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A metal-organic polyhedron of truncated octahedral geometry
augmented with a C4-symmetric square-planar CuII paddle-wheel
node as a secondary building unit can be prepared using a C3-
symmetric ligand that occupies the face of the octahedral cage,
where the three phenyl groups containing a m-carboxylate group
in the ligand provide the necessary curvature to form the finite
octahedral cage.

Bioinspired synthetic highly symmetric metal-organic
polyhedra (MOPs) with a variety of symmetries are reported
in the literature.1-3 MOPs find applications in recognition,4

catalysis,5 and synthetic membranes for ion channels.6 The
MOPs described in the literature are prepared by two general
strategies, either edge-directed self-assembly by the linear
components connected at the corners1 or face-directed facial
components linked at the edges2 or corners.3 Many MOPs
constructed based on the face-directed strategy make use of
C3-symmetric ligands,2a-e,3b-g most of which are pyridine-
based ligands, as the primary building units.2a-e,3b-f Liu and
Tong reported that an imidazole-based tridentate face-
directed ligand self-assembled to form a MOP of octahedral

geometry.3g Recently, we reported on a face-driven corner-
linked truncated octahedral cage with PdII coordinated with
m-pyridyl as well as p-pyridyl groups with an amide
linkage.3c

In addition to the traditional MOPs and metal-organic
frameworks (MOFs) of simple metal nodes and organic
linkers, augmentation to the MOPs and MOFs using second-
ary building units (SBUs) such as the tetranuclear
[Zn4O(COO)6]

7 unit as an octahedral node and the dinuclear
paddle-wheel [CuII(COO)4]

1d,8-10 unit as a square node has
been investigated. Eddaoudi and co-workers have reported
an edge-directed octahedron with 2,5-pyridinedicarboxylic
acid, where InIII is coordinated with pyridine as well as
carboxylate functional groups.1e MOPs of various symmetries
with a CuII paddle-wheel SBU8 in addition to various 2D
and 3D MOFs9,10 have been reported. Yaghi and co-workers
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have reported edge-directed corner-linked truncated octahedra
with CuII paddle-wheel SBUs.8a Sun and co-workers have
reported a self-assembled octahedral cage with a C3-
symmetric face-directed ligand.8e In the crystal structure,
however, the octahedral cage has five dinuclear paddle-wheel
corners, while the sixth one is a mononuclear corner.

In a continuation of our earlier work,3c we have now
prepared a self-assembled MOP of a truncated octahedron
with 3,3′,3′′-[1,3,5-benzenetriyltris(carbonylimino)]tris-
(benzoate) (L3-) as a C3-symmetric face-driven primary
building unit with CuII ions at the square-planar paddle-wheel
corners (Scheme 1). The use of a slight excess of copper
nitrate combined with the ligand H3L in a solvent mixture
of N,N′-dimethylacetamide (DMA) and acetonitrile (2:3) at
85 °C yielded light-bluish-green crystals of the metal
complex ([Cu12L8S12] · xS (1), where S is either a DMA or
water molecule and x is the number of solvent molecules in

the crystal, after 4 days. Crystal structure analysis revealed
that crystal 1 consists of discrete MOPs, each composed of
eight C3-symmetric L3- ligands at the faces connected by
six C4-symmetric copper paddle-wheel connectors at the
corners. The ball-and-stick model of the single MOP is
shown in Figure 1a. The overall charge of the MOP is
neutral. The meta-positioned carboxylate group in the ligand,
which forms the copper paddle-wheel SBU, [Cu2(COO)4],
promotes the essential curvature for the MOP. The ligand
occupies the face of the octahedron and forms an augmented,
face-driven truncated octahedron. Each CuII in the paddle-
wheel moiety coordinated with one DMA molecule points
outward from the octahedral cage. Inside the octahedral cage,
the CuII ion in the paddle-wheel moiety is coordinated to
either a water molecule or a partially identified DMA
molecule. (The asymmetric unit of 1 is shown in Figure S1
in the Supporting Information.)

All of the ligands are oriented in a concave shape in the
MOP; the central phenyl ring is oriented mostly parallel with
the tangent of the MOP, while all of the carboxylated phenyl
rings are oriented perpendicular to the central phenyl ring.
The four ligands in the asymmetric unit exist with discrete
conformations in terms of the orientation of the amide linkage
and the benzene m-carboxylate group. According to the
orientation of the carbonyl group of the amide linkage and
the m-carboxylate group, the conformation of the ligand
subunits has been classified as anti (both the carbonyl and
m-carboxylate are oriented in opposite directions), syn (both
of the groups are oriented on the same side), and int (the
m-carboxylate ring is oriented nearly perpendicular to the
central phenyl ring) (Scheme S1 in the Supporting
Information).3c,d The flexible rotation at the amide linkage
allows diverse ligand conformations. Only one ligand in the
asymmetric unit has all-anti conformations, while the other
three have combinations of the above three conformations
(Figure S2 in the Supporting Information). The CPK model
of the octahedral cage is shown in Figure 1b. The outer
diameter of the octahedral cage is nearly 28 Å, and the inner
diameter is approximately 17 Å.

In the crystal structure of 1, the octahedral cages are
arranged in a cubic closest packing (CCP) arrangement
(Figure 2). Each MOP exhibits hydrogen-bonding interaction
with the neighboring six MOPs via the amide groups (Table
S2 and Figure S3 in the Supporting Information). Of the 24
amide functional groups in each MOP, only 12 of them are
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Scheme 1. Self-Assembly of Ligands L3- with CuII Forming the
Octahedral Cage 1, Where the Corners of the Octahedron Are
Augmented Using the Paddle-Wheel SBU, [Cu2(COO)4]

Figure 1. (a) Ball-and-stick model of 1 from crystal structure analysis and
(b) CPK presentation of 1. Hydrogen atoms are omitted for clarity. Only
the oxygen atoms of the DMA are shown. The approximate solvent cavity
is shown as a large yellow dummy ball.
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involved in the N-H · · ·OdC hydrogen-bonding interaction.
The remaining six MOPs in the CCP arrangement are
involved in van der Waals interactions. The octahedral cages
are well packed in the crystal structure; there is not much
vacant space outside the octahedral cages (Figure S4 in the
Supporting Information). Although each cage has 12 elliptical
windows at the edges of the octahedron and the window size
is nearly 6.2 Å in width and approximately 10.3 Å in length
(Figure S5 in the Supporting Information), all of them are
mutually blocked by the neighboring octahedral cages.

The thermal properties of 1 were studied by thermogravi-
metric analysis (TGA). An air-dried microcrystalline sample
was heated to 550 °C (Figure S6a in the Supporting
Information). The initial weight loss of approximately 13.2%
at 75.6 °C corresponds to a loss of 68 water molecules in
the solvent cavity (calcd 13.3%). At 224 °C, 32 coordinated
and uncoordinated DMA molecules had been liberated from
the crystal, with a large weight loss of nearly 29.8% (calcd
30.0%). Decomposition of the material was observed to take
place in two steps from around 250 °C upward, with an
overall weight loss of 48.2%. The TGA of 1a, which was
prepared by presoaking 1 in DMA, methanol, and methylene
chloride, followed by vacuum-drying at ambient temperature,
showed a gradual weight loss of approximately 13.0% up to
219 °C (Figure S6b in the Supporting Information). This
weight loss corresponds to a loss of 27 water and 3 DMA
molecules (calcd 12.4%), which are probably the ligated
solvent molecules and additional water molecules readsorbed
from the air.11 A large weight loss of the material upon
decomposition was observed at around 260 °C with a weight
loss of 72.2%.

Powder X-ray diffraction (PXRD) analyses were per-
formed on the samples 1, 1a, and 1b, where 1b was prepared
in a manner similar to that of 1a but with vacuum-drying at
100 °C overnight (Figure S7 in the Supporting Information).

The basic features of the PXRD patterns of 1 and 1a resemble
that simulated from the single-crystal structure of 1.12

However, the PXRD peaks of 1b are significantly broadened
and weakened, regardless of the sample treatment. This
suggests that the sample loses its crystallinity when the
solvent is removed from the cavity.

We also studied the stability of 1 in the form of cages in
solution. The 1H NMR spectrum of 1 in N,N′-dimethyl
sulfoxide-d6 (DMSO-d6) shows the paramagnetic influence
of the CuII ion on the protons of the benzoate phenyl ring
(Figure S8 in the Supporting Information). The aromatic
proton peaks around 7-8.5 ppm are broadened and the
intensity is very weak, which indicates the association of
the ligand entangled with the paramagnetic CuII ion in
solution. Atomic force microscopy (AFM) imaging has been
used to support the integrity of the cages. A small drop of a
dilute solution of 1 in DMSO, which was sonicated and later
centrifuged, was placed on a mica sheet and dried. The
surface of the sheet was scanned using the AFM scanner in
tapping mode. Discrete spherical-shaped cages were observed
(Figure S9 in the Supporting Information). The experimen-
tally observed height of the each cage was approximately
1.8 nm, which is smaller than the estimated size of the cage
from the crystal structure, namely, ∼2.8 nm. Because the
sample was scanned in tapping mode, the cage may undergo
∼35% contraction, caused by the cantilever tip. We observed
the same type of effect earlier.3c Although 1 showed 52.9%
solvent cavity (24 131.7 Å3 per unit cell)13 and 1a maintained
its crystallinity, as shown in the PXRD, a preliminary N2

absorption study on 1a at 77 K did not show any appreciable
gas absorption, probably because of the blockage of the
cavity windows in the activated sample.

In summary, the C3-symmetric ligand composed of m-
carboxylate groups self-assembled with a CuII metal ion to
form paddle-wheel connecting nodes and resulted in a
truncated octahedral cage. The eight ligand molecules occupy
faces of the cage. These cages are arranged in CCP
arrangement in the crystal. The integrity of the cage structure
in solution was verified using NMR and AFM techniques.
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Figure 2. Packing diagram of 1 in a ball-and-stick model of the MOP,
with a yellow dummy ball showing the solvent cavity. The octahedral cages
in the CCP arrangement are alternatively represented in the form of the
face-centered-cubic lattice type.
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