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The asymmetric arrangement of chloride and oxide ligands
around the octahedral Nbg cluster core and their electro-
static interaction with Ti3+ counterions play an important
role in the formation of a novel 2D framework with cluster
connectivity unprecedented in compounds containing octa-
hedral clusters.

Low-dimensional materials containing transition metals have
significant importance due to their remarkable physical proper-
tiesand awiderange of applicationsin catalysis, ionic transport,
and redox intercalation processes.! Thus, extensive research
efforts have been spent on the design, preparation and
characterization of these materias. Investigation of early
transition metal cluster materials led to development of a
strategy for controlling the cluster-framework dimensionality
by adjusting the number of intercluster bridging ligands.2

Recently, we began investigating a new approach to the
design and preparation of low-dimensional materials containing
octahedral metal clusters. The methodology being explored is
the modification of the environment of the metal core to form
building blocks with well-defined anisotropic bonding prefer-
ences using a combination of ligands that create anisotropic
charge distribution. In addition, a combination of counterions
with large difference in their charge-to-radius ratios and, thus,
different coordination preferences, is used to enhance the
effects of anisotropic ligand distribution. Our systematic
investigation of niobium oxochlorides containing octahedral
Nbe clusters recently led to the preparation of the layered
material [TI5(T|2CI9)][(Nb6C|1204)3(T|3C|4)2] which has a
unique hexagonal-bronze-type cluster connectivity.3 Here we
describe a novel layered oxochloride Cs,Tiz(NbgCl12504).Cl>
1 in which each octahedral Nbg cluster is connected to three
adjacent clusters through chloride ligands to form layers with
graphite-type topology.4 The factors leading to its unusual
structural properties are proposed.

Compound 1 was initially obtained as black elongated
rectangular platesin areaction designed to prepare the caesium
analogue of [T|5(T|2C|g)][(Nb6C| 1204)3(Ti3C|4)2] 2. The crys-
talswere analyzed by energy-dispersive X-ray analysis, and the
crystal structure of 1 was determined by single crystal X-ray
diffraction.t Subsequently, 1 was obtained in high yield in the
reaction of stoichiometric amounts of Nb powder, Ti foil, CsCl,
Nb,Os and NbCls. The mixture (handled under argon atmos-
phere) was placed in asilicatube, sealed under vacuum, heated
for 4 d at 750 °C and cooled to 500 °C in 4 d, followed by
radiative cooling to room temperature. The product purity was
confirmed by X-ray powder diffraction.

The main building block of the two-dimensional structure of
1 (Fig. 1) isan octahedral cluster unit (NbeCl30,)CIg,5 in which
four oxide ligands selectively occupy ‘inner’ positions arranged
in sets of three (‘triad’) and one on opposite sides of the Nbg
octahedron (Fig. 2). The ligand arrangement results in an
anisotropic chiral cluster unit with symmetry close to C..
Octahedral niobium oxochloride clusters with four oxide

T Electronic supplementary information (ES|) available: 3D interactive
versions of the structure of 1. See http://www.rsc.org/suppdata/cc/b0/
b0021470/
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Fig. 1 A view of thecrystal structureof 1inthe[001] direction. Large black,
small black and small light-gray spheres represent Nb, O, and ClI,
respectively. Hatched and light cross-hatched polyhedra represent
[Ti(1)Cl,03] trigonal bipyramids and [Ti(2)Cl,O,] octahedra, respectively.
Caesium atoms are shown as large gray spheres: vertically hatched - Cs(1),
horizontally hatched - Cs(2a), not hatched - Cs(2b). The dotted curve
outlines the [Ti(NbgCl1304)] chain running in the [001] direction.

ligands were aso encountered in 2 and in TiNbgCl1,0,4 3,6
however in contrast to 1, the O' ligandsin the latter oxochlorides
are arranged centrosymmetrically in two sets of two, leading to
adifferent isomer with symmetry close to Con. A cluster unitin
which the oxide ligands are arranged in a‘triad’ similar to that
in 1, is found in the previously reported oxochloride
ScNbsCl 1303 4 which has three oxide ligands per cluster.” The
bond distances in the cluster in 1 are similar to those found in
compounds 24 and are consistent with the presence of 14
valence electrons per cluster.3.6-8 Each cluster sharesthree of its
six Claligands with three adjacent clusters to form layers with
topology similar to that of graphite (Fig. 3). The connectivity
formula can be written as (NbeCl50})CIZ5CIS. Layered frame-
works based on octahedral clusters, typicaly, have pseudo-
square topology with connectivity formula (MelL;,)L55LS (M =
Zr, Nb,n = 12; M = Mo, Re, n = 8).9 The graphite-type
connectivity found here is especially surprising for cluster units
with C, symmetry, for which one would expect an even number
of bridging ligands. This could be the result of optimizing the
electrostatic interactions between the ligands and Ti3* ions. In
the presence of highly charged counterions, the oxide and
chloride ligands tend to segregate to form aggregates of oxide
ions surrounded by chlorides, asillustrated by the structures of
typical ternary transition metal oxochlorides such as layered
MOCI (M = Ti3+, Fe3*, Yb3*)10 and VOCI,,!1 and the 1D
material NbOCl3.12 In these structures, chloride ions form the
surface of the layers or chains, while oxide and metal ions are

Fig. 2 The cluster unit in 1. The dashed line shows the pseudo two-fold
symmetry axis. Bond distances (A): Nb-Nb 2.776(1)-3.028(1), Nb-Cli
2.430(3)—2.503(2), Nb—Cla 2.605(3)-2.636(2), Nb-O' 1.963(7)—2.061(6).
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Fig. 3 A view of the graphite-type layered cluster framework in 1; for
labelling, see Fig. 1. Dotted lines represent the a-glide plane perpendicular
to € that relates adjacent layers.

located inside. Similar ion segregation is observed in the cluster
compounds 1-4. The ligand arrangement in the cluster unit of 1
favors the formation of [Ti(NbgCl130,)] zig-zag chains (Fig. 4)
inwhich the clustersare connected through Ti3* ions(Ti(1)) and
Cla ligands so that oxide ligands forming the ‘triads are
shielded by chlorides. Each Ti(1) connects three clusters and
has a distorted trigonal-bipyramidal environment formed by
three O' and two Cl2 ligands (bond distances. dri_cieq =
2.411(3) and 2.423(3), dri_oeq = 1.876(6), dri_oax = 2.035(7)
and 2.037(7) A). Bond-valence sum calculations!3 confirm the
oxidation state +3 for Ti(1). The chains connect to each other
through an additional titanium (Ti(2)) and Cla ligands to form
layers, so that the remaining oxide ligands (O(4)) are shielded
by chlorides (Fig. 1). This linkage type results in the wave-like
geometry of the layers and novel graphite-like cluster frame-
work topology. The titanium Ti(2) coordinates to two O' and
two Claligands, arranged in a distorted square-planar geometry.
Its coordination environment is completed to octahedral or
square-pyramidal by additional chloride or oxide ligands4
(bond distances. dyiq = 2.36(3)-2570(9), drio =
1.84(2)-2.02(1) A). The anion segregation argument allows us
to rationalize the formation of the complex 3D cluster
framework and the unusual trigonal-bipyramidal coordination
of scandiumionsin 4 which is based on clusters with the same
‘triad’ of O' ligands asthat found in 1. The clusters and the Sc3+
ions form chains similar to the one shown in Fig. 4, where the
O(4) atoms are substituted by chlorines. These chains are
connected to each other through Cla ligands in a tetragonal
‘woodpil€ -fashion to form a chiral 3D framework.

Adjacent layers in 1 are related by an a-glide plane
perpendicular to € (Figs. 1 and 3) and interact through caesium
ions that are distributed over three independent sites (Cs(1),
Cs(2d), Cs(2h)) located on the layers' surface on each side of
cone-shaped openings generated by six-member cluster rings
(Fig. 1). The site Cs(1) is fully occupied and is coordinated by

Fig. 4 (a) A ball-and-stick view of the [Ti(NbgCl1304)] chain in 1. For
labelling, see caption to Fig. 1. (b) Space-filling representation of anionsin
the same fragment (black - O, gray - Cl).
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9 chlorides within 4 A. The Cs(2a) and Cs(2b) sites, separated
by 1.29 A, are located in the channels running between the
layersin the B direction. These two sites are partially occupied
(Cs(2a) 41(2)%, Cs(2b) 18.8(9)%), and are coordinated by 8
and 7 chlorines within 4 A, respectively. The number of
caesium ions per cluster was refined to 0.89(2) which agrees
with the oxidation states assigned to the transition metals and
the refined occupancies of Cl(14), L(15), and CI(16) sites.

The structural properties of the new oxochloride Cs,Tis-
(NbeCl12504)2Cl, demonstrate the effectiveness of using a
combination of ligands to prepare low-dimensiona cluster
materials. The interplay between the effects of anisotropic
charge distribution around the cluster core and the trend for the
anion segregation in the overall structure is conducive for the
formation of diverse structural types with low-dimensiona or
open-framework character. These effects seem to have agreater
influence on the framework dimensionality than the total
number of ligands which is the primary structure-determining
factor in cluster compounds with one ligand type or statistical
ligand distribution.
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fCrystal data for 1. refined stoichiometry Cs; 793 TiaNbio-
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