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Abstract
Novel cationic mixed-ligand palladium and platinum complexes based on the chelating ligands 4,7-dimethyl-1,10-phenanthroline and
2,2 0 -bipyridine with a pyridine bearing the nitronylnitroxide radical are reported. The synthesis, X-ray crystal structures and magnetic
properties of the two complexes [Pd(4,7-dimethyl-1,10-phenanthroline)(NIT-pPy)2](PF6)2. DMF and [Pt(2,2 0 -bipyridine-N,N 0 )(NITpPy)2](PF6)2 Æ 0.25H2O, (where NIT-pPy = 2-(p-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) are described. The two metal
complexes show a strained square planar geometry. Short intermolecular contacts take place through the nitroxide groups and weak
intermolecular antiferromagnetic interactions are dominant at low temperature.
 2007 Elsevier B.V. All rights reserved.
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The ﬁeld of molecular magnetic materials has become a
rapidly growing area due to the rich variety of physical
phenomena with potential applications in future molecular
devices [1–4]. Among the various synthetic strategies, coordination chemistry of nitronylnitroxide radical based
ligands aﬀorded, in addition to 1D [5–7] and 2D systems
[8,9], a large number of discrete molecular species [10–
12]. In this context, the coordination chemistry of palladium(II) and platinum(II) metal ions with ligands bearing
nitronylnitroxide radicals remains relatively poorly
explored [13–19], whereas mixed-ligand complexes based
on dinitrogen chelating ligands and pyridylnitronylnitrox*
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ide radicals are unknown in the literature. This chemistry
possesses relevant aspects. On one hand the potential synergy between the anticipated optical properties of the complexes and their magnetic properties may lead to unusual
phenomena [20]. On the other hand the structural planarity
of the complexes may assist in the control of the molecular
packing. This perspective is supported by the discovery on
many occasions of intramolecular exchange interactions
through a diamagnetic transition metal spacer [17] [and references therein]. We have previously reported a variety of
discrete molecular systems [11]. We have also given evidence to unusual metal-dependent magnetism in square
planar Pd/Pt complexes based on nitronylnitroxide bearing
ligands [21]. In continuation of this endeavor, we report
herein the ﬁrst examples of mixed-ligand platinum and palladium complexes based on chelating ligands of the type of
phenanthroline and bipyridine derivatives with pyridines
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bearing nitronylnitroxide radicals. The synthesis, X-ray
crystal structures and magnetic characterization of
[Pd(4,7-dimethyl-1,10-phenanthroline)(NIT-pPy)2](PF6)2 Æ
DMF (1) and [Pt(2,2 0 -bipyridine-N,N 0 )(NIT-pPy)2](PF6)2 Æ
0.25H2O (2) are described (see Scheme 1).
The reaction of Pd(4,7-dimethylphenanthroline)(CF3COO)2 with NIT-pPy in methanol, followed by precipitation of the hexaﬂuorophosphate salt, leads to the
formation of compound (1) in good yield [22]. While the
synthesis of compound (2) necessitates a reﬂux of Pt(2,2 0 bipyridine-N,N 0 )Cl2 with NIT-pPy in methanol/water and
a subsequent precipitation of the hexaﬂuorophosphate salt
[23]. The solution EPR spectra are typical for a nitronylnitroxide moiety [24]. To the best of our knowledge these
are the ﬁrst examples of mixed-ligand palladium and platinum complexes based on chelating dinitrogen ligands with
pyridines bearing nitronylnitroxide radicals.
The X-ray structures of (1) and (2) are depicted in Figs.
1 and 3 respectively [25]. In compound (1), the palladium
ion is bonded to the phenanthroline ligand and two p-pyridyl radical ligands in a typical strained square planar
geometry. Both Pd–Npy and Pd–Nphen bond distances are
in the same range and average to 2.016(5) Å, in agreement

with the values reported in similar compounds [28]. The
chelating ligand strain imposes an bond angle N1–Pd1–
N2 of 81.7(2), while the corresponding angle involving
the two pyridyl ligands is N3–Pd1–N6 of 87.05(18). The
ﬁrst nitronylnitroxide ligand has its pyridyl mean plane
almost coplanar (3.8(6)) with the O(1)N(4)C(20)N(5)O(2)
moiety while being essentially orthogonal to the PdN4
mean plane with an angle of 89.7(1). The second nitronylnitroxide ligand exhibits signiﬁcant geometrical diﬀerences.
Its pyridyl mean plane is tilted with 23.1(6) from the
O(3)N(7)C(32)N(8)O(4) moiety mean plane. It also deviates signiﬁcantly from orthogonality with the PdN4 plane,
the angle being 83.9(2). The shortest intermolecular contacts, corresponding to distances less the sum of van der
Waals radii [29], take place between the oxygen atoms of
the nitroxide groups and the phenanthroline nitrogen
atoms of the adjacent molecules (O2  N1: 3.066 Å and
O4  N2: 2.984 Å). This interaction scheme gives rise to
one dimensional molecular chains developing along the c
axis (Fig. 2).
The structural features of compound (2) are similar to
those of compound (1). The platinum ion is bonded to
the bipyridine ligand and two p-pyridyl nitronyl nitroxide
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Fig. 1. Molecular structure of (1). The thermal ellipsoids are drawn at the 30% probability level. Hydrogen atoms, PF
6 ions and the solvent molecule are
omitted for clarity.
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is N6–Pt1–N3 of 87.3(3). The pyridyl mean plane of one
nitronylnitroxide ligand deviates from coplanarity with
the O(4)N(8)C(28)N(7)O(3) moiety with an angle of
4.9(4). It also makes an angle of 86.3(3) with the PtN4
mean plane, whereas, for the second nitronylnitroxide
ligand, the pyridyl mean plane is tilted 11.5(9) from the
O(1)N(4)C(16)N(5)O(2) moiety mean plane and the angle
with the PtN4 mean plane is 87.4(2). In this case also,
the shortest intermolecular contacts take place between
the oxygen atoms of the nitroxide groups and the bipyridine nitrogen atoms of the adjacent molecules (O1  N1:
2.912 Å and O4  N2: 3.093 Å). This interaction scheme
is also consistent with one dimensional molecular chains
developing along the [110] direction.
The molar magnetic susceptibility of compound (1) [33]
shows a Curie–Weiss behavior above 40 K (Fig. 4). The
data were corrected for partial radical decomposition in
the sample [34] and a ﬁt to the S = 1/2 antiferromagnetic
dimer model was found appropriate with an interaction
occurring between the nitronylnitroxide radicals, giving
C = 0.3859(2) cm3 K mol1 and h = 0.36(8) K. The room

Fig. 2. Structure of the molecular chains in (1).

ligands in a strained square planar geometry. The average
Pt–N bond distance is 2.014(7) Å, in agreement with the
values reported in similar compounds [30,31]. The chelating ligand strain imposes a bond angle N1–Pt1–N2 of
80.7(3), while the angle involving the two pyridyl ligands

Fig. 4. Corrected inverse molar susceptibility, v1(T) of (1) (open circles)
with Curie–Weiss ﬁt (line) and of leﬀ(T) (closed circles).

Fig. 3. Molecular structure of (2). The thermal ellipsoids are drawn at the 30% probability level. Hydrogen atoms, the water molecule and the PF
6 ions
are omitted for clarity.
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temperature magnetic moment of 1.75 lB is in good agreement with the spin-only prediction of 1.73 lB. There are
two possible magnetic dimeric units in compound (1). A
ﬁrst intramolecular dimer in which the two radical ligands
interact through a 14 bonds pathway within the complex.
This pathway is very long and unlikely to be eﬀective. A
second magnetic dimer, intermolecular in nature, involves
a radical from molecule A interacting with a radical from
a molecule C through short O  N contacts of the nitronyl
groups of the two radicals with a phenanthroline ligand
belonging to an intermediate molecule B (Fig. 2). The latter
dimer occurs via two O  N short contacts together with
two possible bond pathways. The ﬁrst scheme [O  N–C–
C–N  O] involves the phenanthroline molecular orbital
only, where the oxygen orbital overlaps with the HOMO
p-orbital of the phenanthroline. The two radicals are then
interacting antiferromagnetically through the same molecular orbital. The second [O  N–Pd–N  O] scheme
includes the metal-phenanthroline half coordination sphere
where the oxygen orbital overlaps with the phenanthroline
LUMO p*-orbital interacting with the d-orbitals of the
metal ion. The latter orbitals, being orthogonal to each
other, yield a ferromagnetic interaction. The overall coupling strength is a combination of the two interactions.
The molar magnetic susceptibility of compound (2)
shows also a Curie–Weiss behavior above 100 K (Fig. 5).
Similarly to compound (1), the data were corrected for
partial radical decomposition in the sample [35] and a ﬁt to
the S = 1/2 antiferromagnetic dimer model was found
appropriate with an interaction occurring between the
nitronylnitroxide radicals, giving C = 0.3681(2) cm3 K mol1
and h = 0.02(12) K. The room temperature magnetic
moment was found 1.72 lB, in good agreement with the
spin-only predicted value of 1.73 lB. As with compound
(1), the same dimeric interaction between two molecules
through a third one is likely to be responsible for the coupling. The compounds show similar couplings, in the
region of a few tenths of a Kelvin, and similar amounts
of partial radical decomposition, which is accounted for
by the modiﬁed dimer equation. The small diﬀerence in

the coupling is likely to be due to diﬀerences in the pathway
eﬀectiveness within the ‘bridging’ molecule p-orbitals and
through the p*-d orbitals. It can be speculated that the coupling in compound (2) is smaller for two reasons. The character of the C–C bridge in 2,2 0 -bipyridine is more r-like
[36], hence reducing the overlap of p-orbitals between the
two pyridine rings and possibly the strength of the coupling
across them in comparison to the phenanthroline molecule.
At the same time, the overlap of the d-orbitals with the
LUMO is likely to be better due to the larger and more diffuse nature of the 5d orbitals in Platinum compared with
the 4d orbitals of Palladium, so giving a larger ferromagnetic contribution. The combined eﬀects of the reduced
antiferromagnetic contribution and the increased ferromagnetic contribution could give a smaller antiferromagnetic net coupling in compound (2). While the proposed
relationship ﬁts well with the data and values obtained
from the models, some caution must be taken as the interaction strength is small compared to the lowest recorded
temperature in the measurements.
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