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The synthesis and characterisation (X-ray structure and mag-
netism) of metal complexes (Ni, Au) with the [Mn(Cp*)2]+

cation and the dmit2− and dmid2− ligands are reported.
[Mn(Cp*)2][Ni(dmit)2] (1) and [Mn(Cp*)2][Au(dmit)2] (2) ex-
hibit the same structural arrangement, built on stacks of
[Ni(dmit)2]− pairs separated by two [Mn(Cp*)2]+ cations,
showing a ···D+D+A−A−D+D+A−A−··· motif. On the contrary,
the dmid2− derivative [Mn(Cp*)2][Ni(dmid)2]·CH3CN (3) ex-
hibits a totally different structure, built on mixed layers com-
posed of one [Ni(dmid)2]− unit separated by two [Mn(Cp*)2]+

cations, showing a ···D+D+A−D+D+A−···motif. The layers are

Introduction

Since the discovery of metamagnetism in the molecule-
based solid, [Fe(Cp*)2](TCNQ),[1] (Cp* � pentameth-
ylcyclopentadienyl; TCNQ � tetracyanoquinodimethane),
several studies have been carried out with the aim of substi-
tuting planar metal-organic complexes with the organic
TCNQ acceptor and varying the nature of the metallocene;
the complexes [Fe(Cp*)2](TCNE)[2] (TCNE � tetracyano-
ethylene), [Mn(Cp*)2](TCNQ)[3] and [Mn(Cp*)2](TCNE)[4]

have been proven to be bulk ferromagnets. These com-
pounds are structurally analogous, and their structures con-
sist of parallel chains of alternating donor cations (D�) and
acceptor anions (A�), thus showing a D�A�D�A� motif.

[‡] For his enormous contribution in the field of the M(dmit)2
systems.
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separated from each other by perpendicular [Ni(dmid)2]− un-
its and solvent molecules. Compound 2 exhibits antiferro-
magnetic interactions, whereas 1 and 3 exhibit ferromagnetic
interactions at low temperature. Moreover, as confirmed by
AC and DC magnetic susceptibility measurements, 1 is a fer-
rimagnet, the first ever derived from a 1,2-bis-dithiolene li-
gand. The ferromagnetic interactions in 1 and 3 are ex-
plained using the McConnell I mechanism.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

There are two possible models that may explain the ferro-
magnetic coupling between the metallocenium [M(Cp*)2]�

cation and the acceptor (TCNE� or TCNQ�) (see ref.[5]

and papers cited therein). The first explanation was pro-
posed by Miller et al.[2] and is based on the McConnell
II mechanism[6] which involves charge transfer, whereas the
second one (based on the McConnell I mechanism[7]) was
proposed later by Kahn and co-workers[8] and involves spin
polarisation effects. Schweizer and co-workers recently[5]

showed that the McConnell I mechanism can partly explain
the ferromagnetic interactions within [Fe(Cp*)2](TCNE),
however no clear-cut evidence for the first or the second
mechanism has really emerged. Even more recently, the re-
sults of a solid-state NMR study on various paramagnetic
metallocenium ions[9] were in agreement with all the re-
quirements for the McConnell I mechanism. Whatever the
mechanism, a 1-D structure with a D�A�D�A� motif was
believed to be a prerequisite for the synthesis of molecular
ferromagnets.[10] The metal bis-dithiolene complexes
[M(S2C2R2)2]� have been used as acceptors in order to
achieve such 1D-chains, since they are able to form either
alternating or segregated stacks, depending on the associ-
ated cations. These metal complexes are excellent candi-
dates for achieving the requirements for cooperative mag-
netic phenomena, due to the presence of peripheral het-
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eroatoms which might favour extended magnetic interac-
tions. Most of the molecular charge-transfer salts
previously synthesised and studied are based on the deca-
methylferrocenium cation, [Fe(Cp*)2]�, in combination
with metal bis-dithiolene complexes including those involv-
ing the dmit2� ligand[11�14] (dmit2� � C3S5

2�� 2-thioxo-
1,3-dithiole-4,5-dithiolato), the mnt2� ligand[15,16] [mnt2� �
(NC)2C2S2

2� � maleonitriledithiolato] and the tfd2� li-
gand[15,17] [tfd2� � (F3C)2C2S2

2� � bis(trifluoromethyl)-
ethylenedithiolato]. Recent studies have also focused on com-
plexes of edt2� and dmid2� (also called dmio2�)[14,18�20]

(edt2� � C2H2S2
2� � ethylenedithiolato; dmid2� �

C3OS4
2�� 2-oxo-1,3-dithiole-4,5-dithiolato).

From the studies on all these complexes, two conclusions
can be drawn: their structures do not always exhibit a
D�A�D�A� motif (which is, a priori, considered as a dis-
advantage for producing ferromagnetic molecular com-
pounds), and very few of them exhibit ferromagnetic inter-
actions. Nevertheless, substituting Mn for Fe in the metallo-
cenium part has led to complexes with interesting magnetic
properties: [Mn(Cp*)2][Ni(tfd)2],[21] [Mn(Cp*)2][Ni-
(bdt)2][18] (bdt2� � C6H4S2

2� � 1,2-benzenedithiolato) and
[Mn(Cp*)2][Ni(dmit)2][22] (1) exhibit long range magnetic
ordering at low temperature, whereas the [Fe(Cp*)2]-based
analogues only exhibit ferromagnetic interactions. There-
fore, with the intention of understanding the differences in
the magnetic behaviour, and after the promising results ob-
tained for [Mn(Cp*)2][Ni(dmit)2],[22] we here present a more
detailed characterisation of the latter compound and the
synthesis and characterisation of two new compounds
based on the manganocenium cation, namely [Mn(Cp*)2]-
[Au(dmit)2] (2) and [Mn(Cp*)2][Ni(dmid)2]·CH3CN (3).

Table 1. Crystallographic data for complexes 1, 2 and 3

(Cp*2Mn)[Ni(dmit)2] (1) (Cp*2Mn)[Au(dmit)2] (2) (Cp*2Mn)[Ni(dmid)2]·CH3CN (3)

Empirical formula C26H30 MnNiS10 C26H30 AuMnS10 C28H33 MnNNiO2S8

M 776.75 915.01 785.68
Crystal system, space group Triclinic, P1̄ Triclinic, P1̄ Monoclinic, P21/a
a (Å) 11.415(3) 11.7247(13) 16.2904(14)
b (Å) 14.940(3) 15.0702(18) 10.7906(7)
c (Å) 10.020(2) 10.0535(10) 19.3007(18)
α (°) 97.40(3) 96.240(13) 90
β (°) 94.58(3) 95.092(13) 98.570(11)
γ (°) 109.63(3) 111.128(13) 90
V (Å3) 1582.2(6) 1631.4(3) 3354.9(5)
Z 2 2 4
Dcalcd. (g.cm�1) 1.567 1.863 1.556
µ(Mo-Kα) (cm�1) 16.70 55.36 14.63
Data collection
Temperature (K) 160 293 160
Diffractometer Stoe IPDS Stoe IPDS Stoe IPDS
Scan mode Φ Φ Φ
Scan range Φ (°) 0�250 0�250 0�250
No. of collected reflns. 15817 16326 29197
No. of unique reflns. 5882 [R(int) � 0.770] 6001 [R(int) � 0.085] 6577 [R(int) � 0.039]
No. of reflns. used 5882 6001 [I � 2σ(I)] 6577
R 0.085 0.0431 0.0267
wR2 0.12624 0.0564 0.0634
No. of parameters 223 353 505

Eur. J. Inorg. Chem. 2003, 2880�2888 www.eurjic.org  2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2881

Results and Discussion

Synthesis

Complexes 1, 2 and 3 were obtained by slow addition of
an acetonitrile solution of [Mn(Cp*)2]PF6

[23] in slight ex-
cess to an acetonitrile or acetone solution of the appropri-
ate (nBu4N)[M(ligand)2] (ligand � dmit2�, dmid2�) com-
plex. After concentration, a brown microcrystalline powder
was collected by filtration, washed several times with aceto-
nitrile and dried in vacuo. Recrystallisation of this powder
from various solvents failed and resulted in the same brown
powder. In the case of 1, small single crystals suitable for
an X-ray analysis were sometimes isolated from the microc-
rystalline powder. On the contrary, a large number of single
crystals of 2 and 3 suitable for X-ray analyses could be eas-
ily isolated from the corresponding microcrystalline pow-
ders.

X-ray Structure of 1, 2 and 3

Although the size of the crystals of 1 was very small (0.1
� 0.1 � 0.03 mm3), an X-ray study was undertaken and
resulted in the collection of 15817 reflections, for which
only 596 were observed above 2σ(I). Nevertheless, in spite
of this low quality data set, we have been able to solve the
structure of 1 without great difficulty. The crystal and ex-
perimental data for 1, 2, and 3 are summarised in Table 1.

Complexes 1 and 2 are isostructural with [Fe(Cp*)2]-
[Ni(dmit)2].[11] The asymmetric unit of 1 and 2 contains
one [Mn(Cp*)2]� cation and one [M(dmit)2]� anion (M �
Ni, Au; Figure 1).

The overall structural arrangement consists of
···D�D�A�A�D�D�A�A�··· stacks comprising side-by-
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Figure 1. Atomic numbering scheme for complexes 1 and 2 (M �
Ni, Au)

side [Mn(Cp*)2]� cations alternating with face-to-face
[M(dmit)2]� anions, the latter forming slipped dyads (Fig-
ure 2)

Figure 2. Structure of complexes 1 and 2 showing the
···D�D�A�A�D�D�A�A�··· motif

The intramolecular distances do not show any significant
deviation from those observed for manganocenium-cation-
based compounds[3,21] and M(dmit)2-based compounds
(M � Ni, Au).[11,12] The pentamethylcyclopentadienyl rings
adopt approximately an eclipsed conformation, which is the
opposite of the staggered conformation observed in neutral
[Mn(Cp*)2],[24] but similar to that observed in other deca-
methylmanganocenium-cation-containing compounds.[3,21]

The planes of the Cp* rings are almost parallel to the
planes of the M(dmit)2 units (averaged angles of 7.84° and
5.59° for 1; 6.27° and 4.83° for 2) and are at averaged dis-
tances of 3.52 and 3.63 Å (for 1) and 3.60 and 3.72 Å (for
2).

Selected intramolecular distances and angles for 1, 2,
[Fe(Cp*)2][Ni(dmit)2] and [Fe(Cp*)2][Au(dmit)2] are listed

Table 2. Selected shortest intermolecular distances (Å) for some isostructural [M(Cp*)2][M�(bis-dithiolene)2] complexes

Compound 1 [Fe(Cp*)2][Ni(dmit)2] Difference 2 [Fe(Cp*)2][Au(dmit)2] Difference

M�M 8.411(8) 8.412 0.001 8.518(2) 8.523 0.005
M��M� 5.574(8) 5.563 0.011 5.763(1) 5.755 0.008
M�M� 6.591(7) 6.557 0.034 6.564(1) 6.543 0.021

7.330(8) 7.299 0.031 7.504(1) 7.469 0.035

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 2880�28882882

in Table 2. The intermolecular distances between the metal
centres are very close to those found for [Fe(Cp*)2]-
[M(dmit)2] (M � Ni, Au).[11,12] For an identical M(dmit)2

complex, no drastic differences can be seen either between
the metallic centres of a D�D� pair (distance M�M in
Table 2) or between the metallic centres of an A�A� pair
(distance M��M� in Table 2), The largest difference (0.034
Å) occurs for the M�M� distances, involving the metal of
the cation and the metal of the anion.

Complex 3 is isostructural to [Fe(Cp*)2]-
[Ni(dmid)2]·CH3CN, reported in 1995 by Fettouhi and
co-workers.[20] The asymmetric unit of 3 contains one mol-
ecule of acetonitrile, one [Mn(Cp*)2]� cation, and two
halves of an [Ni(dmit)2]� anion, each Ni atom lying on a
centre of inversion (Figure 3).

Figure 3. Atomic numbering scheme for the complex 3

Contrary to what is observed in 1 and 2, the overall struc-
tural arrangement of 3 consists of ···D�D�A�D�D�A�···
mixed layers parallel to the ab plane and separated in the c
direction by anionic sheets of [Ni(dmid)2]� units, which en-
sure neutralisation and are almost perpendicular to the
mixed layers [angle of 74.35(2)° between the Ni(dmid)2

units; Figure 4].
As for 1 and 2, the planes of the Cp* rings in 3 are almost

parallel to the planes of the Ni(dmid)2 units in the mixed
layers: they form angles of 3.38° and 3.96° and are at dis-
tances of 3.97 and 4.26 Å. Averaged and selected bond
lengths and angles for 3 and [Fe(Cp*)2][Ni(dmid)2]·CH3CN
are shown in Table 3. The Mn�Mn distance within the
mixed layers is 8.250(1) Å, the shortest Mn�Ni distances
are 5.911(1), 6.778(1), 6.805(1) and 7.218(1) Å and the
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Figure 4. Projection of the structure of 3 onto the ac plane and onto the bc plane

shortest Ni�Ni distance is 9.770(1) Å. Selected intermolec-
ular distances in 3 and in [Fe(Cp*)2][Ni(dmid)2]·CH3CN
are also reported in Table 3. All intermolecular distances
observed between metallic centres are smaller in 3 than in
[Fe(Cp*)2][Ni(dmid)2]·CH3CN, but the differences seem
rather small, the largest one (0.17 Å) occurring for a large
distance of ca. 11.7 Å. The Mn�S or Fe�S intermolecular
distances are also similar.

Table 3. Selected shortest intermolecular distances (Å) within
[M(Cp*)2][Ni(dmid)2]·CH3CN (M � Mn, Fe)

Compound 3 [Fe(Cp*)2][Ni(dmid)2] Difference
M � Mn M � Fe

M�M 8.250(1) 8.332(4) 0.082
Ni�Ni 9.770(1) 9.82 0.050

11.056(1) 11.17 0.11
11.664(1) 11.84 0.17
13.524(1) 13.59 0.07

M�Ni 5.911(1) 6.003(2) 0.092
6.778(1) 6.838(2) 0.060
6.805(1) 7.268(2) 0.050
7.218(1)

M�S 5.426(1) 5.449(1) 0.023
5.438(1) 5.499(6) 0.061
5.585(1) 6.093(5) 0.010
5.722(1)
6.083(1)

Powder Diffraction

Powder diffraction was performed on sample 1 only.
Analysis of the results at room temperature showed that the
space group remains triclinic with the following calculated
cell parameters: a � 11.5252(4) Å, b � 15.1281(5) Å, c �
10.1050(4) Å, α � 97.446(3)°, β � 94.662(3)°, γ �
109.683(3)°, to be compared with the values of 11.415(3),
14.940(3), 10.020(2) Å and 97.40(3) °, 94.58(3) °, 109.63(3)°
from the single-crystal analysis at 160 K. The observed
slight expansion of the lattice can be attributed to the fact
that powder data were collected at room temperature,
whereas the ones for single-crystal measurement were ob-
tained at 160 K. However, the good agreement between ex-
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perimental and calculated data (see Table S1 and Figure
S1 in the Supporting Information) shows that the analysed
powder sample retains the structure obtained from the sin-
gle crystal.

Magnetic Properties of 1, 2 and 3

Magnetic studies were performed on polycrystalline pow-
ders, between 2 and 300 K.

[Mn(Cp*)2][Ni(dmit)2] (1)

The magnetic behaviour of 1 (in the form χMT versus T)
is shown in Figure 5. χMT is equal to 1.71 emu·mol�1·K at
room temperature which is slightly higher than the value
expected for two magnetically isolated MnIII and NiIII ions
{1.61 emu·mol�1·K, taking g values equal to 2.20 and 2.06
for [Mn(Cp*)2]� and [Ni(dmit)2]�, respectively}.[25,26] Such
an experimental value is not surprising, since it has also
been observed for several dithiolene complexes,[15,17,21,27]

and is generally attributed to the anisotropic nature of the
g factors of the decamethylmanganocenium[23] ion and to a
partial orientation of the polycrystalline powder.

Figure 5. Temperature dependence of the magnetic susceptibility
for 1 and 2



C. Faulmann, E. Rivière, S. Dorbes, F. Senocq, E. Coronado, P. CassouxFULL PAPER
The χMT value is constant down to ca. 30 K, and the

plot of χM�1 versus T is linear, indicating that the suscepti-
bility of 1 follows the Curie�Weiss law, with a Weiss par-
ameter, θ, of 2.5 K. This positive value indicates that ferro-
magnetic interactions dominate. As the temperature is low-
ered, χMT increases rapidly and reaches a value of 9.65 emu
K mol�1 at 3 K. This behaviour is typical of ferromagnetic
interactions. Below this temperature, the magnetic suscepti-
bility becomes field dependent indicating that the com-
pound exhibits a long-range magnetic ordering. This is con-
firmed by the field cooled (FCM), zero field cooled (ZFC)
and remnant (REM) magnetisation curves shown in Fig-
ure 6a. The FCM curve presents a break around 2.5 K and
the REM vanishes at the same temperature suggesting an
ordering temperature, Tc, of about 2.5 K. Magnetisation
versus field behaviour at 2 K is given in Figure 6b and bears
out the ferromagnetic coupling between the MnIII and NiIII

ions. At first sight, the magnetisation increases very rapidly
at low field, as expected for a magnet, and then increases
smoothly above 1000 G. At 50000 G, the magnetisation is
equal to 2.31 µB, which is below the expected saturation
value (3.23 µB), but well above the expected value for a fer-
rimagnetic compound (about 1.17 µB). Nevertheless, by
carefully checking the magnetic-field dependence of 1 (see
inset in Figure 6b), one can observe that the magnetisation
increases sharply only up to about 1.3 µB. This value is al-
ready reached around 200 G, and then increases smoothly
up to 2.31 µB at 50000 G. Such a behaviour is not consistent
with the properties of a ferromagnet. Therefore 1 must be
regarded as a ferrimagnet instead of a ferromagnet. Indeed,
antiferromagnetic interactions between the [Ni(dmit)2]�

units (S � 1/2) and the [Mn(Cp*)2]� cations (S � 1) result
in an S � 1/2 system. This is in accordance with the ob-
served value of about 1.3 µB, slightly larger than 1.17 µB,
probably due to the large anisotropy of the g factor for the
[Mn(Cp*)2]� unit. At higher field, the antiferromagnetic in-
teractions between the [Ni(dmit)2]� units and the
[Mn(Cp*)2]� cations tend to decrease, resulting in an in-
crease of the magnetisation. Even at high field (55000 G),

Figure 6. Temperature (a) and field dependence (b) of the magnetisation for 1
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a slight antiferromagnetic coupling still exists between the
[Ni(dmit)2]� units and the [Mn(Cp*)2]� cations, which
explains why saturation is not reached.

A hysteresis curve was determined at 2 K and is shown
in Figure 7. The coercive field Hc is about 3.5 G and con-
firms that 1 is a magnet. Since these measurements were
made just below Tc, this might explain the low value of Hc.
Complex 1 is indeed a ferrimagnet and not a metamagnet,
as confirmed by the plot of M as a function of H that does
not present any curvature at low field, as was observed for
[Fe(Cp*)2][Ni(edt)2],[19] [Mn(Cp*)2][Ni(bdt)2][18] and [Mn-
(Cp*)2][M(tfd)2] (M � Ni, Pd, Pt).[21]

Figure 7. Hysteresis curve at 2 K for 1

Finally, AC susceptibility measurements (Figure 8) con-
firm this interpretation: an out-of-phase signal is observed
at 2.5 K, indicating a ferromagnetic ordering below this
temperature

Such a behaviour has never been observed for any other
bis-dithiolene complex. Previously studied metallocenium/
metal bis-dithiolene compounds either behave as metamag-
nets,[18,19,21] or exhibit ferromagnetic interactions[11,15,20]

but no ferromagnetic ordering has been reported. De-
pending on the authors, the ferromagnetic interactions in
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Figure 8. AC susceptibility for compound 1

these metallocenium/metal bis-dithiolene compounds are
explained by using either the McConnell mechanism
II[6,11,15] (which involves charge transfer and requires the
formation of [D2�] and [A2�] species) or the McConnell
mechanism I[7,20] (which involves coupling between spin
densities). In the latter, a global ferromagnetism arises when
the interaction between spin densities of opposite sign are
predominant, whereas a net antiferromagnetism results
from dominant interactions between spin densities of the
same sign.[28] Such a mechanism, which implies a negative
spin-density located on the carbon atoms of the Cp* ring,
was proposed by Kahn and co-workers[8] to explain the fer-
romagnetic properties in [Fe(Cp*)2](TCNE), whereas Miller
and co-workers preferred the McConnell II mechanism.[2,6]

A doubt still existed as to the sign of the spin density on
the carbon atoms of the Cp* ring in [Fe(Cp*)2]�. A recent
reassessment[5] of the magnetic interactions within [Fe(Cp*)2]-
(TCNE) has shown that a negative spin density is located
on the carbon atoms of the Cp* ring, with a positive density
on the carbon atoms of the methyl groups. These con-
clusions have been confirmed by the work of Heise and co-
workers[9] on various paramagnetic metallocenium ions.
Using solid-state NMR spectroscopy, these authors have
shown unambiguously that a negative spin-density is lo-
cated over the Cp* ring of [Mn(Cp*)2]� in [Mn(Cp*)2]-
(TCNE) and in [Mn(Cp*)2](PF6), and to a certain extent
on the H atoms of the methyl groups, whereas a positive
density on the C atoms of the methyl groups has been
found, confirming previous results.[5,29] Although the stack-
ing in 1 (···D�D�A�A��···) is different from that of
[Mn(Cp*)2](TCNE) (···D�A�D�A�···), the nature of the
molecules constituting these complexes is identical: both are
built from one acceptor part [TCNE or Ni(dmit)2] and the
same metallocenium ion. Taking these similarities and the
various results into account,[5,9,29] the ferromagnetic behav-
iour of 1 could result from spin-polarisation effects within
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the McConnell I mechanism.[7] Such a mechanism is based
on the interaction between the spin densities of the Cp*
rings and the spin densities of the [Ni(dmid)2]� anions.[8,30]

In the [Ni(dmit)2]� anions, positive spin-densities are ob-
served on almost all atoms, except for the S atoms of the
outer rings.[31] Three types of interaction may be considered
between the spin densities of [Mn(Cp*)2]� and
[Ni(dmit)2]�: the first interaction, between the [Mn(Cp*)2]�

cations, should be negligible because of the large inter-cat-
ion distances (dMn�Mn � 8.4 Å), with the second one being
between the [Mn(Cp*)2]� cations and the [Ni(dmit)2]�

anions and the third one between [Ni(dmit)2]� anions
within the slipped {[Ni(dmit)2]2}2� dyads (see Figure 2).
Figure 9a clearly shows that negative-positive spin-density
interactions are predominant when considering the overlap
between the [Mn(Cp*)2]� cation and the [Ni(dmit)2]�

anion, which may result in a global ferromagnetic interac-
tion. Within a dyad (Figure 9b), there are only two areas
in which negative-positive density interactions can occur,
compared to three positive-positive interactions. However,
the former two zones imply the NiS4 core, for which the
spin density is larger than on the rest of the molecule, which
leads to the conclusion that ferromagnetic interactions
dominate also in the dyads.

Figure 9. Modes of overlap in 1: (a) between [Mn(Cp*)2]� and
[Ni(dmit)2]�; (b) within a {[Ni(dmit)2]2}2� diad; the cyan
zones represent the interactions between spin densities of opposite
sign and the magenta ones represent the interactions between spin
densities with the same sign

This rather qualitative approach seems to be confirmed
by the preliminary results of the DFT calculations of the
energy of the antiferromagnetic singlet and of the ferromag-
netic triplet states as a function of the slipping within a
{[Ni(dmit)2]2}2� dyad.[31] These calculations indicate that
the minimum of energy and a ferromagnetic coupling (posi-
tive singlet-triplet gap) are observed only for slipping values
close to the experimental one (3.55 Å). Consequently, the
molecular arrangement in 1 could be described as favour-
able for ferromagnetic interactions.

[Mn(Cp*)2][Au(dmit)2] (2)

Magnetic measurements on 2 between 300 and 2 K lead
to χMT values of around 1.75 emu·K·mol�1 at 300 K (much
larger than the expected value of 1.21 emu·K·mol�1 calcu-
lated for an S � 1 isolated system, with �g� � 2.20). Such
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a large value has already been observed in β-[Fe(Cp*)2]2-
[Co(mnt)2]2,[16] but was attributed to contamination by
a small amount of ferromagnetic impurities or to traces of
other metals in the starting gold complex HAuCl4. If this
explanation holds true in the case of 2 (in this case, the
impurity might be Fe), a more reasonable value of 1.39
emu·K·mol�1 for the χMT product is reached when sub-
tracting this ferromagnetic contribution (see Figure 5). A
perfect Curie�Weiss law is then obtained, with a Weiss tem-
perature of �4.2 K and a Curie constant of 1.42.

When lowering the temperature, the product χMT de-
creases slightly down to ca. 70 K, below which it decreases
abruptly. Such a behaviour is typical of dominant antiferro-
magnetic interactions and is easily explained by the absence
of spin carriers (AuIII in the [Au(dmit)2]� units) between
the pairs of manganocenium cations, which are totally iso-
lated from each other. Therefore, no cooperative ferromag-
netic interactions can occur in this complex.

[Mn(Cp*)2][Ni(dmid)2].CH3CN (3)

The temperature dependence of χMT and 1/χM for 3 is
shown in Figure 10. At room temperature, the χMT product
is 1.87 emu·K·mol�1, and it increases slightly as the tem-
perature is lowered to about 30 K. Below this temperature
χMT increases rapidly and reaches a value of 3.66
cm3·K·mol�1 at 3 K. Below 3 K, χMT decreases but χM still
continues to increase. This behaviour is similar to that re-
ported by Fettouhi and co-workers for [Fe(Cp*)2]-
[Ni(dmid)2]·CH3CN.[20] and is typical of dominant ferro-
magnetic interactions to which weak antiferromagnetic in-
teractions are superimposed. The plot of χM�1 versus T is
linear, indicating that the susceptibility of 3 follows the
Curie�Weiss law, with a Weiss temperature, θ, of 2.80 K,
larger than the one obtained for [Fe(Cp*)2]-
[Ni(dmid)2]·CH3CN.

Figure 10. Temperature dependence of the magnetic susceptibility
for 3

The similarity in the behaviours of 3 and [Fe(Cp*)2]-
[Ni(dmid)2]·CH3CN is not totally surprising as it is only
the nature of the metal that changes in the decamethylmet-
allocenium ion. In contrast, we did not expect that substi-
tuting an oxygen atom for a sulfur atom when going from
the Ni(dmit)2 complex (1) to the Ni(dmid)2 complex (3)
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could lead to such different structural arrangements, and
consequently to very different magnetic properties. A pos-
sible explanation for the magnetic properties of 3 could be
similar to that proposed by Fettouhi and co-workers in the
case of [Fe(Cp*)2][Ni(dmid)2]·CH3CN,[20] which is based on
the interaction between the negative spin-density of the Cp*
rings and the positive spin-density of the sulfur atoms of
the [Ni(dmid)2]� anions.[30] Indeed, as shown in Figure 11,
the overlap between [Mn(Cp*)2]� and [Ni(dmid)2]� is such
that interactions between spin densities of opposite sign are
largely predominant. Unfortunately, however, in the case of
3 there is no clear-cut experimental evidence supporting this
interpretation, as was the case for 1.

Figure 11. Modes of overlap in 3 between [Mn(Cp*)2]� and
[Ni(dmid)2]� in the mixed layer; the cyan zones represent the
interactions between spin densities of opposite sign and the
magenta ones the interactions between spin densities with the same
sign

Conclusion

We have shown that by using the same cation [Mn(Cp*)2]�

with two different 1,2-bisdithiolene metal complexes
[Ni(dmit)2 and Ni(dmid)2], drastic changes in the structural
arrangements occur. This leads to various magnetic proper-
ties, with different behaviour. The present study has allowed
us to reiterate that in compounds based on metal bis-dithi-
olene complexes [M(S2C2R2)2]� a D�A�D�A� motif in the
structural arrangement is not a prerequisite for promoting
ferromagnetic interactions, let alone ferromagnetism. The
selection of the [Mn(Cp*)2]� cation, as already recom-
mended by Broderick et al.,[21] has led to compounds which
exhibit even more interesting properties than the [Fe(Cp*)2]�-
based compounds. For example, 1 is the first ferrimag-
net to be derived from a metal bis-dithiolene complex
whereas [Fe(Cp*)2][Ni(dmit)2] exhibits only ferromagnetic
interactions, and 3 presents stronger ferromagnetic interac-
tions than its iron analogue, [Fe(Cp*)2][Ni(dmid)2]·CH3CN.
Nevertheless, due to the complexity and diversity of the
structures, and in spite of possible comparison with various
compounds, the understanding of their magnetic behaviour
remains at the qualitative level. Theoretical DFT calcu-
lations are currently in progress to give a better insight into
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the origin of the ferromagnetism in 1.[31] Solid-state NMR
spectroscopy, as shown by Heise and co-workers,[9] should
provide qualitative as well as quantitative information on
the interactions within these materials. Such a study seems
to be a very promising tool, since it will take both the intra-
and intermolecular effects into account. Indeed, the deter-
mination of structure-magnetism relationships in molecular
magnetic materials requires not only the study of the direct
overlap between neighbouring molecules, but also the con-
sideration of the global packing of the structure, as shown
by Veciana and co-workers for α-nitronyl nitroxide rad-
icals.[32] It is important to note that only short intermolecu-
lar effects have been considered for the qualitative interpret-
ation of the results reported here. Several complexes based
on the [Mn(Cp*)2]� cation and metal complexes of the
dmid2� ligand are being studied at present, in order to ex-
pand the range of compounds exhibiting such ferromag-
netic interactions without the D�A�D�A� motif.[33]

Experimental Section

General Remarks: Bis(pentamethylcyclopentadienyl)manganese()
hexafluorophosphate [Mn(Cp*)2]PF6 was synthesised from penta-
methylferrocenium hexafluorophosphate [FeCp2]PF6 following the
procedure reported by Robbins and co-workers.[23] Tetrabutyl-
ammonium bis(1,3-dithiol-2-thione-4,5-dithiolato)nickelate(),
(nBu4N)[Ni(dmit)2], tetrabutylammonium bis(1,3-dithiol-2-thione-
4,5-dithiolato)aurate(), (nBu4N)[Au(dmit)2], and tetraphenylar-
sonium bis(1,3-dithiol-2-one-4,5-dithiolato)nickelate(), (AsPh4)-
[Ni(dmid)2], were synthesised following the literature pro-
cedures.[26,34,35] All solvents were dried and distilled prior to use.
All syntheses were carried out in an inert atmosphere box or using
Schlenk techniques.

[Mn(Cp*)2][Ni(dmit)2] (1): This compound was obtained after slow
addition of an acetonitrile solution of [Mn(Cp*)2]PF6 (194 mg,
0.413 mmol) to an acetonitrile solution of (nBu4N)[Ni(dmit)2]
(265 mg, 0.382 mmol). Partial removal of the solvent under reduced
pressure, followed by filtration, afforded a brown microcrystalline
powder, which was washed several times with acetonitrile and dried
in vacuo. C26H30MnNiS10 (776.75): calcd. C 40.20, H 3.89, S 41.27;
found C 39.62, H 3.26, S 41.15.

[Mn(Cp*)2][Au(dmit)2] (2): Compound 2 was synthesised following
the same procedure as for 1, using 26 mg (0.031 mmol) of (nBu4-

N)[Au(dmit)2], dissolved in 15 mL of acetone and 18 mg
(0.038 mmol) of [Mn(Cp*)2]PF6 dissolved in 10 mL of acetonitrile.
C26H30AuMnS10 (915.01) (2): calcd. C 34.12, H 3.31, S 35.04;
found C, 34.02, H 3.30, S 34.97.

[Mn(Cp*)2][Ni(dmid)2]·CH3CN (3): Compound 3 was synthesised
following the same procedure as for 1, using 196 mg (0.244 mmol)
of (AsPh4)[Ni(dmid)2] dissolved in 30 mL of acetonitrile and
122 mg (0.259 mmol) of [Mn(Cp*)2]PF6 dissolved in 25 mL of
acetonitrile. C28H33MnNNiO2S8 (785.68): calcd. C 42.80, H 4.24,
S 32.64; found C, 42.52, H 4.16, S 31.85.

Magnetic Measurements: DC magnetic data were recorded on a
MPMS5 magnetometer (Quantum Design Inc.). The calibration
was made at 298 K using a palladium reference sample furnished
by Quantum design Inc. AC susceptibility was measured on a
SQUID magnetometer Quantum Design MPMS-XL-5.
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X-ray Crystallographic Study: The experimental details and crystal
data are listed in Table 1. Data collection and cell refinement were
performed with a sealed Mo-Kα (λ � 0.71073 Å) X-ray source on
a Stoe Imaging Plate Diffraction System (IPDS) diffractometer,
using the IPDS software.[36] Crystal decay was monitored by meas-
uring a maximum of 200 reflections per image. The structures were
solved using Sir97[37] or Shelxs97[38] and refined with Shelxl97.[39]

The calculations were carried out with the WinGX package pro-
gram[40] running on a PC. The drawings of the molecular structures
were performed with CAMERON,[41] ORTEP.[42] The atomic scat-
tering factors are taken from the International Tables for X-ray
Crystallography.[43]

[Mn(Cp*)2][Ni(dmit)2] (1): A brown rhombic plate (0.1 mm side and
0.02 mm thick) was selected for the X-ray study. The crystal-to-
detector distance was 70 mm. 133 exposures (6 min per exposure)
were obtained with 0 � Φ � 250° and with the crystals rotated
through 1.5° in Φ in the oscillation mode.

[Mn(Cp*)2][Au(dmit)2] (2): A brown elongated bar (0.37 � 0.05 �

0.05 mm3) was selected for the X-ray study. The crystal-to-detector
distance was 70 mm. 167 exposures (5 min per exposure) were ob-
tained with 0 � Φ � 250° and with the crystals rotated through
1.5° in Φ in the oscillation mode.

[Mn(Cp*)2][Ni(dmid)2]·CH3CN (3): A black squared-shaped thick
plate (0.23 mm side and 0.1 mm thick) was selected for the X-ray
study. The crystal-to-detector distance was 70 mm. 209 exposures
(3 min per exposure) were obtained with 0 � Φ � 250° and with
the crystals rotated through 1.2° in Φ in the oscillation mode.

Full details related to every compound are given in the Support-
ing Information.

CCDC-203647 (1), -203646 (2) and -203645 (3) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) �44-1223/
336-033; E-mail: deposit@ccdc.cam.ac.uk].

X-ray Powder Diffraction Studies

The sample was prepared in a side-filling cell, in order to minimise
preferred orientations. The data were collected with a Seifert XRD
3000 TT diffractometer in Bragg�Brentano (Θ � Θ) configura-
tion, using Cu-Kα radiation, fitted with a graphite diffracted-beam
monochromator, in the interval 2° � Θ � 30°. The raw data were
treated with the PowderX program,[44] in order to recalculate the
cell parameters, and compared to the simulated diagram obtained
with CaRine.[45]

Supporting Information [Table S1 (Miller indices and experimental
and calculated 1/d2hkl with the relative intensity of the experimen-
tal value], Figure S1 [experimental and calculated X-ray powder
diagram for compound 1, and the cif files for 1, 2 and 3] is available.
See footnote on the first page of this article.
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