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What would the properties of materials be if we could really
arrange the atoms the way we want them? Although this
question is scientifically and technologically topical, it is a
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well-known excerpt from the Richard P. Feynman lecture
“There’s Plenty of Room at the Bottom”.['! Recent advances
in our understanding of supramolecular chemistry offer
promise that Feynman’s dream will be realized since they
have afforded design principles that have provided access to
an array of new solid phases with specific and, in many cases,
previously unknown molecular topologies. Indeed, as molec-
ular scientists become ever more proficient at the supra-
molecular synthesis?! of new compositions and structures, the
question that might now be posed is: “in what manner do we
want to arrange the atoms?” In the context of magnetic
materials, theorists have provided chemists with an array of
target lattices,”®! and synthetic chemists have developed new
strategies for the generation of novel networks that contain
magnetic components.*”) Spin-frustrated lattices represent
attractive targets that are exemplified by the antiferromag-
netic Kagomé lattice.®! Herein we present the synthesis,
crystal structure, and magnetic properties of, what is to our
knowledge, the first example of a nanoscale Kagomé lattice.

The phase is sustained by paramagnetic dicopper(1) tetra-
carboxylate spin pairs (metal dimers) positioned at the
vertices of a Kagomé lattice, and it exploits the concept of
self-assembly of nanoscale secondary building units
(nSBUs).! Tt therefore offers a system where the effect of
systematically substituting the molecular components can be
evaluated. In this context, we compare the magnetic response
of the Kagomé lattice arrangement with a system where
identical secondary building units (SBUs)!'" are arranged in a
tetragonal 2D configuration, which is not expected to exhibit
spin frustration.

We have recently demonstrated that regular molecular
squares can self-assemble at their vertices to form square or
triangular nSBUSs, and that the use of an appropriate template
and mild crystallization conditions facilitates the generation
of a diverse range of discrete and infinite molecular archi-
tectures that are based upon these nSBUs.” '-131 The ubiq-
uitous dimetal tetracarboxylates [M,L,(O,CR),] (L = coordi-
nated ligand, M = transition metal) serve as ideal molecular
squares in this context since they are synthetically accessible
and, depending upon the metal, offer potential as catalysts'
or molecular magnets.['> 19 Figure 1 illustrates the two nSBUs
that can be generated if the molecular squares are linked by
1,3-benzenedicarboxylate (bdc), that is, at 120°: a square
nSBU (a cluster of four square SBUs) or a triangular nSBU (a
cluster of three square SBUs). These nSBUs are known to
self-assemble to form discrete nanoballs (sustained by both
square and triangular nSBUs)["?l or a tetragonal 2D lattice
(sustained by square nSBUs only).! It occurred to us that
other supramolecular isomers are possible if triangular nSBUs
alone are present: triangular or Kagomé 2D lattices (Fig-
ure 2). Few examples of molecular Kagomé lattices have been
reported to date, '’ and to our knowledge there have been
no reports of a nanoscale lattice, despite the expectation of
cooperative magnetic phenomena in such structures.

Slow diffusion of ethanolic copper(t1) nitrate into a solution
of bdc, pyridine (py), and an appropriate template (nitro-
benzene, 1,2-dichlorobenzene, or naphthalene) in ethanol
affords prismatic blue-green crystals of [(Cu,(py),(bdc),);].
(1). The crystal structure of 1% (Figure 3) can be described as
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a)

Figure 1. Illustrations of the square (a) and triangular (b) nSBUs that can
be formed by linking the vertices of molecular squares.

a)

G004,
< )

Figure 2. A schematic representation of triangular (a) and Kagomé (b) 2D
lattices.

the result of self-assembly of bowl-shaped triangular nSBUs
to yield a nanoscale Kagomé lattice. Cu, dimers are posi-
tioned at the lattice points and are bridged by the bdc ligands,
thereby generating large hexagonal cavities within the layer.
The bowl-shaped nSBU facilitates efficient packing when the
bowls are eclipsed, which results in eclipsing of the hexagonal
cavities (0.91 nm effective diameter) and in hexagonal
channels of the same dimension. The layers are undulating
because of the curvature imparted by the bdc moiety, and
have an amplitude of 1.24 nm, with adjacent layers over-
lapping by approximately 20 %. The apical positions of the
Cu, dimers are occupied by coordinated pyridine ligands, and
highly disordered solvent molecules occupy the hexagonal
channels (approximately 28 % by weight). Thermal analyses

2822 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Figure 3. Space-filling and schematic representations of the arrangement
of triangular nSBUs in the nanoscale Kagomé lattice structure exhibited by
1

(thermogravimetric analysis and differential scanning calo-
rimetry) indicate that the solvent of crystallization and the
pyridine ligands can be removed at approximately 200°C, and
that the desolvated lattice is thermally stable at temperatures
in excess of 300°C. The most intense peaks observed in the
X-ray powder diffraction patterns from the bulk sample are
consistent with those calculated from single-crystal diffraction
data. A phase based on square nSBUs, [((py),Cu,(bdc),).].
(2), can be obtained under different crystallization condi-
tions.”)

The magnetic properties of 1 are featured in Figure 4. The
temperature-dependent susceptibility (y) at a constant field
(H=0.1T) is shown in Figure 4a and the field-dependent
magnetization at low temperature (7= 5 K) in Figure 4b. The
graphs exhibit rich structure that can be associated with the
combined intradimer and interdimer magnetic interactions.
Cooperative magnetism in complexes based on Cu, dimers
has been studied in the past and is known to predominantly
exhibit antiferromagnetic coupling.? 22

The temperature-dependent y shows a maximum just below
300 K and a minimum at around 60 K followed by an upturn
at lower temperature. The data presented have been correct-
ed for the diamagnetic contribution. The variation of y with
temperature is consistent with cooperative magnetic behavior
observed in dimeric copper complexes. We have used a
standard Bleaney — Bowers (BB) model®! to generate a fit to
our experimental data, and this is also shown in Figure 4. The
two main fit parameters are the intradimer (/) and interdimer
(/) interaction terms. From our fit, we obtain values of J =
—350 and J'=—18 cm~!. Our model also accounts for the
presence of uncompensated moments that follow a Curie law.
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Figure 4. a) The temperature-dependent molar susceptibility (y, per
nSBU) of 1 at 0.1 T (data points) overlaid by a plot of the BB best-fit
model (solid line): J=—350 cm™! and J'= — 18 cm™'; b) the field-depend-
ent magnetization of 1 at 7=5 K.

This phenomenon is responsible for the upturn in suscepti-
bility at temperatures below 50 K.

A clue as to the nature of the geometrically frustrated
antiferromagnetic state inherent in this compound is revealed
on investigation of the field-dependent magnetization data,
shown in Figure 4b. A well-defined hysteresis loop is observed
which is indicative of ferromagnetic behavior. We have also
confirmed the presence of hysteresis at 300 K. In a sense, we
have demonstrated herein that it is possible to arrange
nanoscale molecular objects (not atoms!) with precise control
and achieve periodic magnetic nanostructures.

Within the context of the triangular Kagomé lattice, we can
now attempt to understand the origin of the ferromagnetic-
like response leading to magnetic hysteresis. The triangular
lattice framework will result in disruption of perfect anti-
ferromagnetic ordering by introducing spin frustration that
leads to canted arrangement of spins. Of course, the term
“spins” refers here to the moments of the individual dimers.
Spin canting can lead to the appearance of effective weak
ferromagnetic long-range order. It has also been pointed out
that in low-dimensional systems such as semiconductor
quantum dots and molecular magnets, electron correlation
effects in an antiferromagnetic lattice can lead to flat-band
ferromagnetism. !

Phase 2 exhibits an alternative topology to 1; the 2D square
lattice that is shown in Figure 5. In this case, geometry
considerations dictate that spin frustration is ruled out, which
is reflected in the magnetic measurements shown in Figure 6.
To keep our comparison direct and simple, we have plotted
molar susceptibility and magnetization data using identical
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Figure 5. Space-filling and schematic representations of the arrangement
of square nSBUs in the nanoscale square lattice structure exhibited by 2.
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Figure 6. a) The temperature-dependent molar susceptibility (y, per
nSBU) of 2 at 0.1 T (data points) overlaid by a plot of the BB best-fit
model (solid line): J=—380 cm™! and J'= —85 cm™!; b) the field-depend-
ent magnetization of 2 at 7=5K.
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conditions to those described in Figure 4. These magnetic data
are very similar to recent experimental results reported by
other groups on complexes of Cu, dimers.?"! Theoretical fit
using the BB model to the temperature-dependent molar
susceptibility data in this case yields fit parameters J=
—380cm™! and J'=-85cm™L. Clearly, the most striking
feature is that the field-dependent magnetization does not
display a hysteresis loop in this system, the straight line
obtained being representative of a more traditional para-
magnetic behavior.

Our results dramatically underscore the potential afforded
by supramolecular chemistry for the design of molecular
nanostructured assemblies with desirable physical properties,
while emphasizing how the composition of a material is not
the only feature one must consider when designing a phase
that exhibits molecular magnetism. Future work will focus on
the modularity of this system and on chemical modification of
the components: substituting the metal; changing the coordi-
nated ligand; substituting the bdc ligand; incorporation of
different guest molecules. We expect a significant effect on
magnetic properties as it has already been shown that simply
varying the apical coordinated ligand has a measurable effect
on the magnetism exhibited by the SBU used in our study.!
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Substrate Distortion by a f-Mannanase:
Snapshots of the Michaelis and Covalent-
Intermediate Complexes Suggest a B, 5
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More than 6000 glycosidase sequences and related open
reading frames are currently known. They have been classi-
fied into some 85 families based upon amino acid sequence
similarities!!! providing a rich context in which to explore
variations in glycosidase mechanism. Experimental demon-
stration of pyranoside ring conformations along the reaction
pathway may assist the design of transition state analogues
both as therapeutic agents and mechanistic probes. Here we
report the three-dimensional structures of the Michaelis
complex and covalent glycosyl—enzyme intermediate for a
family-26 f-mannanase, both of which display conformational
features never previously seen on any glycosidase. When
viewed in light of published work on mannosidase inhibition,
this work suggests that the transition state for mannoside
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