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Hydrothermal reaction of the mixed thiolate−carboxylate−aromatic
amine ligand, 6-mercaptonicotinic acid (6-mnaH2) with Co(II) and
Ni(II) leads to two network coordination solids [M9(6-mna)8(µ3-O)2-
(OH3)2(OH2)6] (M ) Co, Ni), 1, and [M2Ni12(6-mna)12(µ3-OH)2-
(OH2)6]‚8H2O (M ) K, Rb, Cs), 2. These compounds are unusual
for two reasons: they are thiolate-bridged networks and they are
three-dimensional lattices which contain isolated metal clusters and
chains. The magnetic behavior of these compounds has been
studied, showing that 2 contains ferromagnetically coupled Ni6
wheels.

The formation of new magnetic materials incorporating
organothiolate ligand frameworks is an intriguing proposition
in materials synthesis. While very few such compounds have
previously been reported1 in comparison to the many oxygen-
bridged species,2 thiolate-S is desirable as a single-atom
bridge between adjacent 3d-metal centers. Better matching
of orbital energies leads to greater concentration of spin
density onto the bridging atom and therefore stronger
magnetic superexchange.3 This is beneficial both in single-
molecule magnets and in model compounds for the study of
low-dimensional magnetism. Moreover, from a synthetic

standpoint, new structural types may also be observed due
to the provision of both linear and bent coordination
geometries via thiolate-S.1

Our studies into the hydrothermal synthesis of new
materials using mixed thiolato-carboxylate ligands such as
6-mercaptonicotinic acid (6-mnaH2), (NC5H3(CO2H)(SH)-
3,6), has led to the identification of three intriguing new
coordination polymers. These materials are defined not only
by the presence of high-symmetry magnetic clusters isolated
within extended lattices but also by curious selectivity of
Co(II)/Ni(II) ions for both hard-only (carboxylate- and
hydroxide/oxide-O) and soft-only (pyridine-N, thiolate-S)
donor sets. Reaction of NiCl2 and 6-mnaH2 with excess
CsOH in water at 210°C was found to produce, upon slow
cooling, a mixture of two crystalline phases that were
subsequently prepared in pure form via minor alterations to
the reaction conditions. Single-crystal X-ray diffraction
studies4,5 identified clusters of dark red square plates as [Ni9-
(6-mna)8(µ3-O)2(OH3)2(OH2)6], 1a, and tiny green hexagonal
rods as [Cs2Ni12(6-mna)12(µ3-OH)2(OH2)6]‚8H2O, 2. It was
found upon further experimentation with other alkali metal
hydroxides (Li, Na, K, Rb) and 3d-metal(II) salts that an
analogue of1a could be formed using CoCl2, 1b.6 2 may
also be made in very low yields (<5%) with K and Rb but
not with Li or Na. We attribute this synthetic control to the* To whom correspondence should be addressed. E-mail: ptw22@

cam.ac.uk.
† University of Cambridge.
‡ London Metropolitan University.
§ University of Manchester.
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larger ionic radius of Cs being more closely matched to the
size of cavities in the lattice of2 in which the metal ions
are located.

A view of the extended asymmetric unit of1a (Figure 1),
which crystallizes in the tetragonal space groupI41/acd
(Z ) 8), clearly shows two distinct magnetic topologies:
octahedral Ni(II) centers (Ni1 and Ni2) are bis-chelated by
6-mna ligands, via four-membered (-CN-Ni-S-) rings
with pyridine-N arranged trans and equatorial thiolate-Sthat
bridge adjacent metal centers with angles of 91.31(3)° and
91.12(3)° (at S1 and S2, respectively). An undulating chain
of edge-sharing Ni(II) octahedra is formed (Figure 1 inset)
of squares of (-Ni1-S1-Ni2-S2-) repeat units, with
adjacent pairs of chelating ligands on alternating faces of
the chain. Isolated Ni5 clusters are comprised ofsyn,syn-
OCO-carboxylate bridges (a) between symmetry equivalents
of Ni3 and (b) between Ni3 and unique octahedral Ni4 which
is present on the 4-fold site. The slightly distorted octahedral
environment of Ni3 is comprised of twocis-OH2/OH3

+, three
meridinal-carboxylates bridging to Ni4, and an equivalent
Ni3 via a trigonal-planarµ3-oxide bridge (O5). Charge
balance requires that the OH2/OH3

+ ratio is 3:1. X-ray data
provide an average Ni-O bond distance of 2.055(4) Å. In
comparison to literature values, this is marginally longer than
expected for a Ni2+-O2- covalent interaction. The presence
of O2- and H3O+ on the same cluster is unusual; however,
in this case, it is favorable as it facilitates very close H-bond-
mediated intercluster contacts. Water ligands on adjacent
clusters are separated by between 2.887(2) and 2.937(2) Å,
which is only reasonable when H-bonding is present. In
addition, the H-bonds have bridging angles close to 180°.
The overall topology of the O-bridged cluster is a twisted
bowtie of vertex-sharing octahedra where the angle between
adjacent triangles is found to be 34.8°. In addition, subse-
quent EPR studies on1a confirmed that no neutral thiolate
radicals or Ni(III) are present,7 adding weight to our
interpretation of the crystal structure determination. The
extended lattice of1a (Figure 2) takes the form of layers of
chains and clusters separated by ligand fragments. Alternate
layers of chains are aligned orthogonally, lying parallel to

the crystallographica andb axes, while clusters are arranged
in sheets in theab plane, in a herringbone array. The
magnetic behavior of1a shows a transition at 14 K (seen in
Figure 3) to a phase with a small spontaneous moment, but
isothermal magnetization measurements show a very small
coercive field. The Curie constantC ) 11.8 cm3 mol-1 K is
reasonable for nine Ni(II) ions, and the Weiss constant of
-17.5 K indicates that the dominant exchange interaction
is antiferromagnetic. The field-dependence oføT vsT shows
that the source of the spontaneous moment is probably spin-
canting, as the maximum at low temperaturesdecreaseswith
increasingapplied field. The magnetic behavior of1b is
similar, with a phase transition at approximately 30 K but a
very small coercive field. The Weiss constant (-53 K) is
consistent with a higherTC, and the Curie constant (27.8
cm3 mol-1 K) is reasonable for nine Co(II) ions. In both1a
and1b, there will be areas of short-range order at temper-
atures above the magnetic phase transitions. Superexchange
within the chains and bowtie clusters will be stronger than
dipolar coupling between these features; therefore, the short-
range order will be contained within these moieties.

In contrast to the mixed chain and cluster topology in1a,
the very unusual alkali metal-containing phase2 that
crystallizes into the trigonal space groupP3h (Z ) 1), is
comprised of a lattice of two different types of magnetic
clusters (Figure 4). There is again a stark preference for Ni(II)
to attain N,S- or O-only donor sets, which are similar in
connectivity to that observed in1a. N,S-Ni6 rings are formed
by bis-thiolate bridging between adjacent octahedral Ni(II)
centers with cis-oriented pyridine-N of chelating 6-mna
situated on the periphery of the ring. Alternate squares of
(-Ni1-S1-Ni1A-S1A-) are oriented almost orthogonally
(89.8°, considering mean planes of the rings), such that every
other thiolate-Satom on each face of the ring form Cs1-S1
contacts with an average distance of 3.487(1) Å (Figure 3,
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Figure 1. Extended asymmetric unit of1a with magnetic exchange
pathways drawn in black. Inset: polyhedral representation of isolated chain
and twisted bowtie topologies with organic fragments omitted.

Figure 2. Unit cell of 1a in the bc plane showing layers of chains and
clusters with alternate layers of chains running parallel toa andb.

Figure 3. Graph oføT vs T for compound1a in various applied fields.
Black, 100 G; red, 500 G; green, 1000 G; blue, 5000 G; cyan, 10 000 G.
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dashed lines). Cs1 ions are located at [0,0,0] and sit directly
between adjacent Ni6 rings, forming an octahedral coordina-
tion environment. Ni3O clusters of highly distorted Ni(II)
octahedra are formed on the basis of two types of carboxylate
coordination: chelation of Ni2 equivalents by 6-mna with a
very small bite angle of 61.3(2)° on one face of the cluster
is accompanied by syn,syn-bridging on the other, forming a
bowl-shaped (-Ni2-O3-C17-O4-)3 ring. Ni2 centers are
also monohydrated and the coordination environments
completed byµ3-OH (O5), situated at the center of the
cluster, having conventional pseudo-tetrahedral geometry.
Cs2 ions are equally disordered over small cavities within
the structure, each having1/6 site occupancy, thus giving a
single Cs2 per unit cell; the remaining5/6 cavities are
occupied by H2O of crystallization (O7). Further H2O of
crystallization (O8) are also located within the extended
structure of2, as seen in a view of the unique plane of2
(Figure 5a). This solution for2 shows excellent agreement
with microanalysis data (see Supporting Information). The
ab-plane has a honeycomb lattice of well-isolated Ni6 and
Ni3 clusters. When viewed in theac andbc planes (Figure
5b), it is evident that Ni6 rings are stacked in rows with Cs(I)
ions interspersed while Ni3 clusters are stacked in a 1,2-
type repeating pattern. Clusters are concomitantly arranged
in diagonal rows, passing approximately along theac and
bc bisectors. The magnetic susceptibility of2 has been
simulated using the program MAGPACK8 using a model
consisting of one Ni(II) hexagon and two Ni(II) triangles
(Figure 6). This givesJ ) +9 K for the intrahexagon

coupling andJ ) -4.3 K for the intratriangle interaction.
Ferromagnetic intrahexagon and antiferromagnetic intratrin-
gle couplings are as expected by consideration of the
Goodenough-Kanamori rules3 as the Ni-S-Ni angles are
89.14(4)° and the Ni-O-Ni angles are 115.59(10)°. The
presence of both ferromagnetic and antiferromagnetic cou-
pling results in a minimum in theøT vs T measurement
(Figure 7). Despite the stronger exchange expected from
thiolate bridges, the intrahexagon coupling is relatively weak
due to competition between ferromagnetic and antiferro-
magnetic components. The Ni6 clusters embedded within this
network have anS) 6 ground state and are therefore similar
to the purely molecular Ni12 and Ni24 ferromagnetically
coupled clusters of Winpenny and co-workers.9 Measure-
ments are underway to determine if2 acts as a single-
molecule magnet.
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Figure 4. Extended asymmetric unit of2: N,S-Ni6 rings andO-Ni3 triangle
clusters.

Figure 5. (a) (left). Theab plane of2 displaying hexagonal network of
clusters (octahedra of Cs(I) also drawn) and lattice H2O positions within
small cavities. (b) (right). Section parallel to the unique axis showing
diagonal alignment of clusters and position of Cs(I) cations.

Figure 6. The temperature dependence of the magnetic susceptibility of
2 (for 12 Ni(II) ions) in a field of 100 G and the fit of these data for the
MAGPACK model. The inset has a logarithmicx axis to emphasize the
low-temperature data.

Figure 7. Plot of øT vs T for 2 in a measuring field of 100 G.
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