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In the past decade, the supramolecular assemblies of discrete
cages as well as metal-organic frameworks (MOFs) with porous
structures have developed rapidly due to their potential uses for
gas separation and storage,1 ion-exchange,2 molecular and chiral
recognition, and catalysis.3 For example, Yaghi et al. utilized
secondary building units (SBUs) to serve as large vertices to
construct MOFs with large channels for gas storage.1a-d MOFs with
chiral recognition and catalysis properties have also been reported
by Lin’s group.3g-i On the other hand, Stang3a-c and Fujita3d-f used
planar rigid multipyridyl ligands andcis-protected square-planar
metals to create a series of discrete nanoscale cages and macrocycles
for molecular recognition and chiral catalysis. Discrete nanoscale
cages can also be prepared by supramolecular assemblies of flexible
or semirigid organic ligands with metal ions.4 So far, rare effort
has been devoted to the combination of these two interesting fields
to construct MOFs containing cages resembling the discrete ones.5

Herein we present two stable 3D MOFs containing nanoscale cages,
which are constructed by a Cd(II) ion and a rigid planar ligand of
imidazole-4,5-dicarboxylate (IDC3-).

The crystals of{Na4[Cd7(IDC)6]‚3bpy‚7H2O}n (bpy ) 4,4′-
bipyridyl) (1) and{(Bu4N)K3Cd7(IDC)6}‚6H2O}n (2) were obtained6

in high yields by the hydrothermal reactions of Cd(NO3)2‚4H2O
and IDC3- using bpy and Bu4NBr as templates, respectively. X-ray
crystallography6 reveals that both1 and2 possess the same metal-
organic framework, in which the coordination environments of
Cd(II) and bridging modes of IDC3- are shown in Figure 1. Among
the two crystallographically independent Cd(II) ions, Cd(1) is six-
coordinated with four oxygen and two nitrogen atoms from two
individualµ3-IDC3- and oneµ4-IDC3-, forming a slightly distorted
trigonal prism geometry with N(1vii), O(2), and O(4) atoms
composing one triangular plane, and O(1vii), O(1), and N(2) atoms
composing the other plane. In contrast, Cd(2) is coordinated to six
symmetry related O(3) atoms from three individualµ3-IDC3- with
a perfect trigonal prismatic geometry. Bothµ3-IDC3- andµ4-IDC3-

motifs possess crystallographically imposedC2 symmetry and are
planar with the mean deviations of 0.0221 and 0.0481 Å, respective-
ly. Eachµ3-IDC3- connects one Cd(2) and two Cd(1) atoms, while
eachµ4-IDC3- bridges four Cd(1) atoms, giving a planar M3L
triangle and a planar M4L quadrangle, as depicted in Figure 1.

In both compounds, sixµ3-IDC3- and sixµ4-IDC3- bridge a total
of 21 Cd(II) ions to generate a large nanoscale M21L12 cage (Figure
2a) with a diameter of ca. 1.4 nm. As shown in Figure S1a, six
M3L triangles (green) are located in the equatorial positions, and
six M4L quadrangles (blue) wrap around the two polar sites.
Theoretically, the M21L12 cage can be considered to consist of eight
triangles and fifteen quadrangles, leading to a 38415 cage building
unit (CBU), which has not been observed in the known zeolite

CBUs so far.7 The polyhedron of 38415 cage contains 21 vertices,
23 faces, and 42 edges, according with the Euler rule of “edge+
2 ) vertex+ face”. The cage is formed by planar M3L triangles
and M4L quadrangles, quite similar to that of fullerene (C60) that
is constructed by the planar five and six carbon rings and much
different from the cages of zeolites, where the void surfaces are
composed of bended O-T-O (T ) Si, P, Al) connections. There
are six large and three small quadrilateral and two small triangular
windows on the surface of each cage (Figures 2b and S1a), with
the dimensions for the large windows of 3.3× 3.0 Å2. The windows
are formed via sharing the vertices of the M3L triangles and M4L
quadrangles and are open to six neighboring quadrilateral windows
and five trigonal prismatic cage-shaped windows around the cage,
as shown in Figure 2b. Each cage shares its planar M3L triangles
with six neighboring cages in the equatorial positions (Figure S1b,c)
and its planar M4L quadrangles with three neighboring cages on
each polar site (Figure S1d-e). A novel 3D framework is generated
through the above cage-to-cage connections (Figure 2c), which
exhibits a hexagonal closest packing asA3-type metals if each cage
is regarded as one ball (Figure S1f).

Each cage contains three disordered bpy molecules and four Na+

ions in 1 (Figure S2a,b) and one disordered Bu4N+ and three K+

in 2 (Figure S2c,d), in which the alkali metal ions are located around
the large square windows (Figure S2a, d), and are weakly interacted
with bpy nitrogen atoms (in1), water molecules, and IDC3- oxygen
atoms. It is noteworthy that1 and 2 cannot be obtained without
the presence of bpy and Bu4N+ molecules, implying that the bpy
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Figure 1. Partial molecular structure of1 and2, showing the coordination
environments of Cd(II) and bridging modes of IDC3- ions (represented by
blue quadrangle for theµ4-IDC3- plane and green triangle for theµ3-IDC3-

plane).
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and Bu4N+ act as the templates during the formation of the cages.
Usually, triangular and tetrahedral molecules or ions are used as
templates to construct the cage structures,3,7 while the formations
of cages directed by linear guest molecules are still rare.

Solid sample of1 displayed a strong blue photoluminescence
emission band at 442 nm (Figure S3) at room temperature. The
XRPD patterns (Figure S5) at different temperatures indicate that
the framework of1 is stable up to 300°C. The TGA curves (Figure
S6) showed that the weight losses of the crystalline and powder
samples of1 at 300°C are 6.1 and 14.2%, respectively, indicating
that the guest molecules escape much faster when the crystals were
crushed to powder, so more guest molecules escape from the cages.
However, the crystalline and powder samples of2 showed similar
TGA curves, indicating that the escape of water molecules was
not affected by the size of the particles. The above different thermal
behaviors may attribute to their structural features. Before crushing,
the water and bpy guest molecules in1 escape very slowly from
the inner cages to the limited windows on the surface of the crystals
through the long Na+ and bpy guest-blocked labyrinth-like channels.
When the crystals of1 were crushed to powder, the number of
surface windows was much increased, and the pathway from the
inner cages to the surface windows became shorter, so the water
and bpy guest molecules can escape much faster. However, though
the crystals of2 were crushed to powder, the water molecules still
escape slowly from the cages since the channels are still blocked

by larger K+ and Bu4N+ cations. This indicates that the escape
rate of the guest molecules can be influenced by the particle sizes
of 1 and may be potential use for control release of the absorbed
guest molecules.

In conclusion, we demonstrate here that a new type of stable
3D MOFs can be constructed by nanoscale cages via sharing the
rigid planar ligands, which display fullerene-like surface and zeolite-
like windows. The MOFs show the following unusual features. First,
the fullerene-like cages are connected via sharing the single-layer
walls. Second, the large nanoscale M21L12 cage shows a new type
of 38415 CBU. Third, the escape rate of the guest molecules can be
influenced by the particle sizes of1. More interestingly, such MOFs
combine the common features of traditional zeolites, MOFs, and
fullerene and may generate a new kind of materials that combine
the useful properties of zeolites, MOFs, and fullerene.
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Figure 2. (a) The nanoscale M21L12 cage. (b) The windows around the
cage. (c) The 3D MOF viewed along thea axis (the guest molecules are
omitted for clarity).
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