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The self-assembly of hierarchical inorganic structures and the 4
control of their formation is fundamental in biological systems and
useful in synthetic ones. Biomineralization proceddbs, deliberate
formation of functional nanostructurésand the generation of
crystals with multiple structural domains are just a few examples.
These processes pertain directly to controlled functionalization of
nanosized metaloxo cluster frameworks.

A. Mlller and co-workers have pioneered routes to giant
polymolybdates of two predominant structural types: cyclic, or ring-
shaped structures (exemplified PY01s4, { MO17¢, { MO126E W} 5)°
and hollow, spherical structures (keplerates; exemplifiefiMby; s} ,*2
{Mo133},%* {M072V 30} 49 and { Mo72Fes0} 49). Both the rings and
spheres are constituted by transferable fragments (“building blocks”)
that assemble under symmetry constrair@ven the extraordinary
structural complexity yet extensive alterability of these clusters,
particularly of moWbdenum'blue,‘ Spec'_es_(m which a large number Figure 1. Ball-and-stick representation of the ring-sphere anioh (Mo:
of Mo(4d) electrons are delocalized within well-defined structural pye, O: red, V: yellow, K: purple). Apart from the twoKsites shown
compartments),we have endeavored to determine whether these connecting the{Mo143 ring and the{Mo72Va¢} sphere, additional K
nanometer-sized species can be orchestrated into even largegations bind to{MosOg} pores present in the ring substructuag 4nd to
assemblies with a commensurately more complex degree of {M0sVaOe} pores of the spherical substructuty. (
molecular organization. Beyond the immediate relevance to su-
pramolecular chemistry, incorporation of magnetic centers into theseonly ring-type species (i.e., of tHMoss4 - or {Mo17¢-type) can
large structures can lead to extended spin topologies for which 4 isolated from such mixtures.
unusual magnetic phenomena are obsefved.addition, these A structural investigation (all details in the Sl) dfreveals an
partially reduced and highly magnetic species could play significant open “clam-like” nanoscopic assembly (ca. 6 nm in length)
roles in applications such as molecular electrohéesl the imaging comprising a sphericaj MoV'7,V/Vsh anion and a ring-shaped
of biological tissued.We report here how a carefully controlled {Mous2 anion linked by two K centers acting as a hinge (Figure
polymerization-reduction process can lead to a single mesoscopic 1) |nterestingly, the spherical subunit presert gxhibits a regular
molecule containing the two basic types of nano-architectures notedjcosahedral structure (virtubj symmetry) in contrast to the recently
above. _ reported more distorteBsq {Mo72V3g} clusterscd with potential

Acidification of a mlxture_ of vanade_lte and molybdate followed implications for the magnetic properties (see below). The lower
by controlled reduction with hydrazine sulfate and subsequent symmetry of the discreteMor,Vsg} cluster is due to the presence
addition of KCI (details are given in the Supporting Information, ¢ to parallel{ KSO4} s rings which coordinate from the inside to
SI) leads to a vanadium(lV)-containing nanorimganosphere  he cluster shell resulting in the flattening of the sphere at two
assembly, KNay1(VO)4[{ M0V'7VV 30028(H20)66(SOu)12 { MOV 11 opposite ends. Irl, these internal rings are missing, and the
Mo"26043{OH)1(H20)se}]-ca. 500 HO = {Mo214V3g} (1) Raman spherical cluster shell contains only 12 disordered tridentate sulfate
spectra (Figure S1 in the S) and kinetic precipitation using K jigands. The other subunit dfis a{Mos43} cluster-anion that can
both as a function of time, reveal that derives from initial be viewed as a tetradecamefdo:s4 = [{Mos}{Mog}{Mo1}]1s
formation of the keplerate-type clust€Moz,V3q},° followed by type ring in which ca. 6 out of the 14 loosely boufitflo,} =
subseguent slower (&4 h using the given synthgtic conditions) {[MoV'Ox(H,0)]x(1-O)} 2+ units (two corner-sharing octahedra with
formation and attachment of molybdenum-blue, ring-type Species e terminal sites) are missing, a common pattern for derivatives
which display a very characteristic line-pattern in the 2000 cnt* of molybdenum-blue, ring-type structures. These vacant sites are
region® Once the nanoring units are generated,is easily delocalized over the 14 possible positions of the ring based on the
precipitated by addition of KCI. Evidence for the initial formation underoccupancy of every atom of thio,}-type unit. As previ-
of keplerate followed by a slower ring attachment process is also o g|y established, aflMo:s4 ring-type clusters contain 28 partially
supported by the fact that using conditions favoring initial ring §e|ocalized Mo(4d) electrons (two in eaos(us-0),04H} central
formation (e.g. lower pH and/or using a larger amount of reducing compartment). Bond valence sum (BVS) values for these Mo
agent) fails to producé regardless of the reaction time. Instead, centers and thes-O atoms in thel Mos(uz-0),04H} units of 1 are

t Emory University. in good agreement with those previously reported fo{te;s4} -

*lowa State University. type species, strongly suggesting that these units are idehtical.

5336 = J. AM. CHEM. SOC. 2006, 128, 5336—5337 10.1021/ja060886s CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

effective nearest-neighbor exchange energyl/gg ~ —220 K
(mediated by—O—MoY'—-0— pathways). The rapid onset @ff
even at lowest temperatures can only be explained by the presence
of low-lying S > 0 spin states that can be populated even at such
low temperatures. While we initially believed that these states
emerge from splitting due to the decreased symmetry (and thus
from a spread of different nearest-neighbotV interactions) in
the discretd Mo,V 3o} cluster, the results fak imply that the next-
nearest neighbor couplinty, likely two orders of magnitude smaller
thanJ, is significant and results in low-lying spin states.
N Ll Complex 1 exhibits three levels of controllable structural
organization: the multi-Mo “building blocks” including the pen-
T T ool | tagonal {(Mo)Mos} and the{Mo} units, the ring and sphere
H10w components, and, in which these two nanostructures are joined.
The implication is that other and still larger multinanounit as-
semblies may be possible.
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Figure 2. Experimental temperature-dependencg Bfor 1 at 0.1 Tesla ;
and 2-290 K (black squares) indicating strong antiferromagnetic coupling Acknowledgment. The present research is supported by DOE

between theS = ¥, vanady! groups within thén-symmetric{ Mo7,V3q} (Grant DOE-FGO02-03-ER1546 to C.L.H.). Ames Laboratory is
substructure. The horizontal green line marks the background due to four operated for the U.S. Department of Energy by lowa State
uncoupled vanadyl countercations that are disordered in the crystalline University under Contract No. W-7405-Eng-82.

lattice. (Inset) Field-dependence of the magnetization at 2.0 K. The red
curve represents the best fit to a scaled SprBrillouin function (@ =

2.0), yielding 4.1 uncorrelatefl = ¥/, centers per molecular unit.
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Supporting Information Available: Crystallographic details and
CIF file for 1; synthesis details, TGA-DSC, spectroscopic (IR, Raman,
vis-NIR) and magnetic data. This material is available free of charge
Extended Hakel MO calculations also indicate a nearly identical via the Internet at http://pubs.acs.org.
electron structure, with very similar frontier orbital compositions,
especially 14 nearly degenerate highest occupied MOs of predomi-gaterences
nantly Mo(4d) character mostly localized over the outermost Mo
positions. The previously documented affinity of the Kations
for the {Mo3V30g} hexagonal pores of the keplerate-type clusters
is clearly evident inl (all 20 pores of the spherical subunit appear
to be capped by K cations although some of these were refined
with half occupancy based on their large thermal paramete#s).
Notably, the ring-type subunit of also contains 14 MogOg}
hexagonal pores, some of which are capped Bycktions in a
similar fashiont?

The vis-NIR electronic spectrum df (Figure S2) shows three
very intense, broad absorption bands in the-40P00 nm range.

The lowest-energy band responsible for the resonance Raman effect
(le = 1064 nm) with a maximum at 1055 nm is the result of
homonuclear IVCT (intervalence charge transfer) transitions of the
MoY — MoV! type, based on the difference in optical electrone-
gativity between the atoms involvédThe 730-nm band, which is
the dominant feature in the spectra of mixed valence’Mao"!
ring-type species is also the result of Me~ MoV type IVCT.

The highest-energy band (maximum at 525 nm) is very likely due
VIV — MoV heteronuclear IVCT since it is not present in the spectra
of molybdenum-only ring-type species but is the prominent feature
in the spectrum of the sphericdMov'7,VV3gt clusteried The
resonance Raman spectrumloh water (Figure S1) is very similar

to that of the{Mois4} -type species supporting a similar electron
delocalization involving thg Mos(u3-0),04H} units® This is also
consistent with only the ring and not the spheré lreing partially
reduced.
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