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A family of salts that was based on the [Ni(α-tpdt)x]n– anions
(α-tpdt = 2,3-thiophenedithiolate) and the K+ crown-ether
cations were prepared and were then structurally and mag-
netically characterised. In [K(18-crown-6)][Ni(α-tpdt)2], the
anion has a square planar coordination geometry with ligand
disorder and the cations and anions are segregated in alter-
nating layers in the crystal structure, as was found in the pre-
vious [Ni(α-tpdt)2]– salts. Two salts were obtained with the
[K(15-crown-5)2]+ cation. The expected 1:1 salt was obtained,
which had the usual anion square planar coordination geom-
etry for [Ni(α-tpdt)2]– but that had a new molecular arrange-
ment based on an anion double chain. In addition, a 2:1 salt

Introduction

Transition metal dithiolene (dt) complexes, M(dt)n, have
attracted interest for more than 30 years due to their redox
behaviour and rich structural diversity. They have been used
successfully as the building blocks for molecular materials
that have unconventional electrical and magnetic proper-
ties.[1] These dithiolene complexes are known to display a
variety of coordination geometries that depend on the metal
and specific preparative conditions. Most of the bidithi-
olene complexes of the metals from groups 8 to 11 adopt a
square planar coordination geometry, M(dt)2.[2] For some
metals, however, such as Fe, Co, Pt and Ni, the tendency is
to form a dimeric arrangement, [M(dt)2]2, by the formation
of two M–S apical bonds in which the metal has a 4+1
coordination geometry.[1,3] In the case of the cobalt com-
plexes trimeric [M(dt)2]3[4] and even polymeric [M(dt)2]n[5]

arrangements are known where dt = mnt (mnt = maleoni-
triledithiolate). In these situations the metals can have dif-
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was obtained, which had a new anionic geometry, namely,
[Ni4(α-tpdt)6]2–, which is an unprecedented example of an in-
line mixed-valence Ni4 dithiolene (Ni4–S12) cluster. A com-
pound with an eight-membered tetrasulfide ring, namely a
bis(thiophene-2,3-diyl) bis(sulfide), was also obtained. The
salts that are based on the paramagnetic [Ni(α-tpdt)2]– anion
presented interesting magnetic properties that resulted from
the competition between the antiferromagnetic (AFM) and
ferromagnetic (FM) interactions with a low-temperature
cluster glass behaviour, which was associated with the cis-
trans ligand disorder.

ferent or partial formal oxidation states, which are stabilised
by the significant contribution of the extended π-ligands to
the frontier orbitals.

In terms of the Ni dithiolene complexes, a bimetallic
[M2(dt)3]2 cluster, which has a relatively short Ni–Ni bond
(2.714–2.914 Å), has been reported for the ligands dmit (2-
thione-1,3-dithiole-4,5-dithiolate)[6] and edt (ethane-1,2-di-
thiolate).[7] Other heteroleptic polynuclear Ni3 and Ni5
complexes, in which the dmit ligand is combined with the
edt or pdt (propane-1,2-dithiolate) ligands, are also known
but in these cases the Ni atoms are bridged by the S atoms
and have no direct, short Ni–Ni bonds.[8] The four-centred
tetrahedral clusters are only known to occur for copper,
[Cu4(dt)3]22–, and only with some of the dithiolate ligands
and under specific conditions.[9]

In this paper we report on the synthesis of Ni complexes
that have the thiophene-2,3-dithiolate ligand (α-tpdt) with
a K+ crown-ether counterion, which led to new molecular
materials and structural architectures. The paramagnetic
[Ni(α-tpdt)2]– complex has already proved to be a suitable
building block for molecular materials[10] but the role of the
K+ crown-ether cations, which acts as a linker between the
paramagnetic units or induces new supramolecular struc-
tures, has not been explored previously in the crystal engi-
neering of these materials. Among the new compounds and
novel architectures that were obtained, which are described
in this paper, there is a remarkable linear mixed-valence Ni4
cluster, which is unprecedented among the metal-dithiolene
complexes. In this case the Ni atoms present formal oxi-
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dation states of II and III and are at relatively short Ni–Ni
distances.

Results and Discussion

A series of new compounds that are based on nickel com-
plexes with the thiophene-2,3-dithiolate ligand and the
crown-ethers cations, [K(18-crown-6)]+ and [K(15-crown-
5)2]+, were obtained. The synthesis of these compounds fol-
lowed a general procedure (Scheme 1) that is similar to that
previously described for the other [Ni(α-tpdt)2]– complexes,
where 5,6-thieno[2,3-d]-1,3-dithiol-2-one (1) was reacted
with nickel chloride in a basic alcoholic solution and the
complexes were isolated as salts by precipitation upon the
addition of the cation salt. These reactions were carried out
under strictly anaerobic conditions inside a glove box. The
reaction with [K(18-crown-6)]+ afforded [K(18-crown-
6)][[Ni(α-tpdt)2] (3) as dark green plates in a reasonable
yield (74%) after recrystallisation in dichloromethane/n-
hexane. In contrast to the synthesis with the larger crown-
ether, the synthesis with the smaller cation [K(15-crown-
5)2]+ gave an inhomogeneous sample that, after a simple
recrystallisation in dichloromethane, remained a mixture of
three compounds, namely, [K(15-crown-5)2][Ni(α-tpdt)2]
(4), [K(15-crown-5)2]2[Ni4(α-tpdt)6] (5) and bisthieno[2,3-c:
2�,3�-g][1,2,5,6]tetrathiocine (6) (Scheme 1).

These species were clearly distinguishable by their dif-
ferent crystalline morphologies and colour but proved diffi-
cult to separate. Compounds 4, 5 and 6 were obtained as
green plate-shaped crystals, dark four-pointed star-shaped
crystals and yellow plate crystals, respectively (Supporting
Information, Figure S1). These compounds could not be
separated by further recrystallisation except for 4, which
was enriched and obtained almost pure by multiple recrys-
talisations in dichloromethane. The formation of the dian-
ionic Ni4 cluster 5 from 2 (and/or 4) implied that two li-
gands were lost and resulted in the formation of 6, which
was indeed isolated, which suggests that a possible oxi-
dation mechanism occurred through the formation of this
partially oxidised cluster. The α-tpdt ligand is known to be
able to stabilise high oxidation states of the complexes with
different transition metals and often the dianionic com-
plexes are easily oxidised to monoanionic or even to the

Scheme 1. The preparation of the salts 3, 4, 5, 6 and 7.
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neutral state by iodine or simply by exposure to air.[11] In-
deed, in this study the neutral complex 7 was obtained as a
dark microcrystalline powder by the oxidation of 3 or 4
with iodine. However, in contrast to the Au analogue,[11a]

this compound was found to be a bad electrical conductor
with a conductivity of approximately 10–9 Scm–1, which was
measured for a powder-compacted sample at room tem-
perature.

The formation of cluster 5 from 2 corresponds to the
partial oxidation of the Ni atoms. It was not possible to
obtain a pure sample of 5 for the electrochemical studies
but a redox process that was associated with the cluster was
observed in the cyclic voltammetry studies in a dichloro-
methane solution of the crystallisation products that con-
tained 5. The voltammograms revealed a quasireversible re-
dox process that was centred at –0.095 V (vs. Ag/AgCl) be-
tween the waves ascribed to the couples [Ni(α-tpdt)2]2–/
[Ni(α-tpdt)2]– and [Ni(α-tpdt)2]–/[Ni(α-tpdt)2]0 at –0.480
and +0.286 V, respectively. The waves of the latter couple
have been previously described for the [Ni(α-tpdt)2]– aceto-
nitrile solutions,[10a] but this extra redox process was not
observed in acetonitrile or with other cations (Supporting
Information, Figure S2). Therefore, both the solvent used
and the counter cation size seem to contribute to the stabili-
sation of the cluster.

Compounds 3–6 were characterised by single-crystal X-
ray diffraction. In the crystal structure of 3 the unit cell
contains one independent [Ni(α-tpdt)2]– anion (Figure 1)
and one independent [K(18-crown-6)]+ cation, with both
the K and the Ni atoms located at inversion centres. The
potassium ion is in a nearly planar crown-ether environ-
ment. Within experimental error, the [Ni(α-tpdt)2]– anion
is planar and presents disorder in the sulfur atom of the
thiophenic ring. This disorder can be either cis-trans or po-
sitional disorder of the trans configuration, which seems to
be the more stable one in previous salts.[10,11] The Ni–S
bond lengths, with an average value of 2.156(4) Å, are iden-
tical to those previously found in the [Ni(α-tpdt)2]–

anions[10] and are typical of monoanionic Ni dithio-
lates.[12,13] The crystal structure of 3 consists of alternating
cationic and anionic layers (Figure 2, a) and has short inter-
layer contacts that define the alternating cation-anion
chains along c (Figure 2, b). Along these chains, the anions
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and the cations are linked by very short K···S3 and K···C10
contacts, which are in the range of 3.3 to 3.6 Å, that denote
very strong interactions. In the anionic layers S1···S3 and
S3A···S3 short contacts are observed, which builds a 2D
network of anionic interactions in the b,c plane (Figure 2,
c). However, this network of contacts is also disordered due
to the thiophenic ligand conformational disorder.

Figure 1. The molecular diagram of the [Ni(α-tpdt)2]– anion in 3.

Figure 2. The crystal structure of 3 (a) viewed along c (the hydrogen
atoms were omitted for clarity); details showing (b) a cation-anion
chain and (c) an anionic layer.

Compound 4 was the compound that was initially ex-
pected from the reaction of [Ni(α-tpdt)2]– with the [K(15-
crown-5)2]+ cation. Although the crystal quality did not al-
low a high-quality refinement of the crystal structure, we
were able to assert from the X-ray diffraction data that the
anionic complex presents the usual square planar coordina-
tion geometry for the Ni atom in a trans configuration and
that the parameters are identical to those found in other
[Ni(α-tpdt)2]– salts (Supporting Information, Figure S10,
Table S3).[10] The K+ cation is sandwiched between two
crown-ether units, which appear to be highly disordered.
The crystal packing is composed of columns of alternating
pairs of cations and anions along c. The molecules in the
neighbouring columns are out-of-registry (see Supporting
Information, Figure S11a). The pairs of anions are organ-
ised in double chains that run parallel to the b,c plane and
are connected by S···H–C hydrogen bonds and short S···S
and S···C interactions (Supporting Information, Fig-
ure S11b).

Compound 5, together with 4, are coproducts from the
reaction that used the [K(15-crown-5)2]+ cation. In 5 the
nickel dianionic complex has an unexpected geometry,
namely, a centrosymmetrical in-line Ni4 cluster (Figure 3).
The peripheral nickel atoms, in addition to a square planar
MS4 coordination, are close to another Ni atom [Ni–Ni,
2.756(2) Å], while the inner Ni atoms {besides the two short
Ni–Ni contacts [2.756(2) and 3.142(3) Å]} are coordinated
by five sulfur atoms, two of which are from an inner dithi-
othiophene ligand L3 (S7–9, C9–12) and the other three
sulfur atoms that belong to the different neighbouring li-
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gands L1 (S1–3, C1–C4) and L2 (S4–6, C5–8), in a M–
S 4+1 coordination geometry (Figure 3). In spite of some
evidence for disorder in the thiophenic S9 atom position of
the L3 ligand, this disorder could not be modelled in the
structural refinement.

Figure 3. The [Ni4(α-tpdt)6]2– cluster in 5. Selected bonds lengths:
Ni1–S1 [2.191(5) Å], Ni1–S2 [2.177(6) Å], Ni1–S4 [2.191(6) Å];
Ni1–S5 [2.190(5) Å]; Ni2–S2 [2.327(4) Å); Ni2–S5 [2.328(4) Å],
Ni2–S7 [2.224(4) Å]; Ni2–S8 [2.209(4) Å]; Ni2–S8* [2.415(6) Å];
Ni1–Ni2 [2.754(3) Å]; Ni2–Ni2* [3.140(3) Å]; C7–H7···S7*
[2.994(5) Å], where * represents 2 – x, 1 – y, –z.

The average Ni–S bonds are significantly different for the
external Ni1 and internal Ni2 bonds [2.189(5) and
2.272(4) Å, respectively], which suggests that the two nickel
atoms possibly have different oxidation states. The bond
lengths within the dithiothiophene ligand are comparable
to those previously reported[10,11] and also to those found
in monoanionic salts 3 and 4. Around Ni1, the ligands L1
and L2 adopt a boat conformation and their mean planes
make a dihedral angle of 18°. The mean plane of the L3
ligand, which is directly bonded to Ni2, is almost perpen-
dicular to the mean planes of L1 and L2, with dihedral
angles of 83 and 78°, respectively (Figure 3). It is worth
noting the relatively short intermolecular hydrogen bond
for C7–H7···S7* of 2.994(5) Å. In the cation, as in 4, the
potassium ion is trapped between two crown-ether units,
both of which appear to be slightly disordered. The crystal
structure of 5 is composed of parallel chains of clusters that
are surrounded by cations (Figure 4, b). There are no inter-
actions between the chains and the cations but the anions
are connected by a few hydrogen bonds. The clusters in
these chains interact through the S6···S8 short contact
[3.54(2) Å] that occurs between the L3 coordinating and the
L2 thiophenic sulfur atoms (Figure 4, a). The thiophenic
rings of L2 overlap along the chains, which allows signifi-
cant π–π interactions.

Compound 6 is a coproduct that was obtained with 4
and 5 due to the presence of the free ligand that was gener-
ated by the formation of cluster 5. In fact, the formation of
the eight-membered bis(disulfide) rings from the reaction
of the ortho-dithiolates is not unprecedented.[14] The crystal
structure of 6 revealed a 50% cis-trans disorder of the thio-
phene rings in a chair-type conformation, as was previously
observed for bis(o-phenylene) bis(sulfide) (see Supporting
Information, Figure S10).[15] The bis(α-thiophene) bis(di-
sulfide) units are arranged in out-of-registry chains that run



D. Belo, M. Almeida et al.FULL PAPER

Figure 4. (a) Chains of the [Ni4(α-tpdt)6]2– dianionic clusters in 5
that show the interanionic S8···S6* short contacts [3.54(2) Å] and
the charge-assisted S···H–C hydrogen bonds [C3–H3···S4**
(2.94 Å) and C3–H3···S6* *(2.79 Å)]. The Ni, S and H atoms that
are involved in the short contacts are highlighted and are repre-
sented as spheres, * represents –1 + x, y, z; and ** represents 1 –
x, 1 – y, –z. (b) The crystal structure of 5 viewed along a.

parallel to b. These species are connected by short S···S in-
teractions along these chains, while the neighbouring chains
interact through the C–H···S hydrogen bonds (Figure 5).

Figure 5. (a) The crystal structure of 6 viewed along a; (b) the de-
tails of one of the C8H4S6 molecular chains in the crystal structure
of 6. The dashed lines represent the short S···S contacts between
the molecules (dS···S = 3.017 Å; symmetry operation: 1 – x, –y, 1 –
z).

Paramagnetic compounds 3 and 4 were characterised by
magnetisation and alternating current (AC) susceptibility
measurements. The χpT product of 3 was measured under
an applied field of 2 T (Figure 6) and is almost constant at
0.364 emuKmol–1 (which corresponds to an effective mo-
ment, μeff = 1.71 μB) in the range of 40 to 300 K, which is
close to the ideal value of 0.40 emuKmol–1 (μeff = 1.79 μB)
for a S = 1/2 system with �g� = 2.07.[10a] A maximum in
the χpT product was observed at 25 K. There was a steep
decrease in the χpT product below this temperature.
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Figure 6. The χT temperature-dependence of [K(18-crown-6)][Ni(α-
tpdt)2] (3) (circles) and [K(15-crown-5)2][Ni(α-tpdt)2] (4) (triangles).
The solid line represents the ideal value of 0.4 emuK mol–1 for a S
= 1/2 system with �g� = 2.07.

The magnetic susceptibility of 3 above 30 K follows a
Curie–Weiss behaviour with an effective magnetic moment
(μeff) of 1.7 μB and a positive Curie temperature (θ = 1.0 K),
which denotes dominant weak ferromagnetic (FM) interac-
tions (Supporting Information, Figure S3). At lower tem-
peratures, a field-dependent maximum was observed for the
temperature-dependence of the magnetisation (Figure 7).
This maximum shifted to lower temperatures as the field
increased until, for applied fields above 0.1 T, it almost dis-
appeared (see inset).

Figure 7. The temperature-dependent magnetisation of [K(18-
crown-6)][Ni(α-tpdt)2] (3) under the different magnetic fields of
0.005 (pentagons), 0.01(white and black triangles), 0.025(inverted
triangles), 0.05 (stars), 0.1 (triangles), 0.5 (open circles) and 2 T
(circles).

The isothermal magnetisation curves for 3 at different
temperatures (Supporting Information, Figure S4) showed
that between 20 and 5 K the experimental values at the low
fields are larger than those calculated from the Brillouin
function for a system of independent S = 1/2 spins. How-
ever, at the higher fields the results are smaller than those
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calculated from the Brillouin function. At temperatures
above 50 K, the magnetisation exceeds the Brillouin func-
tion at very low magnetic fields, while at 1.6 K the magnet-
isation is always smaller than the calculated values. These
results suggest that there is a competition between the ferro-
magnetic and antiferromagnetic interactions.

The magnetisation cycle of 3 at 1.6 K (Figure 8) presents
a hysteresis of the order of 500 G and at 5 T attains a mag-
netisation of 0.39 μB, which is far from saturation. These
results could be due to a glassy-type behaviour for the mag-
netisation below the freezing temperature, Tf, which is poss-
ibly associated with a cluster-glass behaviour that has al-
ready been observed in the other salts that are based on the
[Ni(α-tpdt)2]– anion and that have a similar ligand disor-
der.[10]

Figure 8. The magnetisation curve of [K(18-crown-6)][Ni(α-tpdt)2]
(3) at 1.6 K. The solid line represents the calculated Brillouin func-
tion for the S = 1/2 system with �g� = 2.07.

The presence of such a freezing process was confirmed
by AC susceptibility measurements. Indeed, χAC data that
was taken under a zero-applied direct current (DC) field at
different frequencies in the range of 33 to 9995 Hz (Fig-
ure 9) showed a temperature dependence and distinct peaks
in both the real χ� and the imaginary χ�� components of
χAC. At the lowest frequency, 95 Hz, the maximum in χ�
occurs at 6.5 K, while in χ�� this maximum is shifted to a
lower temperature, namely, 5.8 K. These peaks in both the
real and the imaginary components are consistent with the
existence of a weak ferromagnetism below 6.5 K, which has
already been suggested by the DC magnetisation measure-
ments.

Both the real and the imaginary components of χAC exhi-
bit a strong shift with the change in frequency, ω. The peak
temperatures are shifted to higher temperatures while their
height decreases as the frequency increases. This type of
shift is characteristic of glassy systems and is a result of
the slow relaxation processes and the freezing into a non-
equilibrium state below the frequency-dependent tempera-
ture Tf. This freezing temperature, Tf, which is given by the
maximum in the AC susceptibility, is frequency-dependent
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Figure 9. The temperature-dependent χ�(top) and χ�� (bottom) for
[K(18-crown-6)][Ni(α-tpdt)2] (3) at the different frequencies of 95
(inverted triangles), 333 (squares), 495 (circles), 995 (triangles),
3330 (stars), 4995 (white and black triangles) and 9995 Hz (penta-
gons), where χ� has the filled symbols and χ�� has the open symbols.

and its change, ΔTf, follows the empirical law Ψ = (ΔTf/Tf)/
Δ(logω)[16] with Ψ ≈ 0.09, which is a value that is consistent
with the cluster-glass behaviour.

A number of external DC fields were applied in order to
determine the evolution of the transition with the magnetic
field for the AC measurements. The temperature-depen-
dence of χAC that was taken at 995 Hz with a HAC of 1 Oe
and different applied DC fields is shown in Figure S5 of the
Supporting Information. These results suggested that the
application of an external magnetic DC field decreases the
intensity of the peak and shifts the maximum to lower tem-
peratures. For fields that are higher than 500 G, the peaks
are almost suppressed. This particular behaviour can also
be attributed to the existence of cluster domains that have
short-range order.

The effective magnetic moment of 4 is 1.74 μB at room
temperature, which is close to 1.79 μB that was calculated
for a system of independent S = 1/2 spins with �g� = 2.07.
However, upon cooling the value gradually decreases until
25 K (Figure 6), which indicates that the antiferromagnetic
interactions are predominant at high temperatures. Below
20 K, a faster decrease is observed. The magnetic suscep-
tibility above 50 K follows a modified Curie–Weiss law
(Supporting Information, Figure S6) with a TIP (tempera-
ture-independent paramagnetism) of 2.5� 10–5 emumol–1

and a negative Curie temperature (θ = –0.42 K).
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The isothermal magnetisation of 4 at 1.7 K (Figure 10)

showed no signs of hysteresis and 0.25 μB was attained at
3 T, which is far from saturation and well below the calcu-
lated Brillouin function for the independent S = 1/2 spins,
which indicates that significant antiferromagnetic interac-
tions exist. For the other temperatures, it was possible to
verify a linear dependence of the magnetisation with the
magnetic field, which is typical of a system with antiferro-
magnetic (AFM) interactions, and that had values that were
always smaller than the calculated Brillouin function.

Figure 10. The magnetisation of [K(15-crown-5)2][Ni(α-tpdt)2] (4)
at 1.7 K. The solid line represents the calculated Brillouin function
for a system of S = 1/2 spin with �g� = 2.07.

The AC susceptibility measurements at low temperatures
and at different frequencies were also performed for com-
pound 4. A less pronounced frequency dependence was ob-
served for compound 4 than that found for compound 3 as
is shown in Figure S7 of the Supporting Information. In
both the real χ� and the imaginary χ�� components small
maxima were observed around 7 and 6 K, respectively,
which is consistent with the presence of weak ferromagnet-
ism. The poor signal/noise ratio did not allow a precise de-
termination of the Ψ parameter. Nevertheless, this fre-
quency-dependence of the AC susceptibility still supports
the occurrence of metastability in the magnetic anion layers
with a tendency to induce cluster formation.

The type of magnetic interactions between the [Ni(α-
tpdt)2]– anions can be predicted, as previously done in other
salts of this anion, from the calculated spin density distribu-
tion in this complex[10c,10d] (Supporting Information, Fig-
ure S9) by using the McConnell I mechanism.[17] A compe-
tition between the FM and AFM interactions (with variable
intensities estimated) in both 3 and 4 were predicted by this
analysis (Supporting Information, Figure S13 and
Tables S5 and S6).

The magnetic behaviour in 3 is therefore dominated by
this competition and also by the molecular disorder ob-
served in the thiophenic sulfur atom of the anionic species.
It is worth noting that this disorder does not change the
type of interaction, which remains FM, however, depending
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on the molecular configuration, these FM interactions can
differ in their strength, which possibly enables different FM
domains. Thus, the ligand disorder results in a macroscopic
FM cluster-glass behaviour. Competition between the FM
and AFM interactions is also expected for compound 4. At
high temperatures the AFM interactions dominate, as can
be seen by the decrease in χT upon cooling. In χAC there is
an anomaly that suggests an “ordering” process at approxi-
mately 6 K, which is similar to that observed for 3, however,
the frequency shift of the peaks is not as evident in this
case. Most probably the lower dimensionality of this sys-
tem, in which there are isolated double chains instead of
layers, softens the ordering process.

The bulky polycrystalline samples of compound 5 could
not be magnetically characterised due to the difficulty that
was experienced in obtaining large enough quantities of the
pure samples. However, the single crystals were found to be
EPR silent, which suggests a diamagnetic ground state as a
result of the antiferromagnetically-coupled NiIII centres.

The Ni atoms in the centrosymmetrical cluster may pres-
ent two distinct formal oxidation states, namely, two NiII

and two NiIII. Alternatively, in view of the short Ni–Ni dis-
tances and strong ligand–metal interactions, the Ni atoms
may have a mixed valence/partial oxidation state with elec-
tron delocalisation. In order to elucidate the electronic
structure of 5, we started calculations based on Density
Functional Theory with different guess functions to cover
the possible assignments (see the Computational Details
section). The results indicated that the most stable situation
corresponds to a singlet determinant with two central NiIII

ions that are antiferromagnetically coupled and two exter-
nal NiII centres (Figure 11). The central paramagnetic NiIII

ions had a calculated J value of –1867 cm–1 (using the Ĥ
= –JŜ1Ŝ2 Hamiltonian), which is a very strong antiferro-
magnetic coupling that is in agreement with the silent EPR
spectrum. The spin density is clearly localised in the Ni2
atoms (0.94 e– each, Supporting Information, Figure S13)
in the dz2 orbital, while the value for the NiII centres is only
0.05 e–. Despite the long distances between the NiIII cations
and the sulfur bridging ligands between the two NiIII

centres, the spin delocalisation mechanism is predomi-
nant.[18] The mixing of the sulfur atom orbitals with the
lobe of the NiIII dz2 orbital that is perpendicular to the
plane of the four short Ni–S bond lengths is large enough
to overcome the interaction with the torus lobe of the dz2

orbital of the other NiIII cation. For these sulfur atoms, the
spin density will have the same sign as that of the NiIII

centre. Hence, in the central Ni2S2 framework there are two
atoms that have spin up and the other two atoms have spin
down. Finally, the external NiII cation and its four coordi-
nated sulfur atoms have a spin density sign that is opposite
to that of the closest NiIII centre, which shows the predomi-
nance of the polarisation mechanism.[19]

The coordination spheres of the Ni1 and Ni2 atoms are
slightly different since, although both are square planar,
there is a fifth bridging sulfur atom that has a long distance
for the Ni2 atoms. Hence, the electronic structure adopted
for this complex corresponds to a class 1 mixed-valence
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Figure 11. A representation of the calculated spin density for the
dianionic cluster in 5 by using isosurfaces of 0.005 e–.

complex according to the Robin–Day classification.[19] It is
worth noting the very strong coupling by taking into ac-
count the presence of two relatively long Ni–S distances in
the bridging ligands [2.415(6) Å] and the topology of the
“magnetic orbitals”.

In order to analyse the possible metal–metal interactions,
an atoms-in-molecules study[20] was done. No bond critical
points were found in the centre of the three distorted rhom-
bus Ni2S2 structures. In all of the cases they correspond to
ring critical points that indicate the lack of direct metal–
metal interactions. The molecular orbital analysis agreed
with these conclusions. At first glance, by taking into ac-
count the coordination of five of the NiIII ions, we can con-
sider that the full dz2 orbital of the terminal NiII centres
would act as a ligand completing the coordination of the
NiIII ions until six. In this case, its interaction with the sin-
gly-occupied NiIII dz2 orbital would result in a distorted oc-
tahedron coordination polyhedra for the central NiIII ions.
However, the antibonding combinations of the dz2 orbitals
of the NiII and NiIII cations (Supporting Information, Fig-
ure S8) are occupied, which therefore confirms the absence
of strong metal–metal interactions. The existence of the in-
tramolecular C–H···S hydrogen bonds (red dashed lines in
Figure 4) was confirmed by the presence of the bond critical
points. They can contribute to the non-planarity of the ex-
ternal Ni2S2 framework.

Conclusions

In summary, a series of new compounds that are based
on nickel complexes with the thiophene-2,3-dithiolate li-
gand and the crown-ether cations, [K(18-crown-6)]+ and
[K(15-crown-5)2]+, were obtained. The magnetic properties
of the salts 3 and 4, based on the paramagnetic [Ni(α-
tpdt)2]– anions in the usual square planar coordination ge-
ometry, are dominated by a competition between the AFM
and FM interactions. However, a magnetic cluster-glass be-
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haviour was observed at temperatures below 6 K due to li-
gand cis-trans disorder. This glass behaviour is more pro-
nounced in the salt with the [K(18-crown-6)]+ cation, which
presents the typical structure that consists of anionic layers,
than in the [K(15-crown-5)2]+ salt, which has a new struc-
ture type that consists of anionic double chains.

For the [K(15-crown-5)2]+ cation, an unprecedented in-
line Ni4–S12 cluster that had relatively short Ni–Ni dis-
tances was also obtained and was characterised by single-
crystal X-ray diffraction. This cluster results from an un-
stable equilibrium between the regular square planar
monoanionic and dianionic bidithiolenes, which is favoured
by both the solvent and the cation. The structural and com-
putational data indicated that in this cluster there is no di-
rect Ni–Ni interaction and that the outer nickel atoms are
NiII while the central ones are NiIII in a class 1 mixed-val-
ence complex according to the Robin–Day classification.

Experimental Section
General Experimental Conditions: All of the manipulations were
carried out under strict anaerobic conditions under a dry nitrogen
or argon atmosphere, unless otherwise stated. All of the solvents
were purified and dried by following standard procedures. The
other chemicals were obtained commercially and were used without
any further purification.

[K(18-crown-6)][[Ni(α-tpdt)2] (3): A similar methodology to the one
that was previously reported[10a] for the synthesis of the nBu4N-
[Ni(α-tpdt)2] salt was followed. A solution of 18-crown-6 (2 equiv.)
in methanol was added to a solution of [Ni(α-tpdt)2]– in methanol
immediately after oxidation by air exposure. Compound 3 was ob-
tained in 74% yield by the recrystallisation of the salt from a
dichloromethane solution in an atmosphere that was saturated with
n-hexane. C20H28KNiO6S6 (654.61): calcd. C 36.70, H 4.31, S
29.39; found C 35.47, H 4.26, S 29.44.

[K(15-crown-5)2][Ni(α-tpdt)2] (4): A similar methodology to the one
that was previously reported[10a] for the synthesis of the nBu4N-
[Ni(α-tpdt)2] salt was followed. A solution of 15-crown-5 (2 equiv.)
in methanol was added to the solution of [Ni(α-tpdt)2]– in methanol
immediately after oxidation by air exposure. The inhomogeneous
sample was purified by recrystallisation from a dichloromethane
solution in an atmosphere that was saturated with n-hexane to yield
a mixture of crystals of 4, 5 and 6, which could be clearly distin-
guished from one another. Further recrystallisation of the salts in
dichloromethane afforded a sample that consisted almost entirely
of 4. C28H44KNiO10S6 (830.82): calcd. C 40.48, H 5.34, S 23.15;
found C 40.26, H 6.12, S 22.69.

[Ni(α-tpdt)2]0 (7): A solution of iodine (18 mg, 7.12 �10–2 mmol)
in acetone (2 mL) was added dropwise to a solution of nBu4N-
[Ni(α-tpdt)2] (50 mg, 1.4 �10–1 mmol) or 3 (91 mg,1.4�

10–1 mmol) in acetone (2 mL). The resulting dark precipitate was
isolated by centrifugation, washed with acetone and dried in vacuo
to yield 7 (19 mg) in 31% yield. C8H4NiS6 (351.19): calcd. C 27.36,
H 1.15, S 54.77; found C 27.40, H 1.10, S 53.98.

X-ray Diffraction: The experiments were performed with a Bruker
AXS APEX CCD detector diffractometer by using graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å) in the φ and ω scan
modes. A semi-empirical absorption correction was carried out
with SADABS.[21] The data collection, cell refinement and data re-
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duction were done with the SMART and SAINT programs.[22] The
structures were solved by direct methods with SIR97[23] and were
refined by full-matrix least-squares methods with the program
SHELXL97[24] with the winGX software package.[25] The non-hy-
drogen atoms were refined with anisotropic thermal parameters
whereas the H-atoms were placed in idealised positions and were
allowed to be refined riding on the parent C atom. The molecular
graphics were prepared with ORTEP 3.[26]

Crystallographic data for 3: C20H28O6S6KNi, Mr = 654.60 g mol–1,
monoclinic, space group P21/n, a = 9.449(5) Å, b = 11.474(5) Å, c

= 12.839(5) Å, β = 94.589(5)°, V = 1387.5(11) Å3, Z = 4, Dc =
1.567 gcm–3, μ(Mo-Kα) = 1.334 mm–1, 2723 reflections measured,
733 unique, final R(F2) = 0.08 using 733 reflections with I�2.0σ(I),
R(all data) = 0.11, T = 293(2) K.

Crystallographic Data for 4: C28H44O10S6KNi, Mr =
810.94 gmol–1, monoclinic, space group P21/c, a = 23.979(3) Å, b

= 32.230(5) Å, c = 9.5921(14) Å, β = 94.751(5)°, V = 7387.9(2) Å3,
Z = 8.

Crystallographic Data for 5: C64H92K2Ni4O20S18, Mr =
2071.5 gmol–1, triclinic, space group P1̄, a = 9.964(2) Å, b =
12.754(2) Å, c = 18.597(3) Å, α = 73.971(3)°, β = 83.578(4)°, γ =
86.982(4)°, V = 2256.7(6) Å3, Z = 2, Dc = 1.524 gcm–3, μ(Mo-Kα)
= 1.391 mm–1, 11251 reflections measured, 7498 unique, final R(F2)
= 0.13 using 2005 reflections with I�2.0σ(I), R(all data) = 0.26, T

= 150(2) K.

Crystallographic Data for 6: C8H4S6, Mr = 292.47 gmol–1, mono-
clinic, space group P21/n, a = 7.9380(6) Å, b = 7.9112(7) Å, c =
8.7670(7) Å, β = 96.076(3)°, V = 547.47(8) Å3, Z = 2, Dc =
1.774 gcm–3, μ(Mo-Kα) = 1.201 mm–1, 2265 reflections measured,
912 unique, final R(F2) = 0.03 using 809 reflections with I� 2.0σ(I),
R(all data) = 0.03, T = 150(2) K.

CCDC-830009 (for 3), -761154 (for 5) and -761155 (for 6) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic Measurements: The experiments were performed with a
S700X SQUID magnetometer with a 70 kG magnet (Cryogenic
Ltd.) with the polycrystalline samples. The temperature dependence
of the magnetic susceptibility in the temperature range of 5 to
320 K was measured under a magnetic field of 10 kG. A Maglab
2000 system (Oxford Instruments) was used for the AC suscep-
tibility measurements down to 1.5 K in the frequency range of 99
to 9990 Hz and with a 1 G AC field. The paramagnetic suscep-
tibility was obtained from the experimental magnetisation data af-
ter a diamagnetism correction was estimated from the tabulated
Pascal constants.

Computational Details: The electronic structure calculations were
based on Density Functional Theory methods and were performed
by using the hybrid B3LYP functional[27] and the all electron triple-
ζ basis set[28] with the NWChem. code.[29] In order to generate all
of the possible combinations for the oxidation states of the nickel
atoms, the Jaguar code[30] was employed to obtain the starting
guess functions by using the approach proposed by Vacek et al.[31]

The atoms-in-molecules analysis was performed by using the
AIMall code[32] with the wavefunction generated with the
Gaussian03 revision D02[33] code for the more stable case.

Supporting Information (see footnote on the first page of this arti-
cle): The details of the synthesis (Figure S1), cyclic voltammetry
(Figure S2), crystal structure analysis (Figures S10 to S12) and the
magnetic characterisation of compounds 3, 4 and 5 (Figures S3 to

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 4807–48154814

S9 and S13) are presented. Tables with the atomic distances
(Tables S1 to S4) and with the analysis of the short intermolecular
(Tables S5 and S6) contacts in 3 and 4 are also presented.
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