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The binuclear radical complex [N-hydrogenpyridinium]2[Ni(tdas)2]2 (tdas = 1,2,5-thiazole-3,4-
dithiolate) has been prepared and its crystal structure determined by X-ray crystallography. In the
binuclear radical complex, the two nickel ions assume a distorted pyramidal geometry and are
bridged by two sulfurs of different tdas anionic ligands. ESR spectra and the theoretical calculations
reveal a very strong antiferromagnetic interaction in the binuclear radical complex, leading to dia-
magnetic crystals. The theoretical calculations also reveal a very weak antiferromagnetic interaction
between adjacent radical complexes. This study is the first to report the magnetism of a binuclear
radical nickel complex with tdas as ligand.

Keywords: Magnetism; Radical nickel complex; Crystal

1. Introduction

For more than seven decades, molecular magnetism has been intensively studied [1–7] in
order to prepare molecule-based devices and to understand electron transfer mechanisms.
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Radical complexes display interesting magnetic coupling properties, especially for
complexes with maleonitriledithiolate (mnt) [8–11] and 1,3-dithiole-2-thione-4,5-dithiolate
(dmit) [12–14] as ligands and nickel, palladium and platinum as central ions. Some of these
complexes exhibit strong intermolecular magnetic interactions while others display spin
transitions [12, 15–18], which are attributes of molecular switches and may lead to utiliza-
tion in molecular electronics for memory or sensing applications. Structurally, 1,2,5-thia-
zole-3,4-dithiolate (tdas) is similar to mnt and dmit, which suggests that it may be used to
prepare analogous radical complexes. Compared with dmit or mnt, only limited complexes
with tdas as ligand have been reported [19–29], from which only one anionic radical
mononuclear nickel complex has been studied and its magnetism reported [30]. Magnetic
coupling properties of binuclear nickel complexes are dependent on their bridging mode,
the coordination geometry of the nickel ion, and other electronic and structural factors. For
example, some binuclear nickel complexes [7, 31, 32] with octahedral coordination geome-
try and chloride, bromide, thiocyanate, selenocyanate, and azide as bridging ligands display
ferromagnetic coupling interactions, whereas others [32–34] exhibit antiferromagnetic
interactions. Herein, in order to understand the magnetic coupling properties of radical com-
plexes with tdas as ligand and to further understand the differences in the magnetic cou-
pling properties between radical and non-radical binuclear nickel complexes, we report the
synthesis, crystal structure, and magnetism of the title complex.

2. Experimental

2.1. Materials

Na2tdas [23] and N-hydrogenpyridium bromide [35] were prepared according to the litera-
ture. All other chemicals were analytical grade and used without purification.

2.2. Preparation of complex

2.2.1. Preparation of complex [N-hydrogenpyridinium]2[Ni(tdas)2]. A 5 mL water
solution of NiCl2·6H2O (0.5950 g, 2.50 mM) was added into 10 mL methanol solution of
Na2tdas (0.9710 g, 5.00 mM), and the solution was stirred for one hour. The solution above
was then added into 10 mL water solution of N-hydrogenpyridinium bromide (0.8000 g,
5.00 mM), and the mixture was stirred for ten minutes, during which a brownish sediment
appeared. Brownish microcrystals were obtained after recrystallization of the brownish sedi-
ment from diethyl ether.

2.2.2. Preparation of complex [N-hydrogenpyridinium]2[Ni(tdas)2]2. A 20 mL acetone
solution of iodine (0.1270 g, 0.50 mM) was added into 180 mL of a mixed solution of ace-
tone (150 mL) and methanol (30 mL) containing [N-hydrogenpyridinium]2[Ni(tdas)2]
(0.5150 g, 1.00 mM), and the mixed solution was stirred for ten minutes and then filtered.
Deep brown single crystals were obtained after the filtrate was allowed to stand and slowly
evaporate at room temperature for one week. IR (cm−1): 1740(w), 1622(w), 1475(w), 1387
(w), 1235(m), 789(m), 743(s), 670(s), 493(s). Elemental anal. Calcd for C9H6N5NiS6
(FW 435.26): C, 24.83; H, 1.39; N, 16.09; Ni, 13.48%. Found: C, 24.53; H, 1.65; N,
16.38; Ni, 13.89%.
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2.3. Physical measurements

Infrared spectra were recorded with a Bruker Tensor 27 infrared spectrometer from 4000 to
500 cm−1 with KBr disks. C, H, and N elemental analyses were carried out on a Perkin–
Elmer 2400 instrument, and Ni content was measured on an atomic spectrophotometer
model Z-8000. X-band ESR spectra in solid and acetonitrile solution were recorded on an
electron spin resonance spectrometer model Bruker A300.

2.4. X-ray crystallography

An intense brown single crystal with dimensions of 0.20 × 0.14 × 0.10 mm was selected and
glued to the tip of a glass fiber. The crystal structure determination was carried out at 25 °C
on an X-ray diffractometer, Model Agilent SuperNova CCD, using graphite monochro-
mated CuKα radiation (λ = 1.54184 Å) in the range of 8.32° < 2θ < 141.82°. A total of 5311
reflections were collected, of which 2778 were independent (Rint = 0.0313), and 2283
observed reflections with I > 2σ(I) were used in the structure analysis. Corrections for Lp
factors were applied, and all non-hydrogen atoms were refined with anisotropic thermal
parameters. All hydrogens were placed in the calculated positions and refined as riding. The
programs for structure solution and refinement were SHELXTL (Bruker, 2001) and
SHELXTL. The pertinent crystallographic data and structural refinement parameters are
summarized in table 1.

2.5. Computational details

All calculations are based on the models (figures 1 and 2), in which the bond length data,
the associated angles, and the relevant locations of adjacent complexes were taken from the
X-ray structures of the crystal.

The overlap integrals of the SOMOs were obtained using the orbital analysis. The
calculations were performed using the Gaussian 03 program package [36] at the B3LYP
level of theory, using the def2-TZVP basis set for all atoms. The detailed data of the spin
densities and the overlap integrals of the calculated models are provided in tables 2–5.

The magnetic coupling constants of the models were studied using density functional the-
ory with the broken-symmetry approach (BS) [37–39]. The exchange coupling constants J
have been evaluated by calculating the energy difference between the high-spin state (EHS)
and the broken-symmetry state (EBS). Assuming the spin Hamiltonian is defined as:

Table 1. Crystallographic data of the title complex.

Formula C9H6N5NiS6
Crystal system Monoclinic
Space group C2/c
a (Å) 18.9844(9)
b (Å) 13.8453(5)
c (Å) 12.8906(5)
β (°) 119.343(4)
V (Å3), Z 2953.5(2), 8
Dc (g cm−1) 1.958
μ (mm−1) 9.821
R1 [I > 2σ(I)] 0.0435
GOF 1.062
(Δρ)Max (e Å

−3) 0.676
(Δρ)Min (e Å

−3) −0.601
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Figure 1. Model 1 for the magnetic interaction of the binuclear radical complex.

Figure 2. Model 2 for the magnetic interaction between the adjacent binuclear radical complexes.

Table 2. The spin density values for Model 1.

Atom Spin density Atom Spin density

C1 0.004368 C1A 0.004368
C2 −0.021981 C2A −0.021981
C3 −0.007405 C3A −0.007405
C4 −0.010041 C4A −0.010041
N1 −0.004248 N1A −0.004248
N2 0.034970 N2A 0.034970
N3 0.010626 N3A 0.010626
N4 0.010319 N4A 0.010319
Ni1 0.709571 Ni1A 0.709571
S1 0.013154 S1A 0.013154
S2 0.170809 S2A 0.170809
S3 0.028206 S3A 0.028206
S4 0.016246 S4A 0.016246
S5 0.013583 S5A 0.013583
S6 0.031823 S6A 0.031823
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Ĥ ¼ �2J Ŝ1 � Ŝ2 (1)

with Ŝ1 ¼ Ŝ2 ¼ 1
2, the J value between two radical anionic transition metal complexes was

obtained from equation (2), which was proposed by Noodleman [37–39]:

J ¼ EBS � EHS

S2Max

(2)

in which SMax is 1. To obtain exchange coupling constants J, Orca 2.8.0 calculations [40]
were performed with the B3LYP level of theory as proposed by Becke [41, 42] and Lee
et al. [43], which can provide J values in agreement with the experimental data for
transition metal complexes. The def2-TZVP basis set [44, 45] as proposed by Ahlrichs and
co-workers was used for all atoms in our calculations. Strong convergence criteria were
used in order to ensure that the results are well converged with respect to technical parame-
ters (the system energy was set to be smaller than 10−7 Hartree).

Table 3. The spin density values for Model 2.

Atom Spin density Atom Spin density

C1 −0.017355 C1A −0.013723
C2 −0.007598 C2A −0.001875
C3 −0.007944 C3A −0.008605
C4 −0.011708 C4A −0.011233
N1 0.017428 N1A 0.011516
N2 0.005762 N2A 0.001222
N3 0.005762 N3A 0.009825
N4 0.009776 N4A 0.010823
Ni1 0.605123 Ni1A 0.544786
S1 0.109836 S1A 0.150088
S2 0.049115 S2A 0.083309
S3 0.048388 S3A 0.074089
S4 0.092205 S4A 0.073333
S5 0.052606 S5A 0.040378
S6 0.045457 S6A 0.035289

Table 4. The overlap integrals between bridging
atoms for Model 1.

Bond atoms SOMO 1 SOMO 2

Ni1–S2A 0.0005 0.0035
Ni1A–S2 0.0005 0.0035

Table 5. The overlap integral between the
short contact atoms for Model 2.

Model SOMO 1 SOMO 2

S5⋯S3A −0.0003 −0.0006
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3. Results and discussion

3.1. Crystal structure

Figure 3 displays the crystal structure of [N-hydrogenpyridinium]2[Ni(tdas)2]2 at 288 K,
and table 6 provides data of the relevant coordination bond lengths and associated angles.
From figure 3 and table 6, Ni1 is coordinated by three tdas ligands and the bond lengths
range from 2.2147(11) to 2.3894(10) Å with the associated angles changing from 83.85(4)°
to 173.98(4)°. Each Ni assumes a distorted square pyramidal geometry, coinciding with the
reported anionic radical complex Ni tdasð Þ2

� �2�
2 [26, 30]. The S2 and S2A function as

bridges and coordinate two Ni ions with separation of 3.1710 Å, resulting in the formation
of a binuclear complex which is nearly identical with the reported [PBu4][Ni(tdas)2] [26].
In the crystal, each binuclear complex links with four other binuclear radical complexes via
intermolecular S⋯S short contacts, as shown in figure 4, in which the separation of the
S⋯S is 3.4998(15) Å.

3.2. Magnetic study

Figure 5 shows the ESR spectrum of the complex in polycrystalline powder at room tem-
perature. As observed, there is no ESR signal in the polycrystalline powder. The ESR
silence in the solid implies that there is a strong antiferromagnetic interaction within the
binuclear radical complex [26, 46].

In order to further understand the magnetic coupling information, theoretical calculations
were performed. In the crystal, the magnetic interactions mainly come from two channels:
(1) the magnetic interaction within the binuclear complex through the bridged sulfurs and
(2) the magnetic interaction between the adjacent complexes, as shown in figures 1 and 2,
respectively. Therefore, theoretical calculations were based on Models 1 and 2. The theo-
retical calculations reveal that the magnetic interaction of Model 1 is as strong as

Figure 3. Crystal structure of the binuclear radical anion Ni tdasð Þ2
� �2�

2 and counter-cation [N-hydrogenpyri-
dinium]+.
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2J = −1075.96 cm−1, whereas the magnetic interaction of Model 2 is only
2J = −0.22 cm−1. The theoretical calculations indicate that the strong antiferromagnetic cou-
pling strength comes from the binuclear radical complex, which led to the diamagnetism
and ESR silence. The very weak antiferromagnetic interaction from the theoretical calcula-
tions for Model 2 is close to the reported experimental value [28], which comes from simi-
lar intermolecular interactions. Tables 2–5 provide the data of the related spin density and
overlap integral values for Models 1 and 2. These data clearly reveal strong antiferromag-
netic coupling strength of Model 1 should be attributed to the large spin densities [47] on
the bridging Ni1, Ni1A, S2, and S2A, as well as the large overlap integrals between them.
In Model 2, the spin densities on the short contact atoms S5 and S3A are smaller than 0.1
and the related overlap integrals are far smaller than those of Model 1. Therefore, the very
weak antiferromagnetic interaction for Model 2 should be attributed to the smaller spin

Table 6. Selected bond lengths (Å) and angles (°).

Ni1–S1 2.2353(11) Ni1–S2 2.2147(11) Ni1–S4 2.2328(11)
Ni1–S5 2.2438(11) Ni1–S2A 2.3894(10)
S2–Ni1–S1 93.46(4) S2–Ni1–S4 83.85(4) S4–Ni1–S5 91.85(4)
S1–Ni1–S5 88.83(4) S4–Ni1–S1 156.75(5) S2–Ni1–S5 173.98(4)
S1–Ni1–S2A 97.39(4) S2–Ni1–S2A 93.02(4) S4–Ni1–S2A 105.81(4)
S5–Ni1–S2A 92.20(4)

Figure 4. The intermolecular interaction (dashed line) between the adjacent binuclear complexes.
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densities [47] on the short contact atoms S5 and S3A and the smaller overlap integrals
between them. In addition, the strong antiferromagnetic coupling of the present complex
differentiates it from reported non-radical binuclear complexes [7, 31–34]. This distinction
may be explained by the fact that the present complex is a radical binuclear nickel complex,
whereas the reported ones [7, 31–34] are non-radical binuclear nickel complexes, as well as
by differences in the coordination geometries and bridging ligands.

4. Conclusion

A radical binuclear nickel complex with tdas as ligand was prepared and its magnetic cou-
pling interaction studied through ESR spectra and theoretical calculations. The strong anti-
ferromagnetic interaction in the binuclear complex is attributed to the larger spin densities
on the bridging atoms and the larger related overlap integrals, whereas the very weak anti-
ferromagnetic interaction between the adjacent binuclear complexes is attributed to the
smaller spin densities on the short contact atoms and the related smaller overlap integrals.
Strong antiferromagnetic interaction of the present radical binuclear nickel complex differ-
entiates it from the reported non-radical binuclear nickel complexes; this distinction is pri-
marily ascribed to the radical nature of the present complex, as well as by differences in the
coordination geometries and bridging ligands. This study helps to elucidate the magnetic
coupling mechanism of anionic radical complexes with tdas as ligand and understand the
differences in the magnetic coupling properties between radical and non-radical binuclear
nickel complexes, thereby providing insight into preparing new molecular magnetic
materials.

Figure 5. ESR spectrum of the title complex in polycrystalline powder at room temperature.
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Supplementary material

CCDC 1032145 contains detailed information of the crystallographic data for this article.
These data can be obtained free of charge from the Cambridge Crystallographic Data Center
via http://www.ccdc.cam.ac.uk/data_request/cif.
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