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ABSTRACT: A tetranuclear complex, [Ni4], with a cubane-
like structure synthesized from hexafluoroacetylacetone gives,
after drying at high temperature and treatment with pyridine, a
heptanuclear nickel(II) complex, [Ni7]. The crystal structures
of both compounds have been determined by single-crystal X-
ray diffraction. Their magnetic properties have been studied by
SQUID and μ-SQUID magnetometry as well as by high-
frequency EPR spectroscopy (HF-EPR). For [Ni4], the
temperature dependence of the magnetic susceptibility can
be fitted by taking into account strong Ni···Ni ferromagnetic
interactions which lead to an S = 4 ground-state spin, in good
agreement with the HF-EPR study. For [Ni7], the temperature dependence of the magnetic susceptibility shows that the Ni···Ni
ferromagnetic interactions are kept within the metal core. However, it was not possible to fit this with a clear set of parameters,
and the ground-state spin was undetermined. The field dependence of the magnetization indicates an S = 7 ground-state spin at
high field. In contrast, the temperature dependence of the magnetic susceptibility indicates a ground-state spin of S = 6 or even S
= 5. These results agree with complicated high-frequency EPR spectra which have been ascribed to the superposition of signals
from the ground spin multiplet and from an excited spin multiplet very close in energy, with the excited state having a larger S
value than the ground state. Very low temperature studies show that only the heptanuclear complex behaves as a single-molecule
magnet.

■ INTRODUCTION
The design of superparamagnetic clusters known as single-
molecule magnets (SMMs)1−5 has currently given rise to a
considerable amount of work.6−8 The ability of these molecules
to be magnetized and to relax very slowly below a blocking
temperature has led to important breakthroughs in the study of
nanosize magnetic systems and may find potential applications
in information processing.9,10 The prerequisite for such a
molecular magnetic memory is the combination of a high-spin
ground-state value (S) and of magnetic anisotropy with large
negative zero-field splitting (D < 0).11,12 Consequently, most
efforts devoted to the chemical design of SMMs have
concentrated on the synthesis of large clusters with both high
spin and uniaxial magnetic anisotropy, as exemplified by
different strategies.8,13−19

As part of our investigations on polynuclear systems
exhibiting SMM properties, we have been interested in
cubane-like structures as molecular bricks to build systems
with high nuclearity. Indeed, their particular geometrical
arrangement generally favors ferromagnetic interactions and

thus molecules with high-spin ground states.20−26 For decades,
magneto-structural studies have discussed the role of the
cubane geometry in the exchange interaction27−29 as well as in
the anisotropy.24,30−32 Thus, we previously reported on the
synthesis and magnetic properties of lanthanide−copper
systems with controlled tetra ([Cu3Ln])- and nonanuclearities
([Cu6Ln3]).

33 They were synthesized by starting from the
tetranuclear copper(II) complex [Cu4] with a cubane-like
structure,34 and the magnetic study of the nonanuclear
[Dy3Cu6] revealed SMM behavior.33 We also investigated the
magneto-structural relationships of this tetranuclear copper(II)
complex [Cu4] by polarized neutron diffraction.35 Among these
studies, we also reported on a [CoII3Co

III
4] mixed-valence

heptanuclear complex made up of two cubane moieties, for
which we explained the lack of SMM behavior by a theoretical
study.36
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In the present paper we report on the use of a tetranuclear
complex [Ni4] (1) with a cubane-like structure as a molecular
building block from which we succeeded in generating, by a
condensation-like process, the new heptanuclear nickel(II)
complex [Ni7] (2), which can be viewed as two cubes sharing
one metal corner. The molecular structures of these systems,
[Ni4] (1) and [Ni7] (2), have been elucidated and their
magnetic properties studied by SQUID and μ-SQUID
magnetometry as well as by high-field and high-frequency
EPR spectroscopy (HF-EPR). In the case of [Ni7] they
evidence a SMM behavior. Regarding the field of SMMs,
dominated by manganese-based clusters,1,8,14,37−40 such sys-
tems involving nickel ions are uncommon.41−54 Thus, several
{Ni4} cubes with S = 4 ground state have been studied and
their anisotropy tuned by ligand substitutions.45,46,49,51−54

Other nickel-based SMMs such as {Ni5} with S = 5,50 {Ni8}
with S = 8,47 {Ni10} with S = 10,48 {Ni12} with S = 12,41,43 and
{Ni21} with S = 344 have been shown to have small anisotropy
factors.

■ EXPERIMENTAL SECTION
Syntheses. All chemicals were used as received.
[Ni4(hfac)4(CH3OH)4(CH3O)4] (1). A solution of NaOH (56 mg, 1

mmol) in 20 mL of methanol was added drop by drop to a refluxing
solution of Ni(hfac)2·2H2O in 10 mL of methanol (518 mg, 1 mmol).
After additional stirring under reflux over 2 h, the green solution was
cooled to room temperature. Suitable crystals for X-ray diffraction
were obtained by slow evaporation of the solvent after 2−3 days.
Yield: 75%. Anal. Calcd for C28H32F24Ni4O16: C, 25.57; H, 2.45 F,
34.67; Ni, 17.85; O, 19.46. Found: C, 25.43; H, 2.74; Ni, 17.61.
[Ni7(OH)8(hfac)6(py)6]·py (2·py). A polycrystalline powder of 1 (657

mg, 0.5 mmol) was placed under vacuum for 1 day in a Schlenk tube.
Then, the compound was smoothly heated around 40−50 °C over 1 h,
after which changes in color and crystallinity were observed. The
resulting powder was dissolved in 5 mL of diethyl ether under a
nitrogen atmosphere and stirred for one night. Then 4 mmol of
pyridine in 5 mL of diethyl ether was then added drop by drop and the
solution stirred for 1 day more. Suitable crystals for X-ray analyses
were obtained by very slow evaporation of the solvent. Yield: 30%.
Anal. Calcd for C70H54F36N8Ni7O20: C, 34.71; H, 2.25; F, 28.24; N,
4.63; Ni, 16.96; O, 13.21. Found (%): C, 34.52; H, 2.33; N, 4.35; Ni,
16.87.
Single-Crystal X-ray Diffraction. Diffraction data were collected

on a Nonius Kappa CCD and the related software.55 All structures
were solved by direct methods using the SIR97 program56 combined
with Fourier difference synthesis and refined on F within the
CRYSTALS program.57 For each structure, all atomic displacements
for non-hydrogen atoms were refined anisotropically. Hydrogen atoms
belonging to carbon atoms were located theoretically and the others
(belonging to oxygen atoms) by difference Fourier. All hydrogen
atoms were then refined keeping some restraints (bond lengths and
isotropic atomic displacements).
X-ray crystallographic data and refinement details are summarized

in Table 1. Selected interatomic bond lengths, distances, and angles are
given in Tables 2 and 3 for 1 and 2, respectively.
SQUID Magnetometry. dc magnetic data were recorded using a

Quantum Design SQUID magnetometer. The magnetic susceptibil-
ities were measured from 2 to 300 K on polycrystalline samples with
an applied field of 1 kOe. To avoid orientation in the magnetic field,
the samples were pressed in a homemade Teflon sample holder
equipped with a piston. The magnetization was measured at 2 and 5 K
in the 0−100 kOe range. The data were corrected for diamagnetism of
the constituent atoms using Pascal’s constants.
Micro-SQUID. Magnetization measurements on single crystals

were also performed with an array of Micro-SQUIDs.11 This
magnetometer works in the temperature range ∼0.04−7 K with
applied fields up to 14 kOe. The time resolution was approximately 1

ms. The field can be applied in any direction of the Micro-SQUID
plane with a precision smaller than 0.1° by separately driving three
orthogonal coils. The field was then aligned with the easy axis of
magnetization using a transverse field method.58 The thermalization
was guaranteed by the fixation of the single crystals with Apiezon
grease.

EPR Study. high-field/high-frequency EPR (HF-EPR) spectra were
recorded on polycrystalline powder samples, pressed into pellets in
order to avoid orientation effects, at three frequencies (190, 230, and
285 GHz) and several temperatures in the range 5−20 K for both
compounds. For complex 2, measurements at 345 GHz were also
performed. The HF-EPR spectrometer is a home-built system working
in a single-pass configuration. The main magnetic field was supplied by
a superconducting magnet with a maximum field of 12 T. The exciting
frequencies were generated by phase-locked Gunn diodes operating at
either 95 or 115 GHz, equipped with multipliers (doublers or triplers).
The transmitted signal was then recorded by a hot electron InSb
bolometer. Calculated spectra were produced using the EPR
simulation software of Weihe.59

■ RESULTS AND DISCUSSION
β-Diketones are well-known for their ability to coordinate metal
ions and to generate various polynuclear architectures.60,61

Their different coordination modes, as well as the wide range of
functional groups they can hold, allow tuning the nuclearity and
electronic properties of the metal complexes, as we have
recently shown with a series of lanthanide clusters.62 The ability
of acetylacetone and its Schiff base derivatives to yield {M4}
tetranuclear systems with cubane-like structures that favor
ferromagnetic interactions and high ground-state spin has been

Table 1. Crystal Data and Structure Refinement Parameters
for 1 and 2

[Ni4(hfac)4(MeO)4(MeOH)4]
(1)

[Ni7(OH)8(hfac)6(py)6]·py
(2)

formula C28H32F24Ni4O16 C70H54F36N8Ni7O20

formula wt 1315.34 2422.02
cryst syst monoclinic monoclinic
space group C2/c (No. 15) P21/n (No. 14)
T (K) 293 293
Z 8 2
a (Å) 35.49(3) 12.705(3)
b (Å) 12.995(4) 18.75(2)
c (Å) 23.98(1) 21.701(7)
β (deg) 121.66(3) 91.70(1)
V (Å3) 9414(9) 5166(5)
no. of indep
rflns

11 124 10 782

Rint 0.055 0.090
D (g cm−3) 1.856 1.557
μ (mm−1) 1.732 1.374
R (I/σ(I) >
3)

0.0515 0.0801a

Rw (I/σ(I) >
3)

0.0610 0.0884a

S 1.08 1.15
no. of rflns
used

6602 4627

no. of
refined
params

641 663

Δρmax (e
Å−3)

2.18 0.93

Δρmin (e
Å−3)

−1.01 −1.09

aIn this case, Rw (I/σ(I) > 2).
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known since the 1970s. A Ni(II) cubane cluster with
acetylacetone (acac), [Ni4(OCH3)4(acac)4(CH3OH)4], has
been shown to exhibit an S = 4 ground-state.20 In previous
years, we revisited these works with the notion of using the
{M4} cubanes as molecular bricks to get high-nuclearity
complexes or extended networks. However, with acetylacetone
(acac) the derivatives are sparingly soluble in common solvents,
which makes their use as molecular building blocks difficult.
This prompted us to use the fluorinated derivative hexafluor-
oacetylacetone (hfac) instead of acetylacetone. Indeed, the
introduction of fluorinated groups favors the solubility of the
clusters and their ability to be handled in the reaction. Thus, we
previously reported the synthesis and the studies of magneto-
structural relationships for several clusters with a Schiff base
based on trifluoroacetylacetone along with tetranuclear
copper,35 heptanuclear cobalt(II,III),36 and tetra- and non-
anuclear lanthanide−copper systems.33,34 Following this route,
we synthesized the [Ni4(OCH3)4(hfac)4(CH3OH)4] cluster
(1) and checked that the S = 4 ground state was retained as in
the acac derivative.20 Further, we found that the reaction of 1
with pyridine under dry conditions led to the “condensation” of
two cubanes 1 into the novel heptanuclear nickel(II)
architecture [Ni7(OH)8(hfac)6(py)6] (2). We note that the
apparent “condensation” may be much more complicated from
the point of view of the chemical mechanisms. Indeed, the
direct synthesis, from nickel salts, of the [Ni7] (2) cluster was
not possible and, despite several trials, the use of the [Ni4] (1)
precursor was necessary. The reactivity of pyridine has already
been observed to allow generating clusters of higher nuclearity.
For example, a {Ni4} system was synthesized from a
mononuclear nickel complex but it decomposed easily to the
precursor after the loss of coordinated pyridine.63 In our case
the resulting heptanuclear nickel(II) is found to be stable.
Complex 2 is the second nickel-based heptanuclear cluster
reported to date.64

X-ray Crystal Structures. [Ni4(OCH3)4(hfac)4(CH3OH)4]
(1). The cluster crystallizes in the monoclinic C2/c space
group. The asymmetric unit corresponds to the whole cluster
and can be described by the four metal ions possessing a
tetrahedral arrangement (Figure 1a). Each metal is linked to the
others by three of the four deprotonated μ3-OCH3 molecules
(O1, O2, O3, and O4) to form the {Ni4O4} cubane entity
(Figure 1b). The coordination spheres of the Ni(II) ions are
completed by two oxygen atoms from one deprotonated hfac
ligand and one oxygen atom from one coordinated protonated
μ-OHCH3 solvent molecule (Figure 1a). The resulting
[Ni4(OCH3)4(hfac)4(CH3OH)4] complex is then neutral with
a slightly distorted {Ni4O4} core, as the Ni−O−Ni and the O−
Ni−O angles vary from 95.6 to 98.4° and from 81.4 to 83.6°,
respectively (Figure 1b). Moreover, the coordination poly-
hedron of the Ni(II) is almost a regular octahedron, as the O−
Ni−O angles only deviate from 90° by less than 8° and the Ni−
O bond lengths vary by less than 0.04 Å around the mean value
of 2.06 Å. However, we note that the Ni−OHCH3 bond
lengths (2.092 Å) are slightly longer than the other ones. Of the
six Ni···Ni distances, four are around 3.057 Å while the two
other are around 3.100 Å (Table 2).
The shortest distance between the nickel atoms of two

cubane cores is 9.648 Å, while hydrogen bonds are found only
within the clusters between coordinated methanol and oxygen
atoms of the hfac ligand of the neighboring metal ion. Thus, the
structural cohesion is ascribed to weak interactions between the
[Ni4] neutral clusters which are well magnetically isolated.

[Ni7(OH)8(hfac)6(py)6]·py (2·py). The cluster (Figure 2a)
crystallizes in the monoclinic P21/n space group. The central
nickel ion is located on a 2a special Wyckoff position and
shared by two cubane moieties where the nickel(II) ions are
connected by four hydroxo oxygen atoms to form a {Ni4O4}
cubane core (Figure 2b,c). The coordination spheres of the
nickel(II) ions located on general positions are completed by
one deprotonated hfac ligand and one pyridine molecule to
form a {NO5} octahedral environment. The coordination
environment of the central nickel(II) ion is completed by the
symmetry operations of the space group, which is then an

Figure 1. (a) Molecular structure of [Ni4] (1). Hydrogen atoms have
been omitted for clarity. (b) View of the {Ni4O4} cubane core.

Table 2. Selected Bond Lengths (Å), Distances (Å), and
Angles (deg) for 1

Ni1−O2 2.045(3) Ni4−O1 2.056(3)
Ni1−O3 2.049(3) Ni4−O3 2.056(4)
Ni1−O4 2.061(3) Ni4−O4 2.054(3)
Ni2−O1 2.047(3) Ni1···Ni2 3.049(1)
Ni2−O2 2.052(4) Ni2···Ni3 3.056(1)
Ni2−O4 2.055(3) Ni1···Ni3 3.094(1)
Ni3−O1 2.064(4) Ni2···Ni4 3.107(1)
Ni3−O2 2.055(3) Ni1···Ni4 3.064(1)
Ni3−O3 2.041(3) Ni3···Ni4 3.060(1)
Ni3−O1−Ni4 95.9(1) Ni3−O1−Ni2 96.0(1)
Ni4−O1−Ni2 98.4(1) Ni3−O2−Ni2 96.2(1)
Ni3−O2−Ni1 98.0(1) Ni2−O2−Ni1 96.2(1)
Ni4−O3−Ni1 96.6(1) Ni4−O3−Ni3 96.6(1)
Ni1−O3−Ni3 98.3(1) Ni1−O4−Ni2 95.6(1)
Ni1−O4−Ni4 96.3(1) Ni2−O4−Ni4 98.3(1)
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octahedral coordination sphere made up of six oxygen atoms
belonging to the hydroxyl groups (Figure 2b).
The {Ni4O4} cores are more distorted than in the [Ni4]

precursor, as the Ni−O−Ni and the O−Ni−O angles vary from
95.8 to 100.4° and from 81.0 to 97.7°, respectively. Moreover,
the coordination octahedra of the nickel(II) atoms are less
regular than those in the precursor, except for the central
nickel(II) ion, for which O−Ni−O angles deviate from 90° by
less than 8° and the Ni−O bond lengths vary by less than 0.005
Å from the mean value of 2.045 Å. Concerning the external
metal ion centers, the Ni−O bond lengths are slightly longer
when the oxygen atom belongs to a hfac ligand (2.075 Å) in
comparison with the oxygen atoms belonging to a μ3-OH group
(2.043 Å). In addition, the Ni−N(pyridine) bond lengths are
the longest ones (∼2.097 Å). The O−Ni−O and O−Ni−N
angles deviate from 90° by 10°. It should be noted that Ni−
O(hfac) bond lengths are longer in the [Ni7] (2) cluster (2.075
Å for the external Ni ions) than in the [Ni4] (1) cubane (2.051
Å), whereas the Ni−μ3-OX bond lengths are almost equal in
[Ni7] (X = H, 2.045 Å) and in [Ni4] (X = CH3, 2.053 Å). For
the Ni···Ni distances, the slight distortion of the {Ni4} cubane
core induces shorter distances between the central position and

the external positions (3.043 Å) than between external
positions (3.107 Å) (Table 3).

The shortest distance between the nickel ions of two clusters
is 12.075 Å. While the unit cell is completed by two
crystallization disordered pyridine molecules (67% and 33%),
only hydrogen bonds are found between the [Ni7] clusters.
Thus, it is presumed that the neutral entities are well isolated
from each other and that the structural cohesion can be
ascribed to weak interactions.

dc SQUID Magnetometry. [Ni4(OCH3)4(hfac)4(CH3OH)4]
(1). The thermal variation of χT is shown in Figure 3. At room

temperature, the χT product of 5.97 cm3 K mol−1 is higher than
the expected value for four uncorrelated Ni(II) ions with g = 2
(4 cm3 K mol−1). Upon cooling, χT continuously increases and
reaches a maximum of 13.10 cm3 K mol−1 at 10 K, close to the
expected value for an S = 4 ground state with a g value of 2.29.
This feature indicates dominant intracluster ferromagnetic
interactions. Below 10 K, the χT product slowly decreases,
probably due to weak intermolecular antiferromagnetic
interactions and/or small anisotropy. The magnetization
curve recorded at 2 K is reported in the inset of Figure 3. It
shows a continuous increase up to the saturation value of 8.45
μB, which corresponds well to a ground-state spin S = 4, in

Figure 2. (a) Molecular structure of [Ni7] (2). (b) View of the
asymmetric unit with the metal environment. (c) View showing [Ni7]
as the “condensation” of two [Ni4] clusters sharing one metal ion.
Hydrogen atoms have been omitted for clarity in (a) and (b).

Table 3. Selected Bond Lengths (Å), Distances (Å), and
Angles (deg) for 2

Ni1−O83 2.055(5) (×2) Ni4−O81 2.053(6)
Ni1−O82 2.048(6) (×2) Ni4−O83 2.030(6)
Ni1−O84 2.043(6) (×2) Ni4−O84 2.033(5)
Ni2−O81 2.063(6) Ni1···Ni2 3.057(1)
Ni2−O82 2.031(6) Ni1···Ni3 3.040(1)
Ni2−O83 2.035(6) Ni1···Ni4 3.034(1)
Ni3−O81 2.086(5) Ni2···Ni4 3.098(2)
Ni3−O82 2.022(6) Ni2···Ni3 3.119(2)
Ni3−O84 2.030(6) Ni3···Ni4 3.105(2)
Ni3−O81−Ni2 97.5(2) Ni3−O81−Ni4 97.2(2)
Ni2−O81−Ni4 97.6(2) Ni1−O82−Ni2 97.1(2)
Ni1−O82−Ni3 96.6(2) Ni2−O82−Ni3 100.6(2)
Ni1−O83−Ni2 96.7(2) Ni1−O83−Ni4 95.9(2)
Ni2−O83−Ni4 99.3(3) Ni1−O84−Ni4 96.2(2)
Ni1−O84−Ni3 96.6(2) Ni4−O84−Ni3 99.7(2)

Figure 3. Thermal dependence of the χT product of [Ni4] (1). The
blue dashed line shows the fit according to eq 1 and the red line for the
fit including intermolecular interactions. The inset reports the
magnetization curve at 2 K and the Brillouin curve for S = 4.
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agreement with the χT data. However, this magnetization curve
cannot be nicely fitted by a Brillouin equation for S = 4,
probably due to the presence of intermolecular interaction and/
or anisotropy.
This magnetic behavior, as well as the crystal structure, are

very similar to those observed in the nonfluorinated analogue
and other nickel(II) cubanes.20

Therefore, the data were analyzed using two different
coupling constants J1 and J2, expressed in the spin Hamiltonian
of eq 1, in agreement with the presence of two long Ni···Ni

distances (∼3.10 Å) associated with nearly 98.2 ± 0.2° Ni−O−
Ni angles and four short Ni···Ni distances (∼ 3.05 Å)
associated with nearly 96.2 ± 0.4° Ni−O−Ni angles (Table
2). The fit process, considering only two intramolecular
couplings, leads to J1 = +9.2 cm−1 and J2 = +4.0 cm−1 with g
= 2.32, which agrees with the differences in Ni···Ni distances
and Ni−O−Ni angles (Figure 3). However, as expected, this set
of parameters does not allow reproducing the low-temperature
decrease of χT. This is only achieved when taking into account
an intercluster interaction (zJ′ = −0.013 cm−1) but the effect is
to make J1 and J2 equal with a medium value of 5.5 cm−1. This
value is close to 7 cm−1, which was reported for the
nonfluorinated cubane analogue.20 Whereas it is difficult to
choose between both sets of fitting parameters, they both
clearly indicate strong ferromagnetic interactions. The difficulty
in fitting the low-temperature region may be mostly due to
magnetic anisotropy, as low-temperature values are dependent
on the magnetic field. This has recently been exemplified for
another [Ni4] complex.52

[Ni7(OH)8(hfac)6(py)6]·py (2·py). The thermal variation of
χT is shown in Figure 4. At room temperature, the χT product
of 9.06 cm3 K mol−1 is slightly higher than the expected value
for seven uncorrelated Ni(II) ions with g = 2 (8 cm3 K mol−1).
Upon cooling, χT continuously increases and reaches a
maximum of 28.43 cm3 K mol−1 at 5 K. As for [Ni4] (1),
this feature indicates dominant intracluster ferromagnetic
interactions. Below 5 K, the χT product slowly decreases,

probably due to weak intermolecular antiferromagnetic
interactions and/or small anisotropy. The magnetization
curve recorded at 5 K is reported in the inset of Figure 4. It
shows a continuous increase up to saturation at 14.33 μB for an
applied magnetic field of 10 T. This curve differs only slightly
and at low field from a Brillouin function for an S = 7 ground
state. Plots of the reduced magnetization for different
temperatures (3, 5, 18 K) are given in the Supporting
Information (Figure 1S) and show only small differences,
characteristic of a small magnetic anisotropy.
We used the Magpack program to simulate both χT and M

curves.65,66 The number of exchange interaction pathways is
important, up to 12. However, from the crystal structure it may
be seen that the [Ni7] molecules are centrosymmetric at the
central nickel(II) Ni1. Moreover, a detailed analysis of the
structural parameters within the asymmetric moiety [Ni1Ni2-
Ni3Ni4] shows that Ni···Ni distances between the central Ni1
and Ni2, Ni3, and Ni4 are shorter (3.034(1)−3.057(1) Å) than
those between the external ions Ni2, Ni3, and Ni4 (3.098(2)−
3.119(2) Å). These distances are also associated with different
Ni−O−Ni angles. The bonds involving the central nickel Ni1
show a mean angle value of 96.5° with a variation of 0.4°, while
those concerning the external nickel ions only are around 98.4°
with a variation of 1.7°. Therefore, we took into account the
two different exchange parameters J3 and J4 according to the
Hamiltonian given by eq 2, where J3 describes the interaction
between the central and the external nickel ions and J4
describes the interaction between the external ions.

As in the cubane precursor [Ni4] (1), the extraction of a clear
set of parameters is tricky. According to the structural
similitudes, a simulation was performed using the exchange
constants obtained for 1. However, none of the set of
parameters tested can nicely reproduce the maximum in the
χT curve, even considering intracluster antiferromagnetic
interactions. Even the introduction of intermolecular inter-
actions failed to reproduce the experimental curve. Therefore,
this maximum does not only come from intermolecular
interactions but also from anisotropic effects, which have to
be clarified. In addition, the presence of such anisotropy
induces a dependence of the χT maximum value on the field
applied for the measurement, making the estimation of the
ground spin state difficult, as pointed out for 1.52 We therefore
performed high-field electron paramagnetic resonance to
identify the spin ground state and the anisotropy of 2.

High-Frequency Electron Paramagnetic Resonance.
HF-EPR proved to be a very powerful method in determining
spin Hamiltonian parameters of molecular nanomagnets when
the ground spin state is well isolated from the excited
states.67−71 One of the main advantages of this technique is
the simplification of the spectra induced by high fields, when
ZFS terms can be treated, in a first approximation, as a
perturbation of the Zeeman interaction. As a consequence, the
D value of a purely axial system can be obtained by simple
inspection of the spectrum, as successive transitions are
separated by 2D/(g∥μB) in the parallel region and by D/
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Figure 4. Thermal dependence of the χT product of [Ni7] (2). The
inset reports the magnetization curve at 5 K and the Brillouin curve for
S = 7.
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(g⊥μB) in the perpendicular direction. Furthermore, the
Boltzmann effect allows obtaining the sign of the ZFS at low
temperature: a negative D value will enhance the intensity of
the parallel transitions appearing in the low-field part of the
spectrum, while the opposite will be observed for a complex
with a positive D value.
In the case of [Ni4] (1), the powder spectra recorded at 190

GHz show a structured signal, whereas at 285 GHz only the 20
K spectrum presents some visible structure (Figure 5). At both

frequencies, the spectra extend over about 1.5 T in the g = 2
region together with a “forbidden” transition at half-field. At
190 GHz, it is possible to reproduce the recorded spectra, at
least as far as the positions of the signals are concerned, with
the following parameters for an S = 4 spin Hamiltonian: D =
+0.08 cm−1, E = 0.004 cm−1, gx = gy = 2.26, and gz = 2.17. The
simulated spectra also present a half-field signal, but it looks
much weaker than in the experimental spectra, perhaps because
of a broader line width. These parameters also give a reasonable
picture of the spectrum obtained at 285 GHz and 5 K.
However, the higher temperature spectra are not so well
accounted for, as the two main signals, observed at 8.7 and 10
T, remain roughly unchanged when the temperature is
increased, with only tiny structures visible below 10 T at 10
and 20 K, conversely to what is expected for a simple S = 4
spin. Only the outer shoulders of these main signals are

changing clearly with temperature, but they have no clear
equivalents in the 190 GHz spectra. This can be the result of
the presence of excited spin states close in energy to the ground
spin state.
For [Ni7] (2), an even more complex picture is found from

the EPR study. The powder spectra recorded at 5 K and four
different frequencies ranging between 190 and 345 GHz are
presented in Figure 6b. For the three lower frequencies, the

main signal extends over ∼4 T around g = 2 (at 345 GHz only
the low-field part of this signal is observed as g = 2 corresponds
to 12.3 T) together with forbidden transitions at lower
magnetic fields. The spectra obtained at 285 GHz in the
temperature range from 5 to 20 K are shown in Figure 7b. At
this frequency, the main signal extends roughly from 7 to 11 T.
When the temperature is increased to 10 and 20 K, regular
structures appear which are the signature of the presence of a
small ZFS associated with a spin value larger than the S = 1
single ion spin (Figure 7b). The picture emerging from the
multifrequency measurements is that, at least, one excited spin
level S′′ is very close in energy to the ground spin state S.
Furthermore, this excited level has a larger spin value than for
the ground state. Indeed, at 5 K, rather weak signals present on
the extremes of the main signal at low frequencies are getting

Figure 5. EPR powder spectra for [Ni4] (1) recorded at (a) 190 GHz
and (b) 285 GHz at 5 K, 10 K, and 20 K (bottom to top). The black,
red, and blue lines denote the experimental spectra, whereas the violet,
pink ,and green lines are calculated spectra, with the parameters given
in the text.

Figure 6. Powder EPR spectra for [Ni7] (2) at 5 K and several
frequencies (indicated on the figure): (a) calculated spectra obtained
considering an S = 6 ground multiplet and an S = 7 first excited
multiplet, with the parameters given in the text and an energy gap of 9
cm−1 between the two states; (b) experimental spectra recorded on a
pellet.
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more and more intense when the frequency and thus the
resonant magnetic field are increased (Figure 6b). On the high-
field side of the main signal, a weak signal is observed at 5 K
and 190 GHz (at 8.1 T), in comparison to the other high-field
transition observed at 7.2 T; this initially weak signal gains
intensity with an increase of the resonance field, to be
comparable to the other high-field transition at 230 GHz
(signals at 8.4 and 9.4 T, respectively) and even to become the
most intense high-field signal at 285 GHz (signal at 11.2 T
compared to that at 10.2 T). Similarly, on the low-field side of
the main signal at 5 K and 190 GHz, a very weak shoulder is
observed at 4.1 T with respect to the first signal at 4.8 T. This
shoulder increases at 230 GHz (found at 5.6 T with respect to
the first signal at 6.0 T) and even more at 285 GHz (signals at
7.5 and 7.8 T) to become the most intense signal at 345 GHz
(signals at 9.5 and 9.8 T). This indicates that the M′ = −S′ level
of the excited S′ spin multiplet becomes lower in energy than
the M = −S level of the ground S multiplet in a field region
close to 9 T, which means that the energy difference between
these two levels is about 9−10 cm−1, with the hypothesis that S′
= S + 1.
As a result, the observed spectra represent a superposition of

contributions from at least two spin multiplets, with the further
problem that, EPR spectra being recorded by varying the
applied magnetic field, the relative weights of these
contributions are not constant over each spectrum. Thus, it is

hard to ascribe with certainty the structure seen at 10 or 20 K
and to use it to determine the magnetic anisotropy of the
lowest spin state(s). An estimate of the magnetic anisotropy
can be made relying on the position of the extreme lines, for the
lowest multiplets, depending on the spin value of this multiplet.
As an excited multiplet has a larger spin value, the maximum
possible value for the ground state is S = 6. As this is also the
ground state expected on the basis of magnetic susceptibility
measurements, the analysis of the EPR spectra will be done
considering an S = 6 ground state with a first excited S = 7 state.
At 190 GHz and 5 K, only two signals (one at 4.8 T and the
other at 7 T) arise from the ground state, indicating a negligible
rhombic anisotropy. One obtains the following values for S = 6:
D6 = −0.18 cm−1 (E6 = 0 cm−1) with g∥ = 2.05 and g⊥ = 2.20.
For the excited multiplet, it is not possible to estimate the
rhombicity from a simple inspection of the spectrum, due to
the presence of the signals arising from the ground multiplet.
Considering an S = 7 excited state, and making the simplifying
assumption of an isotropic g value, a reasonable reproduction of
the signals (especially the extreme ones) is obtained with the
following parameters: D7 = 0.20 cm−1, E7 = 0.015 cm−1 (g∥ = g⊥
= 2.3). Calculated spectra, considering these two multiplets and
introducing a zero field energy gap of 9 cm−1 between them, are
shown in Figures 6a (several frequencies and 5 K) and 7a
(several temperatures and 285 GHz). At 5 K, the comparison of
calculated and measured spectra (Figure 6) at different
frequencies shows that the picture of an excited multiplet
with a larger spin value than the ground multiplet indeed
reproduces the trend of the external signals to gain intensity
with an increase of frequency (and thus of magnetic field) with
respect to the more central lines. Furthermore, as shown in
Figure 7, the evolution of the spectra with temperature is also
reasonably reproduced. However, with such a complex pattern
and so many adjustable parameters, a real fitting of the spectra
is not possible and the values of the parameters should be
rather considered as reasonable estimates.
Unfortunately for this complex, even with the multifrequency

study, it is not possible to determine precisely the magnetic
anisotropy of the ground spin state due to the presence of at
least one excited spin multiplet very close in energy.
Furthermore, the spin ground state cannot be completely
ascertained, even if an S = 6 ground state (with a negative ZFS
D ≈ −0.18 cm−1) appears highly probable.

Micro-SQUID Magnetometry. The presence of high-spin
ground-state values for [Ni4] (1) and [Ni7] (2) clusters
associated with important anisotropy constants determined by
EPR spectroscopy led us to study their magnetic behavior at
very low temperatures, looking for the possible occurrence of
single-molecule magnet behavior in [Ni7]. Therefore, a low-
temperature study of the hysteresis loops was performed down
to 40 mK with an array of micro-SQUIDs.11 For [Ni4], the
temperature dependence of the magnetization down to 0.04 K
did not show any hysteresis loop (Figure 8). However, the
“double-S-like” curve is characteristic of antiferromagnetic
intermolecular interactions between the clusters, which agrees
with our assumptions from the dc magnetic measurements. For
[Ni7] (2) smooth hysteresis loops appear below 0.5 K with
coercivities which increase upon cooling to reach 200 Oe at 40
mK (Figure 9a) and with increasing sweep rate (Figure 9b).
This behavior indicates with no doubt an SMM behavior for
[Ni7]. No step characteristic of quantum tunneling of the
magnetization (QTM) was observed which may be due to step
broadening from the low-lying excited state.

Figure 7. Powder EPR spectra for [Ni7] (2) at 285 GHz and several
temperatures (indicated on the figure): (a) calculated spectra obtained
considering an S = 6 ground multiplet and an S = 7 first excited
multiplet, with the parameters given in the text and an energy gap of 9
cm−1 between the two states; (b) experimental spectra recorded on a
pellet.
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■ CONCLUSIONS
In this paper we report the synthesis, crystal structures, and
magnetic and EPR properties of tetranuclear [Ni4] and
heptanuclear [Ni7] nickel(II) complexes. The heptanuclear
complex [Ni7] was synthesized using the tetranuclear complex
[Ni4] as a precursor and may be viewed as the condensation of
two [Ni4] groups sharing one nickel(II) ion. The magnetic
studies show for both complexes dominant ferromagnetic
interactions between the nickel(II) ions, in agreement with the
structural features. For the tetranuclear complex [Ni4] this gives
an S = 4 ground-state spin which is clearly confirmed by the
high-frequency EPR study. For the heptanuclear complex [Ni7]
the ground-state spin stays undetermined despite many efforts.
The answer is partially determined by the high-frequency EPR
study, which shows that an excited state with a larger spin value
lies very close in energy to the ground spin state. The EPR
study enables us to determine that the ground spin state is not
the S = 7 that would be expected but S < 7 and most probably S

= 6. A lower spin ground state seems to be excluded, in
agreement with structural features that favor ferromagnetic
interactions between all nickel(II) ions. However, modeling a
ground S = 6 spin state from the magnetic structure of the
molecule is not obvious. S = 7 could be obtained considering
ferromagnetic interactions between all the Ni(II) ions, whereas
an S = 5 ground state, excluded here, could follow from a
dominant antiferromagnetic exchange between the central ion
and the external ions, but there is no simple single ion spin
arrangement leading to S = 6. Thus, it is difficult to propose a
reasonable fitting of the χT curve. Moreover, the presence of
negative D values (<−0.15 cm−1) indicates that the dc magnetic
measurements are field-dependent, which contributes to the
difficulties encountered in the fitting process of the χT curve.
Very low temperature studies show that only the

heptanuclear complex behaves like an SMM, in agreement
with the EPR study that found a negative axial anisotropy for
[Ni7] but a positive axial term for [Ni4]. The synthesis process
may seem complicated, but it is reproducible and works for
other metal ions. Thus, starting from the tetranuclear cobalt
analogue [Co4], it was possible to obtain the cobalt
heptanuclear analogue [Co7], which will be reported later.
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