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ABSTRACT: Two series of 4d−4f clusters [Ln8Cd24L12-
(OAc)48] and [Ln6Cd18L9Cl8(10)(OAc)28(26)] (Ln = Nd,
Gd, Er, and Yb) with novel drum-like structures were
prepared using a flexible Schiff base ligand. Their NIR
luminescence properties were determined.

The design and construction of high-nuclearity hetero-
metallic d−f clusters has received extensive attention due

to the remarkable physical and chemical properties associated
with this class of materials.1 Recently, research on polynuclear
lanthanide complexes of Yb(III), Nd(III) and Er(III) with near-
infrared (NIR) emission in the 900−1600 nm range has
become a hot topic due to potential applications in bioassays
and laser systems.2 For example, light-absorbing d-block metal
chromophores (i.e., PtII,3c,d RuII,3e,f ZnII,3g,h CrII,3i,j and CdII3k,l)
can be used as sensitizers for NIR luminescence from Ln(III)
centers following ligand→f and d→f energy-transfers.3 One of
the challenges in this area is control over the stoichiometries
and structures of high-nuclearity d−f complexes. This is due to
the difficulty in controlling the variable coordination environ-
ment of the lanthanide ions. The majority of d−f clusters
reported so far have employed simple polydentate rigid ligands,
such as multicarboxylic acids, iminodiacetic acids, pyridine-
carboxylate, and carbonyl ligands.1,4

Flexible ligands may provide more possibilities for the
construction of unique frameworks because of their freedom of
conformation. While flexible ligands featuring S, N, or O atom
donors have been employed in the design of d-block transition
metal frameworks,5 relatively very few studies involving flexible
ligands in the construction of high-nuclearity d−f clusters have
been reported. Our recent studies have focused on the synthesis
of polynuclear lanthanide complexes with different polydentate
ligands.6 For example, it has been found that the use of Schiff
base ligands with flexible carbon−carbon backbones containing
3 and 4 methylene (CH2) units resulted in various dinuclear,6a

tetranuclear6b and hexanuclear6c,d d−f complexes. We were
naturally curious as to the effect of increasing the (CH2)n chain
length. Complexes synthesized using the Schiff base ligand H2L
which has a 6 carbon backbone have remarkable and
unprecedented molecular architectures. Thus, we report here
two series of high nuclearity 4d−4f heterometallic clusters
[Ln8Cd24L12(OAc)48] and [Ln6Cd18L9Cl8(OAc)28] (or
[Ln6Cd18L9Cl10(OAc)26]) (H2L = N,N′-bis(3-methoxy-
salicylidene)hexane-1,6-diamine, Scheme 1). Both Ln(III) and

Cd(II) ions have the potential for high coordination numbers
(6−8) with variable coordination geometries and this,
combined with the use of the flexible ligand H2L, appears to
be the key to the self-assembly of these 24- and 32-metal Ln/
Cd complexes. Although numerous polynuclear d−f complexes
with varying structures have been prepared using Schiff base
ligands, most of them have less than 10 metal atoms.7 To the
best of our knowledge, the 32-metal Cd−Ln complexes
reported here are the highest nuclearity d−f complexes with
Schiff base ligands thus far reported. More importantly, these
complexes exhibit novel drum-like structures with the Ln(III)
centers shielded within the nanoscale structures and protected
from the outside solvent molecules which can quench
lanthanide luminescence. This may help to improve their
NIR luminescent properties.
Reactions of H2L with Cd(OAc)2·2H2O and Ln(OAc)3·

4H2O in refluxing MeOH/EtOH produced yellow solutions
from which the Cd−Ln complexes [Ln8Cd24L12(OAc)48] (Ln =
Nd (1), Gd (2), Er (3) and Yb (4)) were isolated as pale
yellow crystalline solids. Complexes 1−4 are isomorphous, and
possess 32-metal drum-like structures. Two views of the crystal
structure of 1 are shown in Figure 1, and reveal mm symmetry.
The top view is essentially a side-on view while the lower one is
looking down into the top of the drum. The complex is of
nanoscale proportions (19 × 26 × 26 Å). The ends of the drum
are created by two rings of 16 metals (4 Nd(III) and 12
Cd(II)) coordinated to half of the N, O binding groups of the
12 Schiff base ligands plus 24 OAc− anions. The sides of the
drum are formed by the -(CH2)6- linkers of the Schiff base
ligands. Thus each Schiff base ligand is coordinated to metals at
both ends of the drum. In each 16-metal ring, four Nd ions are
eight-coordinate. For the 12 Cd2+ ions, four of them have
bipyramidal geometries, and the other eight Cd2+ ions are
seven-coordinate (Supporting Information).
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The self-assembly process of the drum-like structures appears
to be anion dependent. Thus, if Cl− anions are introduced into
the reactions with the use of LnCl3·6H2O, 24-metal drum-like
complexes [Ln6Cd18L9Cl8(OAc)28] (Ln = Nd (5) and Gd (6))
and [Ln6Cd18L9Cl10(OAc)26] (Ln = Er (7) and Yb (8)) are
produced. Complexes 5 and 6 are isomorphous. As shown in
Figure 2, the drum-like architecture of 5 is formed by two 12-
metal rings (Er3Cd9Cl4(OAc)14) linked by nine L

2‑ ligands. The
molecular dimensions of 5 (16 × 21 × 21 Å) are smaller than
those of 1. Complexes 7 and 8 are also isomorphous. The slight
difference between 5−6 vs 7−8 is that in 7−8 two bridging Cl−
anions replace two tridentate OAc− anions (Figure S1,
Supporting Information).
In 1−8, each Ln3+ ion and its closest two Cd2+ ions are

linked by phenolic oxygen atoms of L2‑, OAc− anions and/or
Cl− anions. The distances between Ln3+ and Cd2+ ions range
from 3.595 to 3.964 Å while the Ln−Ln distances lie in a
narrow range of 10.099−10.402 Å for 1−4 and 9.303−9.647 Å
for 5−8. The ionic radius differences among the 4f ions do not
result in significant changes in the structures of complexes and
we have also isolated analogs of these compounds with Ce3+,
Eu3+, Tb3+, Dy3+, Tm3+ and Lu3+.
The d-block metal ions introduced into lanthanide

complexes may conceivably play two different roles in the
luminescence properties of Ln3+ ions. They may enhance the
luminescence via d→f energy transfer,3 or they may quench the
luminescence via f→d energy transfer.8 For example,
chromogenic Cd components have been used as sensitizers

for lanthanide luminescence following ligand→f and d→f
energy-transfers (i.e., via LMCT excited states).3k,l,9

The photophysical properties of 1−8 were studied in
CH3CN. Molar conductivity studies in CH3CN confirm that
these complexes are neutral, in accordance with the solid state
structures. The free ligand H2L exhibits absorption bands at
226, 260, and 327 nm which are all red-shifted upon co-
ordination to metal ions in 1−8 (Figure 3 and Figure S2,
Supporting Information).
The absorptions of the complexes are significantly stronger

than the free ligand, which is advantageous for the ligand-center

Figure 1. View of the crystal structure of 1. Viewed along the a-axis
(top) and c-axis (lower) (Nd3+, green; Cd3+, blue).

Figure 2. View of the crystal structure of 5. Viewed along the a-axis
(top) and c-axis (lower). (Nd3+, green; Cd3+, blue).

Figure 3. UV−vis spectra of H2L and complexes 1−4 in CH3CN (C =
10−7−10−6 M).
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to absorb energy for sensitizing the lanthanide luminescence.
For the free ligand H2L, excitation of the absorption band at
295 or 410 nm produces a broad emission band at λmax = 515
nm (Figure S3, Supporting Information). Upon excitation of
the ligand-centered absorption bands, complexes 1 and 5 show
the NIR luminescence of Nd3+ (4F3/2→

4Ij/2 transitions, j = 9, 11
and 13)), and complexes 4 and 8 show that of Yb3+

(2F5/2→
2F7/2 transition) (Figure 4). The excitation spectra of

Nd(III) and Yb(III) complexes show two bands at approx-
imately 285 and 355 nm (Figure 4), in agreement with their
absorption spectra, confirming that energy transfer from the
Cd/L centers to Ln3+ ions occurs. In Nd(III) complexes, the
energy transfer is favorable since the Nd3+ ion has many
possible energy-accepting levels lying above the emissive 4F3/2
state at 11 300 cm−1 (Scheme 2).10 The emission lifetimes (τ)

of 1 and 5 are 2.9 and 1.4 μs, respectively. The intrinsic
quantum yields (ΦLn) of Nd3+ emission in 1 and 5 are
calculated as 1.16 and 0.56%, respectively, using ΦLn = τ/τ0 (τ0
= 250 μs, the natural lifetime of Nd3+). In contrast, the Yb3+ ion
has only a single excited state 2F5/2 at 10 200 cm−1 which is
much lower than those of the Cd/L center. The energy-transfer

process in these Yb(III) complexes may perhaps be described
as electron transfer mechanism and/or phonon-assisted energy-
transfer mechanisms.11 The former mechanism is based on the
fact that among the lanthanides, Yb(III) does not possess a very
negative reduction potential (−1.05 V vs the NHE) and can be
transiently reduced to Yb(II) when the sensitizer acts as an
electron donor in its excited state. The emission lifetimes of 4
and 8 are 9.7 and 10.9 μs, respectively. So the intrinsic quantum
yields of Yb3+ emission in 4 and 8 are calculated as 0.49 and
0.55%, respectively.
For Er(III) complexes 3 and 7 no obvious or very weak NIR

emission attributable to the Er3+ ion was observed under the
experimental conditions. Although the Er3+ ion has several
electronically excited states that would be energetically
appropriate for accepting energy from a sensitizer, its NIR
emission may be quenched by C−H vibrations from the ligand
(Scheme 2). In 3 and 7, the resonance energy transfer (RET)
from the emitting Er3+ ion to the oscillating C−H group is
more efficient than those in Nd(III) and Yb(III) complexes,
since the energy gap of the radiative (f−f) transition for the
Er3+ ion (4I13/2→

4I15/2: ∼6500 cm−1) is smaller than those of
Nd3+ (4F3/2→

4Ij/2: ∼7400 (j = 13), ∼9400 (j = 11), ∼11 000 (j
= 9)) and Yb3+ (2F5/2→

2F7/2: ∼10 000 cm−1) and matches
better the energy of the vibrational overtone(s) of C−H groups
with low vibrational quanta (ν).12

For complexes 1−8, a broad Cd/L centered emission can be
detected at about 540 nm upon excitation of the ligand-
centered absorption bands. For Gd(III) complexes 2 and 6, the
Gd3+ ion possesses no energy levels below 32 000 cm−1 and
therefore cannot accept any energy from the sensitizer. As
shown in Figure 5, the Cd/L centered emissions of 1, 3, and 4

are weaker than that of Gd(III) complex 2, due to the energy
transfers to Nd3+, Er3+ and Yb3+ ions, respectively. With the
same absorbance value at the excitation wavelength (350 nm),
the Cd/L centered emissions in 3 are 7.9 and 3.5 times as
strong as those in 1 and 4, respectively, indicating that the
energy transfer to lanthanide ion in 3 is less efficient than those
in 1 and 4. The energy transfer difference between 1 and 3 may
be due to the fact that the Nd3+ ion has more appropriate
energy-accepting levels than the Er3+ ion in the range 15 000−
20 000 cm−1 (Scheme 2),10 in which the accepted energy is
transferred to the NIR luminescent levels of the lanthanide ions
through internal conversion. This is also observed in complexes
5−8 (Figure S4, Supporting Information).

Figure 4. NIR excitation and emission spectra of complexes 1 and 4 in
CH3CN.

Scheme 2. Energy Levels in Lanthanide Complexesa

aApproximate energy level: estimated from the visible emission of
lanthanide complexes, which may come from the intraligand transition
mixing with the LMCT transition).3l,9

Figure 5. Visible emission spectra of complexes 1−4 with the same
absorbance value at λex = 350 nm in CH3CN.
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In conclusion, we have successfully demonstrated a new
route for the anion-dependent self-assembly of high-nuclearity
d−f metal clusters with unusual drum-like architectures using
flexible Schiff base ligands. With the Ln(III) centers shielded
within the structures, these clusters display interesting NIR
luminescence properties. The results provide new insights into
the construction of novel high-nuclearity clusters and offer a
promising foundation for the development of new functional
materials. Further studies focused on this synthetic method-
ology and exploration of complexes of even higher nuclearity
using more flexible Schiff base ligands are in progress.
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