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Cobaltocene, [CoII(η5-C5H5)2], readily reduced [1,2,5]thiadi-
azolo[3,4-c][1,2,5]thiadiazole (2) to the [1,2,5]thiadiazolo[3,4-
c][1,2,5]thiadiazolidyl radical anion (1) which was isolated in
the form of the thermally stable salt [CoIII(η5-C5H5)2][1] (5) in
93% yield. The XRD structure of 5 displays layers of radical
anions 1, with S···N contacts of 358.2 and 366.0 pm between
neighboring species. The salt was further characterized by
ESR spectroscopy in the solid state as well as in solution. The
temperature dependence of its magnetic susceptibility (χ) in
the range of 2–300 K with a maximum at (9.7�0.5) K indi-
cates antiferromagnetic ordering of the spin system. The
magnetic structure of 5 was analyzed in terms of dimeric ex-
change integrals calculated by a spin-unrestricted broken-

Introduction

Spin-carrying chalcogen–nitrogen π-heterocycles belong
to the most promising building blocks in the design and
synthesis of magnetic and conducting molecular materi-
als.[1–7] In particular, the neutral 4-R-1,2,3,5-dithiadiazolyl
radical (R = 4-NCC6F5) reveals spin-canted antiferromag-
netism (weak ferromagnetism) with Tc = 36 K at normal
pressure and Tc = 65 K at 16 kbar.[3d] Some resonance-sta-
bilized neutral radicals of the dichalcogenazolyl type (chal-
cogen = S, Se) display properties of molecular conductors
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symmetry approach at the DFT/UB3LYP/6-31+G(d) level of
theory and was found to be 2D. Further analysis of the χ(T)
dependence was performed by using the low- and high-tem-
perature series expansion methods for the S = 1/2 square lat-
tice antiferromagnetic Heisenberg model. The exchange in-
teractions between radical anions 1 were estimated to be J
= (–4.2�0.7) cm–1. With the general form of the Van Vleck
equation for a [3�4] grid of spins 1/2, the best fit of the ex-
perimental χ(T) was achieved with J1 = –5.0 cm–1 and J2 =
–0.23 cm–1. Thus, the exchange interactions in 5 are stronger
than those observed for previously studied salts of 1.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

together with those of weak (spin-canted) ferromagnets (Tc

= 17 and 28 K, depending on the structure), or even bulk
ferromagnets (Tc = 12 K).[1a,1b] While neutral and positively
charged chalcogen–nitrogen heterocyclic radicals (radical
cations) have been the subject of extensive studies, related
negatively charged systems (radical anions) have been less
studied as they are much rarer.[1–7]

Recently, we found that thermally stable salts of [1,2,5]-
thiadiazolo[3,4-c][1,2,5]thiadiazolidyl radical anion (1,
Scheme 1) (and its Se congener) can be easily prepared by
chemical reduction of [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadi-
azole (2, Scheme 1) with PhX– (X = S, Se) anions or with
tetrakis(dimethylamino)ethene (3).[7] In the latter case a di-
cationic salt of 1 was obtained,[7a] which indicates that 2
behaves toward 3 similar to X2 halogens (X = Cl, Br),[8a]

that is, its electron affinity is high enough for two-electron
oxidation of 3. In the HeI photoelectron spectrum of 3, the
vertical IE1 and IE2 are ca. 6.0 and ca. 7.5 eV, respectively.[8]

Consequently, other neutral compounds with IE1 lying in
this range should also reduce 2 to its radical anion 1. These
compounds in particular are [MII(η5-C5H5)2] (M = V, Cr,

Scheme 1.
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Mn, Fe, Co, Ni), especially decamethyl derivatives, as well
as [M(η6-C6H6)2] (M = Cr, Mo, W).[9]

In this work we report the reduction of compound 2 with
cobaltocene, [CoII(η5-C5H5)2] (4, IE1 ≈ 5.6 eV),[9] which led
to the radical anion salt [CoIII(η5-C5H5)2][1] (5) in high
yield. The salts prepared with other sandwich organometal-
lics as reducing agents will be described elsewhere.

The salt 5 was characterized by XRD and by ESR spec-
troscopy (in the solid state and in solution). Magnetic
susceptibility (χ) measurements of 5 in a temperature range
2–300 K revealed antiferromagnetic interactions with Tc =
(9.7�0.5) K. The magnetic structure of 5 was analyzed in
terms of dimeric exchange integrals calculated by the spin-
unrestricted broken-symmetry DFT method and was found
to be 2D. Further analysis of the χ(T) dependence was per-
formed using the S = 1/2 square lattice antiferromagnetic
Heisenberg model (2D-AFHM).[10] The low- and high-tem-
perature series expansion methods (LTSE and HTSE,
respectively) were employed to analyze χ(T).[11,12] The ex-
change interactions between radical anions 1 were found
to be J = (–4.2�0.7) cm–1. With the general form of the
Van Vleck equation for a [3�4] grid of spins 1/2, the best
fit of the experimental χ(T) was achieved with J1 =
–5.0 cm–1 and J2 = –0.23 cm–1. Thus, the exchange interac-
tions in 5 are stronger than those observed for previously
studied salts of 1.

Results and Discussion

In thf as solvent and at ambient temperature, co-
baltocene 4 readily reduced compound 2 with the formation
of the salt 5 (Scheme 2) in nearly quantitative yield. In the
salt, the cobaltocenium cation is an 18-electron closed-shell

Scheme 2.

Figure 2. Layers of radical anions 1 in the crystal of salt 5 viewed along crystallographic axes a (left) and c (right).
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diamagnetic system,[13] and the heterocyclic anion is an 11-
π-electron open-shell paramagnetic system.[7]

The structure of the salt 5 was confirmed by X-ray dif-
fraction (Figures 1 and 2). In the crystal, the cobalt atom
of the cation and the center of the radical anion lie at cen-
ters of symmetry. The radical anions form π···π contacts
with C5H5 (Cp) moieties of two neighboring cations. The
angle between the best planes through the atoms of the
anion 1 and the carbon atoms of the Cp ligand is 17.2°,
and the distance between the planes’ centroids is 367.1 pm.
The closest contacts observed are the distances between the
atoms C6 and C6� of the anion and the atom C3 of the
ligand which are 331.4 and 350.2 pm, respectively (Figure 1;
the sum of the van der Waals radii is 354 pm,[14] and the
interplanar distance in graphite is 335.4 pm[13]). Because of
these π···π contacts, the cations and anions are combined
to form zigzag chains which are oriented parallel to the
crystallographic ab plane. Different chains are connected by
weak C–H···N hydrogen bonds with an H···N distance of
260 pm and a C–H···N angle of 131°. In two neighboring
layers these chains are oriented in different directions, that

Figure 1. Structure of salt 5; selected bond lengths [pm] and angles
[°]: S–N1 165.7(3), S–N2 166.0(3), N2–C6 133.9(4), N1–C6�
134.2(4), C6–C6� 144.1(6), average C–Co 203.2, average C–C in the
C5H5 rings 141.2; N1–S–N2 101.23(13), S–N2–C6 104.6(2), S–N1–
C6� 104.6(2), N2–C6–N1� 130.5(3), N2–C6–C6� 114.8(3), N1�–C6–
C6� 114.7(3), C2�–Co–C2 180.0.
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is, the a + b and a – b ones, as depicted in Figure 2. The
neighboring layers are connected again by weak C–H···N
hydrogen bonds with an H···N distance of 264 pm and a
C–H···N angle of 163° to give a 3D network in 5 built up
from π···π interactions and hydrogen bonds. To conclude
the crystallographic part, the most important information
for the following discussion is the fact that layers of the
radical anions 1 can be identified in the crystal lattice of 5
as demonstrated in Figure 2 (right). Within these layers, the
radical anions form zigzag belts by S···N contacts of 358.2
and 366.0 pm (the sum of the van der Waals radii is
355 pm).[14] These relatively short nonbonding distances be-
tween radical anions in the solid state are favorable for mag-
netic exchange interactions (see later).

The salt 5 is ESR-active in both the solid state (Figure 3)
and in solution. The solution ESR spectrum (nine-line
pattern, aN = 0.314 mT, g = 2.0045) is in full agreement
with that reported for similar salts.[7c,7d]

Figure 3. Solid-state ESR spectrum of salt 5.

The effective magnetic moment (µeff) of 5 at 300 K was
found to be (1.74�0.01) Bohr magneton (Figure 4B),
which corresponds to one unpaired electron per molecule.
In the range 300–2 K, the magnetic susceptibility χ of 5
increases steadily with temperature down to (9.7�0.5) K
and then it drops (Figure 4A). This maximum on the χ(T)

Figure 4. Dependences of χ(T) (A, open circles) and µeff(T) (B, open circles) of the salt 5 in the temperature range 2–300 K. Solid curves:
low-temperature series expansion fit (A, inset), high-temperature series expansion fit (A, solid curve), and twisted-to-tube [3�4] grid fit
(A, dashed curve).
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curve indicates low-temperature antiferromagnetic ordering
of the spin system of 5.

To understand the magnetic structure of the salt 5 and
to choose a model for a decent analysis of the experimental
χ(T) dependence, calculations of the dimeric exchange inter-
actions in its crystals were performed. In former contri-
butions[7a,7b] it was found that the magnetic structures of
some similar salts of the radical anion 1 could be satisfacto-
rily reproduced by such calculations based on the spin-un-
restricted broken-symmetry approach[15] at the DFT/UB3-
LYP/6-31+G(d)[16] level of theory. Therefore, a similar ap-
proach was used for an analysis of the magnetic behavior
of 5.

In the crystal of 5, all radical anions 1 are structurally
equivalent. As mentioned earlier, the layers of 1 can be
identified in the crystal lattice. It is possible to select a radi-
cal anion and calculate the JAB values with all first-nearest
neighbors of the same layer, and then with the closest sec-
ond-nearest neighbors of the same layer or of the neigh-
boring layers. Figure 5 demonstrates that every radical
anion 1 has eight first-nearest neighbors. These eight first-
nearest neighbors give rise to only three unique pairs (r1–

Figure 5. The layer of the radical anions 1 in the crystal packing
of salt 5 analyzed in terms of the shortest S–S distances in the pairs
r1–r3.
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r3, Figure 5) with the calculated JAB values presented in
Table 1. The table also displays the shortest S···S distances
found within pairs of radical anions. For only two of three
pairs, the calculated JAB values (J1 and J2) are higher than
the given accuracy of calculations of 0.04 cm–1. All JAB val-
ues with closest second-nearest neighbors were found to be
less than 0.04 cm–1.

Table 1. Spin-unrestricted broken-symmetry results obtained at the
DFT/UB3LYP/6-31+G(d) level of theory for the dimeric exchange
interaction (JAB) of the radical anion 1 with first-nearest neighbors
in the crystal of salt 5.

Pair Shortest S···S distance in pair [Å] –JAB [cm–1]

r1 3.870 2.8
r2 6.665 0.13
r3 7.257 �0.04

It follows from Table 1 that the magnetic structure of salt
5 could be represented as a 2D layer magnetic motif (Fig-
ure 6A). This is different from previously studied salts of 1
where magnetic motifs were satisfactorily described as 1D
Bonner–Fisher chains.[7] Calculations on 5 predict that the
value of J2 (–0.13 cm–1) is 21.5 times smaller than J1

(–2.8 cm–1). If one neglects J2, the magnetic motif simplifies
(Figure 6B) to the extent it can be described by the 2D ver-
sion of the antiferromagnetic Heisenberg model (AFHM)
for 1/2 spins.[10] The model is well known. In particular,
the AFHM has previously been extensively investigated by
different techniques including the Green function
method,[17] Monte Carlo simulations,[18] high-temperature
series expansion method (HTSE),[12,19] etc.

Figure 6. Magnetic motif for salt 5 defined in terms of dimeric
exchange interactions J1 and J2 between pairs of radical anions 1
(A). The simplified magnetic motif for salt 5 obtained after neglect-
ing the exchange integral J2 (B), which corresponds to the 2D anti-
ferromagnetic Heisenberg model.

To analyze the experimental χ(T) dependence of the salt
5 in the low-temperature range (2–8 K), we used the LTSE
formula of Johnston[11] which was parameterized to repro-
duce the results of quantum Monte Carlo simulations for
spin 1/2 2D-AFHM.[18a,18b] A small correction on the para-
magnetic impurity (fraction ρ) was also included as shown
by Equation (1) where x = kT/2|J|, g is the gyromagnetic
factor, and N, k, µB are the Avogadro constant, Boltzmann
constant, and Bohr magneton, respectively.
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(1)

The best-fitting parameters (Figure 4A, inset, solid
curve) were found to be J = (–3.5�0.1) cm–1 and ρ =
(0.020�0.001). Note that in the case of spin 1/2 2D-
AFHM, the Monte Carlo simulations demonstrate[18b–18d]

that χ(T) has a flat peak at kT/2|J| ≈ 1. This relation also
provides a rough estimation of |J| ≈ 3.4 cm–1.

To analyze χ(T) in the temperature range 14–300 K, we
used an HTSE method of Rushbrooke and Wood[12] for the
inverse susceptibility. Figure 4A (solid curve) demonstrates
the best fit of experimental data by the HTSE with g =
(1.93�0.04) and J = (–4.8�0.3) cm–1. Therefore, analysis
of χ(T) by using LTSE and HTSE techniques provides sim-
ilar results with J = (–4.2�0.7) cm–1. This value is in good
agreement with our UB3LYP calculations (–2.8 cm–1).

The χ(T) dependence for magnetic materials consisting
of finite-size clusters can also be calculated by using the
general form of the Van Vleck equation[20] [Equation (2)],
where En is the nth energy level from the algebraic Heisen-
berg Hamiltonian [Equation (3)], Sn is the spin of the nth
energy level, and g, N, k, µB are the same as in Equation (1).

(2)

Ĥ = –2 �
N

A,B
JABŜAŜB (3)

Using Equation (2), we calculated χ(T) for a [3�4] grid
(Figure 6A) of spins 1/2. Both J1 and J2 were taken into
account, and their ratio J1/J2 was kept as 21.5 as calculated
by quantum chemistry. The best fit of the experimental χ(T)
was obtained with J1 = –5.8 cm–1. A similar calculation was
performed with a [3�4] grid twisted to a tube (J1,10 = J2,11

= J3,12 = J1). The best agreement of theoretical with experi-
mental χ(T) was achieved with J1 = –5.0 cm–1 (Figure 4A,
dashed curve). Note that neglecting the J2 value has no in-
fluence on χ(T), supporting the application of AFHM in
our case. The use of larger grids would result in a lower
value of J1 in better agreement with LTSE and HTSE tech-
niques.

Thus, the J value for 5 [(–4.2�0.7) cm–1] obtained with
the LTSE and HTSE methods is somewhat higher than
the corresponding values for previously studied salts of 1
with [K(18-crown-6)]+ and [Na(15-crown-5)]+ cations
(–1.22 cm–1; –3.24 and –1.12 cm–1; respectively),[7c] as well
as for the salt of its Se congener with the [K(18-crown-6)]+

cation (–1.65 cm–1).[7b] The salt of 1 with the dication of 3
is magnetically inactive since in its crystals the radical
anions form π-dimers with a singlet ground state.[7a]
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Conclusions

Under mild reaction conditions, [CoII(η5-C5H5)2] readily
reduced [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (2) to
[1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazolidyl radical anion
(1) which was isolated from the reaction mixture in the form
of the stable salt [CoIII(η5-C5H5)2][1] (5). The salt reveals
low-temperature antiferromagnetic ordering of its spin sys-
tem. Theoretical calculations demonstrate that salt 5 has
a 2D magnetic structure. The magnetic motif of 5 can be
approximately described by the 2D-AFHM. This is dif-
ferent from the previously studied salts of radical anion 1
where the antiferromagnetic motifs could be described as
1D Bonner–Fisher spin chains. The energy of the antiferro-
magnetic exchange interactions in the salt 5 estimated with
the LTSE and HTSE methods is J = (–4.2�0.7) cm–1. With
the Van Vleck equation, the best agreement between theo-
retical and experimental χ(T) was achieved with J1 =
–5.0 cm–1. Thus, magnetic interactions in 5 are somewhat
stronger than those in previously studied salts of 1 with
[K(18-crown-6)]+ and [Na(15-crown-5)]+ cations.

The synthetic approach used for preparing 5 can be
clearly generalized to other sandwich organometallics, as
well as to other chalcogen–nitrogen heterocycles. For exam-
ple, [CrII(η5-C5(CH3)5)2] (IE1 ≈ 4.9 eV)[9] smoothly reduced
2 with formation of [CrIII(η5-C5(CH3)5)2][1].[21] For salts
with both paramagnetic anions and cations one can expect
enhanced magnetic exchange interactions.

Experimental Section
General: All operations were carried out by using inert gas Schlenk
techniques. Compound 2 was prepared as described previously.[7d]

Cobaltocene (4) was kindly donated by Dr. Simon Duerr. All sol-
vents used were distilled under an inert gas with common drying
agents. The solid-state and solution ESR spectra of salt 5 were
measured with a Bruker ESP-300 spectrometer (MW power
265 mW, modulation frequency 100 kHz, modulation amplitude
0.005 mT). The magnetic susceptibility measurements were per-
formed with an MPMS-XL Quantum Design SQUID magnetome-
ter in the temperature range 2–300 K in a magnetic field of
5000 Oe. The molar magnetic susceptibility of salt 5 was calculated
by using the standard diamagnetism correction.[22] The effective
magnetic moment of the salt (µeff) was calculated by Equation (4).

µeff = (
3k

Nβ2
·χT)1/2 ≈ (8χT)1/2 (4)

Synthesis of Salt 5: The reaction was carried out in an H-shaped
Schlenk vessel with vertical tubes of the dimensions 2�17 cm and
a horizontal tube of the dimensions 2 �7 cm. A solution of 4
(0.19 g, 0.001 mol) in thf (10 mL) was placed into one tube, and a
solution of 2 (0.15 g, 0.001 mol) in thf (10 mL) into the other tube.
Then pure thf was gently layered over both solutions up to the
middle level of the horizontal tube (ca. 120 mL in total). The reac-
tion vessel was kept at ambient temperature over two weeks. The
solvent was removed and the crystals that had formed were washed
with thf and dried under vacuum. Salt 5 formed large black-green
plate-like crystals. Yield: 0.31 g (93%); m.p. (sealed capillary):
�300 °C. C12H10CoN4S2 (333.29): calcd. C 43.24, H 3.02, N 16.81;
found C 43.32, H 2.88, N 16.56.
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Crystallographic Analysis: The XRD data for salt 5 were collected
with a Stoe IPDS diffractometer by using Mo-Kα (λ = 71.073 pm)
radiation with a graphite monochromator. The structure was
solved by direct methods using the SHELXS-97 program[23] and
refined by the least-squares method in the full-matrix anisotropic
(isotropic for hydrogen atoms) approximation implemented in the
SHELXL-97 program.[23] C12H10CoN4S2, M = 333.29, monoclinic,
a = 770.54(13), b = 725.67(7), c = 1090.80(19) pm, β = 95.347(19)°,
V = 0.60728(16) nm3, T = 203(2) K, space group = P21/c, Z = 2,
ρcalcd. = 1.823 Mgm–3, µ(Mo-Kα) = 1.744 mm–1, reflections mea-
sured = 1183, unique reflections = 1023 [R(int) = 0.000], no. of
parameters = 88, Robs = 0.0287, wR2obs = 0.0730, ∆ρmin,max =
–0.449, 0.378, g.o.f. = 1.151. CCDC-683564 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Calculations: As mentioned earlier, for the theoretical analysis of
the magnetic structure of the salt 5 we used a Heisenberg Hamilto-
nian as given by Equation (3). The exchange integrals (JAB) be-
tween selected pairs of radical anions 1 were calculated for the
XRD crystal structure of 5 by using the spin-unrestricted broken-
symmetry approach[15] at the DFT/UB3LYP/6-31+G(d) level of
theory.[16] The JAB values were obtained from Equation (5), where
ET is the energy of the triplet state of the pair of radical anions,
and EBS

S is the energy of the open-shell singlet state within the
broken-symmetry approach.[15]

JAB = EBS
S – ET (5)

In all cases the �S2� value for the broken-symmetry singlet state
was ca. 1.02. The accuracy of the energy calculations was chosen
to be 10–7 H which provided calculations of JAB with an accuracy
of 0.04 cm–1. All calculations were performed by using the
Gaussian 03 suite of programs.[24] The Van Vleck equation for χ(T)
was used in the general form [Equation (2)].[20] In this work we
were able to perform an exact diagonalization of the Hamiltonian
matrix for clusters not exceeding a [3�4] grid of the spins 1/2.
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