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Compounds containing main-group metals in low oxidation
states frequently exhibit stereochemically active lone pairs.
In particular, this is observed for compounds of Sn", Pb",
As™, Sb™, Bi™, and Te™. An intriguing phenomenon is the
localization of such lone pairs to well-defined regions of the
solid-state structures of these compounds, wherein the
volumes of lone pairs form surfaces that separate regions
of different kinds of chemical interaction.™ Interestingly,
lone pairs tend to aggregate and even more so they tend to
aggregate together with negatively charged ions. Here we
show a striking example of how this segregation effect can be
used to template solid-state compounds with reduced
dimensionality.

The new compound Cu,,Sb;504,Cls; (1) crystallizes in the
tetragonal space group I4/mmm, with unit-cell parameters a =
18.144(2) A and ¢=15.795(2) A. It features extensive disor-
der, indicative of a lowering of local symmetry. Alternative
descriptions were also extensively checked. Reciprocal space
was explored to detect any additional scattering features, but
neither classical superstructure reflections, incommensurate
satellites, nor diffuse scattering was observed. We therefore
conclude that the translational cell is correct. The disorder
features may be taken as an indication of twinning or local
disorder; to distinguish between the two, several low-symme-
try models were evaluated and discarded in favor of our final
high-symmetry choice. In that case, disorder appears to be
strictly local in nature and is best modeled by using a split
model and/or large displacement parameters for the disor-
dered part.

The crystal structure of 1 consists of two distinct parts:
edge-sharing [Cu,,Cl,s]°~ T3 supertetrahedra (the edge of the
supertetrahedron consists of the edges of three CuCl,
tetrahedra) that form infinite chains, and isolated, octahedral
[Sb,sCls0,,]"*" clusters with pseudo-cubic symmetry. A sche-
matic overview of the structure is displayed in Figure 1. The
two parts of the structure, namely an anionic part and a
cationic part, are separated by an interface made up from the
lone pairs associated with Sb™. The lone pairs act as
terminators for the Sb—O network, essentially by generating
a nonbonding shell surrounding the large (SbysClsOy)'*"
cluster. This illustrates a general feature of lone-pair oxoha-
lide systems. A chalcophile partial structure terminates by a
nonbonding lone-pair skin that faces a halide layer forming
the surface of a halophile substructure. This phenomenon is
also seen in, for example, CuSb,0;Br and CuSbTeO,CL.*" In
the present case, the relatively halophilic Cu associates
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Figure 1. Simplified view of the crystal structure for Cu,,Sb;50,,Cls; (1)
seen along the [010] axis. The covalently bonded clusters resembling
zeolite (3 cages are placed in between sheets of ionically bonded
supertetrahedra. Only Sb atoms (gray) and Cl atoms (green) are
displayed. The orange spheres represent the void space within the
clusters.

exclusively with Cl, while the chalcophile Sb associates with
O atoms. The association of terminal Cl ions and lone pairs to
an interface region in the structure is hardly the sign of any
mutual attraction, but this cohabitation is rather the effect of
the expulsion of nonbonding parts to the surface of a
structural entity.

The Cu—Cl arrangement is simple but remarkable: CuCl,
tetrahedra share Cl vertices to form T3 supertetrahedral
[Cu;,Cly]'*" units, much akin to the borosulfate and boro-
selenate T3 supertetrahedra reported by Krebs et al.51%
Recent research has focused on nanoclusters with large Tn
supertetrahedral units, as they have a potential to create novel
low-density nanoporous crystalline solids with many interest-
ing properties. Those studies concern chalcogenide clusters
built of supertetrahedra of type T4 and T5.M"3 The largest T5
units are represented by pseudo-T5 clusters in (CusIngSs,)"™~
or T5 tetrahedra found in Na,Mn;,Oss.">"* Larger super-
tetrahedral units may be obtained by combining different Trn
supertetrahedra and are known as supertetrahedra of super-
tetrahedra." In all previously described compounds, the
supertetrahedra are corner-sharing. The unique feature of the
1is that the [Cu,,Cly]'"~ supertetrahedra share edges to form
linear chains of the overall formulation [(Cu,oCl;6)® ]... While
edge-sharing is rather rare in tetrahedra, there is a facile local
deformation mechanism for the accommodation of the
accompanying strain in the T3 supertetrahedra that can
clearly be seen in Figure 2. The Cu atoms that are located at
the center of the three tetrahedra that form the edge of the
supertetrahedron are displaced away from that edge towards
the centre of the ensemble. The chains of supertetrahedra lie
at the center of the isometric edges of the unit cell. Large
cavities in the Cu-Cl packing are thus formed, which host the
[SbssClsO,,]" clusters, centered at '/4'40 and at 00'/,.
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Figure 2. Each supertetrahedron consists of 10 CuCl, distorted tetrahe-
dra (Cu blue, Cl green). The distortion of the Cu—Cl bond lengths at
the common edge of two supertetrahedra is shown. The Cu atoms are
displaced away from that edge.

The pseudo-cubic antimony oxochloride cluster consists
of two shells: an outer shell that forms a truncated octahedron
with Sb atoms at all vertices, and at the centers of all
hexagonal faces with oxygen at all mid-edge positions forming
an Sb3,0s4 cage equivalent to the (3 cages usually found in
zeolites such as sodalite and similar to that found in
compounds with the idealized composition
[(Tes,NizX;040) H(NigX5) "] (X =CL Br).*' An idealized
picture of this arrangement is shown in Figure 3. Owing to the
rather restrictive geometry of Sb—O distances and O-Sb-O
angles, the Sb positions on the hexagonal faces are all split
into six positions. All square faces are capped by Cl ions,
together forming a large octahedron. As a result of short
distances along the c direction to neighboring clusters, the
apical Cl positions are only half filled while the equatorial
positions are all fully occupied. Within this large octahedral
shell dwells the second entity, an Oy cube capped on all faces
by Sb with almost-half occupancies. In the center of this unit,
there is another Sb position with a relatively low occupancy
(ca. 1/6). This arrangement, formally Sb,Og, but rather closer
to Sb;Og by composition, is shown in Figure 4. This inner part
of the cluster is bonded to the partially occupied Sb atoms of
the outer shell, generating a large number of possible
configurations related by minor rotational adjustments. We
modeled this part of the structure with split positions to
generate admissible Sb-O distances. The central Sb atom was
assumed to be distributed over several positions as well in
response to the presence or absence of the six apical Sb atoms,
but given the rather low occupancy and the high symmetry of
this position it was deemed prudent to model this atom by
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Figure 3. Detailed view of the pseudo-cubic antimony oxochloride
cluster outer shell (Sb gray, Cl green, O red). The shell forms a
truncated octahedron with Sb at all vertices and at the centers of all
hexagonal faces. Together with the oxygen atoms at all mid-edge
positions, this forms an Sb;,05 cage equivalent to a 3 cage. Owing to
the rather restrictive geometry of Sb—O distances and O-Sb-O angles,
the Sb positions on the hexagonal faces are all split into six positions.
All square faces are capped by Cl ions, which together form a large
octahedron. The orange sphere represents the void space within the
cluster.

Figure 4. Relation between the outer and inner parts of the antimony
oxochloride cluster. The two parts of the cluster are connected through
the oxygen atoms of the inner shell and the six split Sb positions that
lie at the center of the hexagonal planes of the outer shell. The oxygen
positions are split to decrease the Sb—O strain in the outer layer. The
inner part consists of a partly occupied central Sb atom surrounded by
cubically arranged O atoms and an octahedron of partly occupied split
Sb positions (Sb gray, O red).

using a single position. Because of the unconstrained partial
occupancies, the total composition of the cluster was in fact
Sbs,,ClsOy, while overall charge balance would dictate
[SbssClsO4] "
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The Sb atoms that make up the 3 cages behave more or
less as expected for Sb™. The Sb atoms that occupy the
vertices of the truncated octahedron form the apices of squat
trigonal pyramids. Together with their stereochemically active
lone pair (E), this makes up a set of SbO;E tetrahedra. If the
Cl atoms that complete the octahedron are taken into
account, the coordination is still an unsurprising SbCIO;E
trigonal bipyramid for these atoms. The Sb site at the center
of the hexagonal window of the truncated octahedron is
rather more troubled. This position is not ideally suited for an
Sb atom, neither when considering distances nor when
considering geometry. The result is a split of this position
into six distinct locations, each with three suitable Sb—-O
distances within the hexagonal ring and one Sb-O distance to
an oxygen atom that belongs to the entity in the center of the
cluster. The general coordination is then, not unexpectedly,
again a trigonal-bipyramidal SbO,E, but this is rather strained
having three oxygen atoms coplanar with the central Sb atom
(such a coordination is also observed in SbyO,,Cl,).'"" The
coordination of the Sb atoms in the inner cluster is a SbO,E
square pyramid (this type of coordination was previously
observed for Sb™ in, for example, the compound Ba-
SbO,C1)."

It is still unclear if there is a positive interaction between
lone-pair aggregates and negatively charged ions or if the
agglomeration is simply an effect of mutual expulsion from
the bonded regions of the structure. A simple but typical
example is tetragonal BiOCI in which Bi and O form a
covalently bonded oxidic sheet that terminates on both sides
by layers of Bi"" lone pairs. The Cl ions are found in the
regions outside these sheets.'”) The Cl region of the structure
may actually be intercalated by alkali metals as in
Cs,Bi,_,Pb,O,Cl, to form a second, ionically bonded sub-
structure.™ Lone pairs define the boundary between the two
regions of different interactions.

In summary, lone pairs separate two structurally very
different regions in the compound Cu,,Sbs;50,Cly; (1) de-
scribed. The halophile copper forms a relatively simple
structure of edge-sharing T3 supertetrahedra that form
infinite chains along the tetragonal c direction. Interspersed
between these [Cu,;oCl;* ], columns are covalent entities,
namely [SbssClsO,,]"" clusters. If the interconnectivity of the
[CuyCli* | columns is ignored and the center of the
supertetrahedra are considered as the loci of negatively
charged clusters, the whole ensemble may be regarded as a
fluorite-type packing of clusters. While the [Cu;,Cl,® ],
columns terminate by an outer layer of Cl ions, the
[SbysCls0,]"*" clusters present a surface covered by Sb™
lone pairs, and in the typical fashion of lone-pair oxohalides,
we find a dividing region; in this case, in the shape of
undulating tubes built from lone pairs and halide ions.

Experimental Section

Sb,0; (Aldrich), CuCl (ABCR), SbCl; (ACROS organics), and
amorphous SiO, (prepared by hydrolysis of TEOS (ACROS organ-
ics) and subsequent calcinations) were used as starting materials for
the synthesis of Cu,Sb;50,4Clsy; (1). A mixture of SiO,, Sb,0s, and
CuCl in 1:1:1 molar ratio was placed in a sealed evacuated silica tube
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and subsequently heat-treated in a muffle furnace at 500°C for 93 h.
The product was a mixture of a yellow powder, transparent yellow
crystals, and yellow-green single crystals of Cu,,Sb350,,Cl;;. As single
crystals of 1 were found only in one end of the silica tubes, chemical
transport appears to be involved in the growth mechanism. The
crystals used for analyses were selected manually on the basis of color
and morphology. The compound was also synthesized as a powder
from a stoichiometric mixture of Sb,04/SbCly/CuCl (44:17:60).

Single-crystal X-ray diffraction data on 1 were collected at 290 K
on an STOE IPDS diffractometer equipped with an image plate and
graphite-monochromatized Moy, radiation (1=0.71073 A) from a
rotating anode. The intensities of the reflections were integrated by
using the software provided by the manufacturer, and absorption
correction was carried out numerically, after crystal shape optimiza-
tion.”' The structures were solved by direct methods (SHELXS97)
and refined by full-matrix least squares on | F| using the program
Jana2000.72" All illustrations were made with the program Dia-
mond.”’! 24807 reflections, of which 1783 were unique, were collected
in the region 2.24 < 6<27.98°; space group [4/mmm; unit cell
dimensions a=18.144(2) A, ¢=15795Q2)A, Z=2, V=
5199.37(99) A®. All fully occupied atomic positions except oxygen
were refined using anisotropic displacement parameters. R =0.0639
for 1.556 reflections with 7> 30(I) and 0.0714 for 1.783 reflections;
wR=0.0997 and S =1.83 (the goodness of fit on | F|). Crystal data,
details of structure determination, atomic coordinates, equivalent
isotropic displacement parameters, and bond lengths are given in the
Supporting Information. Further details on the crystal structural
investigations 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-416247.

The chemical composition of the products were confirmed by
using energy-dispersive spectrometry (EDS, LINK AN10000) in a
scanning electron microscope (SEM, JEOL 820). See Supporting
Information for the measured chemical composition.
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