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base ligand. 1 exhibits a lanthanide luminescent response to Que with high sensitivity. The quenching

constant of Que to the lanthanide emission is 2.6 x 10* M™%, and the detection limit of 1 to Que is 2.5
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Introduction

Recently, fluorescence probes have received much attention due
to their applications in the detection of various analytes with
high sensitivity and selectivity, rapid response, and convenient
utilization.’™ Among all kinds of target objects, quercetin (Que,
3,3',4',5,7-penta-hydroxy-flavone) is a kind of flavonoid existing
extensively in vegetables, fruits, beverages and herbal medi-
cines, and is a typical active antioxidant with an important role
in the treatment of some cardiovascular diseases and preven-
tion of biological cell degradation.®*® Many traditional analytical
techniques, such as chromatography, spectrophotometry, and
capillary electrophoresis, have been used to detect Que.”** The
fluorescence probes for the detection of Que mainly focus on
quantum dots (QDs)**> and carbon nanodots (CNDs)."* Lantha-
nide complexes may display interesting visible and near-
infrared (NIR) emissions with sharp emission spectra, large
antenna-generated shifts and long lifetimes. Currently, Bin
Zhao et al. first reported a visible luminescent sensor of Que
based on a Tb(m)-based metal-organic framework (Tb-MOF).**
Heterometallic d-4f complexes with Nd(u1), Er(1n) and Yb(i) ions
can show superior NIR luminescence properties due to the
efficient transfer energy from the light-absorbing units con-
taining d-block metal ions such as Zn**,** Cd**,¢ Ru**,"” pt**,*®
and Cr*",” to lanthanide ions. However, so far there are few
reports on the use of polynuclear d-4f complexes for the NIR
luminescent detection of Que.
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uM. The response behavior of 1 to Que is not affected by the existence of some potential interferents

Salen-type Schiff bases are typical ligands used in the
construction of luminescent d-4f complexes.’®** Our recent
studies have focused on the construction of lanthanide
complexes with luminescent response toward small molecules
and ions.>* In this work, we report the construction of an
octanuclear d-4f complex [ZngNd,L4(OAc),(DMF)EtOH] (1) from
a Schiff base ligand N,N'-bis(3-hydroxysalicylidene)(4-
methoxyphenylene)-1,2-diamine (H,L, Scheme 1), which has
a phenyl backbone. Compared with visible fluorescence,
lanthanide NIR luminescence has advantages in the detection
of biological system, due to the low absorption of biological
matrixes in 1000-1700 nm. Interestingly, 1 shows NIR Nd(u)
emission and exhibits high luminescent response to Que.

Results and discussion
Synthesis and crystal structure of the Zn(u)-Nd(mr) nanocluster

The salen-type Schiff base ligand H,L was synthesized from the
reaction of 2,3-dihydroxybenzaldehyde and 4-methoxy-o-phe-
nylenediamine (ESIT).”® 1 was synthesized from the reaction of
H,L with Nd(OAc);-4H,0 and Zn(OAc),-2H,0. The molecular
dimensions of 1 are about 1.1 x 1.6 x 1.8 nm (Fig. 1). In 1, six
Zn(u) and two Nd(ur) ions are coordinated with four Schiff base
ligands. Four Zn(u) ions are located in the N,O, cavities of the
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Scheme 1 The structures of salen-type Schiff base ligand HuL (left)
and Que (right).
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Fig. 1 The crystal structure of 1 (Zn(i): green; Nd(in): blue).

Schiff base ligands with a square based pyramidal geometry,
while other two Zn(u) ions are coordinated with phenolic oxygen
atoms of the ligands with a tetrahedral geometry. Each Nd(r)
ion is bound to two 0,0, donor sets of the ligands, and the
coordination number is eight. Each Nd(m) ion is surrounded by
eight O atoms from three Schiff base ligands, one OAc™ anion
and one solvent molecule EtOH (or DMF). The neighboring
Zn(u) and Nd(m) ions are bridged by the phenolic oxygen atoms
of four Schiff base ligands and two OAc™ anions, with an
average separation of 3.76 A. The bond lengths of Nd-O, Zn-O
and Zn-N are 2.28-2.52 A, 1.91-2.08 A and 1.99-2.18 A,
respectively. Intramolecular m-7 stacking interactions exist
between the phenyl rings of Schiff base ligands (distances: 3.371
A to 3.750 A),”’zs which helps the formation of 1. Compared
with other reported d-4f complexes with similar salen-type
conjugated Schiff base ligands,*>****?** the Zn(u) ions in 1 are
not only bound to the N,0, donor sets of the ligands but also to
their 0,0, sets. In Fig. 2, one image of scanning electron
microscopy (SEM) displays the crystalline nature of 1, and in
energy dispersive X-ray (EDX) spectroscopy the molar ratio of
Zn/Nd is about 3, consistent with its structure. The measured
powder XRD pattern of 1 is similar to the simulated one
generated from the crystal structure, indicating the purity of the
solid product (Fig. S31). Thermogravimetric analysis indicates
that 1 loses about 3% weight before 100 °C, due to the escaping
of uncoordinated solvent molecules such as MeOH, EtOH and
H,O in the sample. 1 starts to decompose from about 180 °C
(Fig. S4%), which is also confirmed by the melting point
measurement (see Experimental section).
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Fig. 2 The image of scanning electron microscopy (a) and energy
dispersive X-ray spectroscopy (b) of 1.
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Fig. 3 The excitation (Aey = 1064 nm) and NIR lanthanide emission
(Aex = 370 nm) spectra of 1 (30 pM) in CH3CN.

Photophysical properties and NIR luminescent response to
Que

The free H,L has three bands at 214 nm, 276 nm and 339 nm,
which are assigned ton — 7* or w — 7* transitions associated
with imine and phenyl functions of the Schiff base ligand.
These bands are red-shifted in 1 due to the disturbance of metal
ions in the structure (Fig. S71). Upon the excitation in ligand-
centered absorption band, 1 displays the NIR luminescence of
Nd(m) (*Fz;, — "I, transitions, j = 9, 11 and 13) at 880, 1064
and 1337 nm (Fig. 3). The emission lifetime (7) is 5.6 ps
(Fig. S8t), so the intrinsic quantum yield (®,) of Nd(m) is
calculated to be 2.2%, using equation @y, = /70 (7o = 250 s,
the natural lifetime of Nd(m)).** The whole luminescence
quantum yield (@) of 1 is 0.14%, thus, the energy transfer
efficiency (Msens = Pem/Prn) from the Schiff base ligands to
Nd(m) ions can be calculated as 6.4%.*

The NIR luminescent sensing behaviour of 1 to Que was
studied in CH;CN. The results show that, as the concentrations
of added Que increase, the intensities of lanthanide lumines-
cence of 1 are decreased gradually (Fig. 4). The quenching
constant (Ksy) of Que to the lanthanide emission is calculated to
be 2.6 x 10* M, by using Stern-Volmer equation.’ Also, the
limit of detection (LOD = 30/Kgy (ref. 33)) of 1 to Que is obtained
to be 2.5 uM, which is among the lowest ones reported for the
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Fig. 4 The quenching of NIR luminescence of 1 (30 uM) to the addi-
tion of Que with different concentrations in CHsCN.
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Fig. 5 The lanthanide luminescence quenching of 1 (30 uM) at
1064 nm to Que and interferents in CH3zCN. Inset: the Ksy values for
the luminescence quenching of 1. (Aex = 370 nm).

fluorescent detection of Que so far.****3437 It is noticeable that,
the shapes of NIR emission peaks of 1 are same before and after
the addition of Que (Fig. 4). Meanwhile, conductivity study
confirms that 1 is neutral in CH;CN, in accordance with the
crystal structure. These results suggest that 1 is stable during
the sensing experiments.

To assess the response selectivity of 1 to Que in biological
system, we investigated its sensing behaviour to potential
biomolecule interferents such as apigenin (Api), flavanone (Fla),
naringin (Nar), hesperidin (Hes), phloroglucinol (Phl), daidzein
(Dai), hydroquinone (Hyd), resorcinol (Res) and puerarin (Pue)
(Scheme S1t). Compared to Que, the addition of these
biomolecules causes much smaller changes to the lanthanide
emission of 1 (Fig. 5 and S9%). For instance, the lanthanide
emission quenching of 1 caused by 60 uM biomolecules is less
than 30% (Fig. S97), indicating the sensing selectivity of 1 to
Que. Additionally, the response behaviour of 1 to Que in the
presence of the interferents was examined. The results show
that the quenching of the lanthanide emission of 1 aroused by
Que is not affected by the existence of the interferents (Fig. 6).
The luminescence selectivity of 1 to Que was further confirmed
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Fig. 6 The lanthanide luminescence quenching of 1 (30 puM) at
1064 nm before and after the addition of Que (60 pM) with the exis-
tence of the interferents (60 uM) in CHzCN.
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Fig.7 The luminescence intensity changes of 1 (30 pM) with the step-
by-step addition of interferents and Que (10 uM each time).

by the step-by-step addition of the interferents. For instance, the
luminescence decreases slowly when Api is added twice firstly
(Fig. 7). While, it decreases fast by the subsequent addition of
equal amount of Que. This trend happens again in the following
additions of Api and Que, suggesting the high selectivity of 1 to
Que even in the existence of the interferents.

In 1, the Schiff base ligands can absorb and transfer energy
to Nd(m) ions, resulting in the lanthanide luminescence
(“antenna effect”, Scheme 2).*® It is noticeable that, Que has
a much higher absorption coefficient at Ax = 370 nm than 1
(1.18 x 10° M " em ™ ' vs. 0.21 x 10° M~ " em ', Fig. 8 and S77).
Thus, the added Que can compete with 1 for the energy
absorption at A, resulting in the quenching of lanthanide
luminescence (“inner filter effect”, Scheme 2).***' As shown in
Fig. 8, the absorptions of biomolecule interferents at A, are
much weaker than Que, and they have little effect on the
lanthanide luminescence of 1. The “inner filter effect” of Que to
the lanthanide luminescence can be confirmed by comparing
the quenching constants of Api and other biomolecule inter-
ferents. The absorption coefficient of Api at A is 0.15 X
10° M~" em™ ", which is higher than those of other interferents
(Iess than 0.07 x 10° M~ ' ecm™ ") (Fig. 8), thus, Api can absorb

=
E
o 2w
- E R
2 x 8
o 2 w on .
_ x 8 ""Antenna\gffect"
[ w o A
H
- A
> ; &
2
4
2 F32 *
[}

Competition
for energy

"Inner filter

effect"
i 4

J
Nd(li)

Que Ligand-center

Scheme 2 The "antenna effect” of the Schiff base ligand and “inner
filter effect” of Que to the lanthanide luminescence in 1.
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Fig. 8 Absorption spectra of Que and interferents in CHsCN at room
temperature.

more light energy than other interferents. Unsurprisingly, Api
also shows larger Kgy value (0.44 x 10* M~ ") than other inter-
ferents (less than 0.13 x 10* M™'), demonstrating the “inner
filter effect” to the lanthanide luminescence. Furthermore, the
addition of Que results in the quenching of visible ligand-
centered emission of 1 at 545 nm (Fig. S10%). This is also due
to the decrease of excitation energy of Schiff base ligands caused
by the “inner filter effect” of Que.

Experimental
Materials and general methods

All chemical materials were obtained from commercial sources
and directly used without further purified. The Schiff base
ligand and the lanthanide complex were synthesized using
Schlenk system. Elemental analyses were performed on a EURO
EA3000. Melting points were obtained on an XT-4 electro-
thermal micromelting point apparatus. IR spectra of the Schiff
base ligand and the complex were measured on a FTIR-650
spectrometer. "H NMR spectrum of the ligand was obtained
using AVANCE III AV500 at 298 K. The mass spectrum (ESI) was
measured on a MicroOTOF-QII. The conductivity measurement
was carried out with a DDS-11 conductivity bridge. The powder
XRD spectrum of the complex was recorded on a D8 Advance,
and its scanning electron microscopy image was obtained using
a Nova NanoSEM 200 microscope.

Synthesis of [ZngNd,L4(OAc),(DMF)EtOH] (1)

At room temperature, Zn(OAc),-2H,0 (0.20 mmol, 0.0438 g),
Nd(OAc);-4H,0 (0.20 mmol, 0.0823 g) and H,L (0.20 mmo],
0.0756 g) were dissolved in 20 mL MeOH, and then triethyl-
amine in EtOH (1.0 mol L', 2 mL) was added into the solution.
The mixture was heated for 6 h under reflux with stirring, and
cooled to room temperature. The clear solution was obtained by
filtered, and slow diffusion of diethyl ether into the solution for
one week gave the yellow crystalline product of 1. Yield (based
on Zn(OAc),-2H,0): 0.0302 g (35%). Mp >178 °C (decompose).
EA: C, 45.06; H, 3.37; N, 5.46% (found). Calc. for Co;HggNyo-
Nd,03,Zng: C, 45.04; H, 3.33; N, 5.42%. IR (KBr, cm'): 1578.34
(s), 1448.64 (s), 1249.94 (s), 1183.24 (s), 1083.26 (s), 879.42 (m),
788.13 (m), 839.04 (s), 731.12 (m).
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Photophysical studies

The UV-vis absorbance spectra of the Schiff base ligand and the
complex were determined on an UV-3600 spectrophotometer.
The wavelength range is 200 nm-600 nm. The NIR emission and
excitation spectra of the complex were carried out on a FLS 980
fluorimeter. Liquid nitrogen cooled Ge PIN diode detector is
used to detect the NIR emissions (800 nm-1700 nm). An inte-
grating sphere is used to obtain the quantum yield, and the
luminescence lifetime is obtained by using the attached storage
digital oscilloscope. Systematic errors are deducted through the
standard instrument corrections.

Crystallography

The X-ray data of the complex were collected by a Smart APEX
CCD diffractometer (Mo Ko radiation). The structure was solved
using SHELX 97 program with direct method. The empirical
absorption was corrected by SADABS program. Non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were
calculated by geometrical methods and refined isotropically.
The CCDC number of 1 is 2102148 (see www.ccdc.cam.ac.uk/
data_request/cif). The bond lengths and angles are displayed
in Table S1.f

For 1: Cg;HgeN;903,ZngNd,, monoclinic (P24/n), a =
20.327(15), b = 23.139(16), ¢ = 25.376(19) A, a = 90°, § =
94.941(13)°, y = 90°, V=11 891(15) A*, Dc = 1.444 g cm >, (Mo
Ko) = 2.118 mm ™}, T = 190 K, Z = 4, F(000) = 5176, GOF =
1.163, R; = 0.0913, wR, = 0.1995.

Conclusions

In conclusion, an octanuclear Zn(u)-Nd(m) cluster 1 was
synthesized from a salen-type Schiff base ligand. The molecular
sizes of 1 are 1.1 x 1.6 x 1.8 nm. It shows NIR lanthanide
emission, which can be decreased gradually by the addition of
Que. The emission quenching of 1 is due to the “inner filter
effect” of Que. The limit of the detection of 1 to Que is 2.5 uM,
and its luminescent response behaviour is not affected by the
existence of some potential biomolecule interferents.
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