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The synthesis and characterization of metal–organic frame-
works (MOFs) have attracted much attention, owing to their
enormous variety of interesting structural topologies and
wide potential applications as functional materials.[1]

Recently, the design of MOFs with excellent properties that
combine porosity with magnetism, luminescence, or opto-
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electronic effects has become one of the major challenges in
the pursuit of multifunctional materials.[2–4] Yaghi and co-
workers, for example, have reported the synthesis of [Tb2-
(bdc)3]·4 H2O, which has an extended structure (pore volume:
0.099 cm3 g�1), from terbium nitrate and 1,4-benzenedicar-
boxylic acid (H2bdc) in the presence of triethylamine, and
have investigated its luminescence lifetime.[2a] As for the
study of multifunctional materials that are both porous and
magnetic, Riou, F3rey, and co-workers have synthesized the
hybrid organic–inorganic solid [V(OH)(bdc)]·xH2bdc (x�
0.75), which has very large pores (BET surface area:
930(30) m2 g�1) and good magnetic characteristics (antiferro-
magnetic below 95 K), by using rigid organic linkers contain-
ing delocalized p electrons to connect chains of corner-
sharing vanadium-centered octahedra.[3a] Our group has
successfully prepared the novel 3D noninterpenetrating
MOF [Zn7O2(bda)5(H2O)2]·5DMF·4EtOH·6H2O (H2bda=
1,4-benzenediacrylic acid; DMF=dimethylformamide),
which is constructed from heptanuclear zinc carboxylate
secondary building units (SBUs) and contains an intersecting
channel system with a spacing of approximately 17.3 @. This
compound exhibits excellent adsorption, H2 storage, and
photoelectronic properties.[4]

Our strategy for preparing novel multifunctional struc-
tures is to construct metal carboxylate SBUs. The construc-
tion of metal carboxylate cluster SBUs has been demon-
strated to be an effective and powerful synthetic method to
produce a new generation of highly porous MOFs.[5,6]

Interestingly, Powell and co-workers have pioneered studies
on aluminum–ligand units with Al15 cluster aggregates con-
taining the flexible ligand hpdta (H5hpdta=HOCH2[CH2N-
(CH2COOH)2]2), such as [Al15(m3-O)4(m3-OH)6(m-OH)14-
(hpdta)4]

3�.[7] However, although many MOFs built from
different transition-metal carboxylate cluster SBUs have
been synthesized, they usually consist of di-, tri-, or tetranu-
clear metal carboxylate clusters, in which a water molecule
plays an important role as a bridging ligand.[8] The number of
metal centers held together by the bridging water molecule is
limited by its weak coordination ability. To overcome this
difficulty, our strategy is to substitute the bridging water
molecule with formic acid (HCOOH), which has a strong
coordination ability, to construct stable metal carboxylate
cluster SBUs. As an example of our design principle, we
describe herein the synthesis and structure, as well as the
sorption and optoelectronic properties of the large-pore
open-framework complex [Cd11(m4-HCOO�)6(bpdc)9]·
9DMF·6H2O (1; H2bpdc= 4,4’-biphenyldicarboxylic acid),
which is constructed from undecanuclear clusters. To our
knowledge, this MOF has the largest transition-metal car-
boxylate cluster SBUs reported to date.

Polymer 1 was synthesized under mild conditions by
carefully adjusting the relative quantities of the rigid (bpdc)
and flexible (HCOOH) ligands. X-ray crystallography
revealed that 1 crystallizes in the trigonal system (space
group R3c (no. 161)).[9] All of the cadmium atoms in the
structure of 1 have octahedral coordination environments. As
shown in Figure 1a, the CdII-centered octahedra are linked
together by 18 carboxylate groups from bpdc anions, which
bind in a didentate or a chelating/bridging didentate fashion,

and six m4-HCOO� moieties to build up a nanosized
undecanuclear {Cd11(m4-HCOO�)6(CO2)18} cluster with C3

symmetry and dimensions of approximately 10.5 K 11.5 K
12.8 @3 (measured between opposite atoms along the three
directions). These undecametallic clusters, which behave as
SBUs, are interconnected through the biphenyl groups of
bpdc molecules to generate an extended 3D framework
(Figure 1b). Figure 1c shows the rectangular channels of 9.7 K
12.2 @2 (measured between opposite atoms) in 1, which run
along the [1̄11] and [211] directions, and are filled with guest
H2O and DMF molecules, as established by elemental,

Figure 1. a) Ball-and-stick (left) and polyhedral (right) representations
of the {Cd11(m4-HCOO�)6(CO2)18} SBU of 1, which has dimensions of
approximately 10.5I11.5I12.8 J3. b) View of the 3D framework of 1
along the [001] direction. c) View of the 3D framework of 1 along the
[1̄11] direction, showing large channels with dimensions of approx-
imately 9.7I12.2 J2. Cd green, O red, C gray; CdO6 octahedra; H
atoms omitted for clarity
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inductively coupled plasma (ICP), and thermogravimetric
(TG) analysis (see Supporting Information).

A better insight into the structure of 1 can be obtained by
the standard procedure of reducing multidimensional struc-
tures to simple node-and-linker reference nets known as the
topological approach.[11] As shown in Figure 2a, each unde-

canuclear SBU in 1 is connected to adjacent SBUs through
three biphenyl groups of bpdc molecules along the [001]
direction and through two biphenyl groups along three other
directions. Therefore, each SBU of 1 can be defined as an
eight-connected node. As bpdc only acts as a bridging ligand,
there is no need to consider it in the topological analysis. On
the basis of this simplification, the structure of 1 can be
described as an eight-connected 3D network with the SchlNfli
symbol (424·64), which corresponds to a body-centered cubic
(bcu) topology that is rare for MOFs (Figure 2b).[12]

Adsorption isotherms for 1 were measured at room
temperature (293 K). As shown in Figure 3, type I behavior,
which is characteristic of solids with micropores, is observed
for the H2O, CH3OH, and C2H5OH adsorption isotherms in
the range P/P0 = 0–0.7. These results indicate that the
incoming guests can move freely into the channels and that

the framework maintains its rigidity and porosity throughout
the analyses. The second increase in the adsorption isotherms
above P/P0 = 0.7 can be attributed to adsorption on the
external crystallite surface.[13] At the first saturation, the
amounts of H2O, CH3OH, and C2H5OH adsorbed by 1 are
314, 277, and 269 mg g�1, respectively, equivalent to the
adsorption of approximately 468 molecules of H2O, 234
molecules of CH3OH, and 162 molecules of C2H5OH per unit
cell. The pore volume for 1 is, therefore, approximately
0.35 cm3 g�1. Detailed sorption data for 1 are presented in
Table 1.

Encouraged by the single-crystal X-ray diffraction results,
which reveal the presence of undecanuclear cadmium clusters
in the framework, photovoltage (PV) transients were
recorded for 1 at atmospheric pressure and room temperature
(293 K).[14] As is well known, PV transients can be used to
characterize semiconductor materials, and a PV signal will
arise whenever light-induced excess charge carriers are
separated in space.[15] Figure 4 shows the PV transients for 1
at different intensities of the exciting laser pulse (355 nm).
The transient PV signals of 1 clearly exhibit a time lag caused
by the slow and independent diffusion of excess electrons and
holes. Although the intensities of the exciting laser pulses are
different (0.05, 0.10, 0.20, and 0.30 mJ), the times of their PV
maxima are similar (t� 0.013 s). These maxima are related to
the separation of charge at the 1/indium tin oxide (ITO)
interface, and the gradient of excess electron and hole
concentrations is caused by the nonhomogeneous absorption
of light with photons with hn larger than the optical bandgap

Figure 2. a) Left: each SBU (green circle) of 1 is connected to eight
adjacent SBUs through eighteen biphenyl groups (pink lines) of bpdc
molecules; right: the SBU represented as an eight-connected node.
b) Schematic representation of the bcu topology of the eight-connected
framework of 1; the bcu unit cell is indicated by green lines.

Figure 3. H2O, CH3OH, and C2H5OH adsorption isotherms for 1 at
293 K.

Table 1: Sorption data for 1.

Guest Adsorption
amount
[mgg�1]

Guests per
asymmetric unit

Guests per
unit cell

Pore volume
[cm3 g�1]

H2O 314 26 468 0.31
CH3OH 277 13 234 0.35
C2H5OH 269 9 162 0.34
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(Eg). Additionally, the PV transient signals are positive, which
means that the photoexcited electrons move faster than holes
towards the 1/ITO interface. The maxima of the transients are
linearly enhanced when the intensity of the pulse is increased
from 0.05 to 0.30 mJ. This observation implies that 1 possesses
the characteristics of a diffusion PV transient, but not of a
Dember PV transient, which is similar to the case for
nanosized metal oxide semiconductors.[16]

In summary, we have successfully synthesized the large-
pore, open-framework complex [Cd11(m4-HCOO�)6(bpdc)9]·
9DMF·6H2O (1), which contains the largest known CdII–
carboxylate cluster SBU and has a rare bcu topology, by
rationally utilizing a flexible organic acid (HCOOH) as a
strong bridging ligand. Polymer 1 shows good sorption and
optoelectronic properties. Other novel architectures with
unusual topologies and metal carboxylate cluster SBUs
should be obtainable by following a similar synthetic strategy.
We believe that such MOFs with large clusters and channels
will further facilitate the exploration of new types of multi-
functional materials with interesting properties, including the
combination of porosity and magnetic, luminescence, or
optoelectronic properties.

Experimental Section
1: A mixture of Cd(NO3)2·4H2O (0.03 g, 0.1 mmol), H2bpdc (0.01 g,
0.05 mmol), HCOOH (0.02 mL), and DMF (15.0 mL) was stirred in
air for 4 h, and then a DMF solution (0.5 mL) of 2-propanolamine
(0.05 mL) was slowly diffused into the mixture over 7 d at 60 8C. The
resulting colorless, block-shaped single crystals of 1 were collected in
32% yield based on cadmium. The complex is insoluble in common
organic solvents such as acetone, methanol, ethanol, dichlorome-
thane, acetonitrile, chloroform, and DMF. Elemental and ICP
analysis (%) calcd for C159H153Cd11N9O63 (4434.5): C 43.07, H 3.48,
Cd 27.88, N 2.84; found: C 43.11, H 3.52, Cd 27.94, N 2.78. FT-IR
(KBr): ñ= 3433 (m), 3067 (w), 2928 (w), 1931 (w), 1659 (s), 1593 (s),

1504 (s), 1394 (s), 1267 (w), 1180 (m), 1105 (m), 1063 (w), 1007 (m),
860 (m), 771 (s), 677 (m), 526 cm�1 (w).
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