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Reactions of lanthanide(III) perchlorate (Ln = Dy, Tb, and Gd), nickel(II) acetate, and ditopic ligand 2-(benzothiazol-2-
ylhydrazonomethyl)-6-methoxyphenol (H2L) in a mixture of methanol and acetone in the presence of NaOH resulted in
the successful assembly of novel Ln2Ni2 heterometallic clusters representing a new heterometallic 3d-4f motif.
Single-crystal X-ray diffraction reveals that all compounds are isostructural, with the central core composed of distorted
[Ln2Ni2O4] cubanes of the general formula [Ln2Ni2(μ3-OH)2(OH)(OAc)4(HL)2(MeOH)3](ClO4) 3 3MeOH [Ln = Dy (1),
Tb (2), and Gd (3)]. The magnetic properties of all compounds have been investigated. Magnetic analysis on
compound 3 indicates ferromagnetic Gd 3 3 3Ni exchange interactions competing with antiferromagnetic Ni 3 3 3Ni
interactions. Compound 1 displays slow relaxation of magnetization, which is largely attributed to the presence of the
anisotropic DyIII ions, and thus represents a new discrete [Dy2Ni2] heterometallic cubane exhibiting probable single-
molecule magnetic behavior.

Introduction

Since the discovery of single-molecule magnets (SMMs),
much effort has been focused on the preparation of new
molecularaggregatespossessingbothhigh spinandanisotropy.1

In this context,metallic cubanes are highly promising systems

for the development of high-spin molecules because quite
often ferromagnetic exchange coupling and high-spin ground
state can be expected. Indeed, many such compounds have
been reported for 3d elements.2 Compared to 3d transition
metals, lanthanide ions are especially often characterized by
large spin values and the presence of strong Ising-typemagnetic
anisotropy because of their important spin-orbit coupling.3

Thus, it has been of interest to modify the structure of the
cubane compound by introducing one or more lanthanide
ions into the cluster. Such a modification may affect the
magnetic anisotropy, spin ground state, and magnetic ex-
change interactions within metal clusters, thus providing a
means of understanding the different magnetic contributions
to the SMM behavior encountered in 3d-4f compounds.2f,4

Along this strategy and starting from a tetranuclear
copper(II) compound with a cubane-like structure, Luneau
and co-workers have successfully isolated two series of
heterobimetallic LnIII-CuII tetranuclear [LnCu3] and nona-
nuclear [Ln3Cu6] clusters by replacing one or two of the CuII

ions in the parent compound by lanthanide ions.2f,4 Among
them, a [Dy3Cu6] cluster, which can be viewed as resulting
from the fusion of three Dy2Cu2 cubane cores sharing the
lanthanide ions in a triangular fashion, behaves as an SMM
with a strong coercive field.4 [Mn2Dy2]

5 and [Gd3Fe]
6 have
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also been reported as substructures of larger polynuclear
3d-4f complexes, respectively. In addition, heterometallic
3d-4f cubane clusters [Cu3Gd] have been found in polyox-
ometalate matrixes.7 Very recently, [Co2Ln2] (Ln=Y, Gd,
Tb, Dy, and Ho) compounds have been reported; of these
compounds, [Co2Dy2] exhibits slow relaxation of magnetiza-
tion, which is mainly due to the presence of the anisotropic
DyIII ions.8

Noting that DyIII shows interesting magnetic behavior9

and taking advantage of the NiII ion’s significant single-ion
anisotropy,10we intend to explore the possibility of obtaining
a DyIII-NiII heterometallic cubane having 2-(benzothiazol-
2-ylhydrazonomethyl)-6-methoxyphenol (H2L, Scheme 1) as
the bifunctional ligand to combine the 3d and 4f centers. The
readily prepared organic ligand H2L has a rigid molecular
structure with ditopic binding sites, capable of both coordi-
nating and connecting the different types ofmetal ion centers.
By using a mixture of nickel(II) and lanthanide(III) salts, we
succeeded in synthesizing a family of heterometallic cubanes
of the general formula [Ln2Ni2(μ3-OH)2(OH)(OAc)4(HL)2-
(MeOH)3](ClO4) 3 3MeOH [Ln=Dy (1), Tb (2), and Gd (3)].
Compound 1 represents a new discrete [Dy2Ni2] heterome-
tallic cubane exhibiting probable SMM behavior, where its
slow relaxation ofmagnetization is probably attributed to the
presence of the anisotropic DyIII ions. Magnetic analysis on
compound 3 indicates a competition between ferromagnetic
Gd 3 3 3Ni exchange interactions and antiferromagnetic Ni 3 3 3
Ni interactions.

Experimental Section

All chemicals were of analytical reagent grade and were
used as received. 2-Hydrazinobenzothiazole was prepared by
a literature procedure described elsewhere.11 The Schiff-base

ligand was synthesized by a condensation reaction between
2-hydrazinobenzothiazole (0.165 g, 1 mmol) and o-vanillin
(0.1673 g, 1.1 mmol) in methanol.

Synthesis of Dy2Ni2 (1). A solution of H2L (44.8 mg, 0.15
mmol) inmethanol/acetone (2:1, 15mL) containingDy(ClO4)3 3
6H2O (85.3 mg, 0.15 mmol) was stirred at 40 �C, while a freshly
prepared methanol solution of NaOH (0.02 mL, 1.0 M) was
added. After stirring for 4 h, Ni(OAc)2 3 4H2O (24.8 mg, 0.1
mmol) was added to the resulting yellow solution. Then the
mixture was stirred for another 1 h, followed by filtration.
Brown single crystals suitable for X-ray structure analysis were
formed at room temperature by slow evaporation of the fil-
trates. Yield: 38 mg (47% based on nickel acetate). Anal. Calcd
(found) for C44H63ClN6O25S2Ni2Dy2: C, 32.66 (32.76); N, 5.19
(5.23); H, 3.92 (3.77). IR [ν(CN), cm-1]: 3422 (b), 1605 (m), 1570
(s), 1514 (w), 1451 (s), 1384 (w), 1269 (m), 1240 (m), 1225 (s),
1122 (s), 1081 (m), 940 (w), 743 (m), 637 (w).

Synthesis of Tb2Ni2 (2). This compound was prepared using
the same procedure as that described above for the synthesis of
its dysprosium(III) cognate but using Tb(ClO4)3 3 6H2O in place
of Dy(ClO4)3 3 6H2O. Yield: 36 mg (45% based on nickel acet-
ate). Anal. Calcd (found) forC44H63ClN6O25S2Ni2Tb2: C, 32.81
(32.72); N, 5.22 (5.49); H, 3.94 (3.67). IR [ν(CN), cm-1]: 2943
(m), 1605 (m), 1571 (s), 1512 (m), 1383 (w), 1321 (w), 1269 (s),
1239 (s), 1223 (m), 1080 (s), 940 (s), 742 (s).

Synthesis of Gd2Ni2 (3). This compound was prepared using
the same procedure as that described above for the synthesis of
its dysprosium(III) cognate but usingGd(ClO4)3 3 6H2O in place
of Dy(ClO4)3 3 6H2O. Yield: 33 mg (41% based on nickel acet-
ate). Anal. Calcd (found) for C44H63ClN6O25S2Ni2Gd2: C,
32.88 (32.68); N, 5.23 (5.35); H, 3.95 (3.86). IR [ν(CN), cm-1]:
2960 (m), 1605 (m), 1571 (s), 1514 (m), 1383 (w), 1269 (s), 1241 (s),
1224 (m), 1080 (s), 940 (s), 741 (s).

Physical Measurements. Elemental analysis for C, H, and N
was carried out on a Perkin-Elmer 2400 analyzer. Fourier
transform infrared (FTIR) spectra were recorded with a Vertex
70 FTIR spectrophotometer using the reflectance technique
(4000-300 cm-1). Samples were prepared as KBr disks. Mag-
netic susceptibility measurements were performed in the tem-
perature range 2-300 K using a QuantumDesignMPMSXL-7
SQUIDmagnetometer equipped with a 7 T magnet. The direct-
current (dc) measurements were collected from 2 to 300 K, and
the alternating-current (ac) measurements were carried out in a
3.0Oe ac field oscillating at various frequencies from100 to 1500
Hz and with or without a dc field. The diamagnetic corrections
for the compounds were estimated using Pascal’s constants,12

andmagnetic data were corrected for diamagnetic contributions
of the sample holder.

Crystallography. Crystallographic data and refinement de-
tails are given in Table 1. Suitable single crystals with dimen-
sions of 0.19� 0.15� 0.12, 0.19� 0.17� 0.14, and 0.19� 0.17�
0.14 mm3 for 1-3 respectively, were selected for single-crystal
X-ray diffraction analysis. Crystallographic data were collected
at a temperature of 186(2) K for 1 and 2 and 191(2) K for 3 on a
Bruker ApexII CCD diffractometer with graphite-monochro-
mated Mo KR radiation (λ=0.710 73 Å). Data processing was
accomplished with the SAINT processing program.13 The
structure was solved by direct methods and refined on F2 by
full-matrix least squares using SHELXTL.14 The location of
metal atoms were easily determined, and oxygen, nitrogen, and
carbon atomswere subsequently determined from the difference
Fourier maps. The non-hydrogen atoms were refined anisotro-
pically. The hydrogen atoms were introduced in calculated
positions and refined with a fixed geometry with respect to their
carrier atoms. CCDC 772946 (1), 772948 (2), and 772947 (3)

Scheme 1. Representation of the Ligand H2L
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contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif. See also the Supporting Information.

Results and Discussion

Synthesis and Crystal Structures. The reaction of Ln-
(ClO4)3 3 6H2O and Ni(OAc)2 3 4H2O with H2L in metha-
nol/acetone (2:1), in the presence of NaOH, produces
brown crystals of [Ln2Ni2(μ3-OH)2(OH)(OAc)4(HL)2-
(MeOH)3](ClO4) 3 3MeOH [Ln=Dy (1), Tb (2), and Gd
(3)]. H2L is a versatile receptor able to adapt to the
coordinative preferences of different metal ions. The
“soft” nitrogen atoms of the ligand preferably coordinate
“soft” metal ions; in contrast, the “hard” oxygen atoms
rather bind to “hard”metal ions. According to hard-soft
acid-base theory, the lanthanide ions are hard acids.15

Consequently, it is expected that the ditopic ligand will
coordinate the LnIII ion through its oxygen atoms and
bind the nickel ion through its nitrogen atoms. Therefore,
the crucial use of this particular ligand, in principle,
should allow control of the formation of the heterome-
tallic coordination compounds.
The complexes are isostructural and crystallize in the

orthorhombic space groupPna21 (Table 1). The structure
of 2 is described here as representative of the whole series.
The crystal structure consists of cationic entities [Tb2Ni2-
(μ3-OH)2(OH)(OAc)4(HL)2(CH3OH)3]

þ, an uncoordinated
perchlorate anion for charge balance, and methanol
molecules of crystallization. A perspective view of the
tetranuclear cations is depicted in Figure 1. The metal
centers of the tetranuclear core are linked by two μ3-
phenoxido oxygen atoms from two HL- ligands and two
μ3-hydroxido groups to form a cubic arrangement of the
metal ions and oxygen atoms. Two ligands bridge the
TbIII and NiII centers in an antiparallel fashion, with the
O,O and N,N pockets coordinating to the TbIII and NiII

ions, respectively.TheTbIII andNiII ionsare furtherbridged
by acetates in a syn-syn μ-η1:η1 fashion to consolidate

this heterometallic cubane. The coordination spheres of
Tb1 and Tb2 are each completed by a monodentate acetate
and two methanol molecules and a monodentate acetate,
a hydroxyl group, and a methanol molecule, respectively,
making them eight-coordinate with geometries between
dodecahedral and bicapped trigonal prismatic. The pro-
tonation levels of OAc- and HO- ions were established
by charge considerations andwere evident from the presence
of intramolecular hydrogen-bond interactions [O18-
H18a 3 3 3O8=3.030(7) Å; O16-H16b 3 3 3O8=2.2.671(8) Å]
and intermolecular hydrogen-bond interactions [O13-
H13h 3 3 3O8=2.612(8) Å; O19-H19 3 3 3O16=2.696(9) Å].
Each NiII ion is in an elongated octahedral coordina-

tion environment. The basal plane of the octahedron is
formed by two nitrogen atoms and one bridging phenox-
ido oxygen atom belonging to one HL- ligand and one
oxygen atom fromabridiging hydroxido group. The axial
positions are occupied by one acetate oxygen atom and
the phenoxido oxygen atom of a second HL- ligand. The
Ni-N and Ni-O bond lengths are in normal ranges for
a NiN2O4 chromophore with an elongated octahedral

Table 1. Crystal Data and Structure Refinement for Compounds 1-3

1 2 3

empirical formula C44H63ClDy2N6Ni2O25S2 C44H63ClN6Ni2O25S2Tb2 C44H63ClGd2N6Ni2O25S2
fw (g mol-1) 1617.99 1610.83 1607.49
cryst syst orthorhombic orthorhombic orthorhombic
space group Pna21 Pna21 Pna21
cryst color brown brown brown
cryst size (mm3) 0.19 � 0.15 � 0.12 0.19 � 0.17 � 0.14 0.19 � 0.17 � 0.14
temperature (K) 186(2) 186(2) 191(2)
a (Å) 14.3202(10) 14.3800(6) 14.3637(8)
b (Å) 26.7358(18) 26.6616(11) 26.6503(15)
c (Å) 14.9334(10) 14.9053(6) 14.9105(8)
V (Å3) 5717.4(7) 5714.6(4) 5707.7(5)
Fcalcd (Mg/m3) 1.880 1.872 1.871
μ (mm-1) 3.439 3.301 3.151
F(000) 3224 3216 3208
θ for data collection (deg) 1.61-26.05 1.53-26.13 1.53-25.07
collected reflns 30 641 31 189 28 456
indep reflns 11 030 10 333 9986
Rint 0.0351 0.0478 0.0390
R [I > 2σ(I)] 0.0331 0.0340 0.0302
wR (all data) 0.0834 0.0868 0.0781
GOF on F2 1.046 1.073 1.040
largest diff peak and hole (e Å-3) 1.166 and -1.324 0.937 and -0.555 1.031 and -0.504

Figure 1. Structure of a [Tb2Ni2(μ3-OH)2(OH)(OAc)4(HL)2-
(CH3OH)3]

þ cation highlighting the [Tb2Ni2O4] heterometallic cubane
in turquiose lines. Hydrogen atoms are omitted for clarity. Color scheme:
pink, Tb; green, Ni; red, O; blue, N; yellow, S; gray, C.
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geometry. This deformation of the cubane cluster is most
likely due to steric constraints rising from its assembly.
This [Tb2Ni2] cubane is reminiscent of the substructures
reported in the [Dy3Cu6] cluster

4 with a Ni 3 3 3Ni separa-
tion of 3.2751(12) Å, a Tb 3 3 3Tb separation of 3.8805(4) Å,
and Tb 3 3 3Ni distances in the range of 3.3952(10)-
3.5866(9) Å. These cubane compounds provide unique
opportunities to allow for a systematic exploration of
features that have been identified as being important in
shedding light on the SMM behavior encountered in the
[Dy3Cu6] cluster.

4

Magnetic Properties. dc magnetic susceptibility studies
of 1-3 were carried out in an applied magnetic field of 1
kOe over the temperature range 2-300 K. The plots of
χMT versus T, where χM is the molar magnetic suscept-
ibility, are shown in Figure 2. For 1, the observed χMT
value of 31.5 cm3Kmol-1 is close to the expected value of
30.3 cm3 K mol-1 for two uncoupled DyIII ions (6H15/2,
S=5/2,L=5, J=15/2, and g=

4/3) and two uncoupledNiII

ions (S = 1 and g = 2). The χMT product gradually
decreases upon lowering of the temperature, reaching a
plateau of 29.4 cm3 K mol-1 at 20 K, and then drops
further to a minimum value of 24.7 cm3 K mol-1 at 2 K.
For 2, at room temperature, the χMT value of 24.7 cm3 K
mol-1 is close to the expected value of 25.6 cm3 K mol-1

for two uncoupled TbIII ions (7F6, S=3, L=3, J=6, and
g=3/2) and two uncoupled NiII ions (S=1and g=2). The
χMT product gradually increases upon lowering of the
temperature until 50 K and then increases sharply to a
maximum value of 33.9 cm3Kmol-1 at 2K. This increase
of χMT at low temperature may suggest the presence of
intramolecular ferromagnetic interactions within the me-
tal cubane. However, it is difficult to comment on the
interactions of Ni 3 3 3Ln and Ln 3 3 3Ln in 1 and 2, with
lanthanide ions having intrinsic complicated magnetic
characteristics, which include the presence of spin-orbit
coupling and magnetic anisotropy.8

In 3, the introduction of magnetically isotropic GdIII

ions allows us to estimate the magnetic interactions of
Ni 3 3 3Gd and Ni 3 3 3Ni. Thus, their study seems crucial
for the understanding of systems containing anisotropic
lanthanide ions such as dysprosium and terbium, whose
magnetic properties are much more complicated to un-
derstand. For 3, at room temperature, the χMT value of
18.3 cm3 Kmol-1 is in good agreement with the expected

value of 17.8 cm3 K mol-1 for two uncoupled GdIII ions
(8S7/2, S=

7/2, and g=2) and two noninteracting NiII ions
(S=1 and g=2). The χMT product gradually increases
upon lowering of the temperature until 50 K and then
increases sharply to a maximum value of 35.7 cm3 Kmol-1

at 2K. This increase of χMT at low temperature obviously
suggests the presence of intramolecular ferromagnetic
interactions within the metal cubane.16 To gain some
information concerning the interactions between the
metal ions within the cubane, as a preliminary treatment,
the experimental magnetic data are analyzed based on a
simple parallelogram model (Figure S1 in the Supporting
Information),17 where J1, J2, and J3 represent the ex-
change interactions between Ni 3 3 3Gd, Ni 3 3 3Ni, and
Gd 3 3 3Gd, respectively. By assuming that J3 = 0, the
Heisenberg spin Hamiltonian is thus given as H=-2J1-
(SNi1SGd1þSGd1SNi2þSNi2SGd2þSGd2SNi1)- 2J2SNi1SNi2.
The best fitting of the susceptibility data in terms of the
Kambe model18 in the temperature range 2-300 K gives
J1=0.919 cm-1, J2=-3.638 cm-1, g=2.03, and R2=
0.997 51. The results indicate that a ferromagnetic inter-
action between nickel and gadolinium ions and an anti-
ferromagnetic interaction between two nickel ions are
operative.
Magnetization (M) data for 1-3 were collected in the

0-70 kOe field range below 5K.For 1 and 2, theM versus
H/T (Figures 3 and S2 in the Supporting Information)
data at different temperatures show nonsuperposition
plots, and a gradual increase of the magnetization at
low fields, without a clear saturation even at 7 T, indicates
the presence of a significant magnetic anisotropy and/or
low-lying excited states.19

For 3, the magnetization measurements at 1.9 K
(Figure 4) show a clear saturation above 4 T indicative
of a low magnetic anisotropy, which is further confirmed
by the M versus H/T plot, where the data can almost be
superposed on a single master curve, as is expected for
isotropic systems (Figure S3 in the Supporting Informa-
tion).16 It is worth noting that, for the lower fields, the
magnetization is above the magnetization calculated with
the Brillouin function for two uncoupled S= 7/2 and two

Figure 2. Temperature dependence of the χMT products at 1 kOe for 1
(3), 2 (4), and 3 (O). The red line is the simulation of the experimental
data.

Figure 3. M vsH/T plots for 1 below 5 K.
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uncoupled S=1 spin centers but below themagnetization
calculated with the Brillouin function for S=9 (Figure 4),
which is consistent with the results that ferromagnetic
Gd 3 3 3Ni exchange interactions are competing with anti-
ferromagnetic Ni 3 3 3Ni interactions in the metal cubane.
ac susceptibility measurements were carried out for

1-3 under a zero dc field to investigate the dynamics of
themagnetization. Compounds 2 and 3 donot exhibit any
slowmagnetic relaxation, as was confirmed by the lack of
an out-of-phase ac signal (Figures S4 and S5 in the
Supporting Information).16 Strikingly, a frequency-de-
pendent increase of the in-phase signal, together with the
concomitant appearance of an out-of-phase signal, is
observed for 1, indicating the onset of slowmagnetization
relaxation, which is typical for SMMbehavior (Figure S6
in the Supporting Information). Although the ac suscept-
ibility as a function of the temperature does not show any
peak in the out-of-phase ac susceptibility in zero dc field,
it is strongly affected by a small dc field, highlighting the
presence of fast quantum tunneling ofmagnetization,which
can be significantly slowed down by the applied field.20

Indeed, the peak in the out-of-phase ac susceptibility is
observed under a 1200 Oe dc field for higher frequencies,
as shown in Figure S7 in the Supporting Information.
To further probe the dynamics of this system, ac

susceptibility measurements as a function of the fre-
quency at different temperatures under a 1200 Oe dc field
were carried out. The relaxation time at different tem-
peratures was extracted by fitting the χ00 versus frequency
curves (Figure 5).21 Plotting the relaxation time versus the
reciprocal temperature afforded the Arrhenius plot in
Figure S8 in the Supporting Information. Above 2.3 K,
the relaxation follows a thermally activated mechanism
with an energy gap of 7.6 K and a preexponential factor,
τ0, of about 7.5 � 10-6 s. Because no out-of-phase signal
was detected for the analogue 3, it was found that the
magnetic slow-relaxation behavior of complex 1 arises
mainly from the presence of anisotropic DyIII ions, as is
observed in the Co2Dy2 system

8 and in a 3d-4f cluster

having a freeDyIII ion.22Nevertheless, the intramolecular
magnetic interactions as a secondary consideration may
also mediate the magnetic relaxation of 4f-based mag-
netic clusters.23

Concluding Remarks

In summary, three new heterometallic compounds con-
taining [Ln2Ni2O4] cubane clusters have been prepared by
usingditopic Schiff-base ligandH2L, capable of both coordina-
ting and connecting 3d and 4f metal ion centers. ac suscept-
ibility measurements on 1 reveal a frequency-dependent
out-of-phase signal, indicative of slow relaxation of magne-
tization, which can be significantly slowed down by the
application of a dc field, highlighting the presence of a fast
zero-field relaxation of magnetization. Magnetic analysis on
compound 3 indicates ferromagnetic Gd 3 3 3Ni exchange
interactions competing with antiferromagnetic Ni 3 3 3Ni in-
teractions. This synthetic approachmay represent a promising
new route toward the design of new heterometallic clusters
and novel magnetic materials.
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Figure 4. M vsH plot for 3 at 1.9 K (open cycle), Brillouin curves for S
= 9 (red line), and uncoupled 7/2 þ 7/2 þ 1 þ 1 spins (navy line).

Figure 5. Frequency dependence of the in-phase (χ0) and out-of-phase
(χ0 0) parts of the ac susceptibility for 1 under a 1200 Oe dc field.
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