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ªSupramolecularº Solid-State Chemistry:
Interpenetrating Diamond-Type Frameworks
of U4� Ions Linked by S,S'-Bidentate P2S6

2ÿ

Molecular Rods in UP4S12**
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Philipp Gütlich, and Wolfgang Tremel*

Organic compounds can self-assemble into ordered arrays
at low temperature that are capable of molecular recognition,
and that can act as biomimetic systems.[1] As a result, organic
supramolecular chemistry has afforded many intriguing
results,[2] including various three-dimensional (3D) hydro-
gen-bonded frames of super-diamond-type[3] and super-wurt-
zite-type structures.[4] In the field of inorganic and coordina-
tion polymers, Hoskins and Robson[5] have proposed a
strategy for the design of new 3D phases, referred to as

preparations using a shear-force dependent height-control
system. Based on the topographical data, regions of interest
on the cell membrane can be identified and spatially
addressed with the microelectrode. Current work is directed
towards a further decrease of the diameter of the used
microelectrodes to submicrometer dimensions and the precise
positioning of these fragile microelectrodes in close proximity
to individual cells using shear-force interactions. In principle,
the application of such miniaturized microelectrodes should
allow elucidation of metabolic reactions even at substructures
of cells.

Experimental Section

SECM : The SECM with integrated height control and video microscope
has been described elsewhere.[10] All electrochemical measurements were
carried out using a VA-10 potentiostat (npi electronic GmbH, Tamm,
Germany) and an AgCl-coated silver wire as pseudo reference electrode.

Polymer-insulated carbon-fiber electrodes : A single carbon fiber (SGL
Technik GmbH, Meitingen, Germany) of diameter 7 mm and length 15 mm
was connected to a copper wire by means of silver epoxy glue (H20,
EpoTek, Waldbronn, Germany). Parts of the copper wire and the fiber
were inserted into a glass capillary and fixed with glue. The capillary was
pulled around the fiber with a standard pulling apparatus (Narishige Model
PP 830, Science Products, Hofheim, Germany). The electrodeposition was
performed as described elsewhere.[13] The fiber was dipped into insulating
paint (RS Components, Corby, Northants, UK) and allowed to dry at least
1 h. The ratio of insulator thickness to the fiber radius varied between
0.25 ± 1 depending on the amount of coating cycles. Cyclic voltammetry was
used to assure the quality of the obtained insulation. A carbon disc was
exposed by cutting the insulated fiber with a scalpel. The microelectrode
was inspected under the microscope for a smooth cutting and further
characterized by means of cyclic voltammetry.

Retzius cells from medicinal leeches were dissected and cultured as
described previously.[16] PC12 cells were grown on poly(ornithine)-covered
glass slides following a procedure described elsewhere.[17]
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ªscaffolding-like materialsº, which are assembled by using
suitable metal centers (e.g. with tetrahedral, square-planar, or
octahedral connectivity) and rodlike or platelike molecular
building blocks of different nature and length. This rational
has been applied to the synthesis of a number of new
compounds, whose structures exhibit interwoven nets.[6±8]

Each of a number of simple structures (e.g. diamond, PtS, a-
Polonium) may be regarded as prototype for a whole family of
new frameworks in which bonds of the parent structure are
replaced by a range of molecular rods. Simple bidentate linear
ligands with different rod lengths are attractive rodlike
connectors.[9] In some cases these polymeric structures evolve
as single infinite frameworks leaving relatively large cavities
and/or channels; in others, such as in Zn(CN)2,[10] the cavities
are filled by one or more identical independent frameworks.
Corresponding advances in solid-state reactions have been
confined to few examples such as [Ph4P]2[M(Se6)2],[11]

K2PdSe10,[12] or Ta4P4S29.[13]

Based on the observation that PS4 and P2S6 groups can act
as mono-, bi-, or tridentate ligands in early transition metal
thiophosphates[14] and the fact that even high coordination
numbers of metals such as niobium or uranium can provide
low connectivities with chelating ligands, we explored the
quasibinary system US2/P2S5 for new compounds containing
uranium coordinated by PS4, P2S6, or S3P(S)xPS3 groups.
Herein we report the synthesis and structural characterization
of U(P2S6)2 (1), a compound with a three-dimensional
architecture composed of three interpenetrating SiO2-type
frameworks. The extended structure may be rationalized
based on the length of the P2S6 connecting rods.

Compound 1 was synthesized in the solid-state reaction of
U, P2S5, and S in a 1:2:2 ratio at 700 8C.[15] Single crystals were
obtained by annealing followed by slow cooling to room
temperature. Compound 1 crystallizes in the tetragonal space
group I41/a with two formula units per cell. The structure[16] of
1 contains three interpenetrating diamond-type frameworks,
based on elongated adamandoid cages (Figure 1). The length
of shortest vector relating the three independent networks is

Figure 1. A view of a single adamantoid cage of 1 (U: gray spheres; P:
black spheres; S: white spheres). Atom positions (x, y, z, Ueq� 103): P(1)
0.0062(1), 0.0662(1), 0.3808(1), 113(1); S(1) 0.1681(1), 0.1840(1), 0.6774(1),
117(1); S(2) 0.1195(1), 0.1681(1), 0.3480(1), 119(1); S(3) ÿ0.1812(1),
ÿ0.1557(1), ÿ0.0238(1), 16(1) U 0 1/4, 1/8, 11(1). Selected distances [�]:
U-S(2) 2.879(1) (4� ), U-S(3) 2.812(1) (4� ), P-S(1) 2.107(2), P-S(1)
2.113(2), P-S(2) 1.989(2), P-S(3) 1.997(2).

9.75 �. The U atoms are coordinated by eight S atoms of four
bidentate P2S6 ligands in a square-antiprismatic fashion
leading to a pseudotetrahedral arrangement of the dithio-
phosphate groups. The metal atoms are located on S4 axes of
the cell and display crystallographically imposed D2d coordi-
nation symmetry. Each uranium atom has a slightly distorted
square-antiprismatic coordination environment (the distor-
tion being caused by S ´´ ´ S repulsion between the P2S6 units)
with S(2)-U-S(3) angles of 69.96(3)8 for the S atoms of each
P2S6 ligand. The UÿS and PÿS distances are unexceptional;
selected values are compiled in the caption of Figure 2. The
S(2)-P-S(3) bite angle of 109.90(8)8 and the bridging U-S-P
angles of 88.47(5)8 and 90.23(5)8 are consistent with the
presence of essentially planar US2P rings. The P-U-P angles of
86.54(1)8 (2� ) and 122.02(1)8 (4� ) indicate a compression of
the U(S2PS2)4 ªpseudotetrahedronº in accordance with a c/a
ratio of 0.76.

Figure 2. A schematic view of the three equivalent interpenetrating
diamondoid frameworks in 1. The P2S6 groups are represented by rods
connecting the P atoms of the P2S6 ligands.

The title compound 1 is a novel member of the family of
super-diamond networks in coordination chemistry. Although
there is little precedent in metal/chalcogenide systems, the
structure of 1 is closely related to that of methane tetraacetic
acid.[18] Interpenetration, which arises by the necessity to fill
empty space inside the large cages, is the rule rather than the
exception in these species. The structural variability is large,
including the presence of different interpenetrating frames,
different types of tetrahedral centers, anisobidentate ligand,
mixed rods, chiral metallic centers, and polymetal centers.

In an undistorted (cubic) diamond network each adaman-
tane-type unit possesses three mutually perpendicular inver-
sion axes running parallel to the cubic axes of the unit cell.
The three interwoven diamond-type networks are oriented in
such a way that the nodes of the independent frames are
oriented along these inversion axes with identical interframe
separations. This is illustrated schematically in Figure 2 for
the title compound 1. Here the frames of two further
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independent nets are located between the upper and lower
frame. Furthermore, it is apparent that the frames are
distorted in such a way that the adamantane-type units are
elongated along one of the S4 axes; this reduces the symmetry
of the structure from cubic to tetragonal. The distance
between the uranium atoms in the 3D framework structure
determines the size of the adamantane-type cage. To optimize
space filling by stuffing empty space in the structure,
independent frameworks arrange themselves in such as way
as to fill each other�s empty cages and tunnels. As an example,
Si ´´ ´ Si distances of 6.8 � between the tetrahedral centers in
Si(NCN)2

[19] are compatible with two interpenetrating dia-
mond-type networks, whereas U ´´´ U separations of 9.75 � in
1 require three interpenetrating frameworks for optimum
space filling. Rodlike ligands with exceptional length such as
4,4'-biphenyldicarbonitrile (PCN) in [Ag(BPCN)2]PF6

[20] can
lead to the formation of a ninefold interwoven diamond-type
network with distances of 16.42 � between the metal centers.

Based on a formal assignment of oxidation states the
electronic structure of 1 can be represented by
(U4�)(P5�)4(S2ÿ)12. From this formula, an f2 system with two
unpaired electrons may be expected. The molar magnetic
susceptibility cmol of 1 was measured as a function of
temperature (4 ± 300 K). The effective magnetic moment meff

of 3.84 mB at 300 K is consistent with an f2 configuration.[21] The
magnetic susceptibility of 1 follows a Curie ± Weiss type
behavior with C� 3.14 cm3 K molÿ1 and q�ÿ270.6 K, as
apparent by the shape of the 1/cmol versus T and meff versus
curves (Figure 3). The large negative value of q indicates that

Figure 3. Temperature dependence of 1/cmol (*) and meff (*) for 1.

antiferromagnetic interactions prevail, although no antiferro-
magnetic ordering is observed down to 4 K. These observa-
tions are in agreement with uranium centers which are
magnetically coupled through the P2S6 ligands. Magnetic
through-bond coupling through five and more atoms is not
unusual and has been reported for a number of coordination
compounds[22] or electrosodalites.[23] Furthermore, through-
space coupling over distances as large as 8 � has been
observed in fullerides.[24] On the other hand, nonmagnetic f2

ground states in U4� compounds are not known to the best of
our knowledge, whereas antiferromagnetic transitions have
been observed in many other uranium compounds,[25] al-
though in several cases the data analysis is complicated by the
presence of additional 3d metals.[26]

In conclusion, the formation of 1 indicates that inter-
penetrating framework structures can also be formed in high-
temperature solid-state reactions, which are not in the realm
of conventional coordination chemistry or soft-chemistry low-
temperature approaches. Since the deliberate use of ªsolid
stateº ligands is difficult to achieve in high-temperature
reactions, only a few examples such as Ta4P4S29,[13] ATi2(PS4)3

(A�Li, Na),[27] Cr3P3S9�x ,[28] or Li9B19S33
[29] have been re-

ported so far; nevertheless, a variation of the thiophosphate
ligand by deliberate choice of composition and temperature
allows the synthesis other framework structures. Apparently,
the combination of properties such as rigidity, coordination
behavior, ligand dimensions, or thermal stability allows the
use of the thiophosphate moieties for the synthesis of
ªsupramolecularº solid-state aggregates.
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s-Bishomoconjugation (s-
Bishomoaromaticity) in 4C/3(2)e CationsÐ
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The experimental verification of s-bishomoconjugation (s-
bishomoaromaticity) in the 4C/3e radical cation and the 4C/2e
dication B, generated by one- and two-electron oxidation of
the [1.1.1.1]pagodane A (X�Y�CH2) and of the respective
[1.1.1.1]pagodadiene C (ªbisseco-dodecahedradieneº), respec-
tively, was a prominent spin-off from our search for versatile
synthetic routes to pentagonal dodecahedranes.[1] In order to

assess the geometrical prerequisites of these novel bonding
motifs,[2] modification of the cage structures has been pursued
in three directions: a) by formal rotation of a molecular ªhalfº
(!ªisopagodanesº),[3] b) by homologation at the X- and/or
Y-positions (![2.2.1.1]/[2.2.2.2](iso)pagodanes),[3] and c) by
bridging the X,Y positions (!(homo)dodecahedradienes).[4]

A particularly attractive triad of this latter series consists of
the parent bisseco-(1), seco-(2), and 1,16-dodecahedradienes
(3) (Scheme 1).[5]

1calcd� 3.040 gcmÿ3, m� 11.85 mmÿ1. Crystal size 0.08� 0.08�
0.2 mm3. The SMART software was used for data acquisition and
the SAINT software for data extraction.[17a] Unit cell parameters
based on 25 reflections (128< 2q< 308). Absorption correction by
SADABS,[17a] structure solved and refined by using the SHELXS-
86[17b] and SHELXTL program systems,[17c] 1003 independent reflec-
tions, 913 with F> 4s(Fo), R� 0.032/wR2 (all data)� 0.061; max./min.
residual electron density 2.2/ÿ 1.3 e �ÿ3 in the vicinity of the U atoms.
Further details on the crystal structure investigation 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-411668.
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