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The controlled generation of nanostructured materials and
building units defines one of the contemporary challenges in
chemistry. In this context, designed properties such as
mesoporosity (in the form of well defined cavities or
channels), electron and ion transport capabilities, and (high
spin) nanomagnetism (including switching) are of particular
interest!'). Following the successful synthesis of nanostruc-
tured icosahedrally or spherically shaped clusters of the
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Keplerate type with, for example, the metal frame {(Mo)-
Mos},Feltl 1al? of 30 high-spin, and in principle, switchable
Fe!! centers, it is now possible to interconnect the strong
molecular magnets of that type. The linking of the icosahedral
entities, which is in itself an interesting crystallographic
problem (see below), takes place in a solid-state reaction at
room temperature.

The aforementioned clusters 1a in the compound la-~
150 H,0 comprise Fe centers, with H,O ligands which become
linked according to the inorganic-condensation reactions
known for the formation of polycations with a low activation
energiesP! (Scheme 1). The corresponding reaction product 2
results from several subsequent reaction steps. Product 2,

-+-Fe(OH,) + (H,0)Fe -

—H,0/-H*
_

---Fe(OH,) + (HO)Fe--- ---Fe-O-Fe ---

Scheme 1.

with a layer structure, was characterized by elemental
analysis, thermogravimetry (to determine the number of
crystallized water molecules), bond valence sum (BVS)
calculations,! spectroscopy (IR, Raman, UV/Vis, and *’Fe
Mossbauer), magnetochemical measurements, and single-
crystal X-ray structure analysis.”!

[Mo;,Fe3,0,5,( CH;CO0)1,{M0,04(H,0)},{H,M0,05(H,0)}(H,0)q,] -
~150H,0 12

[H,Mo,,Fe3,0,54( CH;COO0) 10{M0,0,(H,0)}{H,M0,04(H,0) }(H,0)s7] -
~80H,0 20

Compound 2 crystallizes in the space group Cmeca. In this
structure, every cluster unit of the 1a type is covalently linked
to four other units through Fe-O-Fe bridges (Fe-Fe=
3.79(4) A) and thereby forms a two-dimensional layer struc-
ture (Figure 1). The geometrical parameters of each single
cluster building unit in 2 are, as expected, equal to the
corresponding values found in the discrete cluster 1a.>%1, A

Figure 1. Structure of one layer of 2 as a polyhedral representation.
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remarkable result of this work is, besides the simplicity of the
synthesis of 2, the cross-linking of giant spheres in a solid-state
reaction at room temperature as well as the packing of
icosahedral units into a two-dimensional layer structure. The
absence of Cjs crystallographic axes has led to a number of
interesting investigations on the problem of packing icosahe-
dra.l’! In the present case, the tiling that leads finally to the
crystallographic grid is achieved by the covalent binding of the
icosahedral units through oxygen atoms; these covalent bonds
induce symmetry breaking. The observed electronic structure
and the magnetism may be of interest in materials science,
since the nanoscale building unit of the layer structure 1a,
which contains 30 high-spin Fe™ centers, represents the
cluster with the highest number of paramagnetic centers
known. The presence of 26 Fe' centers, which are not
involved in linking the spherical units, was confirmed not only
from the structure analysis but also from the observed
magnetism. The measured y,,,7 value of 112.9 emuKmol~!
at room temperature fits well with the theoretical value of
113.7 emuKmol~! for 26 uncorrelated S=% centers.” The
remaining four Fe! centers (per cluster unit) of the Fe-O-Fe
bridges are apparently so strongly coupled that they do not
significantly contribute to the paramagnetism, a situation
typical for u-oxo-bridged, linear, dinuclear Fe!'' complexes.!
A suitable model system for the (H,0)(O)Fe(u-O)-
Fe(0O),(OH,) groups in 2 is the recently described complex
[(H,O)sFe(u-O)Fe(OH,)s]**, for which (due to the strong
coupling) a y,.,T value of only about 0.35 emuKmol™' per
Fell' center at room temperature was reported.’] Plotting
1/y%mor versus T yields, on extrapolation due to the antiferro-
magnetic coupling, a Weiss temperature of @ = —21.1 K. The
SFe Mgssbauer spectrum of 2 shows the anticipated similarity
to 1 but a slight asymmetry of the two main peaks and of the
quadrupole doublet (6, =0.51 and AE,=0.65 mms™1).

In the context of the cluster units, the following is note-
worthy: When the freshly filtered, and thus not yet dry,
crystals (type I; space group P2,/n) which will form 2 after
dehydration are immediately investigated by X-ray structure
analysis at low temperature, their structure shows the discrete,
not yet covalently linked clusters of {(Mo)Mos};,Felll (Fig-
ure 2).

Interesting aspects of the conversion process of the discrete
spherical clusters in the solid state at room temperature,
according to Scheme 2 (see also Figure 1 and 2), are 1) the
discrete clusters approaching one another then finally cova-
lently bonding during the drying process was observed by
single crystal X-ray structure analysis'” by means of the
decrease in spacing between the spheres, and 2) the change to
a space group of higher symmetry in an ordering process due
to the covalent bonding of the spheres.

The reaction steps, according to Schemes 1 and 2, show a
corresponding volume decrease of the unit cells and the
decrease of the number of crystallized water molecules and
represent a highly interesting process in solid-state physics
and chemistry. For the proton transfers during the condensa-
tion process II —2, either the clusters or crystallized water
molecules act as acceptors. This remarkable process is driven
by the thermodynamically favorable formation and release of
water molecules.['!]

Angew. Chem. Int. Ed. 2000, 39, No. 9

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Fe-Fe G4 Fe.-Fe 5354 5 Fe-Fe 3794
[LEECI i e ]
'J":' % l_ .-'”":' % Y o .-__.—"H.
Ly . T &1, | 71 P
[F“‘_.‘._r i r". r.“"|. .rg,.-_", Y AT
5 ' bt ! ‘,'-.! - ; ] i = |I . ]
.,L!_-_ij i e}g{,“;..f ‘&/‘Lr{j ; ’Q/.,IF:IJ
et T \F — Yty
- nl....'. o p4 il el o
£ R TR
-I_‘_,:-':_ S % ;1—-—'—;'.-:
e, LYo
. 5 L 4 ol
Ty 5 ¥ LI i, A

Figure 2. Wireframe representation of the metal frame of the cluster
building units in 2 with an indication of covalent linking (right). The solid-
state conversion process (see text) leading to 2 takes place according to
Schemes 1 and 2.1 The reaction proceeds from discrete cluster units
present in the wet crystals freshly filtered from the mother liquor (type I;
left) via an intermediate (type II; middle) with discrete units positioned at
the minimum distance possible without bond formation.

erystallized water

discrete cluster discrete cluster — layer structure 2

freshly filtered
crystals (I)

intermediate (II) “dried” crystals

Scheme 2.

Experimental Section

To a solution of 1?1 (1.0 g, 0.05 mmol) in H,O (100 mL; 1 dissolves slowly),
NaCl (0.5 g, 8.6 mmol) was added with stirring. The pH value of the
solution was adjusted to approximately 2.0 with 1M HCI, then the reaction
solution kept free of vibration in an open beaker (250 mL, wide necked) for
crystallization. Yellow crystals of 2 (thin plates) were collected after 6 days
by filtration through a glass frit, then washed with iced water and dried
under air. Yield: 0.4 g (43 % based on 1).

2: Characteristic IR bands (KBr; 1800-500 cm™!): #=1620 (m, 8(H,0)),
1535 (m, v,(COO0)), 1425 (w-m, v,(COO)), 971 (m), 948 (m, v(Mo=0)),
855 (sh), 781 (s), 623 (w-m), 567 cm~! (s); characteristic Raman bands (solid
state; A, = 1064 nm, 1000 -200 cm™): 7 =950 (s), 908 (W), (v(Mo = O)), 835
(s), 510 (m), 370 (m), 238 cm~' (w-m); UV/Vis (solid-state reflection
spectrum, cellulose used as a white standard): A ~ 285 (sh), 370 nm.
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solution—cannot be clearly determined because of the disorder
problem (see the argument in ref. [5]). The negatively charged
dinuclear molybdate fragments {Mo,Oy,} are responsible for the
charge balance during the formation of neutral la clusters;?! a
spherical cluster of the same type without these fragments but
correspondingly more acetate ligands should also exist.
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Giant molecular spheres of variable size can be generated
by linking pentagons with various spacers.'? Herein, we
describe a route which facilitates the generation of unusual
electronic structures based on polyoxomolybdate spheres:
Each sphere, comprised of 12 pentagonal units, can act as a
matrix for trapping 30 electrons on the spacers that corre-
spond to the centers with a predominantly MoV character.

When the molecular giant sphere 1la, consisting of 12
pentagonal units of the type {(MoY)Mo?Y!} and 30 {MoY}
spacers assembled with the structural characteristics of a
Keplerate,? is oxidized, the deep blue, crystalline, molybde-
num oxide acetate-type molecules containing 2 is formed.
Product 2 was characterized by elemental analysis (including
cerimetric titration to determine the (formal) number of MoV
centers), thermogravimetry (to determine the number of
crystal water molecules), spectroscopy (IR, UV/Vis, reso-
nance Raman, ESR), magnetochemical measurements, ex-
tended Hiickel (EH) MO calculations, and single crystal
X-ray diffraction”! including bond valence sum (BVS) calcu-
lations (to determine the positions of the H,O ligands and to
differentiate between Mo"! and MoV centers).

(NH,)[{(M0)M050,;(H,0)4}1,{M0,0,CH;COO};] -~ 300 H,O -
10CH;COONH, 10

[{(Mo)Mo;0,,(H,0),CH;CO0},,{MoO(H,0)}s] -~ 150 H,O 2

Compound 2 crystallizes in the space group C2/c. In
contrast to anionic 1a (space group of 1: Fm3), the neutral
cluster 2a (Figure 1) does not form an (exact) closest cubic
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