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Introduction

Heterocyclic diazines such as pyridazine commonly act as
exo-bidentate ligands toward metal ions, yielding polynuclear
compounds whose nuclearity can be controlled by introducing
appropriate substituents on the diazine ring, using suitable end-
cap ligands or anions of different donor abilities.2-11 As a
bridging ligand, pdz offers a short two-atom pathway for the
exchange coupling. In fact, strong antiferromagnetic interactions
between copper(II) ions singly and doubly bridged by pdz
ligands have been observed.8,12 In the case of nickel(II), a
moderate antiferromagnetic coupling,J ) -33.6 cm-1 (the
Hamiltonian being defined asĤ ) -JŜA‚ŜB), was observed
recently in a structurally characterized nickel(II) dimer where
two substituted pdz-type ligands act as bridges.10

A more interesting situation from a magnetic point of view
arises when a pseudohalide anion and the diazine group act as
bridges simultaneously. For dinuclear copper(II) complexes with
end-on azido and diazine bridges, a very strong antiferromag-
netic coupling was observed (J ca. -800 cm-1) for angles at
the azido bridge close to 120°.13,14The complementarity of these
bridging ligands accounts for the nature and magnitude of the

coupling observed.15,16 For the linear and centrosymmetric
trinuclear nickel(II) complex of formula [Ni3(detrH)6(NCS)6]‚
2H2O (2) (detrH ) 3,5-diethyl-1,2,4-triazole) with an end-on
N-thiocyanato group and two bismonodentate triazoles as bridges
the magnetic coupling is weakly ferromagnetic.17 In the latter
case, the antiferromagnetic coupling through the diazine pathway
is overcome by the ferromagnetic one through the unusual end-
on thiocyanato bridge, leading to a net ferromagnetic coupling
between adjacent metal ions.

In the present contribution we report the preparation and the
structural and magnetic characterization of the centrosymmetric
trinuclear nickel(II) complex of formula [Ni3(pdz)6(NCS)6] (1)
(pdz) pyridazine). This is a rare case where the compensation
between the antiferromagnetic (through double pdz bridges) and
ferromagnetic (through a single end-on thiocyanato bridge)
interactions account for the quasi Curie law behavior observed.

Experimental Section

Materials. Nickel(II) perchlorate hexahydrate, potassium thiocyanate,
and pyridazine were purchased from commercial sources and used as
received. Elemental analysis (C, H, N, S) were performed by the
Microanalytical Service of the Universidad Auto´noma de Madrid.

Preparation of [Ni3(pdz)6(NCS)6] (1). A methanolic solution of
nickel(II) thiocyanate (1 mmol, 100 mL) was prepared by mixing
solutions containing stoichiometric amounts of nickel(II) perchlorate
(0.366 g, 1 mmol) and potassium thiocyanate (0.194 g, 2 mmol). After
removal of the white precipitate of the potassium perchlorate by
filtration, a methanolic solution (5 mL) of pyridazine (0.160 g, 2 mmol)
was added dropwise under continuous stirring. Single crystals of1 as
pale purple prisms were grown from the blue-greenish mother liquor
by slow evaporation at room temperature. The yield is ca. 90%. Anal.
Calcd for C30H24Ni3N18S6 (1): C, 35.90; H, 2.39; N, 25.08; S, 19.15.
Found: C, 35.81; H, 2.31; N, 24.89; S, 19.04.

The most interesting features of the infrared spectra of1 concern
the bands close to 2000 cm-1, which can be assigned to theνCN of the
thiocyanate ligand. The occurrence of two strong peaks at ca. 2075
and 1966 cm-1 is in agreement with the presence of terminal N-bonded
and end-on N-bridging thiocyanates. In light of previous data on
structurally characterized compounds containing these two types of
thiocyanate ligands,17 it can be concluded that the low CN stretching
frequency of the IR spectra of1 is diagnostic for a NCS ligand
exhibiting the unusual end-on N-bridging mode.

Physical Techniques.The IR spectrum was recorded on a Nicolet
Impact 410 spectrometer as a KBr pellet in the 4000-400 cm-1 region.
Magnetic susceptibility measurements were carried out on a polycrys-
talline sample in the temperature range 1.9-300 K under a magnetic
field of 0.1 T by using a Quantum Design SQUID magnetometer. The
susceptometer was calibrated with (NH4)2Mn(SO4)2‚12H2O. Diamag-
netic corrections were estimated from Pascal’s constants18 and found
to be-492× 10-6 cm3 mol-1. The magnetic susceptibility data were
also corrected for the temperature-independent paramagnetism (-100
× 10-6 cm3 mol-1 per nickel(II)).

X-ray Crystallographic Analysis. Diffraction data of a crystal of
1 of dimensions 0.25× 0.30× 0.48 mm were collected on a Siemens
R3m/V automatic diffractometer by using graphite-monochromatized
Mo KR radiation and theω-2θ scan technique. Unit cell dimensions
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and orientation matrixes were obtained from least-squares refinement
of 25 strong reflections in the 15° e 2θ e 30° range. A summary of
the crystallographic data and structure refinement is given in Table 1.
A total of 4955 reflections were collected in the range 3° e 2θ e 54°;
4447 of them were unique, and from these, 2558 were assumed as
observed (I g 3σ(I)]) and used for the refinement of the structure.
Examination of three standard reflections, monitored every 100, showed
no sign of crystal deterioration. Lorentz, polarization, and analytical
absorption corrections19 were applied to the intensity data. The
maximum and minimum transmission factors were 0.759 and 0.344.

The structure of1 was solved by standard Patterson methods with
the SHELXTL-PLUS program20 and subsequently completed by Fourier
recycling. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were set in calculated positions and refined as riding
atoms with a common fixed isotropic thermal parameter. The full-matrix
least-squares refinements were carried out by minimizing the function
∑w(|Fo| - |Fc|)2 with w ) 1/[σ2(Fo) + 0.0009(Fo)2]. Models reached
convergence with values of theR andRw indices listed in Table 1. The
goodness of fit value was 1.55. Residual maximum and minimum in
the final difference map were 0.91 and-0.60 e Å-3. The final
geometrical calculations and graphical manipulations were carried out
with the PARST program21 and the XP utility of the SHELX-PLUS
system, respectively. Selected bond distances and angles are listed in
Table 2.

Results and Discussion

Crystal Structure. The structure of1 consists of neutral
trimeric, centrosymmetric complex molecules of formula [Ni3-
(pdz)6(NCS)6] (Figure 1). The two crystallographically inde-
pendent nickel atoms (Ni(1) and Ni(2)) exhibit a somewhat
distorted octahedral NiN6 environment. The central nickel(II)
ion (Ni(2)) is surrounded by four bridging pdz ligands and two
thiocyanate groups in trans positions. These two thiocyanate
groups exhibit the end-on bridging mode through the nitrogen
atom. This is a rare coordination mode of the thiocyanate ligand
given the small number of structurally characterized complexes
where it occurs.17,22-27 The two unique Ni(2)-N(pdz) bond

distances are practically identical (2.121(4) and 2.119(4) Å) and
somewhat longer than the Ni(2)-N(thiocyanate) bond length
(2.066(5) Å). The peripheral nickel atoms (Ni(1) and Ni(1a))
are bonded to three bridging nitrogens (two from pdz and one
from NCS-) and three terminal ones (two monodentate NCS
groups and one monodentate pdz ligand). The Ni(1)-N(thio-
cyanate) bonds occur in two sets, the terminal ones (2.038(6)
and 2.051(5) Å) being significantly shorter than that of the
bridge (2.158(4) Å). The Ni(1)-N(pdz) bonds vary in the range
2.135(6)-2.096(5) Å. The largest deviation from the ideal
octahedral geometry in the N-Ni-N bond angles is 5.1° at
Ni(1) and 3.7° at Ni(2). The best equatorial plane around Ni(1)
is defined by the N(3), N(9), N(7), and N(8) atoms [the largest
deviation from the mean plane is 0.025(6) Å for N(7) and the
nickel atom is 0.022(3) Å out of this plane], whereas all the
planes of the octahedron around Ni(2) are perfectly planar and
the metal ion lies in these planes. The planes defined by the
N(3)N(9)N(7)N(8) and N(4)N(9)N(4a)N(9a) sets of atoms form
a dihedral angle of 52.9(1)°. The pdz rings are found to be planar
within experimental error, and the intra-ring bond distances and
angles compare well with those previously reported.5-9,12 The
dihedral angle between the two bridging pdz ligands is 69.5-
(2)°. The terminal pdz ligand forms dihedral angles of 42.1(2)°
and 64.7(2)° with the bridging pdz groups.

The thiocyanate ligands are quasi linear [the values of the
N-C-S bond angle ranging from 177.9(6)° to 178.5(7)°],
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Table 1. Crystal Data for [Ni3(pdz)6(NCS)6] (1)

formula C30H24N18Ni3S6

fw 1005.2
space group P21/n (No. 14)
a, Å 8.059(3)
b, Å 18.074(4)
c, Å 14.259(3)
â, deg 100.36(3)
V, Å3 2043.1(11)
Z 2
T, K 295
Fcalcd, g cm-3 1.634
λ, Å 0.71073 Å
µ(Mo KR), cm-1 17.24
Ra 0.055
Rw

b 0.057

a R ) ∑(||Fo| - |Fc||)/∑|Fo|. b Rw ) [∑w(||Fo| - |Fc||)2/∑w|Fo|2]1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg)a,b for
Compound 1

Ni(1)-N(1) 2.096(5) Ni(1)-N(3) 2.134(5)
Ni(1)-N(5) 2.135(6) Ni(1)-N(7) 2.038(6)
Ni(1)-N(8) 2.051(5) Ni(1)-N(9) 2.158(4)
Ni(2)-N(2) 2.121(4) Ni(2)-N(4) 2.119(4)
Ni(2)-N(9) 2.066(5)

N(1)-Ni(1)-N(3) 88.5(2) N(1)-Ni(1)-N(5) 178.5(2)
N(3)-Ni(1)-N(5) 92.0(2) N(1)-Ni(1)-N(7) 88.9(2)
N(3)-Ni(1)-N(7) 174.7(2) N(5)-Ni(1)-N(7) 90.6(2)
N(1)-Ni(1)-N(8) 93.1(2) N(3)-Ni(1)-N(8) 92.1(2)
N(5)-Ni(1)-N(8) 88.4(2) N(7)-Ni(1)-N(8) 92.7(2)
N(1)-Ni(1)-N(9) 86.8(2) N(3)-Ni(1)-N(9) 84.9(2)
N(5)-Ni(1)-N(9) 91.8(2) N(7)-Ni(1)-N(9) 90.4(2)
N(8)-Ni(1)-N(9) 177.0(2) N(2)-Ni(2)-N(4) 91.5(2)
N(2)-Ni(2)-N(9) 87.2(2) N(4)-Ni(2)-N(9) 86.3(2)
N(4)-Ni(2)-N(2a) 88.5(2) N(9)-Ni(2)-N(2a) 92.8(2)
N(2)-Ni(2)-N(4a) 88.5(2) N(9)-Ni(2)-N(4a) 93.7(2)
N(2)-Ni(2)-N(9a) 92.8(2) N(4)-Ni(2)-N(9a) 93.7(2)
Ni(1)-N(9)-Ni(2) 105.4(2)

a Estimated standard deviations in the last significant digits are given
in parentheses.b Symmetry code: (a)-x, -y, -z.

Figure 1. Perspective drawing of1 along with the atom labeling.
Thermal ellipsoids are drawn at the 30% probability level.
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whereas a significant bending is displayed by the terminal Ni-
(1)-N-C(S) linkages [158.8(6)° and 158.1(6)° for Ni(1)-
N(8)-C(14) and Ni(1)-N(7)-C(13), respectively].

The nearest-neighbor Ni‚‚‚Ni distance within the trimeric
molecule is 3.362(1) Å, a value quite close to that reported for
the trinuclear [Ni3(detrH)6(NCS)6]‚2H2O (2) complex (3.39(1)
Å),17 where two bridging triazole and one N-bridging thyocy-
anate ligand occur. The shortest intermolecular metal-metal
separation in1 is 8.059(3) Å [Ni(1)‚‚‚Ni(1b) and Ni(2)‚‚‚Ni-
(2b); (b)) 1+x, y, z]. The trimeric molecules exhibit very weak
π-π intermolecular interactions (ca. 4 Å) between terminal pdz
ligands.

Magnetic Properties of 1.The thermal dependence oføMT
(øM being the magnetic susceptibility per mol of trimer) for the
title complex in the temperature range 1.9-100 K is shown in
Figure 2. The value oføMT at room temperature (3.45 cm3 mol-1

K) corresponds to what is expected for three noninteracting
single-ion triplet states. This value remains practically un-
changed down to 20 K and then decreases quickly to 2.88 cm3

mol-1 K at 1.9 K. This low-temperature decrease could be due
to weak antiferromagnetic coupling, single-ion zero-field in-
teractions (D), or both. Taking into account the discrete trimeric
structure of1, in a first approach we tried to fit its magnetic
behavior through the isotropic spin Hamiltonian defined by eq
1:

with S1 ) S2 ) S3 ) 1 and assuming thatgx ) gy ) gz ) g. J
represents the magnetic interaction between adjacent metal ions
within the trimer. Least-squares fit through eq 1 leads toJ )
-0.24 cm-1, g ) 2.13, andR ) 2.6× 10-5 (R is the agreement
factor defined as∑i[(øMT)exptl(i) - (øMT)calc(i)]2/∑i[(øMT)exptl(i)]2).
In a second step we have attempted to fit the magnetic properties
of 1 through the Hamiltonian of eq 2,

which takes into account the local axial anisotropy of the nickel-
(II) ions. Although the peripheral nickel atoms are not equivalent

to the central one, we have used a uniqueD parameter (zero
field splitting) as well as a single isotropicg value as variables
in order to avoid the overparametrization. The results of the
least-squares fit through the corresponding theoretical expression
lead to |D| ) 3.0 cm-1, g ) 2.12, andR ) 1.5 × 10-5. An
inspection of the fits in Figure 2 shows that a better match of
the magnetic data of1 is obtained through this last approach.
WhenJ, D, andg are used as variable parameters, the quality
of the fit is not improved and the computed value ofJ is very
small, indicating thatD is the main parameter. The inset of
Figure 2 shows the magnetization data as a function of the
applied magnetic field together with the calculated cruves with
g ) 2.12 and differentD values. It can be seen there how the
D value for1 has to be comprised between 2.5 and 3.5 cm-1,
in agreement with the computed value of the fit of the magnetic
data, which is given above. The occurrence of very small
magnetic interactions and/or somewhat differentD values for
the two types of nickel(II) ions in1 account for the small
deviation of the fit forD ) 3.0 cm-1.

In a recent work, the magnetic coupling in a nickel(II) dimer
through doubleµ-1,2-pdz was found to be relatively strong
antiferromagnetic (J ) - 33.6 cm-1).10 Given that the topology
of the bridging pyridazine in this complex and in1 is the same,
one can conclude that the quasi Curie law behavior of1 can be
explained only by assuming that the magnetic coupling through
the single end-onN-thiocyanato has to be ferromagnetic and
very close to 33 cm-1. So, the magnetic couplings through both
types of bridges in1 would cancel each other. In this respect,
it is interesting to note that the magnetic coupling between
adjacent nickel(II) ions in the linear trimeric compound2 (where
two 1,2-bridging triazole ligands and one end-on N-bridging
thiocyanate occur between each pair of nickel atoms) is
ferromagnetic (J ) +19.2 cm-1).17 Since the triazole is able to
mediate antiferromagnetic interactions of ca.-10.3 cm-1 in the
triazole-bridged nickel(II) complexes,28 it can be estimated that
the exchange coupling through the single end-onN-thiocyanate
bridge in2 should be ca.+30 cm-1 (J2 ) Jtriazole + JNCS with
Jtriazole ≈ 10 cm-1 and JNCS ≈ +30 cm-1). The fact that the
value of the angle at the thiocyanato bridge in1 (105.4(2)°) is
identical to that observed in2 (105.5(5)°)17 allows us to assign
a value of ca.+30 cm-1 to the magnetic coupling through the
thiocyanato bridge in1.

As far as we know, there are no magneto-structurally
characterized examples of N-bridged thiocyanato nickel(II)
complexes to check our conclusions. However, it has been
shown that other pseudohalides such as cyanato or azide are
able to mediate significant ferromagnetic interactions between
nickel(II) ions when adopting the end-on N-bridging mode.29,30

In the near future, more examples of dimers with end-on
N-bridging thiocyanate should be investigated to characterize
the ability of this kind of bridge to transmit ferromagnetic
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Figure 2. øMT versusT plot for 1: (O) experimental data; (‚‚‚) and
(-) best-fit curve through eqs 1 and 2, respectively. The inset shows
the magnetization curve at 1.9 K: (O) experimental data; (‚‚‚), (---),
(s), and (‚‚-‚‚) best fit curves withD ) 3.5, 3.0, 2.5, and 0.0 cm-1,
respectively.

Ĥ ) -J[(Ŝ1‚Ŝ2) + (Ŝ2‚Ŝ3)] (1)

Ĥ ) D(Ŝz1
2 + Ŝz2

2 + Ŝz3
2) (2)

Notes Inorganic Chemistry, Vol. 39, No. 7, 20001613



coupling and to correlate its magnitude with structural factors,
as has already been done for the parent azide ligand.31
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