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Growing interest in the rational design and construction of
nanoporous structures[1] is motivated principally by the
potential exploitation of the resulting cavities and channels
in nanotechnology, including shape- and size-selective catal-
ysis, molecular recognition, ion exchange, separation, and
optoelectronic applications.[2] Rapid growth and break-
throughs in this field rely on, to a large degree, mastery of
the novel synthetic protocol in the construction of organized
supramolecular systems, namely self-assembly of multiple
building blocks in a single step into large aggregates of
molecules through noncovalent interactions.[3] On the other
hand, difficulties were often encountered in the generation of
porous networks, such as the control of cavity size and
geometry, the prevention of network interpenetration, and

was then removed by high vacuum and a chloroform solution of polymer
PmPV' was added (5 mg in 5 mL). Sonication for 2 h gave a stable
suspension that was filtered prior to spectroscopy.

Preparation of the SWNT/PmPV' material prior to AFM: Aliquots of
Triton X-100 SWNTs (from Tubes@Rice) were purified by centrifugation
at 14000 rpm in MeOH. The purified tubes were re-suspended in fresh
MeOH by shaking, and then they were vacuum filtered over a 0.2 mm
PTFE filter and washed with MeOH and 18 MQ H2O to form a nanotube
mat. A portion of the mat weighing 6 ± 7 mg was sonicated in DMF using a
bath sonicator while stepwise adding the DMF until a total volume of
25 mL was obtained. The DMF/NT stock solution was sonicated for a
period of 6 h. Measured aliquots of the stock solution were transferred to
round-bottom flasks and the DMF was removed by rotary evaporation.
Each flask contained between 0.24 ± 0.32 mg of SWNTs. 5 mL of CHCl3

containing between 0.2 ± 1.0 mg of dissolved PmPV were added to these
flasks. The SWNT/PmPV' mixtures were sonicated for 15 mins. After
sonication, one drop of the SWNT/PmPV' solution was placed on a freshly
cleaved 1 cm2 mica wafer, and subsequently washed with 5 drops of CHCl3

while spinning it at 750 rpm to wash off the excess of the polymer. AFM
images were collected in noncontact mode.
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the irreversible collapse of an open network upon the removal
of absorbates.[1a, 4]

Recent advances in molecular architecture[5±7] have pointed
the way to a promising strategy for overcoming these draw-
backs. For instance, noninterpenetrating networks may be
formed by using large molecular aggregates as secondary
building blocks. In an earlier study, [{M(CO)3(m3-OH)}4] (M�
Mn, Re) clusters were used to assemble super-diamondoid
networks to a lower level of interpenetration.[8] More recently,
large inorganic clusters have been exploited to generate open,
noninterpenetrating networks of nanoscale porosity.[9, 10]

Our investigation of metal complexes with tripodal ligands
has revealed that C3-symmetric tris(2-benzimidazolylmethyl)-
amine (ntb) can encapsulate lanthanide(iii) and silver(i) ions
to afford large hexafunctional hydrogen-donor building
blocks,[11] which were further assembled to form doubly
interpenetrating three-dimensional (3D) stereoisomeric net-
works[11a] or rhombohedral networks with large cavities.[11b]

These findings prompted us to utilize even larger molecular
aggregates as subunits to fabricate nanoporous networks. To
achieve this goal, we employed the branched unsymmetric
tripodal ligand N-[N'-(carboxymethyl)benzimidazol-2-yl-
methyl]-N,N-bis(benzimidazol-2-ylmethyl)amine (HAcntb),

which was derived from ntb by attachment of one acetic acid
group. Reaction of its sodium salt Na(Acntb) with an equal
molar amount of Cu(ClO4)2 ´ 6 H2O in ethanol afforded
[Cu6(Acntb)6](ClO4)6 ´ nH2O (1 ´ 6 ClO4 ´ n H2O), which crys-
tallized as beautiful green octahedra from slow evaporation of
the reaction mixture. The elemental analysis results showed
that the number of solvated water molecules in the stoichio-
metric formula of the complex varied according to the
condition of crystallization. A freshly prepared sample in
aqueous ethanol may incorporate as many as 38 water
molecules, while that recrystallized from a nonaqueous
solvent medium usually contains less. In any event the IR
spectral data indicated that the framework of the complex
remains unchanged although the guest molecules may vary,
and FAB mass spectrometry confirmed the presence of the
[Cu(Acntb)]� basic unit in all cases.

Crystallographic analysis revealed a nanometer-sized cat-
ionic hexanuclear metallamacrocycle [Cu6(Acntb)6]6� (1); the
linkage between two adjacent [Cu(Acntb)]� components is
shown in Figure 1. Each copper(ii) ion is coordinated by three

Figure 1. Linkage between two adjacent [Cu(Acntb)]� units showing the
bridging mode of the monodentate Acntbÿ ligand and the coordination
geometry about a copper(ii) ion. The atoms are drawn as thermal ellipsoids
at the 30% probability level.

imino-nitrogen atoms and the apical amino-nitrogen atom of
an Acntbÿ ligand, and the branching acetate group functions
as a monodentate bridge between adjacent [Cu(Acntb)]�

units, thus generating a hexameric macrocycle with a crystal-
lographic 3Å axis passes through the center of the hexamer.
Viewing down the [11Å1] direction, 1 resembles a nanoscale
wheel of diameter 23.3 � with six fan-blade-like benzimida-
zole rings (Figure 2). The remaining twelve benzimidazole

Figure 2. A view of the hexanuclear metallamacrocyclic nano-wheel
[Cu6(Acntb)6]6� (1).

rings wrap inward around the 3Å axis, affording a hydrophobic
cavity with a smallest diameter of 6 �. The [Cu6(Acntb)6]6�

giant wheel has a vaulted core with a thickness of 12 �,
looking somewhat like a ªflying saucerº when viewed from
the side.



ZUSCHRIFTEN

Angew. Chem. 2001, 113, Nr. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0044-8249/01/11309-1777 $ 17.50+.50/0 1777

The distinguishing feature of 1 is that it is conformationally
rigid, with all six noncoordinated carboxylato oxygen atoms
and twelve amino NH groups involved in hydrogen bonding.
For each [Cu6(Acntb)6]6� molecule, six abducent NH groups
belonging to fringe benzimidazole rings form donor bonds
with the carboxylato O atoms of six neighboring molecules,
while the six carboxylato O atoms are arranged alternately
above and below the wheel to form acceptor hydrogen bonds
with another six neighbors. Thereby a total of twelve 3Å

symmetry-related NÿH ´´´ O hydrogen bonds (N ´´´ O
2.840 �) generate an open, three-dimensional cationic net-
work with Th symmetry (Figure 3). Huge octahedral voids

Figure 3. Space-filling diagram of the 3D network viewed along [100]. All
guest molecules are omitted for clarity.

with estimated dimensions of 11� 11� 14 � are formed, in
which another six NH groups provide a hydrophilic environ-
ment to accommodate the guest molecules. In total 26 water
molecules and six perchlorate anions are located within each
cavity, which has essential windows for inclusion and escape of
guest molecules. Calculation using the PLATON program[12]

suggests that the effective volume for inclusion is about
8886 �3, comprising 42 % of the crystal volume. Since the
macrocyclic aggregate itself has an empty intramolecular
hydrophobic cavity, selective inclusion of different guests by
molecular recognition should be possible.

The possibility of exchanging the solvent water molecules in
the cavity for other organic molecules of different polarity was
also investigated. The IR spectrum of a freshly prepared
complex that had been soaked in chloroform for several hours
did not show any difference from the original complex, and
the elemental analysis suggested that the stoichiometric
formula remained unchanged.[13] However, after the complex
was recrystallized in acetone/ethanol (1:20), a new stretching
carbonyl band appeared at 1697 cmÿ1, and elemental analysis
also indicated inclusion of the acetone molecules.[14] This

finding may be attributed to the fact that acetone, being a
stronger hydrogen-bond acceptor than chloroform, can easily
replace water molecules in the void. Thermogravimetric
analysis (TGA) of (1 ´ 6 ClO4 ´ 38 H2O) showed two continuous
weight losses (total about 15 %) in the range 26 ± 160 8C,
followed by another (about 14 %) in the range 200 ± 280 8C,
corresponding to respective liberation of solvated water
molecules and perchlorate anions. The major weight loss
(about 60 %) occurred in the range 340 ± 580 8C, which may
correspond to complete destruction of the network. This study
indicated that the guest water molecules can escape from the
cavity even at low temperature. However, the complete
liberation of water molecules over an extended range of
134 8C is suggestive of complex interactions between host and
guest, or even between different guest molecules.

To the best of our knowledge nanoporous structures
assembled with large molecular architectures as building
blocks are seldom investigated.[15] The present study provides
the first example of a hydrogen-bonding sustained Th-
symmetric, open network constructed from nanosized metal-
lamacrocylic molecules. Precise self-assembly of the hexame-
ric aggregate 1 is facilitated by the branch-functionalized
tripodal ligand Acntbÿ, whose deliberately positioned hydro-
gen-bond donors and acceptors effectively prevent network
interpenetration. The formation of multiple directional hy-
drogen bonds between the conformationally rigid metal-
lamacrocycles consolidates the 3D network. Another feature
that makes this kind of synthetic strategy commendable is the
concomitant generation of both intra- and intermolecular host
cavities,[16] allowing possible fine-tuning of molecular recog-
nition characteristics and selective enclosure of different guest
molecules.

Experimental Section

1: Cu(ClO4)2 ´ 6 H2O (0.019 g, 0.05 mmol) dissolved in EtOH (5 mL) was
added to a solution of Na(Acntb) (0.024 g, 0.05 mmol) in EtOH (50 mL).
The color turned green rapidly and the resulting mixture was stirred for 2 h.
After filtration, the solution was left standing for several days to afford a
green crystalline product. IR (KBr): nÄ � 3387, 3061, 1625, 1544, 1498, 1476,
1451, 1385, 1278, 1115, 1085, 747, 626 cmÿ1; FAB-MS: m/z: 528
[Cu(Acntb)]� , 628 [Cu(Acntb)(ClO4)]� ; elemental analysis indicated the
stoichiometric formula of [Cu6(Acntb)6](ClO4)6 ´ 38H2O, calcd for
C156H208Cl6N42O74Cu6 (%): C 42.11, H 4.71, N 13.22; found: C 42.04, H
5.06, N 13.07. Single crystals suitable for X-ray diffraction analysis were
obtained from recrystallization of the complex in dry ethanol, which
contained less water molecules.

Crystal data for 1 ´ (ClO4)6 ´ 26 H2O: [Cu6(Acntb)6](ClO4)6 ´ 26 H2O, Mr�
4233.39, cubic, space group Pa3Å (no. 205), a� 27.656(2) �, V�
21153(3) �3, Z� 4, crystal size 0.22� 0.16� 0.16 mm3, 61 885 reflections
measured, final R1� 0.0616 and wR2� 0.1549 for 2299 observed (I>
2s(I)) reflections. The perchlorate anion is orientationally disordered with
half-site occupancy. Anisotropic thermal factors were assigned to all the
non-hydrogen atoms, while isotropic hydrogen atoms of Acntbÿ were
included in structure factor calculation. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-155221. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Carbohydrate domains in the context of glycolipids and
glycoproteins carry significant messages. The definition of the
full scope and impact of oligosaccharide-based bioinformatics,
falls within the scope of the rapidly growing field of
glycobiology.[1] The sorting out of the diverse effects of
glycosylation on phenomena ranging from protein folding[2] to
cascades with a bearing on fertilization,[3] inflammation,[4] and
metastasis,[5] constitutes a major challenge to glycobiology.[6]

Other phenomena that are communicated in the ªgrammarº
of carbohydrate structure include aberrant glycosylation
patterns, associated with tumorigenesis, and blood typing.[7]

The most widely known of the carbohydrate-centered serol-
ogy systems, the ABO classification, is based on structural
patterns of cell-surface glycoproteins on erythrocytes.[8]

From the perspective of chemistry, one of the issues
complicating molecular level understanding of the conse-
quences of glycoarchitecture is the phenomenon of hetero-
geneity. While the various carbohydrate domains present on a
glycoprotein may be isolated and purified, this tends to be
feasible only after detachment of the oligosaccharide ensem-
ble from its macromolecular setting. One method for dealing
with the issue of the inhomogeneity of glycoproteins is
through synthesisÐeither chemical, enzymatic, or a combi-
nation of both.[9]

A long-term goal of our laboratory has been the develop-
ment of methodology and strategies which would enable the
synthesis of complex oligosaccharides bearing the inherent
information in a context that simulates the natural glycopro-
tein setting. As will be shown below, advances in the field are
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