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Two classes of heterobimetallic d-f  nanoclusters
[LNsCdas(L")11(OAC)43(OH)] and [Ln,Zng(L?),(OAC)0(OH)4]
(Ln = Nd and Yb) were prepared using flexible long-chain
Schiff base ligands which have (CH,)s backbones. Their NIR
luminescence properties were determined.

Heterometallic nanoclusters comprised of d-block transition
metals and lanthanide ions are currently of interest for their
potential applications in optoelectronics, magnetism, and as
porous materials.® For example, light-absorbing d-block metal
chromophores (i.e. Pt", 2P Ryl 264 zn'! 28f cpl! 200 and Cd' ) can
be used as sensitizers for luminescence from Ln(lll) centers
following ligand—f and d—f energy-transfer. Self-assembly by
metal-ligand coordination is one of the most efficient processes
that organize individual molecular components into nanosize
species.

Compartmental Schiff bases with two dissimilar metal-
binding sites, one being specific for the d metal ion and another
for the f metal ion, have been employed to synthesize d-f
heteronuclear complexes.® For example, in our previous studies,
the use of Schiff base ligands H,L*® (Scheme 1a), which have
flexible carbon-carbon backbones containing from 2 to 4
methylene (CH,) units, resulted in a variety of binuclear,®
trinuclear,® tetranuclear,” and hexanclear**® 3d-4f complexes
(3d = Zn, Cu and Ni). In these polynuclear complexes, the ligands
exhibit classical "salen" type of coordination modes with the 3d-
metal ions bound in the N,O, cavities and the 4f-metal ions in the
0,0, cavities (Scheme 1a). It has been found that the (CH,),
chain lengths of these flexible ligands may affect the structures of
the d-f complexes. So far most flexible Schiff base ligands used
in the construction of d-f polynuclear complexes have contained
no more than 4 methylene units within the backbone.*>We were
naturally interested in the influence of increasing the (CH,),
chain length,® and describe here results using two long-chain
Schiff base ligands N,N'-bis(3-methoxysalicylidene)hexane-1,6-
diamine (H,LY and N,N"-bis(5-bromo-3-
methoxysalicylidene)hexane-1,6-diamine  (H,L?), which have
flexible (CH,)s backbones, respectively (Scheme 1b). In a linear
configuration the lengths of H,L1? are approximately 23 A. This
appears to increase the flexibility of the ligands and seems to be a
factor in the formation of larger metal clusters. The structures of
d-f clusters are often influenced by a variety of factors such as the
type of d-block metal ions and pH value of environment.®® Thus,
two classes of d-f nanoclusters have been prepared from the
reactions of H,L'? with M(OAC),-4H,0 (M = Cd** and Zn®*) and
Ln(OAc);-4H,0 in the presence of added base (NaOH). They are

[LNnCdy(LY)11(OAC)45(OH)] (Ln = Nd (1) and Yb (2)) and
[LnsZng(LY),(0AC),4(OH)s] (Ln = Nd (3) and Yb (4)).
Interestingly, Cd-Ln nanoclusters 1 and 2 exhibit 30-metal drum-

s5 like structures, while Zn-Ln nanoclusters 3 and 4 have 12-metal
rectangular-like architectures. Hydroxide (OH’) anions are found
in the structures of 1-4, indicating that the basic environment
favors the formation of these naonclusters. Differing from most
other salen-type Schiff base ligands used in the synthesis of d-f

s complexes (i.e. H,L*C, Scheme 1a), H,LY? exhibit “stretched”
coordination modes with metal ions (Scheme 1b), resulting in
large sizes of 1-4. For example, the sizes of 1 and 2 are
approximately 20 x 24 x 24 A, which allow their direct
visualization using transmission electron microscopy (TEM). To

es the best of our knowledge, 3 and 4 represent the first report of
rectangular-like d-f nanoclusters formed by the linking of Schiff
base ligands.>®

In the presence of NaOH (0.01 mol/L), reactions of H,L* with
Cd(OAc),-4H,0 and Ln(OAc);-4H,0 in refluxing
70 methanol/ethanol produced yellow solutions from which 1 and 2
were isolated as pale yellow crystalline solids. 1 and 2 are
isomorphous and have 30-metal drum-like structures. Two views
of the crystal structure of 1 are shown in Figure 1a. The top view
is essentially a side-on view while the lower one is looking down
75 into the top of the drum. The ends of the drum are created by two
rings of 15 metals (3 Nd(I11) and 12 Cd(ll)) coordinated to half of
the N, O binding groups of the 11 Schiff base ligands while the
sides of the drum are formed by the -(CH,)s- linkers of the Schiff
base ligands. For the two NdsCd, rings, one includes one OH"
g0 and twenty-one OAc” anions and the other has twenty-two OACc
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Scheme 1. “Bending” (a) and “stretching” (b) coordination
modes of flexible Schiff base ligands H,L%° and H,L*2.
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anions to balance the charge of cluster. In 1, the Cd-O and Cd-N  ss clusters 3 and 4. They are isomorphous and have rectangular-like
bond lengths range from 2.108 A to 2.614 A and 2.218 A to structures. Two views of the crystal structure of 3 are shown in
2.322 A, respectively. While the Nd-O and Nd-N bond lengths Figure 2. The left view is looking right in front of the rectangle
range from 2.281 A to 2.600 A and 2544 A to 2.605 A, while the right one is essentially a side-on view. The X-ray
s respectively. In 1 and 2, each Ln* ion and its closest two Cd?* structure of 3 reveals a centrosymmetric core with two equivalent
ions are linked by phenolic oxygen atoms of L* ligand and OAC” e Nd,Zn,(OAc):o(OH), moieties linked by two Schiff base ligands.
anions. Interestingly, the rectangular form of 3 is like a vertical strip cut
The Cd(1l) ion tends to have relatively high coordination ~ from the drum-like structure of 1. In each Nd,Zny(OAC)1o(OH),
numbers (6-8) and exhibits variable coordination geometries, ~ MOi€ty, two Nd™ ions have similar coordination environments,
10 somewhat similar to Ln(Ill). This may favor the formation of ~surrounded by nine oxygen atoms from one L" ligand, two OH
high-nuclearity Cd-Ln clusters 1 and 2. Compared with Cd(l1), ¢ and five OAC™ ions. They are bridged bzx two OH" groups with a
the Zn(11) ion tends to have lower coordination numbers (4-6) and ~ separation of 4.191 A All four Zn™ ions have tetrahedral

. 3+ - . 24
exhibits some common coordination geometries such as square- geometries. In 3 and 4, each Ln™" ion and its closgs_t three Zn™
planar, tetragonal pyramid and octahedral. Thus, reactions of ~1ons are linked by phenolic oxygen atoms of the L"ligand, OAc

15 H,L2 with Zn(OAC),-4H,0 and Ln(OAC)s-4H,0 under the same anions and/or OH anions. The distances between Ln** and Zn

ions range from 3.648 A to 3.800 A. The average distances for
the Zn-O (phenolic) (1.970 A 3, 1.963 A 4), Zn-N (1.994 A 3,
1.993 A 4) and Ln-O (phenolic) (2.529 A 3, 2.521 A 4) bonds are
comparable to those found in the literature.®®

It is found that analogs of 1-4 with other lanthanide ions such
75 as Pre*, Sm®, Ho® and Lu®* can also be isolated under the same
experimental conditions, indicating that these nanoclusters are
easy to be repeatably synthesized. It is noticeable that, the Schiff
base ligands exhibit a “stretched” coordination mode with metal
ions in 1-4. This may be due to the fact that, compared with those
Schiff base ligands with shorter carbon-carbon backbones such as
H,L¥®, there is less of a chelating or templating effect with the
long-chain backbones of H,L*? Thus the heights of drum-like
and rectangular-like structures are mainly decided by the lengths
of Schiff base ligands, resulting in the formation of nanoscale
clusters. The molecular dimensions of 1 and 2 are bigger than
those of 3and 4 (i. e. 20 x 24 x 24 A for 1 vs 8 x 19 x 24 A for
3). It is also possible to obtain images of these Cd-Ln molecular
nanoparticles using transmission electron microscopy (TEM).
Dilute solutions of 1 in CH;CN were contacted with a Cu grid
9 and the solvent carefully evaporated under vacuum. The TEM
images obtained (Figure 1b) show uniform nanoparticles with
diameters measuring approximately 2.42 nm which corresponds
well with the diameter of the 15-metal ring end of the drum found
in the crystal structure, indicating that the nanocluster retains its
unique molecular structure in solution. Energy dispersive X-ray
spectroscopy (EDX) analysis of 1 indicates that the Cd:Nd ratio is
about 4:1, in agreement with the crystal structure (Figure S1). In
Figure 1c a panoramic scanning electron microscopy (SEM)
image shows the crystalline nature of 1.

1=}

experimental conditions as above produced 14-metal Zn-Ln 7
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Figure 1. (a) Two views of the drum-like structure of 1: viewed . . . .
along the c-axis (top) and ab-axis (lower) (Nd*: green; Zn?": Figure 2. Two views of the square-like structure of 3: viewed

blue): (b, ¢) TEM and SEM images of 1 along the b-axis (left) and ac-axis (right). (Nd*": green; Zn*":
R ' us blue)
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The 'H NMR spectrum of 1 in CDCl, contains multiple
broad peaks ranging from —15 to +17, due to the diamagnetic
Nd** ion. They remain unchanged for several weeks, indicating
that this Cd-Ln cluster with drum-like structure is stable in
solution (Figure S2). Powder XRD patterns of 3 and 4 are similar
to their simulated patterns generated from single crystal X-ray
data (Figure S3). Molar conductivity studies of 1-4 in CH;CN
confirm that these molecular nanoparticles are neutral in solution,
in accordance with the solid state structures. These nanoclusters
are easy to discompose when heated. For example, the
thermogravimetric analysis of 1 shows that it starts to discompose
from 195 °C (Figure S4).

For Zn** and Cd?* ions, their saturated d*° electronic
configuration prevents the quenching of lanthanide luminescence
through a d-d transition (f—d energy transfer),” which favors the
using of light-absorbing Zn(Il) and Cd(Il) chromophores as
sensitizers for lanthanide luminescence. The photophysical
properties of 1-4 were studied in both solution and the solid state.
For these d-f clusters, their absorption bands in the UV-vis region
are all red-shifted compared to those of the free ligands H,L?
(Figure 3). It is noticeable that the absorptions of 1-4 are much
stronger than the free ligands H,L"2, which enhances the ability
of the ligand-center to absorb energy for sensitizing the
lanthanide luminescence. For the free ligands H,L'? excitations
of the absorption bands produce broad emission bands at Ay =
515 nm and 509 nm, respectively (Figure S5). The emission and

excitation spectra of 1-4 in CH;CN are shown in Figures 4 and S6.

Upon excitation of the ligand-centered absorption bands, 1 and 3
show the NIR luminescence of Nd** (“Fa,—*l;, transitions, j = 9,

11 and 13)), and 2 and 4 show that of Yb*" (3Fs;,—2F, transition).
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Figure 3. UV-Vis spectra of free H,L>? and 1-4 in CH4CN at 298
K.(C=107-10°Mm)
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Figure 4. The NIR spectra of 1 and 2 in CH3;CN at 298 K.
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1 and 2 show two excitation bands at approximately 285 nm and
355 nm, while 3 and 4 have one at approximately 370 nm, in
agreement with their absorption spectra, confirming that the
energy transfers from the d/L centers to Ln*" ions occur (Scheme
S1). For each Cd-Ln or Zn-Ln nanocluster the NIR luminescence
spectrum in the solid state is similar to that in the solution. In
Nd(111) clusters, the energy transfer is favorable since the Nd**
ion has many possible energy-accepting levels lying above the
NIR luminescent level (*Fs, Scheme S1).2 The emission
lifetimes (z) of 1 and 3 are 2.2 us and 1.2 us, respectively. The
intrinsic quantum vyields (®,,) of Nd*" emission in 1 and 3 are
calculated as 0.88% and 0.48%, respectively, using @\, = /7, (7o
= 250 us, the natural lifetime of Nd*).° In Yb(lll) clusters, the
Yb* ion has only a single excited state 2Fs, at 10,200 cm™
(Scheme S1). The energy-transfer process in 2 and 4 may perhaps
be described as electron transfer mechanism and/or phonon-
assisted energy-transfer mechanisms.'® The emission lifetimes of
2 and 4 are 9.2 us and 8.1 us, respectively. So the intrinsic
quantum yields of Yb*" emission in 2 and 4 are calculated as
0.46% and 0.41%, respectively (zo = 2000 us for Yb*).? With
“open” rectangular-like structures, 3 and 4 have similar emission
lifetimes as other Zn-Ln Schiff-base complexes reported.> 1*

In conclusion, we have successfully demonstrated the
construction of 30-metal Cd-Ln and 12-metal Zn-Ln nanoclusters
1-4 from two flexible Schiff base ligands which have long (CH,)s
chain backbones. Upon excitation of the ligand-centered
absorption bands, 1-4 show interesting NIR luminescence
properties. The long-chain Schiff base ligands show “stretched”
coordination modes with metal ions in 1-4, resulting in the
formation of drum-like Cd-Ln and rectangular-like Zn-Ln
architectures with large dimensions. The results suggest that even
larger metal clusters with flexible Schiff base ligands should be
possible by increasing the length of the ligands. Further studies
focused on the construction of d-f nanoclusters bearing flexible
chain-like ligands with even longer carbon backbones and
different d-metal ions are in progress.
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