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Magnetic anisotropy is one of the crucial parameters govern-
ing the magnetic behavior of large spin-clusters. Single-
molecule magnetism (SMM) and quantum tunneling of the
magnetization in clusters are mainly governed by the nature
and the magnitude of the magnetic anisotropy in their ground
spin state.[1] One of the main sources of magnetic anisotropy
in polymetallic clusters is single-ion anisotropy.[2]

In this respect NiII complexes are particularly interesting
and are frequently used as building blocks of single-molecule
magnets.[3] Nonetheless, few studies have been devoted to the
magnetic anisotropy of isolated NiII complexes,[4] with the

most recent report concerning a family of pseudotetrahedral
dihalobis(triphenylphosphate) complexes.[5]

We report here the preparation, structure, and magnetic
properties of a mononuclear octahedral NiII complex [Ni-
(HIM2-py)2NO3]NO3 (1) with the bidentate ligand HIM2-py.
Magnetization versus field measurements at
different temperatures, high-field and high-
frequency EPR (HF-HFEPR) studies, and
frequency domain magnetic resonance
spectroscopy (FDMRS) studies indicated
the presence of a very large Ising-type
anisotropy (D =�10.1� 0.1 cm�1 and
E/ jD j= 0.02� 0.01) never before reported
for an isolated NiII complex.

The structure of 1 shows that the coordination sphere of
the NiII center contains the four nitrogen atoms of the two
HIM2-py ligands in the cis positions and the two oxygen
atoms of the O,O’-chelating nitrate (Figure 1). The geometry

around the nickel atom is highly distorted. The Ni�N bond
lengths are all different and range from 204.3(9) to 208.9-
(9) pm, whereas the Ni–O distances are 213.3(8) and 219.4-
(9) pm. The O1-Ni-O2 angle is very small (59.08) and is
similar to that found in other NiII complexes that bear an
O,O’-bound nitrate.[6] The bite angles of the other bidentate
ligands are 79.6(4)8 and are, as expected, far from 908. We can
thus consider that 1 has a symmetry close to C2v with a
pseudoprincipal symmetry C2-rotation axis that bisects the O-
Ni-O angle along which it is elongated.

Magnetization versus field measurements between 0 and
5.5 T were performed at different temperatures with a
SQUID magnetometer. The M = f(H/T) plots for T= 2, 4, 6,
and 8 K are not superimposable owing to the presence of
magnetic anisotropy within the complex (Figure 2). For T=

2 K and H = 5.5 T the observed magnetization value of
1.65 BM (9.22 � 10�3 m3 Oe mol�1) is well below the theoret-
ical saturation for an S = 1 system (Msat = 2.2 BM (12.29 �
10�3 m3 Oemol�1) for g = 2.2), as expected in the case of
appreciable magnetic anisotropy. The experimental data were
fitted by exact diagonalization of the energy matrices
corresponding to the spin Hamiltonian h= mB B [g] Ŝ +

Figure 1. View of the molecular structure of 1.
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D [ŜS2
z�S (S + 1)/3] + E [ŜS2

x�ŜS2
y], where D and E are the axial

and rhombic anisotropy parameters, respectively, averaged
over 120 orientations of the magnetic field.[7] The fitting was
performed simultaneously for the four experimental temper-
atures. The best fit was obtained with D =�11.2 cm�1,
E/ jD j= 0.0, and giso = 2.16 (R = 3.7 � 10�5). To reduce the
variable parameters during the fitting procedure, the
[g] tensor was constrained to be isotropic. Generally, it is
not possible to determine the sign of the axial parameter D
from the magnetization data as it is possible to find different
sets of values for D and E/ jD j , in which D may be positive or
negative, that yield equally satisfactory agreement factors.
However, in the case of large D values, low rhombicity, and
when the fit is made for different temperatures simultane-
ously, only one set of parameters is obtained, as in the present
case.[8b] All attempts to fit the experimental data using a
positive value for D were, indeed, unsuccessful.

Owing to the very large anisotropy of the compound, only
a few transitions are visible in the HF-HFEPR spectra. The
main feature of the spectra is a very intense transition at low
field, denoted Bmin, the others being much weaker and
difficult to assign precisely (the assignments reported in
Figure 3 were made on the basis of the best simulation

parameters). Assuming an axial symmetry, the zero-field
signal at the lowest frequency provides a direct determination
of jD j of about 10 cm�1. On this basis, Bmin, which occurs at
5.3 T for an incident radiation of 475 GHz, can be assigned to
an off-axis turning-point-allowed transition.[5a] No clear
evolution of the intensity of the allowed transitions was
observed when changing the temperature, which prevents
direct determination of the sign of D ; nevertheless, the
spectra were better reproduced with D< 0 (Figure 3). The
very high anisotropy of the zero-field splitting tensor prevents
determination of the g anisotropy, although the [g] tensor is
most probably strongly axial. We thus used an isotropic value
for g (giso = 2.17), which is in the range expected for NiII. The
HF-HFEPR spectra are well reproduced at all frequencies,
and the best simulations were obtained with the following
values : giso = 2.17, D =�10.15 cm�1, and E/ jD j= 0.01 (see
Supporting Information).

The most important feature in the FDMRS spectra
(Figure 4) is a narrow line at about 10.5 cm�1, which decreases

in intensity on raising the temperature. This line is due to
magnetic resonance transitions between the ms levels of the
S = 1 NiII ion. The resonance frequencies were obtained from
the normalized spectra (i.e. all spectra were divided by the
spectrum recorded at the highest temperature). From the line
shape it was clear that the resonance line must consist of two
overlapping lines owing to the transitions between the j 1i
and j 0i and the j �1i and j 0i ms states, respectively. In an
S = 1 system the resonance frequencies of these transitions
correspond to jD j �E and jD j+ E, respectively. The
resonance frequencies were found to be n1 = 9.7� 0.1 and
n2 = 10.3� 0.1 cm�1, respectively. Therefore, it immediately
follows that jD j= 10.0� 0.1 cm�1 and E = 0.3� 0.1 cm�1.
The simulated spectra are also shown in Figure 4. The best
fit was obtained using Gaussian line shapes, which means that
the line width is determined by distributions in the sample
rather than by spin–lattice relaxation.

The sign of D can be obtained from the temperature
dependence of the spectra. When D> 0, both resonance lines
should retain the same intensity. However, if D< 0, the
intensity of the lowest frequency line should tend to zero
upon decreasing the temperature because it is a transition
from an excited state.

Figure 2. M = f(H/T) plots for complex 1. The lines correspond to the
best fit (see text).

Figure 3. Experimental HF-EPR spectra of 1 at 475 GHz, T = 5 K (c)
and simulated with E/ jD j= 0.01, giso =2.17, and D=�10.15 cm�1

(b) or D =++ 10.15 cm�1 (a). The transitions are identified by the
mS value of the levels between which they occur, considering the quan-
tization axis parallel to the external field.

Figure 4. FDMRS spectra of 1 at various temperatures (experimental
(*), simulation (c)).
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Figure 5 shows the line intensities in terms of the mode
contributions to the magnetic permeability, obtained from the
spectral fit, as a function of temperature, together with the
calculated behavior using D< 0 and D> 0 values. Note that

these values are absolute numbers, and that the calculated
temperature dependence of the mode contribution is not
scaled. Thus, not only does the intensity of the low-frequency
line decrease at the lowest temperatures, but the absolute
intensities of the mode contributions are also in much better
agreement with a negative D parameter. From these calcu-
lations it is clear that D must be negative, and therefore D =

�10.0� 0.1 cm�1 and E = 0.3� 0.1 cm�1. These values corre-
spond very well to those found from magnetization and HF-
HFEPR measurements. Moreover, this FDMRS experiment
confirms unambiguously the negative sign of the D param-
eter. This is also in agreement with ligand-field-based, second-
order-perturbation calculations, which show that a NiII com-
plex bearing six identical ligands and elongated along a C2’’
axis should possess an Ising-type magnetic anisotropy (D< 0
and E/ jD j= 0).[8]

To go beyond this qualitative assertion, we used a
computer program based on the angular-overlap model that
enables the calculation of the spin Hamiltonian parameters if
the structure of the complex and the angular-overlap param-
eters of each ligand are known.[9] However, as the exact
parameters for the ligand HIM2-py are not known, we
extrapolated them from the data of the literature on similar
ligands[10] whilst neglecting the anisotropy of the p-overlap as
a first approximation. We checked that assuming a completely
anisotropic p-interaction for pyridine did not significantly
modify the results. We obtained values of D =�10.1 cm�1 and
E/ jD j= 0.10,[11] in good agreement with the experimental
values, even though the estimated rhombic parameter is much
larger than the experimental value, as already observed for
other systems.[5] Varying the angular overlap parameters
slightly does not significantly alter the results of the calcu-
lation, although a variation of � 10 % around the above-
mentioned values of es and ep leads to proportional changes in
the D values (ranging from�9.0 to�11.5 cm�1) and almost no
change in the rhombic parameter.

To the best of our knowledge, 1 shows the largest Ising-
like magnetic anisotropy (D< 0) ever reported for an isolated
octahedral NiII complex, thus making it a suitable candidate
for use as a building block in polynuclear clusters showing
SMM behavior, even though the relative orientation of the
local anisotropy axis within the cluster is also crucial.[12] Data
obtained from HF-HFEPR spectra, field-dependent magnet-
ization, and FDMRS are in very good agreement (within
10%) and show the complementarity between these tech-
niques for the study of highly anisotropic integer-spin systems,
especially for the unambiguous determination of the sign of
the D parameter. Moreover, we have shown in this study that
careful examination of the molecular structure by relatively
easy to perform AOM calculations could allow us to perform
a good estimation of the zero field splitting (ZFS) parameters.
This may serve as a very useful “prediction tool” in order to
help to design complexes with a desired magnetic anisotropy,
which could be of great use for the so-called “rational
approach” to single-molecule magnets.

Experimental Section
Synthesis of 1: HIM2-py was synthesized according to published
procedures.[13] A deaerated solution of [Ni(H2O)6](NO3)2 (1.4 g,
4.8 mmol) in a mixture of acetonitrile and methanol (70:30 v/v,
40 mL) was added, under an inert atmosphere, to a deaerated solution
of HIM2-py (2.1 g, 9.5 mmol) in the same mixture of solvents
(50 mL). Crystals of 1 were isolated by slow diffusion of diethyl ether
vapor into the mixture (yield = 17%). Elemental analysis calcd (%)
for 1, C24H34N8NiO8: C 46.40, H 5.51, N 18.03, Ni 9.44; found: C 46.47,
H 5.51, N 18.42, Ni 9.13.

X-ray crystallographic data: Nonius KappaCCD diffractometer,
f and w scans, MoKa radiation (l = 0.71073 �), graphite monochro-
mator, T= 150 K, structure solution with SIR97,[14] refinement against
F2 (SHELXL97)[15] with anisotropic thermal parameters for all non-
hydrogen atoms; hydrogen positions calculated with riding isotropic
thermal parameters. Data collection for 1: crystal dimensions 0.20 �
0.18 � 0.16 mm3, orthorhombic, P212121, a = 10.9890(10), b =

13.2620(10), c = 20.2230(10) (�), V= 2947.2(4) �3, Z = 4, 1calcd =
1.400 gcm�3, m = 0.717 cm�1, F(000) = 1304, qmax = 30.038, hkl
ranges: �15 to 15; �18 to 18; �28 to 28, 8518 data collected, 8518
unique data, 7020 data with I> 2s(I), 379 parameters refined,
GOF(F2) = 1.015, final R indices (R1 = � j jFo j � jFc j j /� jFo j ,
wR2 = [�w(F2

o�F2
c)

2/�w(F2
o)

2]1/2, R1 = 0.0378, wR2 = 0.0971, Flack
parameter 0.027(9), max/min residual electron density 0.541(0.057)/
�0.463(0.057) e��3. CCDC-251946 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB21EZ, UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.
ac.uk).

Magnetization measurements were performed on a Quantum
Design MPMS5 SQUID magnetometer. The powder obtained from
ground crystals of 1 was sealed in parafilm to avoid any orientation of
the sample. Data were corrected for the parafilm contribution, and
diamagnetism was estimated from Pascal constants.

HF-HFEPR experiments were performed at the High Magnetic
Field Laboratory, Grenoble, France, using a previously described
apparatus.[16] We used ground crystals (about 30 mg) pressed to form a
pellet to reduce torquing effects under high magnetic fields. A
simulation program is available from Dr. H. Weihe; for more
information see http://sophus.kiku.dk/software/epr/epr.html.[17]

Frequency domain magnetic resonance spectroscopic (FDMRS)
measurements were performed on a homebuilt spectrometer de-
scribed in the literature.[18] Spectra were recorded at various temper-

Figure 5. Dependence of the resonance mode contribution to the mag-
netic permeability Dm on temperature (experimental Dm (*); calcula-
tions with D<0 (c); calculations with D>0 (g)).
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atures on a pressed powder pellet of 155 mg with a diameter of 1 cm
and a thickness of 1.82 mm.
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