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ABSTRACT: The reactions of [CuTbLSchiff(H2O)3Cl2]Cl
complexes with A- or B-type Anderson polyoxoanions lead
to new polyoxometalate-supported 3d−4f heterometallic
systems with single-molecule-magnet behavior.

Polyoxometalates (POMs) are unique nanosized complexes
with oxygen-rich surfaces and controllable size, shape, and

charge. In the past few years, these molecular objects have been
considered as inorganic ligands to assemble various transition-
metal (TM) or lanthanide (Ln) ions into aggregates with
interesting magnetic properties such as single-molecule-magnet
(SMM) behavior.1−5 In this research field, several POM-based
SMMs or SMMs decorated by POM ligands have been
reported.4 Furthermore, the hybrid POM materials behaving as
SMMs have also been prepared by dispersing high-spin
anisotropic units (like SMMs) into the porous anionic POM-
based structures.5 A recent aspect of this research field has
focused on the construction of new POM-supported molecular
aggregates assembled by high-spin and anisotropic 3d−4f
heterometallic complexes.6 Until now, only a few examples have
been reported,7 but none of them exhibits SMM properties.
During the self-assembly process, a competition between
reactions involving the polyoxoanions and both Ln and TM
ions occurs in an uncontrollable manner. In most of the
synthetic conditions, the obtained species are not the ones
expected.8

On the basis of the above consideration, we attempt to
explore new systems that can combine various 3d−4f
heterometallic complexes with POMs. The {TMIILnIIIL}n+

dinuclear complexes assembled by different Schiff-base ligands
(L)9 appear to be ideal candidates to validate our synthetic
strategy (Scheme 1a). {TMIILnIIIL}n+ complexes are available
with many different TM and Ln centers, and their coordinating
counteranions, usually NO3

− or Cl−, can be substituted by
various organic O- or N-donor ligands.10 Thus, it is possible to
combine {TMIILnIIIL}n+ units (especially the potential
{CuIITbIII} SMM moiety) with various polyoxoanions. Herein,
we report two new POM-supported 3d−4f heterometallic

compounds, [{CuTbL(H2O)3}2{IMo6O24}]Cl·2MeOH·8H2O
(1) and [{CuTbL(H2O)2}2{AlMo6O18(OH)6}2]·Me-
OH·10H2O (2) [L = N,N′-bis(3-methoxysalicylidene)-
ethylenediamine]. In these new molecular systems, the
coordination environment and assembly mode of {CuTb}
units are modulated by different Anderson-type POM
complexes (Scheme 1b). More interestingly, both compounds
exhibit SMM behaviors, which is not observed in their
precursor [CuTbL(H2O)3Cl2]Cl·MeOH (3).
Red-brown block crystals of 1 and 2 were prepared by

layering a methanol solution of [CuTbL(H2O)3Cl2]Cl onto an
aqueous solution of A- or B-type Anderson POM complexes.11

Both compounds crystallize in the triclinic space group P1 ̅.12

The crystal structure of 1 consists of two [CuTbL(H2O)3]
3+

moieties and one A-type Anderson [IMo6O24]
5− polyoxoanio-

n13a (Figures 1 and S1 in the Supporting Information, SI). In
the {CuTb} moieties, the Cu2+ center is five-coordinated with
two imine N atoms, two phenolate O atoms, and one terminal
methanol. The nine-coordinated TbIII center adopts a capped
square-antiprismatic geometry with nine O atoms: two
phenolate, two ethoxy, two Ot atoms from POMs, and three
water molecules. On the basis of the above coordination modes,
two {CuTb} units are covalently linked to one POM moiety
(Figure 1).
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Scheme 1. Schematic View of (a) a {TMIILnIII} Unit Based
on a Schiff-Base Ligand and (b) an Anderson-Type POM
(Oc = O2− or OH− for an A- or B-Type Anderson POM,
respectively)
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Compound 2 is composed of two cationic [CuTbL-
(H2O)2]

3+ units and two B-type Anderson [AlMo6O24H6]
3−

polyoxoanions13b (Figures 2 and S2 in the SI). Generally, both

A- and B-type Anderson POMs possess the same molecular
structure, but the six Oc atoms in the B-type Anderson unit are
OH− groups,13b which induce less negatively charged species.
In 2, each Cu2+ center is five-coordinated with two imine N
atoms, two phenolate O atoms, and one O atom (O15) from a
polyoxoanion. The TbIII center is eight-coordinated with four
types of O atoms: two phenolate, two ethoxy, two Ot from
different polyoxoanions, and two water molecules, showing a
square-antiprismatic geometry. On the basis of the above
coordination modes, two {CuTb} moieties are covalently
connected with two B-type Anderson POM units, forming a
ring-type POM-supported 3d−4f heterometallic complex
(Figure 2).
It is worth mentioning that substitution of the donor anions,

Cl−, of the precursor 3 by POM ligands modulates the
coordination environment of Tb centers and the structural
parameters of the {CuO2Tb} units, such as the dihedral angle
and the Cu···Tb distance (Figures S1−S4 and Tables S2 and S3
in the SI). Moreover, in the packing arrangement of 1 and 2,
each POM-supported {CuTb} complex adopts the same
orientation and is well separated without strong hydrogen-
bonding or π−π interactions (Figures S5−S9 in the SI). The
{CuTb} unit in 3 exhibits two different orientations, and the
adjacent {CuTb} moieties possess extensive and strong H-bond
interactions between Cl− and coordinated water molecules
(Figure S6 and Table S4 in the SI).
The direct-current (dc) magnetic susceptibilities of 1, 2, and

their precursor 3 have been measured and are shown as χT vs T
plots (Figures S18 and S19 in the SI). Compounds 1 and 2
exhibit similar behavior, with χT values at 300 K (22.2−22.3
cm3 K mol−1) that are slightly lower than expected (24.375 cm3

K mol−1) for two Cu2+ (S = 1/2, g = 2) and two TbIII ions (7F6, J
= 6, gJ =

3/2). The χT vs T plots (Figure S18 in the SI) suggest
the coexistence of competitive phenomena: (i) the intrinsic
TbIII magnetism that is dominated by thermal depopulation of
the 13 sublevels of the 7F6 ground state (induced by the spin−
orbit coupling and a low symmetry crystal field) explains the
decrease of χT products below 300 K; (ii) the weak
intramolecular Cu−Tb ferromagnetic interactions that are the
origin of the χT product increase until 8 K;14,15 (iii) finally, the
presence of magnetic anisotropy brought about by the Tb ions
and/or weak antiferromagnetic interactions between
{CuO2Tb} complexes through weak intermolecular contacts
or POM linkers explains the decrease of χT below 8 K. The χT
vs T plot of the precursor 3 (Figure S19 in the SI) reveals a
different thermal behavior. The room temperature χT value is
13.1 cm3 K mol−1, which is slightly higher than expected (12.18
cm3 K mol−1) for the noninteracting Cu2+ and TbIII ions. Upon
a lowering of the temperature from 300 K, the χT value
increases rapidly to reach a maximum of 14.9 cm3 K mol−1 at
14 K and then decreases to 13.8 cm3 K mol−1 at 2 K. The
observed difference of the magnetic properties between 3 and
complexes 1 and 2 highlights a much stronger intramolecular
ferromagnetic interaction in 3 and also likely a significant
change of the intrinsic TbIII magnetic properties induced by
geometrical modifications of the TbIII coordination sphere with
different donor ligands (Tables S2 and S3 in the SI).
In alternating-current (ac) susceptibility measurements, the

slow relaxation of magnetization is observed in 1 and 2 based
on the appearance of out-of-phase signals (χ″) below 10 K
(Figures 3 and S21 and S22 in the SI), suggesting SMM

behavior.15,16 From the frequency dependence of the ac data
(Figure 3), the relaxation time, τ, of the systems has been
estimated and plotted in a semilogarithmic scale as a function of
T−1 (Figure S22 in the SI). τ is not following a simple
Arrhenius law because τ is becoming temperature-independent
below 2.5 K, as expected for a SMM in a pure quantum regime
of relaxation. The characteristic time of the quantum tunneling
of magnetization (QTM) is fast (ca. 1.1 × 10−3 s), explaining
the absence of M vs H hysteresis at the sweeping rate used in a
classical magnetometer. Therefore, the energy gap, Δ,
associated with the thermally activated regime of relaxation
has been estimated from the experimental data above 4 K. The
energy gaps found are 17.1 and 20.8 K and the preexponential
factors, τ0, are about 4.0 × 10−6 and 1.1 × 10−6 s for 1 and 2,
respectively. It should be noticed that the τ0 values are notably
larger than the expected values of around 10−9−10−11 s for
SMMs. These values are obviously enhanced by the presence of
QTM, suggesting that the obtained Δ must be taken as a lower
limit of the real thermal energy gaps. It is also noteworthy that

Figure 1. View of the molecular structure of 1. The H atoms, Cl
anions, and interstitial solvents are omitted for clarity.

Figure 2. View of the molecular structure of 2. The H atoms on
organic ligands and interstitial solvent molecules are omitted for
clarity.

Figure 3. Frequency dependence of the imaginary (χ″) parts of the ac
susceptibilities for 1 (a) and 2 (b) in zero dc field. Solid lines are
guides for the eyes.
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the ac susceptibility measurements for the precursor 3 reveal
the absence of slow relaxation of magnetization (Figure S20 in
the SI). Such a magnetic difference between precursor 3 and
compounds 1 and 2 is mainly attributed to two possible
reasons: (i) when Cl− is substituted by POM anions, the
coordination sphere of TbIII is modulated and then the
anisotropy of Tb is enhanced, and/or (ii) the extensive
intercomplex magnetic interaction in 3 is obviously shielded
when POMs are introduced into the molecular system,
revealing the intrinsic SMMs properties of the {CuTb}
complex.15,16

In summary, the reaction of {CuTbLschiff} moieties with
different Anderson-type POMs leads to the first two examples
of Anderson-type POM-supported 3d−4f heterometallic
complexes. In contrast to their {CuTbLschiff} precursor,
compounds 1 and 2 exhibit slow relaxation of their magnet-
ization observed by ac susceptibility measurements, demon-
strating SMM properties. This work shows an easy-chemical
way to synthesize POM-supported 3d−4f heterometallic
SMMs. Moreover, the two compounds further illustrate how
POMs could be used to assemble, isolate, and organize new
SMM systems based on the coordination properties of the
POM building blocks.
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