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Three new [dithiazolylium]x[M(tdas)2] salts are reported (tdas ¼ 1,2,5-thiadiazole-3,
4-dithiole). Single-crystal X-ray structures have been obtained for [BDTA]2[Fe(t-
das)2Cl] (1) and [BDTA]2[Ni(tdas)2] (2) (BDTA ¼ benzo-1,3,2-dithiazolyl). These
are the first examples of integrated anion-cation stacking motifs for [M(tdas)2]x�

complexes, as well as the first example of a nondimerized [Fe(tdas)2]� material.
[BBDTA][Fe(tdas)2] (3) (BBDTA ¼ benzo-bis-1,3,2-dithiazolyl) is also reported,
and the magnetic properties of (1) and (3) have been analyzed, showing (1) to be
paramagnetic and (3) to have a mixture of dimer and Curie–Weiss behaviour.

Keywords: BBDTA; BDTA; crystal structure; dithiazolyl; metal-bis-dithiolene; tdas

INTRODUCTION

Metal bis-1,2-dithiolenes are sulfur-rich complexes that typically
possess square-planar, electronically conjugated systems. These
have yielded materials with many interesting properties such as
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superconductivity [1], metallic and magnetic behavior [2], and non-
linear optical properties [3]. These properties can be attributed
to the extensive electronic delocalization of the HOMO and LUMO
over the complex as well as longer-ranging electronic interactions
through the material by extensive intermolecular overlap facilitated
by the large p-orbitals of the sulfur atoms. Electronic bulk properties
are readily seen in dithiolene complexes because of the propensity of
the planar complexes to form stacking structures with intermolecular
interactions in the stacking direction [2].

The bis-dithiolene ligand (tdas) (tdas ¼ 1,2,5-thiadiazole-3,4-
dithiole) was first synthesised 18 years ago because of the potential
of [M(tdas)2]x� complexes to be candidate anions for new electroni-
cally correlated molecular materials. There is a close structural
relationship of (tdas) to (dmit) (dmit ¼ 1,3-dithiol-2-thione-4,5-dithio-
late), used to prepare numerous [M(dmit)]x� materials found to be
conducting, superconducting, and magnetic. There is the added advan-
tage that the (tdas) ligand is easily synthesised in a one-pot reaction.

Unfortunately however, open-shell [M(tdas)2]x� materials have
generally yielded dimerized [M(tdas)2]x� complexes within the crystal
structure, with a strong intermolecular M . . . S dimeric interaction,
leading to generally unremarkable antiferromagnetic dimer behaviour.
There is one exception: [BEDT-TTF][Ni(tdas)2]4, which was recently
reported to have a structure of two-dimensional (2D) alternating layers
of [BEDT-TTF] dimers separated by isolated [Ni(tdas)2]� complexes
and a layer of [Ni(tdas)2]� complexes arranged in a side-by-side ribbon
motif. Although this structure shows that open-shell [M(tdas)2]x�

complexes can crystallize in a nondimeric form, the [Ni(tdas)2]� units
do not form a stacking motif [4], and it is stacking motif that is
conducive to electronic communication that leads to electronic correla-
tions through the material.

The three materials reported herein are salts with the [M(tdas)2]x�

anion and a dithiazolylium cation. Dithiazolylium cations are composed
of extensive planar phenyl and N,S-hetrocyclic rings fused together.
These are ideal cations for the formation of salts with extended elec-
tronic properties because they are planar, conjugated, sulfur rich, and
delocalized, forming strong intermolecular p–p interactions [5].

Dithiazolyls and the greater family that includes dithiadithiazolyls
have been studied extensively, because members of this family form
materials that are celebrated as some of the first organic ferromag-
nets, including the magnetic material with the highest ordering tem-
perature of any organic magnet (36 K) [6].

The materials in this study are composed of [M(tdas)2]x� cocrystal-
lized with the dithiazolylium cations [BDTA]þ and the dithaizolylium
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radical cation [BBDTA]� þ (Fig. 1) (BDTA ¼ benzo-1,3,2-dithiazolyl
and BBDTA ¼ benzo-bis-1,3,2-dithiazolyl). Both of these cations have
displayed interesting magnetic properties. For example, [BDTA] can
exist as a dimerized diamagnetic radical at room temperature and a
paramagnetic liquid above 346 K; then above 360 K a double melt
occurs that on cooling returns it to a paramagnetic solid, with antifer-
romagnetic ordering at 11 K [7]. The [BDTA]þ cation has previously
been cocrystallized with metal-bis-dithiolene anions [8–10] to yield
interesting new materials that have shown the cation to propagate
magnetic interactions [8] as well as carry a partial charge, behaving
as an open-shell conducting cation [10]. [BBDTA]� þ has shown inter-
esting magnetic behavior as a stable radical, and it has been cocrystal-
lized to form the organic ferromagnet [BBDTA][GaCl4] with an
ordering temperature of 6.7 K [11].

Here we report the structures and magnetic properties of two
new [BDTA]x[M(tdas)2] salts, [BDTA]2[Fe(tdas)2Cl] (1) and [BDTA]2

[Ni(tdas)2] (2)(Fig. 1) that display integrated anion-cation alternating
stacks, the ideal motif for the formation of new functional materials.
The [Fe(tdas)2Cl]2� complex is an open-shell radical anion and is
the first example of an integrated-stack motif for an [Fe(tdas)2]� salt.
We also report the synthesis and magnetic properties of [BBDTA]
[Fe(tdas)2] (3) (Fig. 1), which appears to show hybrid magnetic
character.

FIGURE 1 [BDTA]2[Fe(tdas)2Cl] (1), [BDTA]2[Ni(tdas)2] (2), and [BBDTA]
[Fe(tdas)2] (3).
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EXPERIMENTAL

Synthesis

[BDTA][Cl] [12], [BBDTA][FeCl4] [13,14], [TBA]2[Ni(tdas)2] [15], and
[TBA][Fe(tdas)2] [15] were synthesised by literature methods.

Single crystals of [BDTA]2[Fe(tdas)2Cl] (1) were obtained by layer-
ing [BDTA][Cl] in THF on top of [TBA][Fe(tdas)2] in DCM and allow-
ing it to diffuse. After 40 days, small, dark, rectangular-shaped
crystals were collected.

Single crystals of [BDTA]2[Ni(tdas)2] (2) were obtained by layering
[BDTA][Cl] in MeCN on top of [TBA]2[Ni(tdas)2] in DCM and allowing
it to diffuse. After 23 days, small, dark, needle-shaped crystals were col-
lected. The microcrystalline bulk samples of both (1) and (2) were
washed with MeCN and ether and analyzed by CHN and X-ray powder
diffraction to establish that the bulk samples possessed the same compo-
sition and phase as the single crystals used to determine the structures.

[BBDTA][Fe(tdas)2] (3) was prepared by adding a solution of
[BBDTA][FeCl4]�MeCN to a solution of [TBA][Fe(tdas)2] dissolved in
MeCN and stirring. A dark precipitate formed almost instantly, and
this was washed with MeCN and ether and analyzed by CHN and X-
ray powder diffraction to confirm that the sample was crystalline. The
bulk samples of (1)–(3) were then used for the magnetic measurements.

CHN Analysis

[BDTA]2[Fe(tdas)2]Cl (1)
C16H8ClFeN6S10. Calculated: C, 27.60; H, 1.16; N, 12.07. Found: C,

30.36; H, 1.48; N, 11.58%.

[BDTA]2[Ni(tdas)2] (2)
C16H8N6NiS10. Calculated: C, 28.96; H, 1.22; N, 12.66. Found: C,

28.74; H, 0.98; N, 12.62%.

[BBDTA][Fe(tdas)2] (3)
C10H2FeN6S10. Calculated: C, 20.61; H, 0.35; N, 14.78. Found: C,

20.64; H, 0.10; N, 14.60%.

X-ray Crystallography Data

Diffraction data for both samples were collected with Mo-Ka radiation
on a Bruker Smart Apex CCD diffractometer equipped with an Oxford
Cryosystems low-temperature device at 150 K. Absorption corrections
were applied using the multiscan procedure SADABS [16]. The struc-
tures were solved by Patterson methods (DIRDIF) [17] and refined by
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full-matrix least squares against jFj2 using all data (CRYSTALS) [18].
Crystallographic information files have been deposited with the
Cambridge Crystallographic Database for (1) and (2) with the refer-
ence codes CCDC 281554 and 281555, respectively.

[BDTA]2[Fe(tdas)2Cl] (1)
C16H8ClFeN6S10; M ¼ 696.24; monoclinic; a ¼ 7.273, b ¼ 13.969,

c ¼ 12.282 Å; a ¼ 90, b ¼ 95.14, c ¼ 90�; U ¼ 1242.84(8) Å3; T ¼ 150 K;
space group Pn; Z ¼ 2, l(Mo–Ka) ¼ 0.7107 mm�1; 5914 reflections
were collected, 5914 reflections were independent; (Rint ¼ 0.022); these
were used in all calculations.

The Fe complex is disordered about a pseudo-inversion center. The
major components consist of Fe1, Cl1, and ligands S11-S71 and
S12-S71; the minor components consist of Fe2, Cl2, and ligands
S111-S171 and S112-S171. The occupancies were 0.8602(14) and
0.1398(14). The two BDTA cations are also related by the pseudo-
inversion symmetry.

Had the occupancies of the disordered components of the complex
both been 0.5, the space group would have been P21=n. There is an
ambiguity between space groups P2=n and Pn because both give rise
to the same set of systematic absences. However, the location of the
pseudo-inversion center at ca. 1=4 of a unit cell translation along y from
the n-glide shows that P2=n is not a suitable space group in the case of
this structure (in P2=n the inversion center is coincident with the glide
plane). The value of hI=u(I)i for the 0k0 reflections with k ¼ 2nþ 1 was
11.4, clearly ruling out P21=n. Additionally, an attempt to model the
structure in P21=n yielded R1 ¼ 13.32% for 2944 jF0j > 4u(jF0j) and
13.57% for all 3073 data and 164 parameters (SHELXL-97) [19].

Although the occupancies of the disorder deviate from the pseudo-
inversion symmetry, the relationship between positional parameters
is obeyed much more closely. To make this clearer, the structure
was refined in a nonstandard setting of Pn with the n-glide at
y ¼ 1=4 and the pseudo center at the origin.

The structure was initally modelled with the Fe and Cl atoms split
over two sites and two fully occupied (tdas) ligands. Free refinement
yielded Fe-S distances in the range 1.9–2.3 and S-Fe-Cl angles in
the range 82–119�. These were interpreted as the consequences of ill-
conditioning of the least squares by the pseudo-inversion symmetry,
and the refinement strategy adopted followed the recommendations
of Watkin [20] and Prince [21]. Hence, the least squares was parame-
terized with the sums and differences of inversion-related parameters:
for example, rather than refine S(11,x) and S(12,x), the quantites
[S(11,x)þS(12,x)] and [S(11,x)� S(12,x)] were refined instead.

[Dithiazolylium]x[M(tdas)2] Salts 127

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

11
 2

2 
A

ug
us

t 2
01

2 



Common anisotropic displacement parameters were refined for atoms
related by the pseudo-inversion center. Similarity restraints were
applied to related bond distances and angles in chemically similar
ligands. Similarity restraints were also applied to the Fe-S and Cl . . . S
distances in the complex anion. The Flack parameter was included in
the full-matrix least squares.

R1 [based on data with jF0j>4u(jF0j)] converged to 6.37%. Though
this is a clear improvement over the centrosymmetric model, it was
necessary to use very large weights for the Fe-S and Cl . . . S similarity
restaints (s.u. ¼ 0.001 Å) to obtain a model with an acceptable vari-
ation in these distances. The similarity restraints were therefore
removed from the distances involving Fe2 and Cl2. Equivalent adps
were assigned to S(11) and S(111) and so on. After a few cycles of
refinement, the disorder was extended to the (tdas) ligands by gener-
ating alternative sites with the pseudo-inversion center. The minor
weight ligands were treated as rigid groups, and similarity restraints
reapplied to all Fe-S and S . . . Cl distances. The refinement converged
to R1 ¼ 3.8% within a few cycles.

[BDTA]2[Ni(tdas)2] (2)
C16H8N6NiS10; M ¼ 663.65, monoclinic; a ¼ 10.9893(11),

b ¼ 9.1344(9), c ¼ 11.3177(11) Å; a ¼ 90, b ¼ 101.8420(10), c ¼ 90�;
U ¼ 1111.90(19) Å3; T ¼ 150 K; space group P21=n; Z ¼ 2; m(Mo–Ka) ¼
0.7107 mm�1, 7031 reflections were measured, 2676 independent
reflections (Rint ¼ 0.027), which were used in all calculations. The final
wR(F2) was 0.0727.

Magnetic Susceptibility

Magnetic susceptibility measurements were performed on the micro-
crystalline samples (1)–(3) from 300–2 K using a Quantum design
MPMS2 SQUID magnetometer with MPMS MultiVu application soft-
ware to process the data. A variable field measurement was performed
from 0 to 5 T at 2 K to ensure that the magnetic results were linearly
dependent on field. The magnetic field used for the variable tempera-
ture measurements was 0.1 T.

RESULTS AND DISCUSSION

Crystal Structures

Crystal Structure of [BDTA]2[Fe(tdas)2Cl] (1)
The salt (1) crystallizes in a 2:1 stoichiometry of [BDTA]þ to

[Fe(tdas)2Cl]2�. The four-coordinate iron center is pyramidal as it is
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D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

11
 2

2 
A

ug
us

t 2
01

2 



FIGURE 2 Crystal structure drawn in Ortep of (1) viewed (a) perpendicular
to the a-axis showing the stacking motif and (b) down the a-axis. Interatomic
distances are shown in 2a as two values due to disorder. Interatomic distances
in 2b are 3.208–3.730 Å.
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puckered toward the chloride atom with an interatomic distance of
2.316 Å and can thus be considered bonding. There is an intrinsic dis-
order of the direction the [Fe(tdas)2Cl]2� anion faces. In keeping with
related air-stable salts, the iron center can be considered to be Fe3þ

and thus paramagnetic. This material possesses alternating stacks
along the a-axis of [Fe(tdas)2Cl]2� units between pairs of [BDTA]þ

cations (Fig. 2a). The [BDTA]þ anions stacked below, approximately
at right angles to, and overlapping one side of the [Fe(tdas)2Cl]2�, with
the another, symmetry-related [BDTA]þ molecule diagonally opposite
and above the [Fe(tdas)2Cl]2� plane, forming a centrosymmetric
stacking unit in a zigzag motif if viewed down the stack (Fig. 2b).
Within the stacking direction, there are short contact distances
between sulfur atoms on the cation and anion shown in Fig. 2a, and
these are repeated down the stack. Most of these contacts are short
enough to allow the possibility of p-orbital overlap and thus magnetic
interactions through the stack. Between each stacking unit there are
short contact distances from each terminal sulfur on [Fe(tdas)2Cl]2� to
a metal-coordinated sulfur atom on an adjacent [Fe(tdas)2Cl]2� per-
pendicular to the first in the next stack. Each stack is tilted at an
angle� 31.4� out of the b-c plane to display short contact distances
in a diagonal 2D plane through the stacking system.

Thus, it can be said that the solid-state structure of [BDTA]2[Fe
(tdas)2Cl] is composed of mixed alternating cation-anion stacks with
short contacts through the stacks, as well as in three dimensions
between each stacking unit. This solid-state structure is unique for a
[M(tdas)2]x� system and potentially important for the design of new
functional materials. The key features of this structure are the planar
stacking motif with [Fe(tdas)2]� units that do not dimerize, and this
is the first example of a nondimerized motif for an open-shell
[Fe(tdas)2]� unit. These are important prerequisites for a novel mag-
netic or conducting lattice. The material can also be seen to have a
mixed alternating anion-cation stack that has the potential to form a
more diverse range of interesting functional materials.

Crystal Structure of [BDTA]2[Ni(tdas)2] (2)
Salt (2) could be crystallized in a range of different solvents and

conditions to yield the 2:1 stoichiometric crystal structure shown in
Fig. 3. This 2:1 stoichiometry yields a material with a metal center,
which is diamagnetic.

The salt (2) crystallizes with a stacking motif along the c-axis. Each
[BDTA]2[Ni(tdas)2] unit is tilted 23.12� out of the plane, perpendicular
to the stacking axis, forming sheets of stacks, with alternate sheets
tilted toward the b-axis and then away from the b-axis (this layer
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not shown). There are short electrostatic interactions between the
[Ni(tdas)2]2� anion and the [BDTA]þ stacked above and below
2.852 Å. There are two stacking [BDTA]þ cations between each
[Ni(tdas)2]2� anion, and these have an interplaner distance of 3.428 Å.
There is a [BDTA]þ plane to the Ni-atom of [Ni(tdas)2]2� distance of
2.765 Å. This forms a stack with intermolecular distances short
enough for potential electronic correlations. Unfortunately, this sys-
tem is diamagnetic; however, it is structurally significant, as out of
the seven reported [Ni(tdas)2]x� structures, this is only the second to
display an integrated cation-anion stacking motif [22], but the first to
show a short intermolecular p-stacking distance with planar cations.

FIGURE 3 Crystal structure drawn in Ortep of (2) viewed along the a-axis.
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Magnetic Susceptibility

It can be surmised from the stoichiometry, and was then shown by
magnetic measurement, that (2) is diamagnetic. However, variable
temperature magnetic data were recorded for (1) and (3), and the
molar magnetic susceptibility calculated.

The molar magnetic susceptibility of (1) shows Curie–Weiss beha-
vior over the entire temperature range with a Curie constant (C)
of 1.50 � 0.011 emu K mol�1 and a Weiss constant (h) of �0.95 �
0.021 K. The high temperature data were also fit to the Curie–Weiss
model (80 < T < 320 K) to eliminate any deviations from the model
at low temperature due to any potential long-range ordering. Con-
stants obtained were C ¼ 1.94� 0.005 emu K mol�1 and h ¼ �6.27�
0.018 K. As the iron center is in an approximate square planar site,
one can expect three unpaired electrons, as population of higher
energy d-orbitals is lost in this configuration. This has been proven
for the related salt [TBA][Fe(tdas)2] by a combination of susceptibility
and Mössbauer measurements [23]. Three unpaired electrons will give
a theoretical spin-only Curie constant of 1.875 emu K mol�1, which is
in close agreement with the higher temperature experimental value.
This, along with the small Weiss constant, reveals (1) to be a paramag-
netic material with evidence of weak antiferromagnetic interactions
although with any resulting ordering temperature too low to be seen
in these data. This demonstrates that the integrated-stack structure
of (1) leads to some intermolecular interaction and magnetic
exchange. Despite observing only weak antiferromagnetic coupling,
this behavior is nevertheless unique in comparison to all other
[Fe(tdas)2]� materials, which show dimerized anions, and this gives
the first suggestion that more interesting magnetic behavior in such
salts could occur.

The magnetic data collected for (3) is more complex because of the
inclusion of both radical cations, [BBDTA]�þ , and radical anions,
[Fe(tdas)2]�. The curve obtained for molar magnetic susceptibility ver-
sus temperature plot does not conform to the Curie–Weiss model, and
a vmolT versus temperature plot shows activated behavior that is
indicative of strong magnetic interactions. Unfortunately, a crystal
structure has not been obtained for this material, as large good quality
crystals could not be obtained; however, X-ray powder diffraction has
shown that (3) is microcrystalline. As both anion and cation are mag-
netic, it can be assumed that both ions contribute to the magnetism of
(3), displaying a mixed magnetic character.

All examples of [Fe(tdas)2]� (with the exception of (1)), have a crys-
tal structure that has dimerized [Fe(tdas)2]2 units. It this therefore
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reasonable to assume in the absence of a crystal structure that the
[Fe(tdas)2]� anions within (3) also dimerize with a strong coupling.
Although the molar magnetic susceptibility curve cannot be modeled
by a pure Curie–Weiss model, the shape suggests some Curie–Weiss
character, and this could be contributed by a paramagnetic signal from
the [BBDTA]� þ cation. This magnetic model can be tested by subtrac-
tion of a Curie component corresponding to the [BBDTA]� þ from the
magnetic susceptibility data, and this plot is shown in Fig. 4. Here
one can clearly see a peak due to strong antiferromagnetic coupling
as would be anticipated through dimerization of the anions. This can
be fitted to the Bleaney–Bower model [24] to give a predictably strong
magnetic coupling of J=k ¼ �76� 0.2 K, which is comparable to
the coupling of other literature examples of [Fe(tdas)2]2

2� dimers
(J=k ¼ �108) [25]. Thus, the suggested magnetic structure of (3) is a
mixed model of a Curie–Weiss component to represent the noninter-
acting paramagnetic cation [BBDTA]� þ with C ¼ 0.375 emu K mol�1,
along with [Fe(tdas)2]� anions forming dimers with a strong antiferro-
magnetic coupling interaction with J¼ �76 K.

FIGURE 4 Molar magnetic susceptibility versus temperature (2–320 K) of
(3) with a Curie component for [BBDTA]�þ subtracted (C ¼ 0.375) (�). ——
¼ Bleaney–Bower fit for a dimer with J=k ¼ �76� 0.2 K.

[Dithiazolylium]x[M(tdas)2] Salts 133

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

11
 2

2 
A

ug
us

t 2
01

2 



CONCLUSION

Two [BDTA]2[M(tdas)2] salts have been synthesized and crystallized
to give two structures with novel and useful motifs. Both have nondi-
merized stacking structures, which is beneficial for the design of new
material with correlated electronic properties. The structure of (1) is
the first example of an open-shell [Fe(tdas)2]� anion that does not
form dimerized units within a structure. Both structures also have
integrated anion-cation stacks, which can be useful for designing
new functional materials with unusual and=or hybrid properties.
The magnetic properties of (1) show it to be a Curie–Weiss para-
magnet with C ¼ 1.94 emu K mol�1 and h ¼ �6.27 K with no antiferro-
magnetic ordering occurring above 2 K. Although no structural
information has been obtained for (3), it has shown mixed magnetic
properties attributed to a Curie–Weiss contribution from the radical
cation and an antiferromagnetic dimerization of the anion with a coup-
ling of �76 K. Although, the magnetic properties of these materials do
not display particularly novel characteristics, they clearly illustrate
the potential of [dithiazolylium]x[M(tdas)2] salts to form novel mag-
netic materials as they demonstrate the appropriate stacking motifs
that lead to intermolecular magnetic exchange and hybrid magnetic
properties.
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