
RSC Advances

COMMUNICATION
New structural to
aDepartment of Chemistry, Brock Univer

Catharines, Ontario, Canada. E-mail: tstam
bREQUIMTE/LAQV & Department of Chemis

University of Porto, 4169-007 Porto, Portuga
cDepartment of Aquaculture and Fisheries

Institute of Western Greece, 30 200 Messolo
dDepartament de Quimica Inorganica, Ins

(IN2UB), Universitat de Barcelona, Diagona

† Electronic supplementary information (
details, and various magnetism and p
1429027. For ESI and crystallographic dat
DOI: 10.1039/c5ra20454b

Cite this: RSC Adv., 2015, 5, 92534

Received 2nd October 2015
Accepted 21st October 2015

DOI: 10.1039/c5ra20454b

www.rsc.org/advances

92534 | RSC Adv., 2015, 5, 92534–925
pologies in 4f-metal cluster
chemistry from vertex-sharing butterfly units:
{LnIII

7 } complexes exhibiting slow magnetization
relaxation and ligand-centred emissions†

Eleni C. Mazarakioti,a Lúıs Cunha-Silva,b Vlasoula Bekiari,c Albert Escuerd

and Theocharis C. Stamatatos*a
The employment ofN-salicylidene-o-aminophenol in 4f-metal cluster

chemistry has led to a family of {Ln7} clusters with a new core topology

that comprises two {Ln4} butterflies sharing a common metal vertex;

the {Dy7} derivative exhibits slowmagnetization relaxation whereas all

heptanuclear compounds show ligand-centred blue-green emissions.
One of the current most attractive directions in modern inor-
ganic and coordination chemistry is towards the synthesis of
complex molecular materials with appealing structures and
multiple physical properties. The goal is undoubtedly to
construct multifunctional (or hybrid) materials, where two or
more properties will cooperate synergistically in the presence of
an external stimulus, such as light, electric current or magnetic
eld.1 In order to achieve the synthesis of such molecular, zero-
dimensional (0-D) species, the nature of metals and bridging
ligands is of vital importance.

In terms of metal ions, lanthanides have shown a remarkable
ability to yield beautiful structures with interestingmagnetic and
optical properties.2 This is due to the preference of 4f-metal ions
to bind toO- and/orN-based ligands, the nature of the f-electrons
and orbitals, and the unique electronic structures they possess
(ground state: 2S+1LJ). The large number of unpaired electrons, in
conjunction with the appreciablemagnetoanisotropy originating
from the spin–orbit coupling and ligand eld effects, of some 4f-
metal ions (i.e., DyIII and TbIII) make them suitable candidates
for single-molecule magnetism behaviors.3 Single-molecule
sity, 500 Glenridge Ave, L2S 3A1 St.

atatos@brocku.ca

try and Biochemistry, Faculty of Sciences,

l

Management, Technological Educational

nghi, Greece

titut de Nanociencia i Nanotecnologia

l 645, 08028 Barcelona, Spain

ESI) available: Synthetic and structural
hotophysical gures for 1–3. CCDC
a in CIF or other electronic format see

38
magnets (SMMs) derive their properties from the combination
of a large magnetic moment in the ground state with a large
magnetic anisotropy, as reected in a large and negative zero-
eld splitting parameter (D).4 As a result, SMMs oen possess
an appreciable barrier to magnetization relaxation at low
temperatures, and they display out-of-phase ac magnetic
susceptibility signals and magnetization hysteresis loops.5 In
addition, 4f-metal complexes have also shown intense, sharp
and long-lived emissions;6 they can thus be used for a variety of
optical and medical applications such as display devices, lumi-
nescent sensors, and probes for clinical use.7 This particularly
applies to EuIII and TbIII complexes with red and green lumi-
nescence due to 5D0 / 7FJ and

5D4 / 7FJ transitions, respec-
tively, and occasionally to DyIII compounds with characteristic
blue or yellow-centred 4F9/2 /

6HJ transitions.8

Thus, it becomes apparent that polynuclear 4f-metal clusters
can satisfy all the above requirements and yield both structur-
ally interesting molecular species and emissive SMMs.9 The
nature of the organic bridging ligand becomes of great impor-
tance because it will not only foster the formation of a high-
nuclearity species but also dictate the nature of the intra-
molecular magnetic exchange interactions between the metal
ions and the efficiency of the energy transfer from its triplet
state to the metals' accessible emissive states (‘antenna’ effect).
For these reasons, we have decided to follow up with our
previous success in employing Schiff base bridging ligands in
3d-metal cluster chemistry,10 but this time to explore their use
in lanthanide chemistry as a means of obtaining novel
compounds with unprecedented topologies and magneto-
optical behaviors. We herein show that the use of the tri-
dentate chelating/bridging ligand N-salicylidene-o-amino-
phenol (saphH2) in 4f-metal chemistry can lead to a new family
of heptanuclear clusters with an unforeseen metal vertex-
sharing double-buttery topology, and SMM and emission
behaviors. We have alsomanaged to show that although saphH2

is not a new ligand in lanthanide chemistry,11 the hydrolysis of
the metal ions via the use of a different combination of solvent
and starting materials can lead to higher nuclearity products.
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Coordination modes of saph2� in complex 1.
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The reaction of Ln(NO3)3$6H2O, saphH2, and NEt3 in
a 1 : 2 : 6 molar ratio in Me2CO gave yellow solutions that upon
slow evaporation at room temperature afforded yellow, very thin
needle-shaped crystals of (NHEt3)[Ln7(OH)2(saph)10(Me2CO)2]
(Ln ¼ Gd (1); Tb (2); Dy (3)) in 45–55% isolated yields.† The
chemical and structural identities of the complexes were
conrmed by single-crystal X-ray crystallography (complete data
set for 1 and unit cell determination for 2 and 3), elemental
analyses, IR spectral comparison (Fig. S1†), and powder-XRD
studies (Fig. S7†).

The formula of 1 is based on metric parameters, charge
balance considerations and O BVS calculations;12 the latter
conrmed the assignment of the m3-bridging groups as OH�

ions (BVS 1.11–1.12). The molecular structure of the anion of 1
(Fig. 1, top) reveals the presence of seven GdIII atoms bridged
together by two m3-OH

� ions (O8, O11) and the phenoxido arms
of two h2:h1:h2:m3, four h

1:h1:h2:m and four h1:h1:h3:m3 saph
2�

ligands (Scheme 1). The complete [Gd7(m3-OH)2(m3-OR)4(m-
OR)8]

7+ core of 1 (Fig. 1, bottom) can be conveniently described
as two [Gd4(m3-OH)(m3-OR)2(m-OR)4]

5+ butteries that share
a common metal vertex (Gd4) at the wing-tip position. The m3-
OH� and m3-OR

� bridging groups are all displaced by 1.04–1.40
�A away from the Gd4 best-mean-planes, implying a signicant
distortion of the butteries and a subsequent asymmetrization
of the overall structure. Peripheral ligation about the core is
provided by the chelating part of the saph2� ligands and two
terminally bound Me2CO molecules on Gd2 and Gd5. Two GdIII

atoms (Gd1, Gd6) are 7-coordinate with capped octahedron
geometries, while the remaining metal ions are 8-coordinate
Fig. 1 Molecular structure of the [Gd7(OH)2(saph)10(Me2CO)2]
� anion

of complex 1 (top) and its complete, labelled core (bottom). H atoms
are omitted for clarity. Color scheme: GdIII yellow, O red, N blue, C
dark gray.
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with different coordination geometries (triangular dodecahe-
dral for Gd2 and Gd5; biaugmented trigonal prismatic for Gd3
and Gd7; square antiprismatic for Gd4). All coordination
features of the individual GdIII ions have been derived from the
program SHAPE (Fig. S2†).13 Finally, the {Gd7} anions are well-
isolated in the crystal (Fig. S8†), with the shortest Gd/Gd
intermolecular separation being 12.2�A. Although heptanuclear
metal complexes are of precedence, with the majority of them
comprising two vertex-sharing dicubanes,14 there is no previous
report on a topology similar to that of 1, other than a mixed-
valence {MnII/III

7 } with diethylenetriamine chelate ligand.15

Variable-temperature direct current (dc) magnetic suscepti-
bility studies were carried out on freshly prepared, crystalline
samples of complexes 1–3 in the temperature range 2.0–300 K
under an applied eld of 0.3 T. The low-temperature (30–2 K)
susceptibility data were re-collected at a very small applied dc
eld of 0.02 T to avoid saturation effects; these data were
identical with the ones collected under 0.3 T. The obtained data
for all studied compounds are shown as cMT vs. T plots in Fig. 2.
The experimental cMT values at room temperature are in good
agreement with the theoretical ones (55.13 cm3 K mol�1 for 1;
82.74 cm3 Kmol�1 for 2; 99.19 cm3 Kmol�1 for 3) for seven non-
interacting GdIII (8S7/2, S¼ 7/2, L¼ 0, g¼ 2), TbIII (7F6, S¼ 3, L¼
3, g ¼ 3/2) and DyIII (6H15/2, S ¼ 5/2, L ¼ 5, g ¼ 4/3) ions. For the
isotropic Gd7 (1), the cMT product remains almost constant at
a value of �55 cm3 K mol�1 from 300 K to �40 K and then
steadily decreases to a minimum value of 22.21 cm3 K mol�1 at
2.0 K. The identical response under the two measured elds
precludes the presence of any anisotropy, and is indicative of
the presence of weak intramolecular antiferromagnetic
Fig. 2 Plots of cMT vs. T for complexes 1–3.
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exchange interactions between the seven GdIII centers. For the
anisotropic Tb7 (2) and Dy7 (3) complexes, the thermal evolution
of the magnetic susceptibility is similar, in which the cMT
product remains essentially constant at a value of �78 and �98
cm3 K mol�1 from 300 K to �130 K and then steadily decreases
to a minimum value of 44.07 and 63.60 cm3 K mol�1 at 2.0 K,
respectively. Such a low temperature decrease of the cMT
product is mainly due to depopulation of the excited Stark
sublevels of the TbIII and DyIII ions and some weak antiferro-
magnetic interactions between the metal centers, which cannot
be quantied due to the strong orbital momentum.16

The eld dependence of magnetization (M) at low tempera-
tures show all the expected characteristics for polynuclear,
weakly coupled Ln(III) clusters. Briey, the lack of saturation in
magnetization for complexes 2 and 3 (Fig. S3†) indicates the
presence of magnetic anisotropy and/or population of low-lying
excited states.17 In the case of 1, the magnetization reaches
a quasi saturated value of 47.7 mB at the highest elds (Fig. S4†),
which is in excellent agreement with the expected value of 49 mB

for seven non-coupled GdIII ions. The deviation of M vs. H for 1
at low elds (below the shape and values expected for a simply
Brillouin behavior for 7 GdIII) conrms the weak antiferro-
magnetic interactions.

Alternating current (ac) magnetic susceptibility studies have
been also performed in order to investigate the magnetization
dynamics of the anisotropic Tb7 and Dy7 clusters under a zero
dc magnetic eld. Complex 2 does not show any out-of-phase
signals (Fig. S5†); this is somehow usual in polynuclear TbIII

complexes because TbIII is a non-Kramers ion and so its
complexes will have a bistable ground state only if the ligand-
eld has an axial symmetry.18 This is particularly difficult and
rare when the aggregation of TbIII ions results in a polymetallic
cluster compound where many metal ions are present in
different coordination environments. In contrast, complex 3
shows frequency-dependent out-of-phase c00

M tails of signals at
temperatures below �7 K (Fig. 3), indicative of the slow
magnetization relaxation of an SMM with a small energy barrier
Fig. 3 Out-of-phase (c00
M) vs. T ac susceptibility signals for 3 in a 4.0 G

field oscillating at the indicated frequencies. (Inset) plots of ln(c00/c0) vs.
1/T for 3 at different ac frequencies; the solid lines are the best-fit
curves.
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for magnetization reversal. This is most likely due to the fast
tunneling which is frequently observed in high-nuclearity DyIII

SMMs, and mainly originates from single-ion anisotropy effects
of the individual DyIII Kramers ions.19 In an attempt to quantify
the energy barrier and relaxation time for 3, and given the
absense of c00 peak maxima, we decided to apply the below
equation developed by Bartolomé et al.20

ln(c00/c0) ¼ ln(us0) + Ea/kBT

Considering a single relaxation process, the least-squares t
of the experimental data (inset of Fig. 3) gave an energy barrier
of �3.0(1) cm�1 (�4.3(1) K) and a s0 ¼ 8.3(2) � 10�6 s which is
consistent with the expected s0 values for a fast relaxing SMM.

In order to gain any possible access into additional physical
properties for this family of Ln7 complexes, we decided to
perform photoluminescence studies in the solid-state and at
room temperature. 4f-metal complexes usually exhibit metal-
centred emission bands, which are sharp, intense, and
narrow. These bands arise from an efficient energy transfer
mechanism which includes the ‘sensitization’ of the metal's
excited levels from the triplet (or occasionally singlet) state of
the coordinated organic ligand(s).21 In contrast, quenching of
Ln emission is relatively rare, but when occurs it is associated
with either negligible emission or red-shied ligand-centred
emissions, which are both broad and weak. Reasons for such
quenching vary but they are mainly related with structural
parameters, such as the coordination of solvate ligands and the
presence of lattice solvents and counterions in the crystal, the
temperature, as well as the energy of the lowest triplet state of
the ligand.22

The free ligand saphH2, and its dianionic form (saph2�),23

appear to have very similar photophysical behaviors. Upon
maximum excitation at 490 nm, the ligand shows two strong
and broad emission bands at 510 and 540 nm (Fig. 4, le),
which are located at the blue-green range of the visible spec-
trum. Although saphH2 seemed to be a promising ‘sensitizer’
for 4f-metal luminescence, the photophysical properties of all
three reported Ln7 compounds are identical and consistent with
a ligand-centred emission. In detail, upon maximum excitation
of 1–3 at 400 nm, a green emission at 540 nm has been detected,
supplemented with a weaker intensity band at 485 nm (Fig. 4,
right, and Fig. S6†). The recorded emissions of 1–3 are obviously
Fig. 4 Excitation (1) and emission (2) spectra of solid saphH2 (left) and
Dy7 (right) at room temperature.

This journal is © The Royal Society of Chemistry 2015
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red-shied with respect to the metal-free ligand, implying
a signicant effect of the metal–ligand interactions on the
overall optical response. Such a Ln-independent emission can
be ascribed to an efficient Ln-to-saph2� back energy transfer
process.24 There is no doubt that quenching from the coordi-
nated Me2COmolecules, the presence of Et3NH

+ countercations
and lattice solvents in the crystals of 1–3, might also contribute
to the diminishing of the Ln emission.

Conclusions

In conclusion, we have shown that a new family of heptanuclear
Ln(III) complexes, bearing the known Schiff base ligand N-sal-
icylidene-o-aminophenol (saphH2), has now joined the growing
family of 4f-metal clusters with large nuclearities, unprece-
dented topologies and interesting physicochemical properties,
such as single-molecule magnetism and optics. The reported
complexes possess an unusual topology of two {Ln4} butteries
sharing a common, central metal ion at the wing-tip position.
This results from the co-presence of m3-OH

�, and m3- and m-OR�

groups from the double-deprotonated form of saphH2 under
the prevailing basic conditions.
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