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Understanding assembly processes based on the linking of
simple XYn-type polyhedra has been of tremendous inter-
disciplinary interest since the time of Pauling�s original
statements referring especially to the silicates.[1a] It seems to
be of importance to distinguish between self-assembly and
directed-assembly, terms used for elementary processes that
probably occurred on the primordial earth.[1b] In bulk solution
one can mostly refer to self-assembly, but under confined
conditions directed-assembly should be predominant because

of the probable influence of the “environment”. In nearly all
of these cases the elementary processes, especially the first
related steps, are not known. The most studied system in this
context is that of the polyoxometalates (POMs), in which
MOn-type species appear finally as polyhedra linked (mainly)
through corners and edges.[2] Regarding directed-assembly,
two reports should be mentioned: a study on a giant wheel-
type species in which molecular growth is observed inside the
cavity[3] and the discovery of an unprecedented stepwise
molecular cascade type growth process based on nucleophilic/
electrophilic interactions.[4] Herein we report a process that
occurs within the highly negatively charged wheel-shaped
{P8W48}-type species

[5] in which the formation of two mixed-
valence {VV

4V
IV
2O12(H2O)2}

4+ assemblies with linked tetrahe-
dra and octahedra is directed by the internal surface, thereby
closing the cluster cavity.[6] This type of process allows
generation of a variety of magnetically interesting mixed-
valence species by studying systematically the influence of the
environment and internal wheel surface under variable redox
conditions.

Reaction of a solution of 1with vanadyl sulfate in aqueous
medium yields crystals of 2 after some time. Compound 2,
which crystallizes in the triclinic space group P1̄, was
characterized by elemental analysis, thermogravimetry to
determine the actual crystal water content, spectroscopic
methods (IR, resonance Raman, UV/Vis, EPR, MAS-NMR),
single-crystal X-ray structure analysis (including bond-
valence-sum (BVS) calculations),[7] and susceptibility meas-
urements. A view of the structure of 2 in a mixed polyhedral
and ball-and-stick representation is shown in Figure 1.

K20Li5H7½K8 � fP8W48O184g� � xH2O ðx � 92Þ ð1Þ½5�

Na12K8H4½K8 � fP8W48O184gfVV
4V

IV
2O12ðH2OÞ2g2� � xH2O ðx � 80Þ ð2Þ

The “host” anion, [K8�P8W48O184]
32
 (1a) with fourfold

(D4h) symmetry is derived from the linkage of four {P2W12O48}
lacunary fragments of the Wells–Dawson anion [P2W18O62]

6
 ;
it encloses eight potassium cations in the positions shown in
Figure 2a. The cations at the 3-, 6-, 9-, and 12-o�clock
positions in the figure are disordered over two sites above
and below the equatorial mirror plane; the remainder lie in
that plane. Potassium cations occupy analogous positions
within the new host–guest complex 2a but they are now
sandwiched between the two cyclic capping groups
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{VV
4V

IV
2O12(H2O)2}

4+ (3a), each with two octahedral VIV and
four tetrahedral VV centers (Figure 2a). 3a can be considered
formally as an interesting polycation exhibiting two different
types of entities, namely, {O=V(H2O)}

2+ [8a] and V2O5,
[8b]

which occur under well-defined conditions, the latter in the
gas phase, the former in hydrated form in aqueous solution.
The formation of 3a is based on oxidation of VIV by air and
does not occur in absence of oxygen. As is evident from the
figure the V6 caps force a rhombic distortion of the square
{P8W48} perimeter observed in 1a.

[9] The internal angles of the
rhombus in 2a (of lines extended from the P···P vectors in
each {P2W12} unit) are close to 808 and 1008. The overall anion
dimensions (measured by the separation between the oxygen
atom “hinges” linking the corner-shared {WO6} octahedra at
6- and 12-o�clock positions in Figure 2a versus those at 3- and
9-o�clock positions) are 15.27 and 17.94 L. As shown in
Figure 2b the short terminal V
O bonds of the four VO2+

centers are directed towards the interior of the structure and
point towards the centroids of groups of three encapsulated
potassium cations. The orientation of the VO2+ groups places
four weakly bound water molecules (V
OH2= 2.23 and
2.27 L) on the surface of the anion, and this leads to the
possibility of attaching (albeit weakly) other ligands at these
positions. The structure is a rare example of a polyoxometa-
late in which M
Oterminal vectors point towards the interior of
the anion.[10] Presumably space limitations (the V···V separa-
tion is 6.21 L) preclude the enclosure of two water molecules.

Magnetic measurements were performed and Figure 3
shows the paramagnetic susceptibility–temperature product
and the inverse of the susceptibility recorded on a fresh

powder sample of 2 at an applied field of 1 T, both as a
function of temperature. The high-temperature cT value of
1.34 cm3Kmol
1 corresponds to the presence of 3.8 VIV

centers, which is in good agreement with the four {VIVO-
(H2O)} units found in the crystallographic studies. From this
result it can be immediately concluded that there are no
additional {VIVO}2+ units in the lattice. The Curie–Weiss plot
of the inverse of the susceptibility as a function of temper-
ature (Figure 3) gives a Curie constant of 1.35 cm3Kmol
1,
which is in excellent agreement with the room-temperature
value of cT. The small Weiss temperature of q=
1.8� 0.2 K
shows that the ions are only very weakly interacting, which is

Figure 3. Temperature dependence of cT (filled circles) and c
1 (open
circles) recorded at 1 T. The drawn line is a fit to the Curie–Weiss law
c
1=T/C
q/C (T�15 K) with the parameters C=1.35 cm3Kmol
1

and q=
1.8�0.2 K.

Figure 2. a) Comparison of the structures of 2a and the host anion 1a
showing the distortion introduced by the {VV

4V
IV
2O12(H2O)2}

4+ capping
groups 3a. b) Some metrical details (in N) of the capping groups 3a.
Color code as in Figure 1 plus VIV lilac, H2O ligands turquoise.

Figure 1. Two views of the structure of 2a showing the capping V6

groups and the positions of the K cations within the cavity. Color
code: W blue, O small red spheres, K large brown-red spheres, PO4

pink, VOn green.
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not surprising in view of the orientation and separation of the
magnetic (“dxy”) orbitals of the V

IV centers. The decrease of
the value of cT at lower temperatures is not an effect of
magnetization saturation because the 0.1 T applied field
susceptibility curve does not differ from that measured at
an applied field of 1 T. This behavior is probably a conse-
quence of small inter- or intramolecular exchange interac-
tions.

The X-band EPR spectrum recorded on a powder sample
exhibits a broad line with g= 1.95 at room temperature, but
shows a hyperfine splitting from I= 7/2 VIV nuclei of the order
of A= 200 MHz (67M 10
4 cm
1) at 4.1 K (Figure 4). The

magnitude of A and the pattern of hyperfine features are
consistent with a triplet state arising from interactions
between pairs of VIV centers rather than a single VO2+

center, although the “forbidden” half-field line was not
observed. Raising the temperature immediately leads to line
broadening and disappearance of the hyperfine structure as a
result of an increase in spin-lattice relaxation. Owing to the
broadness of the spectrum even at 4.1 K it is not possible to
obtain an unambiguous set of g and A parameters by
simulation. The simulation depicted in Figure 4 corresponds
to the parameters shown in Table 1, but these are by no means
optimal. Nevertheless, the hyperfine parameters are similar to
those reported for the vanadyl tartrate dimers shown in
Table 1 and are quite distinct from those of a typical
monovanadium(IV)polytungstate, also shown in the Table.

It seems plausible to assume that the “eclipsed” VIV

centers (V1 and V4, Figure 2b) account for the triplet state

EPR spectrum since the V1···V4A separation is 10.2 L and
would involve an unfavorable VIV(oct.)-O-VV(tet.)-O-VV-
(tet.)-VIV(oct.) superexchange pathway. Superexchange
between V1 and V4 involves multiple VIV-O-WVI-O-WVI-O-
WVI-O-WVI-O-VIV pathways favored by the “mixed-valence”
interaction between VIV and WVI (discussed below). Similar
exchange involving multiple bond pathways has been dem-
onstrated in [KAs4W40(VO)2O140]

23
.[12] However, the adja-
cency of the two triplet states within the same anion is almost
certainly responsible for the increased spin-lattice relaxation
observed. A more detailed single-crystal EPR analysis is
warranted for this interesting compound.

According to the Robin–Day classification[13] 3a is a
Class I mixed-valence fragment/cation since the two valence
states are clearly distinguished by their different coordination
geometries, while the electron density is predominantly
localized on the octahedral site, for which the crystal-field
stabilization (here applicable only in a formal sense) is larger
than that for the tetrahedral site (10Dqtet=

(4/9)10Dqoct). The electronic spectra of Class I mixed-
valence compounds are a combination of the spectra of the
individual oxidation states with no additional absorption
(intervalence) bands. The situation is a little more compli-
cated when the complete anion 2a is considered because 3a is
embedded in the polytungstate matrix. In addition to the
VIVVV Class I mixed-valence situation, there is also adjacency
of VIV with WVI. As has been well established for tungstova-
nadates(IV) (e.g., [SiW11V

IVO40]
6
), these can be treated as

Class II systems with partial electron delocalization from
“octahedral” VIV to “octahedral” WVI, which results in
intensity-enhanced “d–d transitions” of VIV as well as VIV–
WVI “intervalence” charge transfer at around 500 nm (see
reference [14]). In contrast to the case of the VIVVV situation,
the enhancement of the electron-transfer rate for the VIVWVI

case should also be influenced by the vibrations that change
the metal–metal distances and therefore modulate the trans-
fer integrals (see the Supporting Information). The UV/Vis
spectrum of a freshly prepared solution of 2 (Figure S1 in the
Supporting Information) shows just such absorption fea-
tures.[15]

The slow decomposition of 2 in solution, together with the
presence of four paramagnetic centers, precluded the obser-
vation of useful multinuclear NMR spectra. However, solid-
state spectra could be recorded (see the Supporting Informa-
tion).

Apart from the points that refer to general aspects of
encapsulation chemistry,[16] another interesting phenomenon
was discovered. 3a can be considered to be an interesting
mixed-valent polycation that is formed by a nucleation
process under confined conditions, and the specific geometric
environment influences the type of electron distribution and
exchange interactions, which are negligible in the present
case. There is no doubt that other nucleation processes can be
studied in the {P8W48} cluster cavity under formally similar
conditions such as those related to molybdenum oxide based
aggregates, which were observed in larger cavities.[3] The
interesting aspect is that a variety of magnetically interesting
mixed-valence species can be generated by changing the
redox potentials.[3]

Figure 4. Top: EPR spectrum of 2 at various temperatures (hyperfine
splitting only resolved for 4.1 K); bottom: simulation with g and A
parameters from Table 1, D=0.008 cm
1, and linewidths of 60 G.

Table 1: Selected EPR g and A [10
4 cm
1] parameters.

Compound VIV···VIV

[N]
gk g? Ak A? Reference

2 6.21 1.93 1.93 75 30 this work
VO-dl-tartrate dimer 4.08 1.953 1.982 72.3 21.3 [11]
VO-dd-tartrate dimer 4.35 1.950 1.984 73.2 24.6 [11]
[PW11V

IVO40]
5
 1.915 1.970 167.2 59.7 [14d]
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Experimental Section
VOSO4·5H2O (0.35 g, 1.38 mmol) was added to a stirred solution of
K28Li5[H7P8W48O184]·92H2O (0.35 g, 0.024 mmol) in freshly prepared
1m NaCH3COO/CH3COOH buffer (30 mL, pH 4.4). The resulting
solution was heated to 508C for 4 h and then filtered, and the filtrate
was allowed to evaporate at room temperature in an open 50-mL
Erlenmeyer flask, during which period partial aerial oxidation of
vanadium occurred. After 1 week the dark purple crystals were filtered,
washed with cold water, and dried in air; yield: 0.2 g (54%); elemental
analysis: calcd for Na12K16W48P8V12O292H172: Na 1.79, K 4.05, V 3.96;
found: Na 1.8, K 3.8, V 3.9%. Characteristic IR bands (KBr pellet): ñ=
1622(m) [d(H2O)], 1144(m), 1092(m), 1020(w) [all nas(P-O)], 956(sh),
935(w), 912(s) [n(W=O)/n(V=O)], 791(vs), 708(vs) [nas(W-O-W)/
nas(W-O-V)], 574(w), 536(w), 467(w) cm


1; characteristic resonance
Raman bands (solid/KBr dilution, le= 1064 nm, cm


1): n= 950(sh),
923(s) [ns(W=O)/ns(V=O)]; UV/Vis spectrum (in H2O, nm): l= 506
(e= 7700m
1 cm
1) (VIV!WVI (IVCT)), 680(sh), 890(w) (d–d (VIV)).

Magnetic susceptibility measurements were performed on a
powder sample with a Quantum Design MPMS XL7 SQUID
magnetometer. The underlying diamagnetic susceptibility was deter-
mined by susceptibility measurements on the diamagnetic
{P8W48O184}

40
 host ion, because standard procedures with Pascal�s
constants give values that are too low. X-band EPR spectra were
recorded on a Bruker ESP300 X-band EPR spectrometer equipped
with a continuous-flow Helium cryostat. The simulation was per-
formed by using the Bruker WINEPR Simfonia program.

Received: January 31, 2007
Published online: May 8, 2007

.Keywords: confined geometries · directed-assembly ·
electronic structure · mixed-valent compounds ·
polyoxometalates

[1] a) L. Pauling, The Nature of the Chemical Bond, Ithaca, New
York, 1948 ; b) “Prebiotic Chemistry: From Simple Amphiphiles
to Protocell Models”: D. W. Deamer, J. P. Dworkin, Top. Curr.
Chem. 2005, 259 (Ed.: P. Walde).

[2] M. T. Pope, Heteropoly and Isopoly Oxometalates, Springer,
Berlin, 1983.

[3] A. MRller, S. Q. N. Shah, H. BSgge, M. Schmidtmann, Nature
1999, 397, 48 – 50.

[4] From molybdate solutions under reducing conditions finally a
Mo37-type species is formed: A. MRller, J. Meyer, E. Krick-
emeyer, C. Beugholt, H. BSgge, F. Peters, M. Schmidtmann, P.
KSgerler, M. J. Koop, Chem. Eur. J. 1998, 4, 1000 – 1006.

[5] R. Contant, A. TTzT, Inorg. Chem. 1985, 24, 4610 – 4614.
[6] Examples of P8W48 complexes containing single-valence guests

include [Cu20Cl(OH)24(H2O)12(P8W48O184)]
25
 (S. S. Mal, U.

Kortz, Angew. Chem. 2005, 117, 3843 – 3846; Angew. Chem.
Int. Ed. 2005, 44, 3777 – 3780) and {Ln4(H2O)28-
(H2O)28[K�P8W48O184(H4W4O12)2Ln2(H2O)10]

13
}x (Ln=La, Ce,
Pr, Nd) (M. Zimmermann, N. Belai, R. J. Butcher, M. T. Pope,
Symposium on “Nano-structures and Physicochemical Proper-
ties of Polyoxometalate Superclusters and Related Colloid
Particles”, Kanagawa, Japan, November 21 – 25, 2004 ; M.
Zimmermann, Diplomarbeit (supervised by M.T.P.), Bielefeld
University, 2005 ; M. Zimmermann, N. Belai, R. J. Butcher, M. T.
Pope, E. V. Chubarova, M. H. Dickman, U. Kortz, Inorg. Chem.
2007, 46, 1737 – 1740). Kortz has also reported other Cu20-
encapsulated anions as well as complexes incorporating four
Ni2+, Co2+, and VVO2

+ cations (German Research Foundation
meeting on Molecular Magnetism, Bad Durkheim, Germany,
January 15 – 17, 2006).

[7] Crystal data for 2 : H172K16Na12O292P8V12W48, M=
15430.70 gmol
1, triclinic, space group P1̄, a= 19.7360(14), b=

20.7245(15), c= 21.1487(16) L, a= 104.134(1), b= 117.561(1),
g= 104.410(1)8, V= 6745.6(9) L3, Z= 1, 1= 3.799 gcm
3, m=
21.203 mm
1, F (000)= 6892, Crystal size= 0.45 M 0.30 M
0.25 mm3. A total of 39426 reflections (1.64<q< 27.028) were
collected of which 28343 reflections were unique (R(int)=
0.0382). An empirical absorption correction using equivalent
reflections was performed with the program SADABS 2.03. The
structure was solved with the program SHELXS-97 and refined
using SHELXL-97 to R= 0.0589 for 25047 reflections with I>
2s(I), R= 0.0665 for all reflections; Max/min residual electron
density 3.177 and
3.875 eL
3. Crystals of 2 were removed from
the mother liquor and immediately cooled to 183(2) K on a
Bruker AXS SMART diffractometer (three-circle goniometer
with 1 K CCD detector, MoKa radiation, graphite monochroma-
tor; hemisphere data collection in w at 0.38 scan width in three
runs with 606, 435, and 230 frames (f= 0, 88, and 1808) at a
detector distance of 5 cm). (SHELXS/L, SADABS from G. M.
Sheldrick, University of GSttingen 1997/2001; structure graphics
with DIAMOND 2.1 from K. Brandenburg, Crystal Impact
GbR, 2001). Further details on the crystal structure investiga-
tions may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+ 49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on
quoting the depository number CSD-417620.

[8] a) F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Bochmann,
Advanced Inorganic Chemistry, 6th ed., Wiley, New York, 1999 ;
b) O. Glemser, A. MRller,Z. Anorg. Allg. Chem. 1963, 325, 220 –
224 and references cited therein.

[9] Although the nonrigidity of the {P8W48} assembly should not
have been unexpected, the other reported derivatives[6] retain
the essentially “square” conformation.

[10] Other examples include equatorial W centers in [AsIII2W21O69-
(H2O)]

6
 (Y. Jeannin, J. Martin-FrXre, J. Am. Chem. Soc. 1981,
103, 1664 – 1667) and [PV2W21O71(H2O)3]

6
 (C. M. TournT, G. F.
TournT, T. J. R. Weakley, J. Chem. Soc. Dalton Trans. 1986,
2237 – 2242). The problem is of basic importance for larger
species such as Mo132, Mo72Fe30, and Mo154. In the first two
species, the Mo=O bonds are preferably directed outwards
(ca. 80%), but according to a disorder also approximately 20%
Mo(OH2) groups are directed outwards. In the latter ring-type
species, the situation is more complicated because of the
presence of more (different) building units. In any case, there
is a preference for H2O ligands on the outer periphery (for
compound types, see, for example: A. MRller, S. Roy, J. Mater.
Chem. 2005, 15, 4673 – 4677 and A. MRller, S. Roy, in The
Chemistry of Nanomaterials: Synthesis, Properties and Applica-
tions (Eds.: C. N. R. Rao, A. MRller, A. K. Cheetham), Wiley-
VCH, Weinheim, 2004, 452-475).

[11] R. L. Belford, N. D. Chasteen, H. So, R. E. Tapscott, J. Am.
Chem. Soc. 1969, 91, 4675 – 4680.

[12] “Single crystal EPR studies on magnetic interactions in poly-
oxometalates containing several paramagnetic ions”: Y. H. Cho,
PhD Thesis, Sogang University, Seoul, Korea, 1996.

[13] M. B. Robin, P. Day, Adv. Inorg. Chem. Radiochem. 1967, 10,
247 – 422.

[14] a) H. So, M. T. Pope, Inorg. Chem. 1972, 11, 1441 – 1443; b) D. P.
Smith, H. So, J. Bender, M. T. Pope, Inorg. Chem. 1973, 12, 685 –
688; c) H. So, C. M. Flynn, Jr., M. T. Pope, J. Inorg. Nucl. Chem.
1974, 36, 329 – 332; d) J. J. Altenau, M. T. Pope, R. A. Prados, H.
So, Inorg. Chem. 1975, 14, 417 – 421.

[15] The extinction coefficient per VIV center (ca. 1900m
1 cm
1) in 2
is approximately three times greater than that observed in other
tungstovanadates (S. P. Harmalker, M. A. Leparulo, M. T. Pope,
J. Am. Chem. Soc. 1983, 105, 4286 – 4292). This is attributed to
the larger V-O-W angles (162–1648) in 2, which favor greater
electron delocalization from VIV to WVI.

[16] M. Gross, Chem. Br. 2003, (8), 18.

Communications

4480 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 4477 –4480

http://www.angewandte.org

