
Bifunctional Ligand Approach for Constructing 3d −4f Heterometallic
Clusters

Gang Wu, †,‡ Ian J. Hewitt, †,‡ Samir Mameri, ‡ Yanhua Lan, ‡ Rodolphe Cle´ rac, § Christopher E. Anson, ‡

Shilun Qiu,* ,† and Annie K. Powell* ,‡

Institut für Anorganische Chemie der UniVersität Karlsruhe, Engesserstrasse Geb. 30.45,
D-76128 Karlsruhe, Germany, State Key Laboratory of Inorganic Synthesis & PreparatiVe
Chemistry, Jilin UniVersity, 2699 Qianjin Street, Changchun 130012, People’s Republic of China,
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Using a predesigned Schiff-base tripodal ligand, a heptanuclear
CuII−GdIII cluster with a spin ground state of S ) 17/2 has been
synthesized.

The design and synthesis of high-nuclearity clusters that
can behave as single-molecule magnets (SMMs) is an area
of high activity relevant to magnetochemistry and coordina-
tion chemistry.1 Since the discovery of the first SMM
Mn12,1e-g several homo-1,2 and heterometallic3 clusters have
been described that display slow relaxation of the magnetiza-
tion, which is usually regarded as an indication of possible
SMM behavior. One way of combining the high-spin ground

state and uniaxial anisotropy properties required for SMM
behavior is to synthesize heterometallic clusters, such as 3d-
4f aggregates.3a-d This synthetic strategy has also led to the
discovery of many beautiful and interesting clusters that
although they do not display SMM properties provide a
valuable insight into promising future synthetic directions.

We present here a means of combining 3d and 4f centers
using bifunctional ligands. Recognizing that Schiff-base
ligands4 are easy to tailor and that tripodal ligand groups5

are a good way of connecting metal centers together, we
decided to combine both groups in the ligand 2-{[(2-hydroxy-
3-methoxyphenyl)methylene]amino}-2-(hydroxymethyl)-1,3-
propanediol (H4L; Scheme 1). This can be isolated in a
quantitative yield by mixing methanolic solutions ofo-
vanillin and tris(hydroxymethyl)aminomethane.6 This type
of ligand has previously been used to prepare 3d homo-
nuclear clusters.6,7

Herein we report the synthesis and magnetic property of
a novel 3d-4f heteronuclear cluster [Gd2Cu5(OH)4(Br)2-
(H2L)2(H3L)2(NO3)2(OH2)4](NO3)1.78(Br)0.22‚7H2O (1), which
has a spin ground state ofS ) 17/2.
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Compound1 was synthesized by slow evaporation of a
methanolic solution of CuBr2‚H2O, H4L, and Gd(NO3)3‚5H2O
in the presence of tetrabutylammonium hydroxide (TBA).8

The heptanuclear aggregate in1 (Figure 1) is centro-
symmetric, with Cu(1) situated on a crystal inversion center.9

The metal centers are linked together by fourµ3-OH
ligands, each of which bridges between two Cu centers and
a Gd, with Cu-O ) 1.959-1.995 Å and Gd-O ) 2.459
and 2.467 Å. Cu(1) has a 4+ 2 distorted octahedral
coordination sphere, Cu(2) and Cu(3) have square-pyramidal
geometries, while Gd(1) is nine-coordinate. There are two
µ3-Br ligands, which occupy axial sites on the Cu centers
and bridge between three Cu atoms with Cu-Br ) 2.826-
3.139 Å. In addition to the strict inversion symmetry, the
{Cu5Gd2(µ3-OH)4(µ3-Br)2} core also has a pseudo-mirror-

plane containing Cu(1), the Gd atoms, and the bromide
ligands.

Each of the four outer coppers, Cu(2) and Cu(3) and
equivalents, are chelated by the deprotonated phenol O, the
imino N, and an ethanolic O of a Schiff-base ligand. In the
ligand chelating Cu(2), the latter oxygen [O(4)] still carries
its proton, with the phenoxo oxygen O(3) bridging to Gd(1),
whereas in the ligand chelating Cu(3), the ethanolic oxygen
O(9) is deprotonated and bridges to Gd(1). The coordination
sphere of Gd(1) is completed by a chelating nitrate, an O
atom from the methoxy group of the H4L (in its H3L version),
and two aqua ligands. Thus, the ligand provides differing
coordination sites attractive to the relatively soft CuII and
hard GdIII ions as well as bridging from phenol and alcohol
O atoms. There are no real pathways for intermolecular
magnetic exchange because any dangling O atoms from the
ligands form intramolecular H bonds or H bonds to coun-
terions apart from one intermolecular H bond from a dangling
O in one molecule to the next for which the magnetic
pathway would involve going through a total of two Cu-N
bonds, six saturated C-O or C-C single bonds, plus the H
bond.

Magnetic measurements were performed on a polycrys-
talline sample of1.10 Between room temperature and 50 K,
the øT product (Figure 2) is roughly constant at 17.8 cm3‚
K/mol. This value is in good agreement with the expected
value (17.625 cm3‚K/mol) for the presence of two GdIII (S
) 7/2 with C ) 7.875 cm3‚K/mol for g ) 2)11 ions and five
CuII ions (S ) 1/2 spin with C ) 0.375 cm3‚K/mol). When
the temperature is decreased below 50 K, theøT product at
1000 Oe continuously increases to reach 29.6 cm3‚K/mol at
1.8 K, indicating the presence of ferromagnetic interactions
in the complex.
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Figure 1. Molecular structure of the Cu5Gd2 aggregate in1. The C-H
hydrogen atoms have been omitted for clarity.

Figure 2. Temperature dependence of theøT product at 1000 Oe (withø
) M/H) and magnetization measurements at 1.8 K (left inset) and presented
as a reduced magnetization plot (M vs H/T, right inset) for1.
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The magnetization measurements at 1.85 K (left inset in
Figure 2) performed as a function of the field show a clear
saturation above 4 T indicative (i) of an absence of field-
induced population of the excited states below 7 T (i.e.,
excited states are relatively far away in energy above the
ground state) and also (ii) of a low magnetic anisotropy. This
latter conclusion is confirmed by theM vs H/T plot, where
the data can all be superposed on a single master curve, as
expected for isotropic systems (right inset in Figure 2). The
saturation ofM at 16.5µB is lower than that expected (19
µB) for two GdIII (S ) 7/2) ions and fiveS ) 1/2 CuII ions,
which are uncoupled or completely ferromagnetically coupled.
This suggests that even if ferromagnetic interactions are
present, some of the centers are necessarily antiferromag-
netically coupled in such a way that the applied magnetic
field is not able to align all of the spins parallel to populate
the S ) 19/2 excited state. Because the Cu-Gd interaction
through double O bridges is nearly always ferromagnetic,12

this behavior suggests that the Cu-Cu interaction through
O/Br bridges is strongly antiferromagnetic, as has been
observed previously.13 In order to have a configuration
compatible with the magnetization saturation at 16.5µB, we
must assume that the Cu2-Cucentral-Cu2 central motif of1
possesses an antiferromagnetic arrangement with the central
CuII S) 1/2 spin in the opposite sense of the other CuII spins,
as shown in Figure 3. Therefore, considering the presence
of Cu-Gd ferromagnetic interactions, the resulting spin
ground state of this system isS) 17/2. The saturation value
of the magnetization should be thus close to 17µB, in good
agreement with the experimental value. Attempts to simulate
the magnetic susceptibility14 by reducing the six different
pathways of interaction to only two,JCu-Cu (mediated by an
O/Br bridge) andJGd-Cu (mediated by a double O bridge),

leads to multiple solutions because of the featurelessøT vs
T andM vs H/T experimental data. It is worth noting that
the good simulations always gave largeJCu-Cu values on the
order of-100 K and smallJCu-Gd values close to+1 K. As
expected for isotropic systems, the magnetic properties of
this compound reveal a complete absence of magnetization
slow relaxation, i.e., SMM behavior, as confirmed by the
lack of an out-of-phase alternating current signal or hysteresis
effects on theM vs H data.

In summary, a new heptanuclear CuII-GdIII complex has
been successfully synthesized using a predesigned Schiff-
base tripodal ligand. Magnetic measurements reveal that this
complex has an isotropic spin ground state ofS) 17/2. This
synthetic method provides an entry to a systematic study
using different combinations of 3d and 4f metals. In addition
to the introduction of anisotropy in this way, secondary
properties such as luminescence could be incorporated in
the final materials.
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Figure 3. Gd2Cu5O8Br2 core structure of1 highlighting the local spin
arrangement of the ground state.
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