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In previous work it was shown that molybdenum oxide based
spherical hollow clusters of the type {(Mo)Mos},{linker};—
which, because of their structural features, are also called
Keplerates—can be directly synthesized by the addition of
linkers, such as VVO*" and Fe™, to a dynamic library
containing (virtual) pentagonal units in solution!"? (for
general information see also refs. [3-5]). In the {linker};,=
{M,,} situation, a network of corner-sharing triangles exists on
the sphere surface,[* and this gives rise, as in the {Mo-,Fe;,)
case, to a geometrically frustrated magnetic system which has
received a lot of attention.[**® In fact, these zero-dimen-
sional materials share topological features with the planar
Kagomé lattices which also support geometrical frustration!”!
and are of interest for materials science.” The exploration of
distinct yet related spin systems, which is an important aspect
of the present work, is expected to provide a deeper
understanding of basic aspects of geometrical frustration
and especially the role played by varying the spin quantum
number of the metal centers. Herein we report the synthesis
(and new perspectives for the general synthetic principles
leading to these types of capsules) of the spherical, hollow
{(Mo)Mos},{Cr™},, type cluster 1a which contains an inter-
esting encapsulated {Na(H,O),,} type entity. This {Mo;,Cr;}
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cluster system exhibits, like the {Mo,,Fes} and {Mo;,V;}
systems, the unique Archimedean solid {M;} icosidodecahe-
dron (see below and references [1a,2a]).

If an acidified aqueous solution of sodium molybdate
containing a rather high concentration of acetic acid is treated
with chromium(III) chloride, green crystals of 1 precipitate
after some days (the basic differences to the preparation of
the V;, and Fe;, systems are outlined in the Experimental
Section). Compound 1, which crystallizes in the space group
R3, was characterized by elemental analysis, thermogravim-
etry (to determine the actual water content based on the
release of crystal water), spectroscopy (IR, Raman, UV/Vis),
and single-crystal X-ray structure analysis.*"

[{Na(H,0),,} € {Mo"";,Cr"™3, 045, (CH;CO0) ;9 (H,0), }]-
ca. 120H,O0 =1a-ca. 120H,0 1

The cluster 1a is of the expected spherical {(Mo)Mos};,-
{Linker}s, (Linker=Cr™) type (Figure 1). Correspondingly,
the heptacoordinate Mo centers of the 12 pentagonal
{(Mo)Mos} units describe an icosahedron, and the 30 Cr'™
linkers the quasiregular icosidodecahedron. The latter Archi-
medean solid is a hybrid of the icosahedron and the
dodecahedron and contains 20 triangular and 12 pentagonal
faces. It comprises not only equivalent vertices but also
equivalent edges and equal dihedral angles (see also
refs. [1,2]). The 19 acetate ligands in 1a, which are mainly
disordered, are located inside the cavity and coordinate in a
bidentate fashion to the metal centers, preferentially bridging
Cr and Mo sites. In the {(Mo)Mos};,{Cr'}, cluster, the 30 Cr™
ions have their typical sixfold coordination, that is, with two
bonds to the small ligands (either to two H,O ligands or to
one external H,O and one to an internal acetate) and four
bonds of the Cr-O(Mo) type to two pentagonal {(Mo)Mos}
units (Figure 1). This scenario can also be described as 30 Cr'™
centers trapped in a matrix formed by the 12 pentagonal
units/ligands. The Cr'" metal ions can be replaced by others,
such as Fe™ and VIVO?', in the typical way of coordination
chemistry; this situation is of special interest for further
syntheses and magnetic studies. The solution and solid-state
electronic spectrum of 1 shows a band at approximately 15.6 x
10°cm™' which arises from the presence of Cr'™ and is
assigned to the spin-allowed *A,, —*T,, transition.

One fascinating structural aspect is that a {Na(H,O);,}
cluster is encapsulated in the cavity of 1a. The O atoms of the
{Na(H,O);,} cluster form an icosahedron, with its approx-
imate Cs axes coinciding with the Cs axes of the metal oxide
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Figure 1. Structure of the spherical capsule {(Mo)Mos},,{Cr'"};, high-
lighting the basic pentagonal units (light and dark blue polyhedral
representation; formula in text), which offer five coordination sites,
and the 30 Cr" linker centers (Cr yellow, O red). The Cr"" linker centers
are in octahedral environments. Internal (disordered) acetate ligands
are not shown.

based skeleton (the cluster is found not only at the 3 but also
at the 1 site of the crystal lattice). The relatively small water
cluster is protected by the hydrophobic shell built up by the
acetate ligands and would otherwise not be formed within the
cavities of the spherical capsules which have hydrophilic
interiors.!) (Without the acetate ligands the hydrophilic
groups would be expected to interact with the relatively
small encapsulated water shell preventing the formation of
the regular shape; in larger water aggregates, such as {H,0},,
many water molecules interact strongly with each other
through hydrogen bonds, which has a stabilizing effect.®l) A
hydrogen-bond pattern for the icosahedral water cluster™
was calculated according to a well established method® by
considering electrostatic energy minimization using a combi-
nation of simulated thermal annealing and Powell’s algo-
rithms (see ref. [8¢]). The result obtained corresponds to the
minimum-energy structure when the coordinates of the
sodium ion and of the 12 oxygen atoms are fixed (in the
positions crystallographically determined at —90°C)®! and all
O—H bond lengths and H-O-H valence bond angles are fixed
at 97 pm and 104.5°, respectively. (It is likely that other
hydrogen-bond patterns of similar energy exist, which is in
agreement with the comparably large vibrational ellipsoids of
the O atoms.) Figure 2 shows the hydrogen-bond pattern,
which can be described as a sandwich structure with two chair-
shaped {H,0}s rings and a sodium ion in between. The
average binding energy between water molecules was found
to be —59 kJmol ™!, which reflects both the polarization effect
by the central sodium cation and hydrogen-bonding inter-
actions. Further details about the structure considering also
the influence of the Na* ion will be published in a later paper.
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Figure 2. The {Na(H,0),,} cluster with a central Na* ion (blue). Left:
H-bond pattern (black dots; H atoms white) and the 12 Na---O inter-
actions (black) formally based on the icosahedron of 12 O atoms (red)
with the 30 O---O edges (light brown), not referred to in right-hand
picture. Right: Same H-bond pattern but shown as a sandwich
structure with two chair-shaped water rings (average interatomic
distances [A] for the 3 site:® 0.0 2.72, Na--O 2.58).

Figure 3 shows the magnetic susceptibility temperature
product yTand ' as functions of temperature. The xT value
is 47.17 cm*Kmol ' at T=300 K decreasing with decreasing
temperature, reaching 3.97 cm®*Kmol ' at 1.8 K. The Curie—
Weiss plot (Figure 3, bottom) is essentially a straight line
above T=100K, and a fit to the Curie—Weiss law yields a
Curie constant of 54.8 + 0.1 cm’Kmol ™ and a Weiss temper-
ature of § = —50+0.1 K. The magnetization as a function of
field at T=1.8 K (not shown) increases rapidly with increas-
ing field slowing down above 27, but it does not saturate.
Preliminary X-band EPR measurements (not shown) show a
broad line at high temperatures, which decreases on lowering
the temperature and includes an evolving sharp feature. From
these data the value g=1.966 was obtained.

Both the decrease of the y7 value with decreasing
temperature and the substantial and negative Weiss temper-
ature show that the predominant exchange interactions in 1
are antiferromagnetic which agrees with the fact that the
room-temperature 7 value is below that for 30 uncoupled
spins 3/2 with g=1.966 (54.35 cm*Kmol™). To quantify the
magnetic behavior we performed quantum Monte Carlo
(QMC) calculations™'” of the weak-field susceptibility by
adopting a Heisenberg goggl with isotropic exchange inter-
action of the form —J S;S; for each pair of spins 3/2 on
nearest-neighbor sites i and j of an icosidodecahedron. The
values of both J and g were optimized to fit the experimental
data. The comparison between experimental and theoretical
data was restricted to temperatures 7> 30 K, because below
that temperature the QMC method is not reliable for the
icosidodecahedron structure owing to spin-frustration
effects.’! The best fit was achieved for J/ky=—87+02K
and g=1.96+0.01 (Figure 3, bottom). Note that also the
weak upturn in y~' with decreasing 7T around 50K is
reproduced well by the calculations. In spite of the long
superexchange pathway (Cr™-O-Mo"-O-Cr™) the interac-
tion is quite strong. Literature values for exchange couplings
along such a pathway range from about 1 K to about 21 K.['!l
The strength of the interaction is determined by the overlap of
the Cr d orbitals with the empty d orbitals of the Mo"" ion.
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Figure 3. Experimental (symbols) ™' (top) and xT (bottom) versus
temperature and quantum Monte Carlo result (continuous curve) for
J/ks=—8.7 K and g=1.96 (see text and Experimental Section).

The moderate J value and the spin quantum number 3/2
for the individual Cr™ centers makes compound 1 an
interesting and experimentally convenient system for future
physical, theoretical, and experimental studies and especially
for the comparison of its magnetic properties with those of the
corresponding Fe™>*612 and V! clusters (spins 5/2 and
1/2, respectively) as well as with the spin-related Kagomé
systems.”! Of special interest is the possibility of observing a
narrow minimum in the differential susceptibility dM/dH for
H =20 T (one-third of the saturation field) as has been seen in
the Fe'! complex.!! This minimum in dM/dH is associated
with polytopes assembled from corner-sharing triangles and
the Kagomé lattice. In addition, because of its convenient
spin-state transition energies (see below), 1a is excellently
suited for experimental investigation (by inelastic neutron
scattering) of the validity of the rotational band model!*
which has been developed for these clusters. In contrast, the V
system is not suited for such investigations because of its very
large exchange constant.

The three, practically isostructural, {(Mo)Mos},{M}s,
clusters/skeletons have the sequence of spin values S=1/2
M=VY), §=32 (M=Cr'""), and S=5/2 (M=Fe™) and
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show quite different magnetic behavior. The capsule/Kepler-
ate with M =Fe" behaves essentially classically because of
the large S=5/2 spin centered at 30 different corners of the
icosidodecahedron and the weak superexchange interac-
tion.'”! These factors and the weak exchange interaction
are also responsible for the fact that quantum steps in the
magnetization versus field have not been observed for
accessible temperatures in contrast to other antiferromagneti-
cally coupled systems. For M = V', where the spin is small
and delocalized, the system is called a “Quantum Kepler-
ate”."l The electron delocalization creates a very strong spin
coupling which has been shown by QMC calculations to be in
the range of J/ky ~ —245 K'Yl This spin coupling causes the
excited spin states to be at very high energies, which makes,
for example, spin-state crossings inaccessible in conventional
laboratory magnetic fields. The spin system of la is in
between those of the other two compounds which results in
correspondingly intermediate magnetic properties.

It should be possible to synthesize new related compounds
with interesting and even new types of magnetic properties.
These spherical cluster systems have other unique properties,
as well. For example, the {Fe;)l"® and {Cr;} clusters are
“nanoacids” and show an unprecedented type of assembly
processes leading to vesicles the size of which can be tuned by
changing the pH value, a long-term goal in nanoscience.
Future synthetic strategies will be determined by the general
characteristics of the spherical clusters which can be com-
pared with “coordination polymers” with spherical perio-
dicity."™ Coordination polymers are considered as being
based on metal ions and (organic) ligand building blocks
assembling to infinite one-, two-, and three-dimensional
networks, the properties of which depend in a characteristic
way on the dimensionality."® In our spherical clusters we can
refer to metal-ligand interactions between the pentagonal
units (the ligands) {(Mo)MosO,;(H,0))°" (present in a
dynamical library)!'" and the metal ions. These interactions
are comparable to those between lacunary polyoxometalates
and metal cations.

The option of the planned syntheses of molecular spheres
based on a careful selection of appropriate pentagonal ligands
and metal ions with their specific coordination behavior!*!
allows for the extension of this work to other 3d metal cations
which can also lead to mixed-metal as well as mixed-valence
clusters with different types of magnetic properties (see for
instance ref. [14b]). The preparation of mixed-metal/mixed-
valence clusters would correspond to symmetry breaking for
the spherical systems which can also be brought about by
choosing special cavity-internal ligands attached to the metal
centers.'") A spherical product is formed preferentially if the
following condition is fulfilled: ligand-type pentagonal units
with appropriate bonding sites are present, as are transition-
metal cations which can coordinate to the pentagonal units
(that is, assemble around them) maintaining the fivefold
symmetry (see Figure 1). In the clusters discussed herein, the
repeating unit is {(Mo)MosMs,}] (M =Cr), in the larger
spherical system {(Mo'")Mo"%};,{MoY,};, which contains
binuclear linkers the repeating unit is {(Mo)MosMos}.”"
The repeating units occur 12 times in the spherical clusters
corresponding to the icosahedral symmetry.
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Experimental Section

CrCl;-6H,0 (8.6 g, 3227 mmol) was added to a solution of
Na,MoO,2H,0 (9.0 g, 37.2 mmol) in a H,0O (80 mL)/CH;COOH
(100 %; 35 mL) mixture. After stirring for 5 min it was acidified with
1M HCI (17 mL; resulting pH ~ 2), and the solution was heated under
reflux for 45 min. The resulting green solution was cooled to room
temperature and the pale green precipitate (having a similar IR
spectrum to the final product) was collected by filtration. Green
crystals precipitated from the filtrate after 5 days, were collected by
filtration, washed with cold water, and dried in air. Yield: 0.15 g (ca.
1% based on Cr, see also below); elemental analysis: calcd (%) for
Na;Mo0;,Cr3,Cs350516Hsp9: C 2.58, H 2.89, Na 0.13; found: C 2.6, H 2.5,
Na 0.2 %. (A small error for the number of Na* and acetates has to be
taken into account.) IR (KBr pellet): 7 =1622 (m, 6(H,0)), 1547 (m,
v,(CO0)), 1423 (w, v,(COO0)), 953 (m, »(Mo=0)), 796 (s), 635 (W),
580 (s), 455 cm™! (w); FT-Raman (solid; . = 1064 nm): 7 =948 (w),
913 (s), (Mo=0), 855 cm ™' (s); UV/Vis (in H,0): 1=642 nm; UV/
Vis (measured against cellulose as white standard) A =645 nm. Note:
ratios of MoO,* :Cr’" lower than 2:1 led to the formation of the
Anderson type cluster [CrMogO,,Hg]>~ ™! while a pH value higher
than ca. 2.2 led to the formation of a trinuclear Cr™ cluster with
acetate ligands."®! The reaction pathway leading to the Vs, and Fe,
clusters is much simpler and the yields are higher. A major difference
is that the residence time of H,O ligands in the Cr'" aqua complex
used as educt is very long with the consequence that a reactive cation/
linker for the pentagonal units is not directly available as for example,
in the Fe'" case.

Magnetic susceptibility and magnetization measurements were
performed on a powder sample of 1 (18.52 mg) using a Quantum
Design MPMS XL7 SQUID magnetometer. The data for the molar
magnetic susceptibility were corrected for diamagnetic contributions
using Pascal’s constants (—7504 x 10~ cm*mol ™).

Adopting a Heisenberg model of nearest-neighbor exchange
interaction between spins S =3/2 on the sites of an icosidodecahe-
dron, quantum Monte Carlo calculations of the susceptibility were
performed using the stochastic series expansion!'’) of the partition
function with directed loops."® The detailed balance condition is
satisfied by implementing the appropriate “directed-loop equa-
tions”."® The effectiveness of this technique for magnetic molecules
has recently been demonstrated for antiferromagnetic Heisenberg
spin rings!"” and for a very large variety of finite quantum Heisenberg
spin models.”) It should be noted that though the {Mo,,Cry,} metal
skeleton can be described as icosahedral (this is in fact an (excellent)
approximation) the coordination of the internal water and acetate
ligands destroys that symmetry to a minor extent as the metal centers
(CrCr: 6.32-6.45 A) do not have the same environment. Thus the
assumption of only one exchange coupling constant J is an approx-
imation, but a very good one.
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