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Novel Fe(II) Spin Crossover Complexes Involving 

Chalcogen-bond and ππππ-Stacking Interactions with a 

Paramagnetic and Nonmagnetic M(dmit)2 Anion (M = 

Ni, Au; dmit = 4,5-dithiolato-1,3-dithiole-2-thione) 

Mitsunobu Okai,a Kazuyuki Takahashi,*a Takahiro Sakurai,b Hitoshi Ohta,c 
Takashi Yamamoto,d and Yasuaki Einagad 

To introduce both an inter-sulphur atom and π-stacking interaction between a spin crossover 

(SCO) cation and paramagnetic anion, we designed and synthesised two novel Fe(II) SCO 

compounds involving a terpyridine-type thiazole containing ligand with the paramagnetic 

Ni(dmit)2 and nonmagnetic Au(dmit)2 anion (dmit = 4,5-dithiolato-1,3-dithiole-2-thione). The 

temperature variations of magnetic susceptibility and Mössbauer spectroscopy revealed that 

both complexes exhibited an almost complete SCO conversion, and moreover, the Ni(dmit)2 

anion was in a paramagnetic state down to 2 K. The crystal structures for the Ni(dmit)2 

complex at 213 and 400 K indicated that the chalcogen-bond and π-stacking interaction would 

be enhanced by the electrostatic interaction between the cation and anion, preventing the π-

radicals from dimerising. The light-induced excited spin state trapping effect was observed at 5 

K. 

 

Introduction 

 A spin crossover  (SCO) phenomenon between a low-spin 
(LS) and high-spin (HS) state in a transition metal coordination 
compound is one of molecular switching phenomena induced 
by temperature, pressure, and light. Since it accompanies 
changes in not only a magnetic property but also an electronic 
property, numerous endeavours to utilize the SCO compound 
itself as a magnetic memory or display device have been 
examined.1 In addition, there have been growing interests in the 
application of the SCO compound as a switching unit to control 
or tune electronic properties. However, clear correlations 
between the SCO transition and change in conductivity,2 
magnetism,3 and optical property4 have been rarely reported. 
 Recently we reported an Fe(III) SCO paramagnet where the 
SCO transition was coupled to a spin-Peierls-like singlet 
formation of paramagnetic Ni(dmit)2 anions (dmit = 4,5-
dithiolato-1,3-dithiole-2-thione).3d Halogen bond interactions 
between the iodine atom of an SCO cation and the sulphur atom 
of a paramagnetic anion played a key role in this correlated 
magnetic transition. As compared with analogous spin-singlet 
SCO compounds,5 the cation···anion interaction prevented the 
paramagnetic Ni(dmit)2 anions from forming the singlet dimer 
to stabilise the paramagnetic state in the high temperature phase. 
This implies that the appropriate introduction of a strong 
intermolecular interaction into molecular magnetic materials 
could control the molecular arrangement as well as the spin 
state. 
 Ohkoshi and co-workers recently reported the photo-
induced ferrimagnetism in an SCO coordination polymer using 

a cyano-bridged assembly from Fe(II) ions and 
octacyanoniobate anions with organic co-ligands.3b This 
compound contained an LS Fe(II) ion (S = 0) and paramagnetic 
octacyanoniobate anion (S = 1/2) in the low temperature phase. 
The light-induced excited spin state trapping (LIESST) effect 
led the paramagnetic compound to a bulk ferrimagnet where the 
photo-induced HS Fe(II) ion (S = 2) was antiferromagnetically 
coupled to the paramagnetic octacyanoniobate anion (S = 1/2). 
This result encouraged us to develop a similar magnetic SCO 
compound based on a discrete molecular system, because this 
would provide valuable information to control a variety of 
electronic functionalities in common molecular materials. 
 For a first step to realise the photo-induced magnetic 
coupling between a discrete SCO cation and paramagnetic 
anion, we focused on a mononuclear Fe(II) SCO compound and 
inter-sulphur atom interaction with a paramagnetic Ni(dmit)2 
monoanion (S = 1/2), because the Fe(II) SCO compound 
exhibits a nonmagnetic (S = 0) to paramagnetic (S = 2) 
conversion and the introduction of an inter-sulphur atom 
interaction into the Fe(II) compound resulted in an abrupt SCO 
transition.6 For an Fe(II) SCO coordination cation whose ligand 
includes sulphur atoms, a thiazole containing terpyridine-type 
ligand is expected to introduce both the inter-sulphur atom and 
π-stacking interactions into an SCO hybrid compound. Among 
a series of Fe(II) compounds from thiazole containing ligands,7 
we selected [Fe(II)(L)2] cation  (L = 2,6-bis(2-metylthiazol-4-
yl)pyridine),7b because this cation gave an indication of SCO 
conversion above room temperature. We herein report the 
preparation, crystal structures, and magnetic properties of 
[Fe(L)2][Ni(dmit)2]2 (1) as well as the analogous compound 
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[Fe(L)2][Au(dmit)2]2 (2) involving a nonmagnetic anion (Fig. 
1). In comparison between the isostructural paramagnetic 
compound 1 and nonmagnetic one 2, both compounds exhibited 
an almost complete LS to HS SCO conversion, and furthermore 
the Ni(dmit)2 anion in 1 was in the paramagnetic state down to 
2 K. The strong intermolecular chalcogen-bond and π-stacking 
interactions between the cation and anion played a crucial role 
in this magnetic behaviour. The LIESST experiment for 1 
revealed that a photo-induced HS state could be generated at 5 
K. 

 
Fig. 1 Molecular structures of [Fe(L)2][Ni(dmit)2]2 1 and [Fe(L)2][Au(dmit)2]2 2. 

 

Results and discussion 

Synthesis 

 The synthesis of ligand L was previously reported by the 
literature,7b but detail procedures and reaction yields were not 
clearly described. According to the literature,7b,8 the 
bromination of 2,6-diacetylpyridine by bromine in CHCl3 or 
benzene afforded not only the product of 2,6-
(dibromoacetyl)pyridine but also many by-products including 
poly-brominate compounds. The examinations of reaction 
reagents, solvents, and conditions revealed that using 30%HBr 
acetic acid solution as a reaction solvent improve the yield of 
the desired product (37%). The ring formation reaction of the 
dibromoacetyl compound with thioacetamide in ether did not 
afford ligand L. Thus, the exchange of a reaction solvent to 
ethanol gave L in 84% yield. [Fe(L)2](BF4)2 was prepared by 
the reaction of L with Fe(BF4)2·6H2O in ethanol. The 
metathesis reactions between [Fe(L)2](BF4)2 and 
(TBA)[M(dmit)2] (M = Ni, Au) in acetonitrile gave compounds 
1 and 2 as black and dark orange needles, respectively. The 
compositions for 1 and 2 were determined by microanalysis and 
crystal structural analyses described below. 

Magnetic susceptibilities 

 The temperature variations of a magnetic susceptibility for 1 
and 2 in the temperature range of 2-400 K were measured by 
using a Quantum Design MPMS magnetometer. The χMT 
values of 2 below 250 K were almost zero. Since the Au(dmit)2 
anion is nonmagnetic, the Fe(L)2 cation proved to be in a pure 
low-spin state. On heating, the χMT values gradually increased 
and reached to 3.38 cm3 K mol-1 at 400 K, indicating an almost 
complete SCO conversion occurred. The χMT value for 2 at 400 
K was in good agreement with that for typical HS Fe(II) 
compounds. The χMT value for 1 at 400 K was 4.18 cm3 K mol-

1, which exactly corresponds to the sum of those from an HS 
Fe(II) cation (S = 2) and two paramagnetic Ni(dmit)2 anions (S 
= 1/2). On lowering temperatures, the χMT values gradually 
decreased and reached to 0.86 cm3 K mol-1 at 250 K, suggesting 
the Fe(II) cation exhibited a gradual SCO transition. However, 
the spin states for both the Fe(II) cation and paramagnetic 

Ni(dmit)2 anion were still unclear. Further cooling, the χMT 
values for 1 were almost constant in the temperature range of 
50-200 K, and then gradually decreased below 50 K. The 
decrease in χMT might originate from either the SCO 
conversion of residual HS Fe(II) species or the 
antiferromagnetic interaction between paramagnetic anions. 
The field dependence of magnetizations for 1 at 1.9 K is shown 
in the inset of Fig. 2. The magnetization curve was not well 
fitted by Brillouin function, but a saturated magnetic moment of 
1.9 µB corresponds to that of two paramagnetic anions with S = 
1/2, suggesting that the decrease in the χMT below 50 K was 
attributed to the antiferromagnetic interaction. As the magnetic 
susceptibility curve below 50 K was fitted by the Curie-Weiss 
law, the fit parameters are C = 0.854 cm3 K mol-1, θ = −10.4 K. 

 
Fig. 2 The χMT versus T plots for 1 (open circles) and 2 (filled circles). Inset shows 

the magnetic moments of 1 (open circles) and theoretical curve calculated for S = 

1/2 × 2 (broken line) at 1.9 K. 

Mössbauer spectra 

 To confirm the spin state of the Fe(II) ion in 1, the 
temperature variations of a Mössbauer spectrum for 1 were 
recorded at 8.6, 100, 200, 293, 330, 350 K (Fig. 3). The isomer 
shift (IS) and quadrupole splitting (QS) at each temperature are 
listed in Table 1. Only one symmetric quadrupole doublet 
spectrum was observed below 200 K. No difference in the 
spectrum between 8.6 and 200 K clearly indicated that the 
decrease in the χMT in the temperature range of 2 - 50 K was 
not attributed to the SCO conversion. Furthermore, the doublet 
spectrum above 293 K was transformed to the asymmetric one 
and  shifted to the higher velocities as increasing temperatures. 
This suggests that the SCO conversion occurred above 293 K. 
These observations are in good agreement of the magnetic 
susceptibility data. There was no additional component of each 
spectrum, because the exchange rate between the HS and LS 
state was faster than the time scale of a Mössbauer spectrum. A 
spectrum for 2 at 8.9 K was also composed of one symmetric 
doublet whose IS and QS were 0.309(6) and 1.074(11) mm s-1, 
respectively. These parameters were consistent with those for 1 
at 8.6 K. This reveals that compounds 1 and 2 prove to be in a 
pure LS state below 200 K. 
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Table 1 Temperature variations of Mӧssbauer parameters for 1 and 2. 

Compound Temperature / K IS 1) / mm s-1 QS 2) / mm s-1 

1 8.6 0.3189(15) 1.056(3) 

100 0.3202(6) 1.0649(11) 

200 0.2962(10) 1.0772(17) 

293 0.2806(4) 1.1123(8) 

330 0.3952(9) 1.1387(17) 

350 0.557(2) 1.166(4) 

2 8.9 0.309(6) 1.074(11) 

1) Isomer shift. 2) Quadrupole splitting. 

 
Fig. 3 Mӧssbauer spectra for 1 at 8.6, 100, 200, 293, 330, and 350 K. 

Crystal structural analyses for 1 and 2 

 The X-ray crystal structural analyses for 1 at 213 and 400 K 
and for 2 at 213 K were performed by using a Bruker AXS 
APEX2 ULTRA system. The crystal data for 1 and 2 are listed 
in Table 2. All the crystal structures for 1 and 2 were 
isostructural and belonged to monoclinic system with C2/c.  
The asymmetric unit contained one Fe(II) cation, one M(dmit)2 
anion, and two half M(dmit)2 anions. The coordination bond 
lengths and the sums of bite angles derived from 90 ° in the 
coordination sphere of the Fe(II) cation are listed in Table 3. 
The bond lengths and Σ value of 1 at 213 K were very similar 
to those of 2 at 213 K, indicating that both complexes were in 
the low-spin state. This observation supports that the Ni(dmit)2 
anion in 1 was in the paramagnetic state at 213 K. The bond 
lengths were more than 0.16 Å longer and the Σ value was 46 ° 
larger in 1 at 400 K, suggesting that compound 1 was in the HS 
state due to the SCO conversion. The structural changes in 1 
were consistent with the magnetic susceptibility data. 
 The molecular arrangement for compound 1 at 213 K is 
depicted in Fig. 5. The S···S distances are listed in Table 4. Half 
independent anions (anion A and B) alternately arranged along 
the b axis, to construct a one-dimensional (1D) uniform zigzag 
molecular array (Fig. 5a). Two short S···S contacts within the 
1D array were 3.456 and 3.536 Å. One independent Ni(dmit)2 
anion (anion C) formed a π-dimer in a face-to-face manner. 
Although the mean π-plane distance was 3.488 Å, there was no 
short S···S contact within the dimer, because each anion was 
largely shifted along the molecular long axis as shown in Fig. 
5b. The π-ligand of the Fe(II) cation interacted with the 
Ni(dmit)2 dimer, affording the alternate arrangement of the 

Fe(II) cation and anion C along the b direction. The mean π-
stacking distances between the thiazole and anion C were 3.410 
Å for thiazole A and 3.322 Å for thiazole B, respectively. As 
shown in Fig. 5c, many short S···S contacts between the Fe(II) 
cation and Ni(dmit)2 anions were found. It should be noted that 
the remarkable short S···S contact between the S2 atom of the 
cation and S8 atom of the anion A in the 1D array was found to 
be 3.282 Å. The C12-S2···S8 angle where the C12 atom was on 
the thiazole ring was 169.48 °, suggesting the existence of a 
chalcogen-bond interaction where the S atom of an Ni(dmit)2 
anion nucleophilically interacted with the σ-hole of a thiazole 
ligand.11 The molecular arrangement comprised  a number of 
the cation···anion interactions including π-stacking and inter-
sulphur atom interactions, to construct a two-dimensional (2D) 
layer parallel to the ab plane (Fig. 5d). There were the short 
S···S contacts between the S12 atoms in one 2D layer and the 
S15 atoms in the nearest neighbouring layers. 

Table 2 Crystallographic data for 1 and 2. 

Compound 1 2 

Temperature / K 213 400 213 

Empirical formula C38H22N6S24FeNi2 C38H22N6S24FeAu2 

Formula weight 1505.41 1781.84 

Dimension 0.4×0.06×0.01 0.4×0.03×0.01 0.13×0.06×0.01 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C2/c C2/c C2/c 

a / Å 22.776(3) 24.117(5) 22.892(2) 

b / Å 13.616(2) 13.501(3) 13.6036(14) 

c / Å 35.453(5) 35.467(7) 35.684(4) 

α / ° 90 90 90 

β / ° 97.2283(19) 97.911(3) 96.3714(14) 

γ / ° 90 90 90 

V / Å 3 10907(3) 11438(4) 11043.8(19) 

Z 8 8 8 

No. Reflections 29254 26076 26220 

No. Observations 11534 9735 9756 

(I > 2σ (I)) (9113) (4512) (7840) 

No.Variables 647 647 647 

R1
1) (I > 2σ (I)) 0.0353 0.0783 0.0354 

R1
1) (all data) 0.0513 0.1877 0.0515 

wR2
2) (I > 2σ (I)) 0.0762 0.1440 0.0743 

wR2
2) (all data) 0.0824 0.1838 0.0801 

Goodness of fit 1.035 1.048 1.032 

1) R1 = Σ||Fo| – |Fc||/Σ|Fo|.  
2) wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

2)2]1/2. 

 
Fig. 4 ORTEP diagrams (50% probability) with atomic numbering schemes for 1 at 

213 K. Hydrogen atoms are omitted for clarity. 

Page 3 of 8 Journal of Materials Chemistry C



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Fig. 5 Crystal structures of 1 with selected atomic numbering schemes at 213 K (blue broken lines indicate short S∙∙∙S contacts). Hydrogen atoms are omitted for clarity. 

(a) A 1D zigzag array of Ni(dmit)2 anions. (b) A π-stacking arrangement of the Ni(dmit)2 anions C and Fe(L)2 cations (green double-headed arrows indicate the π–

stacking interaction). (c) A molecular arrangement between the cation and anion. (d) A layered packing diagram projected along the b axis

Table 3 Selected bond lengths (Å) and angles (°) of 1 and 2. 

Compound 1 2 

Temperature / K 213 400 213 

Spin state LS HS LS 

Fe1–N1 2.023(2) 2.186(8) 2.014(5) 

Fe1–N2 1.915(2) 2.096(8) 1.918(4) 

Fe1–N3 2.021(2) 2.194(9) 2.013(5) 

Fe1–N4 2.017(2) 2.190(7) 2.017(5) 

Fe1–N5 1.917(2) 2.101(7) 1.917(4) 

Fe1–N6 2.016(2) 2.197(7) 2.021(5) 

Σ1) 78.01 124.1 78.62 

1) Σ is the sum of the deviations of the bite angles from 90 °. 

Table 4 Selected inter-atom and inter-plane distances (Å) for 1 and 2 within 
the 1D layer. 

Compound 1 2 

Temperature 213 K 400 K 213 K 

Inter-atom     

Anion A Anion B       

S5 S10 3.4565(12) 3.518(5) 3.377(2) 

S6 S14 3.5360(12) 3.550(6) 3.546(2) 

Anion A Anion C       

S9 S20 3.5290(13) 3.578(4) 3.590(3) 

Anion B Anion C       

S12 S151) 3.5612(17) 3.558(9) 3.589(3) 

S13 S22 3.4813(11) 3.612(5) 3.463(2) 

S13 S23 3.6269(11) 4.004(4) 3.592(2) 

Cation Anion       

S2 S8 (A) 3.2821(11) 3.293(5) 3.294(2) 

S3 S14 (B) 3.5220(11) 3.699(5) 3.569(2) 

S3 S18 (C) 3.4857(11) 3.667(4) 3.430(2) 

Inter-plane     

Anion C Anion C 3.488 3.499 3.507 

Thiazole A Anion C 3.410 3.439 3.343 

Thiazole B Anion C 3.322 3.480 3.322 

1) The anions were involved in the neighbouring 2D layers. 

 The molecular arrangement of 2 at 213 K was quite similar 
to that of 1 at 213 K. There was no remarkable difference in the 
intermolecular distances. This implies that whether a 
paramagnetic or nonmagnetic anion did not affect the crystal 
structures. 
 Only the a axis expanded a length of 1.34 Å in 1 at 400 K. 
This suggests that the 1D zigzag array and molecular 
arrangement between the 2D layers unchanged, whereas the 
alternate cation-anion molecular arrangement changed from 

that at 213 K. In fact, the S···S distances between anion A and C, 
and between anion B and C within the 2D layer lengthened at 
400 K. In addition, the S···S distances between the cation and 
anion B and between the cation and anion C were 0.17 and 0.18 
Å longer, respectively. The mean π-stacking distance between 
the thiazole B and anion C was also 0.16 Å longer. These 
structural variations attributed to the shift of each anion C to the 
opposite direction along the molecular long axis. On the other 
hand, there were no remarkable variations of the short S···S 
distances in the 1D zigzag array and between the 2D layers. It 
should be noted that the subtraction of the mean π-stacking 
distance between the thiazole A and anion C was less than 0.03 
Å and that of the S···S distance in the chalcogen bond 
interaction between the cation and anion A was only 0.01 Å.  

Table 5. Transfer integrals (meV) between Ni(dmit)2 anions of 1.  

Compound 1 

Temperature / K 213 400 

Intralayer   

Anion A Anion B 30.9 26.4 

Anion A Anion C -27.4 -30.9 

Anion A Anion C1) 8.0 4.7 

Anion B Anion C -7.3 -3.6 

Anion C Anion C1) 16.0 1.5 

Interlayer   

Anion A Anion C1) -13.3 -12.8 

Anion B Anion C -7.2 1.3 

1) No short S···S contact for the neighbouring anion. 

Transfer integrals between the Ni(dmit)2 anions 

 The exchange coupling energy J is proportional to the 
square of a transfer integral. To estimate the magnetic exchange 
interaction between neighbouring Ni(dmit)2 anions, transfer 
integrals were calculated based on the extended Hückel method 
and listed in Table 5. The transfer integrals in the 1D array and 
between the dimer for 1 at 213 K were 30.9 and 16.0 meV, 
respectively. The other transfer integrals were less than 30 meV. 
Since the transfer integral in the paramagnetic Ni(dmit)2 
compound reported previously was 89.6 meV,12 the Ni(dmit)2 
anion in 1 at 213 K is in the paramagnetic state. This is in good 
agreement with the description in the magnetic susceptibilities 
and Mössbauer spectra sections. Most of the transfer integrals 
at 400 K were smaller than those at 213 K. 
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Conducting properties 

 Although electrical conductivity for 1 at room temperature 
was measured by a conventional four-probe method, compound 
1 was an insulator, which is consistent with the isolated 
paramagnetic behaviour and small transfer integrals between 
the anions. 

Correlation between structures and magnetic properties 

 The magnetic behaviour and crystal structures revealed that 
compound 1 was the Fe(II) SCO paramagnet possessing the 
equally spaced 1D chains with S = 1/2. In general, the 1D chain 
compound with S = 1/2 undergoes a spin-singlet formation 
transition at low temperature. However, the magnetic 
susceptibility data imply that the magnetic transition was absent 
for 1. This suggests that some intermolecular interactions 
prevent the paramagnetic ions with S = 1/2 from the spin-
singlet formation.  
 The temperature dependence of the crystal structures for 1 
indicated that both the chalcogen-bond interaction between the 
cation and anion and the π-stacking interaction between the π-
ligand of the cation and anion C were unchanged before and 
after the SCO conversion. Since the SCO transition 
accompanies the changes in the coordination bond lengths and 
angles which lead to the changes in the intermolecular 
molecular arrangement, the unchanged interactions are thought 
to be the dominant interactions to construct the crystal structure 
of 1. 
 The chalcogen-bond interaction is highly directional, 
because the σ-hole exists around the outer space of a sulphur 
atom approximately along the extension of a covalent bond to 
sulphur.11 The substitution with an electron-withdrawing group 
or the cationisation of a neutral molecule enhances the positive 
portion of the σ-hole to strengthen the chalcogen-bond 
interaction. In the present case, the coordination with an Fe(II) 
ion was thought to enhance the chalcogen-bond interaction.  
 There were two kinds of the π-staking interactions between 
the cation and anion C in 1. However, the SCO conversion 
unchanged one π-staking interaction, whereas changed the 
other one. As compared with the distances between the Fe and 
Ni atoms at 213 K, the unchanged interaction has a shorter 
distance of 6.212 Å, whereas the changed interaction has a 
longer one of 7.642 Å. This implies that the electrostatic 
interaction may play a key role in the strong π-stacking 
interaction.  
 Therefore, both the chalcogen-bond and π-stacking 
interactions were enhanced by the metal coordination effect. 
Despite many S···S short contacts between the Ni(dmit)2 anions, 
the transfer integrals were extremely small. This suggests that 
the chalcogen-bond and π-stacking interactions between the 
cation and anion governed the arrangement of the Ni(dmit)2 
anions, leading to the stabilisation of the paramagnetic state for 
the Ni(dmit)2 anion. 

Photo response of 1 

 The photo-induced experiment on χMT for 1 was carried out 
on a ground sample (Fig. 6). On illumination with a YAG laser 
(532 nm) at 5 K, the χMT value of 1 gradually increased, 
suggesting that the metastable HS state could be trapped. After 
irradiation for 3 hours, χMT reached a value of 0.43 cm3 K mol-

1, indicating the low conversion of a LS into the metastable HS 
state. On heating, the value of χMT gradually increased up to 40 
K, and then completely relaxed to the ground LS state at 70 K. 

In the cooling process the χMT values traced the original ones, 
indicating that the photo-induced change in χMT was reversible. 
On the other hand, no increase in χMT was observed on 
irradiation with 830 nm. This means that the photo-induced 
increase in χMT results from a photo process not a thermal one. 
There are two possibilities for the small change in χMT. One 
reason is the absorption of light by a sample, another one is the 
antiferromagnetic coupling between the photo-induced HS 
Fe(II) cations and paramagnetic anions. To clarify the spin state 
of the Fe(II) ion, Mössbauer spectrum for 1 was measured 
before and after photo irradiation. Unfortunately the difference 
in the spectra after the photo illumination was not clearly 
detected. Further experiments such as magnetization 
measurements at very low temperatures after photo irradiation 
will be needed to clarify the photo-response to the magnetic 
exchange interaction between the cation and anion.  

 
Fig. 6 χMT versus T plots for 1 before (gray) and after illumination with 532 nm 

(black) at 5 K. Inset shows the time dependence of magnetizations during 

irradiation with 532 nm. 

Conclusion 

 Two novel Fe(II) SCO compounds involving the thiazole 
containing ligand with the paramagnetic Ni(dmit)2 and 
nonmagnetic Au(dmit)2 anion exhibited the almost complete 
SCO conversion and, furthermore, it was successful to stabilise 
the paramagnetic state for the Ni(dmit)2 anion down to 2 K due 
to the strong chalcogen-bond and π-stacking interaction. 
Compound 1 is the first Fe(II) SCO hybrid compound 
containing the paramagnetic π-radical absent from a spin-
singlet π-dimer formation. The enhancement of the chalcogen-
bond and π-stacking interactions by the metal coordination 
effect has never been clearly described. This effect would 
afford versatile tools for the crystal engineering in functional 
transition metal coordination materials. Although the LIESST 
effect on 1 was observed, the exchange coupling between the 
HS Fe(II) ion and paramagnetic Ni(dmit)2 anion was not clearly 
evidenced. If the effective overlap of molecular orbitals 
between the π-ligand in the SCO cation and π-radical anion can 
be introduced into an SCO hybrid molecular system, it may be 
possible to realise the magnetic exchange coupling between the 
SCO cation and paramagnetic π-anion. Further molecular 
designs to achieve this goal are currently in progress. 
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Experimental 

Synthesis 

All reagents were obtained from commercial sources and were 

used without further purification. (TBA)[Ni(dmit)2]
9 and 

(TBA)[Au(dmit)2]
10 were prepared according to the literature. 

Synthesis of 2,6-bis(bromoacetyl)pyridine 

 To a solution of 2,6-diacetylpyridine (1 g, 6.13 mmol) in 5 

mL of 30%HBr acetic acid solution was added dropwise a 

solution of bromine (0.7 mL, 13.6 mmol) in the mixed solution 

of 30%HBr acetic acid (2 mL) and acetic acid (3 mL) at room 

temperature. After stirring for 4 hours, a saturated aqueous 

solution of sodium hydrogen sulphite was added, and then 

neutralised by sodium bicarbonate. The precipitates were 

filtered, and dried under vacuum. Colourless powder (0.744 g, 

37%). 1H NMR (400MHz, CDCl3) δ 8.33(d, J = 7.8 Hz, 2H), 

8.11(t, J = 7.8 Hz, 1H), 4.82(s, 4H) ppm. 

Synthesis of 2,6-bis(2-methylthiazol-4-yl)pyridine (L) 

 To a hot solution of 2,6-bis(bromoacetyl)pyridine (0.740 g, 

2.31 mmol) in 9 mL of ethanol was added dropwise a solution 

of thioacetamide (0.346 g, 4.61 mmol) in 4 mL of ethanol. 

After heating to reflux, a colourless precipitate appeared. After 

neutralisation by using a saturated aqueous solution of sodium 

bicarbonate, the precipitate was filtered, and then dried under 

vacuum. Ligand L (0.527 g, 1.93 mmol) was obtained as a 

colourless powder in 84% yield. 1H NMR (400MHz, CDCl3) δ 

8.03(s, 2H), 8.02(d, J = 6.8 Hz, 2H), 7.83(t, J = 7.8 Hz, 1H), 

2.80(s, 6H) ppm. 

Synthesis of [Fe(L)2](BF4)2 

 To a hot solution of L (70.5 mg, 0.258 mmol) in 4 mL of 

ethanol was added dropwise a solution of Fe(BF4)2･6H2O (43.6 

mg, 0.129 mmol) in 1.1 mL of ethanol, and then 4 mL of 

ethanol was added. The reaction mixture was heated under 

reflux for 30 min, and then cooled to room temperature. The 

precipitate was filtered and dried in air. [Fe(L)2](BF4)2 (90.5 

mg, 90%) was obtained as dark red leaflets. 

Synthesis of [Fe(L)2][Ni(dmit)2]2 (1) 

 To a solution of TBA[Ni(dmit)2] (41.8 mg, 0.060 mmol) in 

150 mL of acetonitrile was added in one portion a solution of 

[Fe(L)2](BF4)2 (23.5 mg, 0.030 mmol) in 100 mL of acetonitrile. 

After being placed overnight, the precipitate was filtered and 

dried under vacuum. 1 (31.8 mg, 70%) was obtained as black 

needles. Anal. Calcd. for C38H22N6Ni2FeS24: C, 30.32; H, 1.47; 

N, 5.58%. Found: C, 30.20; H, 1.59; N, 5.51%. 

Synthesis of [Fe(L)2][Au(dmit)2]2 (2) 

 To a solution of TBA[Au(dmit)2] (24.8 mg, 0.030 mmol) in 

112.5 mL of acetonitrile was added in one portion a solution of 

[Fe(L)2](BF4)2 (11.7 mg, 0.015 mmol) in 75 mL of acetonitrile. 

After being placed overnight, the precipitate was filtered and 

dried under vacuum. 2 (20.1 mg, 75%) was obtained as dark 

orange needles. Anal. Calcd. for C38H22N6Au2FeS24: C, 25.61; 

H, 1.24; N, 4.72%. Found: C, 25.70; H, 1.29; N, 4.77%. 

Magnetic measurements 

 Variable temperature DC magnetic susceptibilities of a 

polycrystalline sample (ca. 20 mg) sealed in a gelatine capsule 

were measured on a Quantum Design MPMS-XL 

magnetometer under a field of 0.5 T and at a sweep speed of 2 

K min-1 in the temperature range of 2-300 K. Data were 

corrected for diamagnetic contributions estimated by Pascal 

constants. 

 The photo effect on the magnetization of a sample was 

measured by using a YAG laser (532 nm, CrystaLaser GCL-

100L). The light was guided by a quartz optical fibre into the 

sample chamber of the magnetometer. The sample was placed 

between quartz rods and the upper rod was connected with one 

end of the optical fibre. 

Mössbauer spectroscopy 

 The Mössbauer spectra were recorded on a constant 

acceleration spectrometer with a source of 57Co/Rh in the 

transmission mode. The measurements were performed with a 

closed-cycle helium refrigerator (Iwatani Co., Ltd.). The 

obtained Mössbauer spectra were fitted with symmetric 

Lorentzian doublets by the least squares fitting program 

(MossWinn). 

X-ray single crystal structural analyses 

 Data Collection, Structure Solution, and Structure 

Refinement. A needle crystal was mounted in a polyimide loop. 

A nitrogen gas flow temperature controller was used for the 

temperature variable measurements. All data were collected on 

a Bruker APEX II CCD area detector with monochromated 

Mo-Kα radiation generated by a Bruker Turbo X-ray Source 

coupled with Helios multilayer optics. All data collections and 

calculations were performed using the APEX2 crystallographic 

software package (Bruker AXS). The data were collected to a 

maximum 2θ value of 55.0º. A total of 720 oscillation images 

were collected. The APEX II program was used to determine 

the unit cell parameters and for data collection. Data were 

integrated by using SAINT. Numerical absorption correction 

was applied by using SADABS. The structures at all 

temperatures were solved by direct methods and refined by full-

matrix least-squares methods based on F2 by using the 

SHELXTL program. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were generated by calculation 

and refined using the riding model. The attenuation of the 

diffracted X-rays probably due to thermal molecular motion 

effects led to the Alert level B in the checkCIF report.  

Transfer integral calculations 

 The transfer integrals (t) were calculated by the extended 

Hückel molecular orbital calculation method by using the 

lowest unoccupied molecular orbital (LUMO) of Ni(dmit)2 as 

the basis function within the tight-binding approximation.13 The 

semiempirical parameters of Ni, S, and C for Slater-type atomic 
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orbitals were taken from the literature.14,15 The t between each 

pair of molecules was assumed to be proportional to the overlap 

integral (S), t = ES, where E is a constant value of −10.0 eV. 
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