions/clusters and organic linkers." Because of their porous
structures, they may become useful in gas storage, adsorption-based
gas/vapor separation, shape/size-selective catalysis, and drug storage
and delivery applications and as templates in the preparation of
low-dimensional materials.” Their efficacy, especially for applica-
tions in gas storage, depends largely on their surface areas. The
pore sizes and geometries of MOFs can be tuned at the atomic
level, making the discovery of general routes toward MOFs with
high surface areas possible.®> Yaghi and co-workers* indicated that
exposing the latent edges of phenyl rings within MOFs can lead to
significant enhancement of specific surface area, which may serve
as a general strategy toward high-surface-area MOFs. Ligand
extension is a good way to realize this strategy, as confirmed by
calculations on two series of isoreticular MOFs.> However, the
discrepancy between the calculated and experimental surface areas
became larger as the ligand became more extended, which was
attributed to partial collapse of the framework upon guest-molecule
removal.”* Most recently, Hupp and co-workers® reported a super-
critical processing route to preserve the integrity of the MOFs.
Nevertheless, generally as the length of the ligand increases,
decreased stability of the ensuing framework or reduced porosity
imposed by interpenetration are almost unavoidable.” The solution
to this dilemma largely relies on whether the stability and porosity
can be reconciled.

Coordination polyhedra are commonly found as either discrete
molecules (metal—organic polyhedra) or structural building units
within MOFs.® Polyhedron-based MOFs may lead to higher stability
and porosity if the sizes of the open windows of the polyhedra are
limited. Very common among the polyhedra is the cuboctahedron,
which is often constructed with 12 dimetal paddlewheel clusters
and 24 isophthalate structural moieties.®*~%" Connecting the 12
dimetal clusters forms a cuboctahedron, while linking the 24
isophthalate moieties gives rise to a rhombicuboctahedron.®” These
polyhedra can be linked to form three-dimensional (3D) MOFs via
either coordination bonds or covalent bonds, as demonstrated by
Zaworotko and co-workers.®"™°~"* Most recently, a (3,24)-con-
nected network has been reported; it was achieved by connecting
the 24 edges of a cuboctahedron (or the 24 corners of a rhombicub-
octahedron®") with a linker having C; symmetry.®°~%* On the basis
of this connection mode, an isoreticular series of MOFs can be
obtained by changing the size of the linker while keeping the
cuboctahedron building units unchanged. If the ligand is extended
to nanoscopic range, MOFs containing mesocavities (with one of
the dimensions larger than 2 nm) and high surface areas can be
obtained. In addition, the sizes of the open windows are controlled
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Figure 1. (a) Nanoscopic ligands btei and ntei. (b) Cuboctahedra as
structural building units in (left) PCN-61 and (right) PCN-66.

by the cuboctahedra and are within the microscopic range (with
the largest dimension less than 2 nm), contributing to the stability
of the MOF.

Herein we report a strategy for stabilizing MOFs with high
surface areas by introducing mesocavities with microwindows into
the MOFs based on the (3,24)-connected network. The nanoscopic
hexatopic carboxylate ligands designed for this purpose are 5,5’,5”-
benzene-1,3,5-triyltris(1-ethynyl-2-isophthalate) (btei) and 5,5’,5”-
(4,4’ 4 -nitrilotris(benzene-4,1-diyl)tris(ethyne-2, 1-diyl))triisoph-
thalate (ntei) (Figure la). Experiments have been designed and
performed to answer the following questions: (1) Is the isoreticular
series of MOFs based on the (3,24)-connected network achievable?
(2) Will the stabilization of MOFs from the limited window sizes
offset the destabilization of the MOFs by ligand extension? (3) Will
the surface area increase with ligand extension?

Solvothermal reactions of Hebtei and Hgntei with copper salts
yielded two MOFs, [Cu(H,0)]s(btei) : SDMF+4H,0 (PCN-61) and
[Cu(H,0)]5(ntei)+21DMA - 10H,O (PCN-66), respectively (PCN
stands for “porous coordination network™). As expected, PCN-61
and PCN-66 are isostructural (space group Fm3m); the following
discussion of the crystal structure will focus on PCN-61. The three
isophthalate moieties in btei are linked through the copper paddle-
wheel clusters to form the cuboctahedral structural building units,
which are covalently linked through the 5-positions of the isoph-
thalate moieties to form a (3,24)-connected network (Figure 1b).
The 3D framework can be viewed as the packing of three types of
polyhedron: a cuboctahedron, a truncated tetrahedron (T-Td), and
a truncated octahedron (T-Oh) (Figure 2). Each truncated triangular
face of a T-Td or T-Oh is fully occupied by one ligand. Each
cuboctahedron shares its eight triangular faces with eight T-Td’s
and its six square faces with six T-Oh’s. The diameters of the
colored spheres, which represent the voids inside the three types
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Figure 2. (a) Polyhedra and their 3D packing in PCN-61. (b) Solvent-
accessible surface area in PCN-61.

of polyhedra, are 13 A for the cuboctahedron (red), 15 A for the
T-Td (green), and 23 A for the T-Oh (blue) (animations illustrating
the cuboctahedron, T-Td, and T-Oh and their 3D packing are
available). It is evident that increasing the size of the central part
of the ligand can further enlarge the size of the T-Oh, which is
accompanied by a mild increase in the size of the T-Td and no
change in the size of the cuboctahedron. Accordingly, for PCN-
66, the diameters are 13 A for cuboctahedron, 16 A for the T-Td,
and 26 A for the T-Oh. It is critical that in order to form the
aforementioned (3,24)-connected net, the six carboxylate groups
in the Ci-symmetric ligand must be coplanar, although the
horizontal mirror plane is not a prerequisite. Both ligands meet this
demand, although in the case of ntei, the three phenyl rings around
the nitrogen atom are not coplanar.

In both MOFs, crystallinity is retained after the removal of guest
molecules, as indicated by the X-ray powder diffraction (XRPD)
patterns [Figure S2 in the Supporting Information (SI)]. Such
robustness is very rare in MOFs constructed with nanoscopic ligands
and confirms our hypothesis that the adoption of cuboctahedra as
building units indeed limits the open window size and increases
the framework stability. Lah and co-workers® reported a similar
(3,24)-connected MOF based on zinc paddlewheel clusters. How-
ever, their MOF was not stable upon the removal of guest
molecules, probably because of (1) the nonrigid ligand they adopted
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Figure 3. (a) N, sorption isotherms for PCN-61 (black) and PCN-66 (red)
at 77 K (@, adsorption; O, desorption). (b) Amount of nitrogen adsorbed
in PCN-66 at 77 K vs log(P/Py).
and (2) the instability of the zinc paddlewheel clusters after axial
ligand removal during activation. PCN-60, the zinc paddlewheel
counterpart of PCN-61, was synthesized and fully characterized
(see the SI), and it also suffers from this instability during activation.
Even when treated with the mild supercritical drying process, PCN-
60 still exhibited a very low nitrogen adsorption capacity.® The
scanning electron microscopy (SEM) images in Figure S3 show
that in as-synthesized and the activated PCN-61, the crystals had
the same ordered shape. In PCN-60, however, the crystals shrank
upon the removal of guest molecules, indicating framework
disintegration. This instability was further confirmed by XRPD
patterns (Figure S2). In conclusion, in order to stabilize the (3,24)-
connected MOFs, rigid ligands and stable paddlewheel clusters
(such as dicopper and dinickel) should be adopted. Our speculation
is supported by a recently published stable (3,24)-connected MOF
in which a rigid ligand and the dicopper paddlewheel cluster were
adopted.®

From the foregoing discussion of the crystal structure, it is evident
that the sizes of the cavities within the two MOFs range from
microporous (cuboctahedron and T-Td) to mesoporous (T-Oh). This
hierarchical porous structure is reflected in the N, sorption isotherms
collected at 77 K (Figure 3a). The hybrid porous structures exhibit
reversible pseudo-type-I isotherms with a small step before the
plateau appears, as is typical in MOFs with both micro- and
mesopores.*P*? We believe that this is due to the occurrence of
multilayer sorption in the larger cavities after the formation of a
single layer at low pressure. This is confirmed by the three distinct
sorption regions within PCN-66, corresponding to the three
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Table 1. Surface Areas, Pore Volumes, and Porosities of Selected
MOFs

surface area (m? g~') pore volume (cm® g~1) porosity

material (Langmuir/BET/calcd?) (exptl/calcd?) (%)?
MOF-5* 4400/3800/3110 1.04/1.31 71.9
IRMOF-20¢ 4593/4024/3125 1.53/1.58 80.9
MOF-177¢ 5640/4746/3654 1.59/1.87 80.0
MIL-101¢ 5900/4100/3252 2.00/1.95 82.0
PCN-61 3500/3000/3455 1.36/1.37 71.0
PCN-66 4600/4000/3935 1.63/1.75 78.1

“ Calculated using Material Studio 4.4. ” Data from refs la and 11.
¢ Data from ref 12. ¢ Data from refs 4 and 12a. ¢ Data from ref 9a.

different-sized cavities discussed above (Figure 3b). Although its
validity in microporous materials has been questioned, the
Brunauer—Emmett—Teller (BET) method is still widely used to
estimate the surface areas of MOFs.'® The two criteria discussed
in the literature have been strictly followed to decide the pressure
range for applying the BET analysis.>® With the BET model, an
activated PCN-61 sample was estimated to have a specific surface
area of 3000 m? g”!, and the Langmuir surface area was 3500 m?>
¢! assuming monolayer coverage. For PCN-66, where the larger
ligand was used, there was a remarkable increase in surface area
(BET, 4000 m? g~'; Langmuir, 4600 m”> g~'), which supports our
hypothesis that the expansion of the ligand leads to increased surface
area. To the best of our knowledge, PCN-66 possesses the highest
surface area reported to date for MOFs based on paddlewheel
clusters, and it is also among the highest reported (Table 1). It can
be extrapolated that use of even larger hexatopic carboxylate ligands
may lead to stable MOFs with even higher surface areas.

In conclusion, two isoreticular MOFs built using nanoscopic
ligands and having (3,24)-connected networks containing meso-
cavities with microwindows were synthesized. The stabilities of
these MOFs were increased by the in situ formation of coordination
cuboctahedra building units, which limit the open window sizes of
the mesocavities. The surface area of the activated MOF was
increased remarkably by ligand extension, presumably as a result
of the increased size of the mesocavities. The combination of the
(3,24)-connected network topology with the larger ligand demon-
strated that the incorporation of mescocavities with microwindows
may serve as a general approach toward stable MOFs with higher
surface areas. Work along this line is currently underway in our
laboratory and will be reported soon.
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