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Triangular {Cul'3Cl} clusters, containing a chloro ligand in an
unprecedented trigonal planar coordination mode, are as-
sembled in a 3-D array by the combination of coordinative and
hydrogen-bonded interactions, which result in magnetically
isolated 1-D chains exhibiting a combination of spin frustration
and spin-chain behaviour.

Polynuclear coordination clusters represent an extraordinarily
expanding and diverse subset of molecules with potential for the
pursuit of interesting and technologically applicable properties.t
Traditionally, cluster synthesis has been achieved using both
rational2 and serendipitous® approaches, but common to both
approaches is the use of bridging and chelating ligands to
encourage the aggregation of the metal centres.2-3 An interesting
route to the construction of a more diverse set of clusters may be
achieved by ligands that can both be involved in coordinative and
hydrogen bonded interactions simultaneously; thereby providing a
route for the external hydrogen bonding of anions to influence the
structure of the cluster formed.4 For this to be feasible, a rigid
ligand with well defined metal binding sites and hydrogen bond
donor/acceptor sites must be utilised.4

In this context we report the novel {Cu'';Cl} triangular cluster
compounds 1 and 2 ([CI(CuCltachH)3]X,, tach = cistrans
1,3,5-triamino-cyclohexane, X = Clinland X = Brin 2),15 that
are formed by simultaneous coordinative and hydrogen bonded
interactions facilitated by the utilisation of the trans-tach ligand,
see Fig. 1. Asaresult of the combination of these interactions, the
triangular clusters are arranged into magnetically isolated infinite
chains, within a 3-D network, that is formed by hydrogen bonded
interactions between triangular { Cu''sCl} cluster units, see Fig. 2.6
These materials exhibit a combination of spin frustration and spin-
chain behaviour.” Furthermore, the trimeric cluster entities repre-
sent the first examples of a coordination complex to support a us-
chloro ligand in atrigonal planar coordination mode.8

Thetrimeric clusters are composed of three [CuCltachH]* units
with each of the copper(i) ions chelated by two cis-positioned N

Fig. 1 Representations of thetriangular clusterspresentin 1 and 2 (left: stick
representation, the Cu ions are shown as spheres; right: CPK overlay of the
primary coordination sphere). The non-coordinated hydrogen bonded halide
counter-ions are omitted. (Cl: green, N: blue, C: grey, Cu: pink). The H
positions are shown in white except those that are involved in the formation
of the Heisenberg chains, shown in red.
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sites of tach (average Cu-N distance = 2.008 A). The remaining
two basa sites of the tetragonal-pyramida Cu coordination
environment are occupied by two terminal chloro ligands (average
Cu—Cl distance = 2.325 A). Thefifth, apical site, is completed by
atrigonal planar us-chloro ligand, apreviously unknown coordina-
tion modefor chloro ligands,8 linking the three [ CuCl stachH]*+ units
(average 5-Cl—Cu distance = 2.576 A). Each cluster is anchored
within an extended 3-D array of 36 hydrogen bonded interactions,
see Fig. 2. Within the crystallographic ab plane, the 2-D network
consists of intra- and intermolecular hydrogen bonded interactions.
The intramolecular interactions consist of H-bonds between
termina chloro ligands and coordinating amino groups (green
dotted lines, average—NH,.--Cl(Cu) distance = 3.385 A) facilitat-
ing the unusual trigonal planar coordination mode of the central is-
chloro ligand. Additionally, intermolecular H-bonds are found
between protonated trans-amino groups and either two non-
coordinated chloride (1), or two bromide (2) counter-ions (blue
dotted lines, average —NHz*---X distance = 3.176 A when X = Cl
and 3.313 A when X = Br), which are themselves located on
crystallographic 3-fold axes. Furthermore, each cluster isinvolved
in bifurcated intermolecular hydrogen bonded interactions between
protonated trans-amino groups and terminal chloro ligands (pink
dotted lines, average -NHs*---CI(Cu) distance = 3.219 A). In
addition to the extensive hydrogen bonded network within each
layer, the coordinating amino groups and terminal chloro ligands
interconnect the {(us-Cl)Cu''z} triangles of neighbouring layers
with an average Cu-NH,- --Cl—Cu distance of 3.299 A to form 1-D
chains along the c axis (red dotted lines).

Here, the trimeric cluster entities are stacked in a hexagonal
fashion parallel to the crystallographic c axis (Fig. 3), such that the
Liz-chloro centres are aligned above each other (inter-layer CI-Cl
separation: 6.314 A (1) and 6.326 A (2) compared to intra-layer Cl—
Cl separations of 12.680 A (1) and 12.696 A (2)), while the { (us-
CI)Cu'3} triangles are rotated by 60° to each other.

Fig. 2 The central view shows the 2-D network with the hydrogen bonded
halide counter-ions in the centre linking three { Cu''3Cl} triangular cluster
units (i) via the different classes of hydrogen bonded interactions (coloured
dotted lines). The left views show the primary coordination sphere around
the hydrogen bonded halides (ii) (halides and nitrogen atoms shown as
CPK); the top view is shown projected onto the ab plane and the bottom
view is perpendicular to the c axis. Theright view shows arepresentation of
the 1-D chains formed between the { Cu!'3Cl} cluster units that run parallel
to the c axis. H: white, Cl: green, N: blue, C: grey, Cu: pink, CI/Br sitesin
1 and 2, respectively: brown.
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This results in infinite linear stacks that are composed of
aternating { Cu''3} triangles along the crystallographic c axis, see
Fig.3. The observed temperature dependencies of the magnetic
susceptibility of 1 and 2 are virtualy identical and show
antiferromagnetic coupling of the S = 1 Cu'! centres. A model for
these data cannot be solely based on theisolated, equilateral { Cul's}
[S = 4]; triangles—the most simple frustrated spin systems—but
requires to take antiferromagnetic inter-triangle coupling into
account that involves the six Cu—Cl---H-N-Cu super-exchange
pathways between two { Cu''3} triangles of neighbouring hexagonal
layers.

Thein-plane inter-triangle exchange is insignificant due to much
longer exchange pathways (the closest Cu---Cu distance is 8.363
A). At high temperatures, the magnetism of the system is
dominated by the stronger antiferromagnetic intra-triangular cou-
pling, thus resembling the properties of a{ Cu''3} triangle. At lower
temperatures, the triangles effectively assume the net spin of their

= 3 ground state, and the weaker antiferromagnetic inter-triangle
exchange couples these net spins to an equidistant Heisenberg
chain.” As extensive numerical simulations are required to exactly
describe a one-dimensional system such as 1 and 2, we here only
give estimates for the effective intra- and inter-triangle exchange
interactions by fitting the susceptibility data for higher tem-
peratures (T > 10 K) to the isotropic Heisenberg model for a
{Cu"3} triangle and for lower temperatures (T < 6 K) to the
Bonner—Fisher model of a uniformly spaced linear Heisenberg
chain (Fig. 4).° This approach gives Jinyo/k = —9.2 K for theintra-
triangle and Jiner/k = —2.7 K for the total effective inter-triangle
coupling and an isotropic g value of 2.095. This is supported by
EPR X-band measurements of a powder sample of 2 at room
temperature which shows a broad, symmetric line (AH,, = 264 G)
corresponding to gis, of 2.105.

The weak inter-triangle antiferromagnetic interactions are ex-
clusively mediated by the hydrogen bonds'© between neighbouring

Fig. 3 The magnetic framework of 1 and 2 with halide-mediated intra-
triangle exchanges (red bonds) and halide-amino-mediated inter-triangle
exchanges (black bonds, intralinter-triangle Cu---Cu distances: 4.46/6.82

A).
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Fig. 4 Temperature dependence of xT at 0.1 Tesla for compound 2. The
solid line, superimposed over the experimentally derived values (grey
sguares), represents the fit of the high-temperature data (10-290 K) to the
Heisenberg model for an equilateral { Cu''s} triangle. The inset shows the
observed low-T maximum around 3.5 K in the temperature dependence of
the molar susceptibility with a best fit to the Bonner—Fisher model of an
equidistant linear S = 1 Heisenberg chain for the 2-7 K interval.

layers. However, for the intra-triangle interactions two exchange
pathways exist: First, through intra-triangle H-bonds (which
connect the coordinating amino groups and terminal chloro ligands
and hence involve the magnetic Cu d,>—» orbitals that span the
basal plane of these ligands). Second, to a less significant degree,
via the central ps-chloro ligand (overlap between the Cu dz
orbitals, which to a small degree may mix with the d,=_» orbitals,
and the Cl p orbitals).1t

In summary, the triangular { Cu''3ClI} clusters 1 and 2 assemble
into magnetically isolated chains, showing Heisenberg spin-chain
behaviour at low T, facilitated by an unusual chloro coordination
motif and extended 3-D hydrogen bonded network. The present
study will be continued by additional theoretical and experimental
studies to examine the nature of the exchange interactions, as well
as further development of the use of both exogenous and
coordinating anions to template and assemble new types of
coordination clusters.

This work was supported by the EPSRC and the University of
Glasgow, the Leverhulme Trust and the Royal Society. We are
grateful to D. C. Johnston (lowa State University) for helpful
discussions.
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