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The crystal structures and magnetic properties of heterocyclic thiazyl radicals and related materials have been
examined. TTTA (=1,3,5-trithia-2,4,6-triazapentalenyl) exhibited a first-order phase transition between a paramagnetic
high-temperature (HT) phase and a diamagnetic low-temperature (LT) phase, with a wide thermal hysteresis loop over
the temperature range 230–305K. The phase control of TTTA was achieved by pressure and by light irradiation. BDTA
(=1,3,2-benzodithiazolyl) also exhibited a diamagnetic–paramagnetic phase transition above room temperature. How-
ever, fresh samples always exhibited a superheating of the LT phase that resulted in a double melting (melt–recrystal-
lization–melt process) and supercooling of the HT phase, which in turn led to an antiferromagnetic ordering at 11K. The
molecular compounds of thiazyl radicals were prepared; TTTA formed a coordination polymer structure in the TTTA�
[Cu(hfac)2 (=bis(hexafluoroacetylacetonato)–copper(II))] crystal, where a ferromagnetic coupling was found between
the organic and inorganic species. The cation radical salts, [BBDTA (=benzo[1,2-d:4,5-d0]bis[1,3,2]dithiazole)]�MCl4
(M ¼ Ga and Fe), exhibited ferromagnetic ordering at 7K and ferrimagnetic ordering at 44K after evaporation of crystal
solvents. We also grew crystals of M–TTDPz (TTDPz = tetrakis(thiadiazole)porphyrazine andM ¼ H2, Fe, Co, Ni, Cu,
and Zn) and performed their structural analyses. Their crystal structures were found to depend strongly on the central
metal ion and could be classified into three forms: �, �, and � .

The electrical and magnetic properties of molecular crystals
have been studied extensively in the past three decades, and
various molecule-based conductors, superconductors, and mag-
netic materials have been synthesized to date. The research has
been characterized by the enhancement of dimensionality in
intermolecular interactions. The first molecular metal, TTF–
TCNQ, exhibited a Peierls transition due to instability of the
1D conducting pathway formed by the �–� overlap.1 Increas-
ing the dimensionality to overcome the 1D instability led to the
discovery of molecular superconductors, such as the TMTSF
and BEDT-TTF series.1 More recent examples include the full-
erene conductors, e.g. KxC60, in which C60 has a 3D interac-
tion.2 A similar materials development history is observed in
the case of molecule-based magnetic materials. While the gal-
vinoxyl radical, whose ferromagnetic interaction was found in
the 1960’s, exhibited a spin-Peierls-like transition, upon which
it lost its ferromagnetic properties,3 the first organic ferromag-
net, p-NPNN, possessed a 3D network structure.4

Heterocyclic thiazyl radicals possess unique chemical and
physical properties.5 They can be regarded as being on the bor-
derline between organic and inorganic materials. They are
chemically stable, in contrast to the instability of most organic
radicals, so that they do not need protection groups on their

molecular skeletons. This brings about a close packing in the
solid state. Their molecular skeletons exhibit a large electronic
polarization, leaving, respectively, a positive and a negative po-
larized charge on sulfur and nitrogen. These charges form short
intermolecular and interatomic S���N contacts. Thiazyl radical
solids always involve a multi-dimensional network consisting
of face-to-face �–� overlaps and side-by-side S���N contacts.
They have a strong spin–lattice interaction; a small lattice mod-
ification brings about a significant change in their magnetism,
reflecting the fact that the SOMO (singly occupied molecular
orbital) has a phase change between bonded sulfur and nitro-
gen. These interesting characteristics are believed to provide
them with their unique solid-state physical properties (Chart 1).

Room-Temperature Magnetic Bistability in TTTA

Magnetic Properties. TTTA was synthesized by
Wolmershäuser and Johann in 1989.6 Recently, it was found
that TTTA exhibits a first-order phase transition with a surpris-
ingly wide thermal hysteresis loop around room temperature.7

Figure 1a depicts the temperature dependence of the paramag-
netic susceptibility �p for a polycrystalline sample of TTTA.
The bold arrow in this figure indicates the value of �p for the
virgin sample just after sublimation crystallization. As the
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sample was cooled from room temperature, �p showed a slight
decrease. In this temperature range, the value of �pT was ca.
0.2 emuKmol�1, which was much smaller than that of the
Curie spin. This is probably caused by a 3D antiferromagnetic
interaction in the crystal of TTTA. At Tc# ¼ 230K, �p began
to decrease rapidly, becoming zero at 170K; TTTA is intrinsi-
cally diamagnetic at low temperatures. When the sample was
heated from a low temperature, a diamagnetic-to-paramagnetic
transition was found at Tc" ¼ 305K, indicating the large hys-

teresis loop. Since this loop goes through room temperature
(290K), TTTA is regarded as a magnetically-bistable material
at room temperature. There was little change in the shape of
the loop even after repeats of this thermal cycle.

To prove that the hysteresis loop observed is intrinsic, we
carried out the following experiments. The high-temperature
(HT) phase was slowly cooled from room temperature to
230K (Tc#). The cooling was stopped during the phase transi-
tion to the diamagnetic low-temperature (LT) phase. Subse-
quently, the sample was heated; during this process, the mag-
netic response was monitored. The results for four runs with
different starting points are depicted in Fig. 2.8 In every run,
the �p plots clearly indicated that there was little change in
the ratio between the HT and LT phases in the temperature
range within the loop. This indicated that the two phases coex-
isted stably in this range, providing firm evidence that the
hysteresis was intrinsic at least in the time scale of laboratory
experiments.

Organic radicals are usually EPR active so that we can
obtain precise spin information through high-sensitivity EPR
measurements. The temperature-variable X-band EPR experi-
ments indicated the phase transition of TTTA at ca. 200 and
310K upon cooling and heating, respectively.8 Figure 1b com-
pares the single-crystal EPR signals for the two phases at 300
K. The spectrum of the HT phase reveals an intense absorption,
in contrast to the weak signal of the LT phase. The g-factor
of the HT phase signal is �gg ¼ 2:0043, which is typical for thia-
zyl radicals. Since EPR is highly sensitive to the spin state of
organic radicals, the two phases of TTTA can be very easily
distinguished by EPR, rather than SQUID measurements.

Crystal Structures. TTTA exhibited a significant differ-
ence between the crystal structures of the HT and LT phases.7,8

The HT phase crystallized in the monoclinic P21=c space
group. The structure consisted of a polar 1D stacking column,
in which the molecules were related by translational relations
with a constant interval. This stacking column was surrounded
by six neighboring columns with very short S���N and S���S
contacts. By contrast, TTTA exhibited a strong dimerization
along the stacking direction in the crystal structure of the LT
phase that belonged to the triclinic P�11 space group. This radi-
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Fig. 1. (a) Temperature dependence of the paramagnetic
susceptibility �p for a polycrystalline sample of TTTA.
The bold arrow indicates the �p value for the virgin sam-
ple just after sublimation. (b) X-band EPR spectra of the
HT and LT phases of TTTA at room temperature.

Fig. 2. The magnetic response of TTTA at Tc# to increases
in temperature. The four plots represent results on samples
with different starting points. The bold gray curves depict
the hysteresis loop shown in Fig. 1a.
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cal dimerization must be responsible for the diamagnetic prop-
erties of the LT phase. Figure 3 shows a schematic comparing
the nearest neighbor intermolecular arrangements in the two
phases. It was notable that the molecules had an eclipsed over-
lap in the LT phase, in contrast to a shifted overlap in the HT
phase. More specifically, the molecular planes in the LT-phase
dimer were not parallel; the distance between the –S–N–S–
moieties was shorter by ca. 0.09 �A than that between the –N–
S–N– moieties, probably reflecting a bonding interaction
between the unpaired electrons which were concentrated on
the –S–N–S– moieties. This suggests that bond formation is
the main driving force of this phase transition.

We believe that there is a competition between the exchange
and electrostatic interactions (see Fig. 3). The exchange inter-
action favors an eclipsed overlap, such as that found in the LT
phase, because this structure maximizes the intermolecular
overlap between the SOMOs. However, this is the most dis-
agreeable structure from the viewpoint of electrostatic energy
because it includes intermolecular and interatomic contacts be-
tween polarized charges of the same sign, namely S�þ���S�þ
and N�����N��. It is presumably this competition that causes
the drastic phase transitions in the thiazyl radical family.

Thermodynamic Properties and Phase Control. The
phase transition of TTTA was examined by means of DSC.8

In the cooling and the heating process, exothermic and endo-
thermic transitions were observed at 234 and 315K (on-set
temperatures), respectively. The transition enthalpy�H values
at Tc# and Tc" were determined to be 2210 and 2340 Jmol�1,
respectively. The difference must be due to the fact that the
HT and LT phases have different heat capacities. The transition
entropies �S upon cooling and heating were estimated to be
�S# ¼ �H#=Tc# ¼ 9:44 J K�1 mol�1 and �S" ¼ �H"=Tc" ¼
7:43 J K�1 mol�1, respectively. While the maximum estimation
of the magnetic contribution is R ln 2 (¼5:76 J K�1 mol�1), the
real contribution would be smaller than R ln 2 because the HT
phase involves rather strong antiferromagnetic interactions.
Nevertheless, the �S values observed are larger than the max-
imum estimation. The excess entropy indicates involvement of
the lattice system in the phase transition.

The effects of quasi-hydrostatic pressures on TTTA were
studied to control the magnetic bistability. Despite extensive

studies on the effects of high pressure on molecular crystals,
non-equilibrium phenomena, namely hysteresis behavior, re-
main largely unexplored.9–11 The temperature dependence of
�p of TTTA was studied under 0.38, 0.75, and 1.5GPa.12

TTTA was found to undergo a sharp diamagnetic–paramag-
netic transition even under pressure, with a significant shift in
the transition temperature. The pressure dependences of Tc"
and Tc# are shown in Fig. 4. Both Tc" and Tc# increased signif-
icantly with increasing pressure. Thus, the bistable range shift-
ed toward higher temperatures. Although room temperature
(290K) is just below Tc" at ambient pressure, it falls in
the center of the hysteresis loop at 0.75GPa. That is, room-
temperature bistability can be stabilized by pressure. The two
solid curves in Fig. 4 are only eye guides, but the gradients at
the ambient pressure are estimated to be roughly dTc#=dp ¼
45� 20KGPa�1 and dTc"=dp ¼ 20� 10KGPa�1. The theo-
retical value of dTc=dp is given by the Clapeyron equation,
dp=dTc ¼ �S=�V ¼ �H=ðTc�VÞ, where �V is the volume
change, though this equation is valid only under thermal equi-
librium. The enthalpy changes for the transitions in TTTA
were obtained by DSC measurements, as described above.
The difference between the unit cell volumes of the two phases
is 3.4 �A3 at room temperature.7,8 Since the unit cell contains
four molecules, the volume difference is �VRT ¼ 3:4NA=4
�A3 mol�1, where NA is Avogadro’s constant. The theoretical
value for dTc=dp at p ¼ 0GPa can be estimated to be 60
KGPa�1 under the assumption that �V ¼ �VRT. The agree-
ment between the theoretical and experimental values is fairly
good (the same order of magnitude), and the equation can
explain the shift toward higher transition temperatures with
increasing pressure.

The phase control of TTTAwas achieved using photoirradia-
tion.13 There is a very clear chromism between the crystal sur-
faces of the two phases under a polarized microscope, namely
between red-purple in the HT phase and yellow-green in the LT
phase. The photo-induced transition from the diamagnetic LT
phase to the paramagnetic HT phase was observed after a sin-
gle-shot (6 ns pulse) irradiation at 2.64 eV at 296K. In addition,
a clear threshold was identified in the dependence of the LT-
to-HT conversion efficiency on the excitation photon density.
This strongly indicated that the observed was not a thermal
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Fig. 3. Nearest neighbor intermolecular overlaps of TTTA
in the HT and LT phases. The electrostatic interaction
favors a shifted overlap, while the exchange interaction
results in an eclipsed overlap.

Fig. 4. Pressure dependence of the transition temperatures,
Tc# and Tc", for TTTA. Solid curves are eye guides.
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effect, but a photo-induced phase transition.13

Magnetic Bistability in Molecule-Based Materials. In
some recent studies of molecule-based materials, bistable
materials have been discovered in materials ranging from
molecules to liquid crystals and solid-state materials. The most
spectacular examples include the spin-crossover complexes,
i.e. [Fe(phy)2](BF4)2 (phy = 1,10-phenanthroline-2-carbalde-
hydephenylhydrazone), which exhibits this transition between
S ¼ 0 and S ¼ 2, with a large thermal hysteresis.14 The pres-
sure effects on this compound were examined up to 0.4GPa,
and a shift of the bistable range to higher temperatures was
observed with dTc=dp ¼ 30KGPa�1 (the average of dTc"=dp
and dTc#=dp). Now we will compare the pressure effects on
this spin-crossover complex with those on TTTA. The dTc=
dp value for the Fe(II) complex is similar to that for TTTA.
In [Fe(phy)2](BF4)2, the volume change between the two
phases is 15NA �A3 mol�1, while that of TTTA is 3:4NA=4
�A3 mol�1. Thus, by the Clapeyron equation, the volume term
leads to a greater increase in dTc=dp for [Fe(phy)2](BF4)2
compared to that in TTTA. The entropy change of the spin-
crossover transition is moderate (85 JK�1 mol�1) because it
includes the spin contribution R ln 5 caused by the change from
S ¼ 0 to 2. By contrast, the spin contribution to the transition
entropy of TTTA is smaller than R ln 2 (¼5:76 J K�1 mol�1)
because the transition in TTTA occurs between a diamagnetic
phase and a ‘‘suppressed’’ paramagnetic phase due to antiferro-
magnetic intermolecular interactions. As such, the small spin
contribution is believed to be responsible for the small TTTA
entropy change, namely 8.4 JK�1 mol�1 (the average of �S"
and �S#), which likely leads to a high sensitivity to pressure.
The transitions in TTTA and [Fe(phy)2](BF4)2 exhibit similar
shifts to higher temperatures with increasing pressure, but the
origins are probably very different.

Charge Doping. The electrical properties of TTTA
were examined. The conductivity for the HT phase was 10�8

��1 cm�1, with an activation energy of 0.33 eV under vacuum.
The conductivity for the LT phase was two orders of magni-
tude lower. The HT phase was found to be an insulator despite
its three-dimensional network structure free of radical dimeri-
zation, where each molecule has one unpaired electron. Thus,
it is highly possible that the HT phase can be regarded as
a Mott insulator: Strong on-site electron–electron repulsion
results in electron localization.

The carrier doping on the HT phase of TTTA was carried
out with I2 vapor. Figure 5 depicts the time dependence of the
conductivity, measured by the two-probe method during dop-
ing. The conductivity � was quickly enhanced by four or five
orders of magnitude, saturating after 10 h. The saturation was
presumably due to a breakup of the crystal structure caused by
penetration of the dopant. Since the doped material was very
air-sensitive, we could not carried out further characterization.
It was clearly demonstrated, however, that hole doping of the
HT phase of TTTA brought about significant enhancement of
the conductivity.

Complex Phase Transitions in BDTA: Spin-Gap,
Antiferromagnetic Ordering, and Double Melting

Diamagnetic–Paramagnetic Phase Transition. The thia-
zyl radical 1,3,2-benzodithiazolyl (abbreviated as BDTA) was

synthesized by Wolmershäuser et al. in 1984.15 Awere et al.
reported its crystal structure: It consists of a centrosymmetric
dimmer, where the dimer units form a two-dimensional net-
work with short S���S contacts.16 This is very similar to the
structure of the �-modification of (BEDT-TTF)2X (BEDT-
TTF = bis(ethylenedithio)tetrathiafulvalene, X ¼ Cu(NCS)2,
etc.), known as organic superconductors whose critical temper-
atures exceed 10K.17 Awere et al. also reported that BDTA
was diamagnetic at least below room temperature because of
strong antiferromagnetic interactions in the structure.16 In this
section, we will describe the complex phase transitions in
BDTA, where a diamagnetic spin-gap phase, a paramagnetic
phase, an antiferromagnetic ordered phase, and a liquid phase,
interplay.18

Figure 6 depicts the temperature dependence of �p for
BDTA above room temperature (open circles). BDTA was
diamagnetic at room temperature due to its dimerized struc-
ture.16 Upon heating, however, BDTA exhibited a first-order
phase transition to a paramagnetic high-temperature phase at
346K, though the structure of this phase has not yet been iden-
tified. In the cooling process, a paramagnetic-to-diamagnetic
transition was observed at 320K, which was associated with

Fig. 5. Time dependence of the conductivity of TTTA dur-
ing I2 doping.

Fig. 6. Temperature dependence of �p for BDTA above
room temperature. The gray plots indicate the effects of
superheating and supercooling.
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the hysteresis of 26K. This value is much smaller than that
of TTTA, but still larger than the others in usual molecular
solids. It should be noted that this transition can be observed
only for the aged BDTA samples, which were subjected to
repeated thermal cycles over the 2–365K range. These cycles
facilitated the phase transition, probably due to an increase in
the concentration of lattice defects. Thus, fresh samples always
exhibited superheating and supercooling, as described in the
next section.

Superheating and Supercooling. The most characteristic
feature of BDTA is the occurrence of superheating and super-
cooling on phase transition above room temperature. They al-
ways took place in the case of fresh BDTA samples. The mag-
netic behavior in these non-equilibrium processes is shown in
Fig. 6 as gray circles. Figure 7 depicts the Gibbs free energy
for BDTA determined by magnetic measurements and visual
observation. In the figure, L and MO denote the liquid and an-
tiferromagnetic ordered phases, respectively. The intersection
between the LT and HT curves indicates the diamagnetic–
paramagnetic phase transition at 346K. Upon further heating
of the superheated LT phase, the material melted at 360K
once, but the liquid immediately solidified into the HT phase
even upon heating. This is because the free energies decrease
in the order LT > L > HT in the 360–364K range. Upon
heating, the LT phase relaxes into the HT phase through the L
phase at 360K. At 364K, the solid of BDTA in the HT phase
exhibited a second melting. This process has been called dou-
ble melting, and has been observed, for example, in molecular
crystals and organic polymers.19 It is notable that the L phase
exhibited paramagnetism with �p of 9:0� 10�4 emumol�1 at
365K, though further heating brought about a thermal decom-
position with gas generation.

Supercooling of the HT phase also occurred (see Fig. 6) and
further cooling resulted in antiferromagnetic ordering at 11K.
The temperature dependence of �p for the supercooled HT
phase followed the Curie–Weiss law with 	 ¼ �93K and C ¼
0:375 emuKmol�1 (fixed), where 	 and C are the Weiss and
Curie constants, respectively. Below 15K, �p showed a slight
decrease with a rather abrupt change around 11K, suggesting
the antiferromagnetic ordering. The temperature dependence
of the heat capacity cp exhibited a 
-shaped anomaly at 11K,

supporting the antiferromagnetic ordering at this temperature.
The HT phase transforms into the MO phase below 11K, as
indicated in Fig. 7. The structures of the HT and MO phases
must be nearly the same. Thus, it is thought that the crystal
structures for the spin-gap state and the antiferromagnetic
ordered state are switched at the phase transition at 346K.

The complicated temperature dependence of the magnetic
behavior of BDTA was clearly explained in terms of the coop-
eration between the double melting, solid-state phase transition
and magnetic ordering, in which the HT, LT, L, and MO phas-
es interplayed. Alternative relationships between the spin-gap
state and the antiferromagnetic ordered state have been report-
ed in low-dimensional magnetic materials, such as spin-Peierls
compounds,20 and copper-oxide high-Tc superconductors.21

While the competition between the two states occurs on the
identical crystal structure in these materials, BDTA forms
two states with different crystal structures that are linked at
the structural phase transition.

Ferromagnetic Coordination Polymer
in TTTA�Cu(hfac)2

In this section, we will describe a useful function of thiazyl
radicals, namely as building blocks for supramolecular materi-
als. As already mentioned, these radicals exhibit strong electric
polarization, leaving negative charges on the nitrogens and
positive charges on the sulfurs. In addition, the nitrogen atoms
show basicity, so that thiazyl radicals can operate as a ligand to
various metal ions.

A 1:1 molecular compound, TTTA�Cu(hfac)2 (Cu(hfac)2 =
bis(hexafluoroacetylacetonato)–copper(II)), was obtained by
the reaction of stoichiometric amounts of the components in
a heptane solution under nitrogen atmosphere.22 The crystal
structure is shown in Fig. 8. TTTA molecules occupy the axial
positions of the elongated octahedral around the Cu(II) ion,
and bridge the distance between the Cu(II) ions, resulting
in an infinite zigzag chain along the b axis. While Rawson
et al. have reported the mono-, di-, and tri-metallic coordina-
tion compounds of 1,2,3,5-dithiadiazolyl radicals,23 TTTA�
Cu(hfac)2 is the first coordination polymer made of thiazyl
radicals. While various nitronylnitroxides24 and polynitroxyl
radicals25 are known to act as a bidentate bridging ligand
and to form polymeric coordination compounds, the structure
of TTTA�Cu(hfac)2 clearly indicates similar chemical capa-
bility of the polycyclic thiazyl radicals. As shown in Fig. 8,
the Cu(II) ion is sandwiched between two TTTA molecules,
labeled A and B, at distances of 2.342 and 2.478 �A from the
Cu(II) ion. The former distance is shorter by more than 0.1
�A. The molecular plane of TTTAA is nearly orthogonal to the
plane defined by the four hfac oxygen atoms, while that of
TTTAB is significantly tilted.

T / K
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MO

L

11 346 360 364

G
 

Fig. 7. Gibbs energy phase diagram for BDTA. HT: high-
temperature phase; LT: low-temperature phase; L: liquid;
MO: antiferromagnetic ordered state. Fig. 8. The crystal structure of TTTA�Cu(hfac)2.
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The magnetic couplings between Cu(hfac)2 and nitroxyl
radicals have been previously discussed by Gatteschi et al.24

They explained the ferromagnetic couplings in these materials
in terms of the orthogonality between the dx2�y2 orbital of
Cu(II) and the SOMOs of the organic radicals. By analogy,
it was expected that the interaction between Cu(hfac)2 and
TTTAA would be ferromagnetic. However, the Cu(hfac)2–
TTTAB interaction is probably antiferromagnetic due to the
overlap between the magnetic orbitals of Cu(II) and TTTAB

caused by the tilted structure.
The �pT value for TTTA�Cu(hfac)2 increases with decreas-

ing temperature down to ca. 30K, indicating a ferromagnetic
coupling. After passing through a maximum at this tempera-
ture, �pT shows an abrupt decrease, suggesting a weak antifer-
romagnetic coupling between the ferromagnetic units. This is
quite consistent with the coordination around the Cu(II) ion.
The ferromagnetic coupling constant was obtained to be
J=kB ¼ 18:5K. This is stronger than those in the axial coordi-
nation compounds of Cu(hfac)2 and nitroxyl radicals,24 pre-
sumably because the energy level of the SOMO of TTTA is
closer to those of the d orbitals of Cu(II).

Ferromagnetism in BBDTA Salts Driven
by Evaporation of Crystal Solvent

BBDTA (=benzo[1,2-d:4,5-d0]bis[1,3,2]dithiazole) was ini-
tially reported independently by Wolmershäuser et al. and by
Wudl et al.26,27 Wolmershäuser reported the crystal structure
and the 57Fe Mössbauer spectra of the radical cation salt
BBDTA�Fe(III)Cl4�CH3CN.

28 In this crystal, BBDTA forms
a ladder-type structure through which the FeCl4 anions are
weakly linked. Mössbauer spectroscopy indicated antiferro-
magnetic ordering of the Fe3þ magnetic moments below 6.6K.
In the following section, we describe the bulk ferromagnetism
in BBDTA salts driven by evaporation of the crystal solvent.

Organic Ferromagnetism with TC ¼ 7K in BBDTA�
GaCl4. BBDTA�GaCl4�CH3CN was prepared by the reac-
tion of BBDTA�Cl and GaCl3.

29 Single crystals were obtained
by recrystallization from a mixed solvent of acetonitrile and
dichloromethane. The structure of BBDTA�GaCl4�CH3CN
was found to consist of a face-to-face radical dimer, with half
of the unit being crystallographically independent. The crystal
solvent, CH3CN, occupied the space beside BBDTA, coordi-
nating to the sulfur atom. These dimers were stacked along
the [110] direction via short S���N contacts, forming a ladder-
type structure. Between the ladders, there was a rather short
S���S contact, resulting in a 2D network parallel to the ab plane.
The GaCl4 anions were located between the ladder layers.

As shown in Fig. 9 as closed circles, the �pT values for
BBDTA�GaCl4�CH3CN are nearly zero in the whole temper-
ature range. This nonmagnetic property can be ascribed to a
strong antiferromagnetic interaction in the dimer. However,
we observed a dramatic change in the bulk magnetic properties
after evaporation of the crystal solvent. The open circles in
Fig. 9 show the magnetic data for a sample in which 75% of
the CH3CN was removed by evacuation for 96 h. The material
exhibited paramagnetism, in remarkable contrast to the non-
magnetic properties of the solvated form. As the temperature
decreased, �pT increased gradually, which is indicative of fer-
romagnetism. Below 10K, �pT increased rapidly, reaching

1.82 emuKmol�1 at 6K. The data above 50K were fitted to the
Curie–Weiss law with 	 ¼ 11K and C ¼ 0:28 emuKmol�1,
in which the molar unit was defined as BBDTA�GaCl4�
0.25CH3CN. This Curie constant can be well explained by
assuming that 75% of the BBDTA�GaCl4 exhibited paramag-
netism. The inset in Fig. 9 shows the temperature dependence
of the ac susceptibilities (�0: in-plane and �00: out-of-plane) for
the same sample. The plots of �00 show an anomaly below
6.7K with a rapid increase in �0, indicating ferromagnetic
ordering. The isothermal magnetization curve at 2K for this
sample showed an abrupt increase at lower fields followed
by quick saturation above 400Oe. The value of the saturation
magnetization Ms, 4310 ergOe

�1 mol�1, agreed with the Curie
constant obtained in the �p measurements. The presence of a
negligibly small hysteresis loop with a width of less than 10
Oe indicated that the material obtained was a soft magnet.

The crystal growth of the solvent-free BBDTA�GaCl4 was
also successful.30 The crystals were prepared by recrystalliza-
tion from a 1:1 mixed solvent of trimethylacetonitrile and
dichloromethane at �23 �C. In the recrystallization, a mixture
of at least three polymorphs of solvent-free BBDTA�GaCl4,
labeled � (plates), � (needles), and � (blocks), were obtained.
The amount of the �-phase obtained was much less than the
other amounts. The three phases were distinguishable under
a microscope. The � and � crystals comprised side-by-side
and head-to-tail dimers, respectively, and showed diamagnetic
properties at low temperatures. The magnetic behavior and
crystal structure of the �-phase was totally different; this phase
exhibited a ferromagnetic transition at 7.0K, suggesting that
the desolvated material obtained from BBDTA�GaCl4�
CH3CN would be in the �-phase. The crystal structure of
the �-phase consisted of a 1D zigzag chain of BBDTA formed
by intermolecular and interatomic S���N contacts. Despite these
short contacts, an orthogonal relation was expected between
the neighboring SOMOs, reflecting the antibonding character
of the SOMO in the S–N bonding.

Organic–Inorganic Hybrid Ferrimagnetism with TC ¼

44K in BBDTA�FeCl4. BBDTA�FeCl4�CH3COCH3 exhib-

Fig. 9. Temperature dependence of �pT for BBDTA�
GaCl4 in the solvated ( ) and non-solvated form ( ).
The inset shows the temperature dependence of �ac for
the non-solvated form.
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ited similar solvation effects: It showed ferrimagnetic ordering
at TN ¼ 44K upon evaporation of the volatile crystal solvent,
acetone.31 In the BBDTA�FeCl4�CH3COCH3 crystal, the
BBDTA cations formed a ladder-type network that closely
resembled that in BBDTA�GaCl4�CH3CN. The counter anion
FeCl4 formed a honeycomb network with short Cl���Cl contacts
in the range of 3.62–3.85 �A. In addition, there were several
short S���Cl contacts between BBDTA and FeCl4, in the range
of 3.28–3.66 �A, forming a three-dimensional network. The
magnetic measurements on the solvated sample revealed Curie
paramagnetism caused by the S ¼ 5=2 Fe(III) ions at high tem-
peratures. The contribution from BBDTA cations was thought
to be negligible due to a strong antiferromagnetic interaction in
the BBDTA dimer. Below 6.2K, the �p values exhibited a
characteristic change, indicating antiferromagnetic ordering in
the FeCl4 network. By contrast, the desolvated sample exhib-
ited a significant enhancement of magnetization below 44K,
suggesting magnetic ordering at this temperature. The sponta-
neous magnetization observed at 2K was very close to the
theoretical value for the ferrimagnetic ordering.

The spin state of Fe3þ in the desolvated material was eval-
uated based on 57Fe Mössbauer measurements at 20 and 50
K.31 The spectrum at 50K indicated the presence of high-spin
Fe(III) ions. At 20K, a series of new Zeeman split peaks
(internal magnetic field = 21.9 T) with intensity ratios of
3:2:1:1:2:3 appeared, supporting magnetic ordering of the
Fe(III) ions.

BBDTA�FeCl4�CH3COCH3 was shown to exhibit a dra-
matic change in magnetism after removal of the crystal sol-
vent. Whereas the solvated material exhibited paramagnetic
behavior with antiferromagnetic ordering at 6.3K, the desol-
vated material included a ferrimagnetic phase with TN ¼ 44

K. This is much higher than the transition temperatures of
the parent materials: 7 K for the ferromagnetic transition in
BBDTA�GaCl429 and 3K for the antiferromagnetic transition
in (C2H5)4N�FeCl4.32 A strong antiferromagnetic coupling
between the magnetic moments on BBDTA and FeCl4 is
thought to afford this organic/inorganic hybrid system a higher
ferrimagnetic transition temperature.

Network Structures in Metallo–Tetrakis(1,2,5-
thiadiazole)porphyrazines

In the previous sections, we described the characteristic
crystal structures and unique solid-state properties of hetero-
cyclic thiazyl radicals. These radicals always exhibited multi-
dimensional network structures due to �–� overlaps, S���N
electrostatic contacts, and coordination bonding. Such interac-
tions can be expected even in non-radical chemical species,
e.g. thiadiazole compounds.33

Phthalocyanine (MPc) compounds have been studied exten-
sively, because of their commercial applications: for example,
as dyes and catalysts. They have also attracted much interest
due to their electric, electro-optic, and magnetic properties.34,35

There are two well-known crystal forms for MPc, namely �
and �,36,37 both of which consist of 1D �–� stacking columns.
The intercolumnar interactions in these structures are hindered
by the terminal hydrogen atoms on the benzo-rings. Such low
dimensionality would be disadvantageous for 3D electrical
conduction and magnetic ordering. Seeking multi-dimensional

interactions, Inabe et al. studied the [MPc(CN)2] series.38–40

Ercolani et al. synthesized tetrakis(thiadiazole)porphyrazine
and the corresponding metal(II) derivatives, M–TTDPz (M ¼
H2, Mg, Mn, Fe, Co, Ni, Cu, and Zn),41,42 in which intermolec-
ular and interatomic S���N contacts are highly likely to be
found. In the next section, we describe the crystal structures
of the M–TTDPz series and discuss their packing motifs.

Polymorphs of M–TTDPz. Single crystals of M–TTDPz
(M ¼ H2, Fe, Co, Ni, Cu, and Zn) were obtained by sublima-
tion under reduced pressure with continuous N2 gas flow,43

though growth of Mn–TTDPz crystals was unsuccessful. The
structures of the crystals obtained were determined by X-ray
crystallographic analyses. It is notable that X-ray quality crys-
tals could not be grown without N2 gas flow.

The structures of the M–TTDPz series can be broadly clas-
sified into three forms: �, �, and �. The � form is the structure
for the H2, Ni, and Cu derivatives, while the Ni and Cu deriv-
atives exhibited polymorphism. The � form belongs to a
monoclinic P21=n space group, in which half of the molecule
is crystallographically asymmetric. The structure consists of a
layered structure, of which the top view for �-Ni–TTDPz is
shown in Fig. 10a. The layer is formed by 2D hexagonal close
packing of �-Ni–TTDPz with very short S���N contacts, much
shorter than the sum of the van der Waals radii of N and S.
These layers are stacked along the c axis by �–� interactions.

(a) 

(b) 

(c) 

Fig. 10. Crystal structure of the M–TTDPz series: �-form
(a), �-form (b), and �-form (c).
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Epitaxial growth of MPc has been studied extensively on
various surfaces. It is believed that the arrangements of neigh-
boring molecules on surfaces are governed by steric effects of
the terminal hydrogen atoms on the benzo-rings.44 By contrast,
the 2D layered structure of the � form is caused by electro-
static attraction between the thiadiazole rings. This is the cru-
cial difference between MPc and �-M–TTDPz. The 2D net-
work observed in the case of the � form suggests that this form
could be employed in the generation of oriented thin films.

The �-form, belonging to a monoclinic P21=c space group,
was found in the M ¼ Fe, Co, and Zn derivatives. These three
derivatives do not exhibit polymorphism. Figure 10b depicts
the structure of �-Fe–TTDPz, which forms a 1D coordination
polymer along the b axis. The nitrogen atom on the thiadiazole
ring occupies the axial position of the metal ion in each neigh-
boring molecule, and thus the metal ions are penta-coordinat-
ed. Each neighboring molecule in this chain is related by a
two-fold screw axis parallel to the b axis. This type of edge-
to-face interaction has previously been reported for zinc deriv-
atives of the asymmetric porphyrazine.45 The coordination
chains stack in the bc plane, leading to a 2D network. The
interchain arrangements give rise to a face-to-face � dimer,
in which the magnetic interaction is highly localized.

The � form was found in the Ni and Cu derivatives,
although they also crystallize into the � form. The � form
belongs to the monoclinic P21=n space group, and consists
of a two-legged ladder structure along the a axis. Figure 10c
depicts a side view of this structure in �-Ni–TTDPz. Along
the leg direction, the molecular planes, tilted by about 40� with
respect to this direction, stack with �–� overlap. The axial po-
sitions of the Ni ion are occupied by nitrogen atoms bridging
the distance between the pyrrole rings on neighboring separate
molecules. These stacking features are similar to those of the �
form of MPc.34,35 Along the row direction, the �-Ni–TTDPz
molecules have short, side-by-side S���N contacts, which are
shorter than the sum of the van der Waals radii.

Packing Motifs. The structures of metal and metal-free
phthalocyanines are well known to be almost independent of
the central metal ions,34,35 with their structures governed by
the �–� condensation energy of the planar molecules. By con-
trast, the structure of the M–TTDPz series does depend on the
central metal ions, and the S���N and �–� interactions of the
thiadiazole ring also play a significant role in their solid struc-
ture. Since metal-free H2–TTDPz exhibits the � form, this
structure is regulated by the �–� condensation energy. Ni–
TTDPz and Cu–TTDPz do not form the � structure, which is
a coordination polymer structure formed by bonding between
the metal ion and the axial nitrogen atom. Absence of �-Ni–
TTDPz and �-Cu–TTDPz can be explained by the fact that
Ni2þ (d8) and Cu2þ (d9) are Jahn–Teller ions, usually with
an elongated axial distance or lack of axial bonding. There
is no reason for H2–TTDPz to exhibit the � form. Fe–TTDPz,
Co–TTDPz, and Zn–TTDPz crystallize into only the � form,
which indicates that axial bonding is a driving force in gener-
ating the � form. Since Ni–TTDPz and Cu–TTDPz exhibit
polymorphism between the � and � forms, these forms should
be energetically balanced.

We conclude that the first driving force in the packing motif
of the M–TTDPz series is axial coordination between the met-

al ion and the nitrogen on the thiadiazole ring. This bonding
generates the � form. If the central metal ion does not favor
short axial bonding, M–TTDPz molecules crystallize into the
� or � form.

The temperature dependence of the magnetic susceptibili-
ties of the magnetic materials obtained, namely the M ¼ Co

(� form), Fe (� form), and Cu (� and � forms) derivatives,
indicated their weak intermolecular exchange interactions.
This is probably because the metal d orbitals and HOMO of
TTDPz2� have gerade and ungerade symmetry, respectively;
the intramolecular overlaps between them are negligible, lead-
ing to the localization of d electrons. Studies on carrier doping
may yield results that enable the use of the observed 3D
network structures in the M–TTDPz series.

Summary

We have described our recent work on thiazyl radicals and
related materials. We described the diamagnetic–paramagnetic
phase transitions in TTTA and BDTA, and their novel solid-
state properties, such as room-temperature magnetic bistabili-
ty, photo-induced phase transition, supercooling, and super-
heating, which were induced by the transitions. Comparison
with spin-crossover complexes brought about semi-quantita-
tive interpretations on the transitions. Research on bistability
has become a new branch in molecular magnetism. Thiazyl
radicals were demonstrated to operate as building blocks for
supramolecular materials, in which ferromagnetic interactions
and magnetic ordering were achieved at rather high tempera-
tures. We reported the polymorphs and crystal structures of
porphyrazine derivatives annulated by thiadiazole rings, M–
TTDPz. In contrast to the 1D structure of phthalocyanines, M–
TTDPz exhibited a multi-dimensional structure that depended
on the central metal ions.

This review article includes the results of the collabora-
tions with Yasuhiro Nakazawa, Kazuya Saito, Michio Sorai,
Masashi Takahashi, Masuo Takeda, Hiroyuki Matsuzaki,
Hiroshi Okamoto, and Tamotsu Inabe. The authors are thank-
ful for their kind support and fruitful discussions. This work
was supported by Grants-in-Aid for Scientific Research from
the Ministry of Education, Culture, Sports, Science and Tech-
nology, Japan.
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