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A crystalline 14-metal Zn—Nd cluster [ZngNdglL,(OAC)20(0)2(NO3)4(OC,Hs)4] (1) was constructed using
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a flexible Schiff base ligand with long-chain (CH,),O(CH,),O(CH,), backbone. 1 exhibits a nanoscale

rectangular structure (10 x 14 x 18 A). Besides the visible ligand-centered emission, 1 displays typical
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Introduction

A fluorescence response towards various analytes such as metal
ions, acid radical anions and small molecules has recently
gained considerable attention for its potential application in
biology, medicine and environment.*”® For example, the fluo-
rescence detection of potassium (K') is essential to biomedical
diagnosis since potassium plays a central role in the human
body. Recently, many crown ethers and cryptands have been
used in the study of fluorescent K sensors.*® However, the
results of the fluorescence intensity-based response may be
easily affected by some factors such as the power of the light
source and the concentration of the analyte. Recently, dual-
emissive probes with two emission bands have been designed
to make the response more accurate by the self-calibration of
the fluorescence signals.”** For example, some dual-emissive
probes such as fluorescent organic compounds,***®
particles’'” and d-block metal complexes'®'® have been used
for this purpose in biologic imaging.

Lanthanide complexes are particularly attractive for the
fluorescent response, due to their unique emission properties
such as large Stokes shifts, high colour purity and long lumi-
nescence lifetimes. For example, near-infrared (NIR) lumines-
cent lanthanide complexes with Nd(ur), Yb(ir) and Er(m) ions
have potential application in bioassays because biological
tissues are transparent in this spectral range (900-1600 nm). So

nano-

“Zhejiang Key Laboratory of Carbon Materials, College of Chemistry and Materials
Engineering, Wenzhou University, Wenzhou 325035, China. E-mail: xpyang@wzu.
edu.cn

*Department of Chemistry and Biochemistry, The University of Texas at Austin, 1
University Station A5300, Austin, Texas, 78712, USA

t Electronic supplementary information (ESI) available: Experimental and
characterization details, additional figures and tables, and CIF files. CCDC
1952292 for 1. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c9ra09409a

This journal is © The Royal Society of Chemistry 2019

NIR luminescence of Nd**. Interestingly, 1 shows both a ligand-centered and lanthanide fluorescence
response towards metal ions, especially to K* and Co?* at the ppm level.

far, many visible luminescent lanthanide complexes with Eu(u)
and Tb(m) ions have been used as sensors to detect analytes.?*>*
For example, a Tb(u) complex with 18-crown-6 ligand has been
used for the time-gated luminescence detection of K' ion.
However, there are very few reports on the dual-emissive probes
based on lanthanide complexes. Recently, Chi et al. first re-
ported the detection of water in organic solvents using a dual-
emissive Eu(m)-based metal-organic framework (MOF) encap-
sulating carbon-based dots (CDs), where both red light emis-
sion from Eu*' ions and blue light emission from CDs show
response to the water.”® For the NIR luminescent lanthanide
complexes, besides the lanthanide luminescence around 900-
1600 nm, they can exhibit ligand-centered emission in the
visible region. Dual-emissive probes based on emissions from
both lanthanide ion and organic ligand may have some
advantages in the detection of target objects, due to the differ-
ence between the emissions in their lifetimes, wavelengths and
band shapes.

Compared with the visible luminescence of lanthanide ions
such as Eu(m) and Tb(m), the NIR lanthanide luminescence is
much far apart from the ligand-centered emission (usually at
near 500 nm). Thus, the purpose of our research is to design
dual-emissive lanthanide-based probes with both visible ligand-
centered emission and NIR lanthanide luminescence. It is
known that, some metal chromophores with d-block transition-
metal ions such as Zn(u), Ru(u), Pt(u) and Cd(n) may not only
show strong visible emission, but also can act as sensitizers for
the NIR lanthanide luminescence (“antenna effect”). Our
current research has focused on the luminescent response of d-
4f nanoclusters towards various analytes.””*® Here, one crystal-
line 14-metal Zn-Nd cluster [ZngNdgLy(OAC)yo(O)y(NO3)4(-
OC,H;),] (1) was prepared using a long-chain Schiff base ligand
N,N'-bis(3-methoxysalicylidene)(1,2-bis(ethoxy)ethane)-1,6-
diamine (H,L, Scheme 1). The length of H,L is about 24 A,
which is much longer than most of other reported flexible Schiff
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Scheme 1 Long-chain Schiff base ligand H,L.

base ligands with no more than 5 methylene (CH,) units in the
backbones. 1 exhibits a nanoscale rectangular structure (10 x
14 x 18 A). In the rectangular structure of 1, there are total 66
electronegative O atoms from Schiff base ligands and anions,
which may help to form intermolecular interaction with added
cations through electrostatic force. Interestingly, 1 shows both
lanthanide and ligand-centered fluorescent response to metal
ions, especially to K" and Co”* ions.

Results and discussion
Synthesis and crystal structure of 1

The Schiff-base ligand H,L was prepared from the reaction of 2-
[2-(2-amion-ethoxy)-ethoxy]-ethylanine and 2-hydroxy-3-
methoxy-benzaldehyde, according to well established proce-
dures.”® The reaction of H,L with Zn(OAc),-2H,0 and
Nd(NO;);-6H,0 gave a yellow solution, and 1 was obtained by
the diffusion of diethyl ether into the solution as pale yellow
crystalline solid. As shown in Fig. 1, the crystal structure of 1 is
centrosymmetric. Six Zn>" and eight Nd** ions are linked
together by two Schiff base ligands, twenty OAc™, two 0>~ and
four NO; ™ anions. The Zn(i)---Nd(m) distances are from 3.706 A
t0 3.897 A. The OAc~, 0®~ and NO, ™ anions exhibit u,, u; and us
coordination modes with the metal ions, respectively. All Nd**
ions are surrounded by O atoms from the Schiff base ligands
and anions. Six Nd*" ions are nine-coordinated with single cap
square antiprism geometry, while other two are ten-coordinated
with pseudo-bicapped square-antiprismatic geometry. In 1,
Zn>" ions show tetrahedral, triangular bipyramidal and octa-
hedron geometries. For the Schiff base ligands in 1, their N
atoms coordinate to two six-coordinated Zn>" ions, and the
phenoxide and methoxy O atoms bind to four Nd** ion, while
the backbone O atoms do not coordinate to the metal ions. The

Fig. 1 The crystal structure of 1 (Nd**: blue; Zn®*: green).
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Zn-N, Zn-0, Nd-N and Nd-O bond lengths are 2.082 A-2.099 A,
1.906 A-2.444 A, 2.916 A-2.970 A and 2.395 A-2.666 A,
respectively.

The panoramic scanning electron microscopy (SEM) image
and energy dispersive X-ray spectroscopy (EDX) spectrum of 1
are shown in Fig. 2. The element integration data of the EDX
spectrum show that molar ratio of Zn/Nd is 3.2 : 4, which is
close to the ration (3 : 4) calculated by the crystal structure. The
powder XRD pattern of 1 is similar to the simulated pattern
generated from the single crystal X-ray diffraction data
(Fig. S27). Thermogravimetric analysis exhibits that when 1 is
heated at 100 °C, it loses about 8% of the weight (Fig. S31). This
is due to the escaping of the uncoordinated solvent molecules. 1
starts to discompose when the temperature is 155 °C (Experi-
mental). Molar conductivity study confirms that 1 is neutral in
CH;CN, in agreement with the crystal structure.

Photophysical properties

The luminescence properties of 1 were studied in CH;CN and
the solid state. The UV-vis absorption spectra show that the
absorption bands of 1 are red-shifted compared with those of
the free H,L (Fig. 3). Upon the excitation in ligand absorption
band at 355 nm, 1 exhibits typical NIR luminescence of Nd**
(*Fs/» = "I, transitions, j = 9, 11 and 13), and the most intense
line is at 1061 nm (*F3, — *I11,5, Fig. 4). Besides the lanthanide
luminescence, the ligand-centered emission of 1 is found at
494 nm. 1 shows similar emission spectra in CH;CN and the
solid state. The NIR emission lifetime (1) of 1 in CH;CN is 5.5 ps
(Fig. S4t). Thus, the intrinsic quantum yield (®y,,) of Nd** in 1 is
calculated to be 2.2% (Pr, = /10, To = 250 ps, the natural life-
time of Nd**).*° The overall NIR emission quantum yield (Pcp,)
of 1 is 0.7%. The energy transfer efficiency (Msens = Pem/Prn)
from ligand to lanthanide ion in 1 is estimated to be 31.8%.*

Luminescent sensing towards metal ions

The NIR lanthanide luminescent and visible ligand-centered
fluorescent response behaviour of 1 to metal ions Cr**, Mn*",
Fe**, Co**, Ni**, cu®’, Zn**, Cd*', Ag*, Mg>", sr**, AI**, Li*, Na*
and K" (metal acetates) have been investigated in DMF. Inter-
estingly, the addition of metal ions results in different intensity
changes of the emissions. For example, the addition of all metal
ions decreases the lanthanide luminescence of 1. The addition
of metal ions K*, Li*, Na', Ag®, Mg>", A", Cr*" and Sr**
increases the ligand-centered emission, but the addition of

Fig. 2 Scanning electron microscopy image (a) and energy dispersive
X-ray spectroscopy spectrum (b) of 1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 UV-visible absorption spectra of the free Schiff base ligand H,L
and 1in CHsCN.
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Fig. 4 Excitation and emission spectra of 1 in CH3zCN at room
temperature (ex = 355 nm).

others decreases the emission (Fig. 5, 6 and S5, S67). It is found
that the addition of K* and Co®" ions causes a more rapid
decrease of the lanthanide luminescence intensity than the
addition of other metal ions. For example, the emission inten-
sities at 1061 nm of 1 are decreased about 50% when the
concentrations of added K" and Co** solutions are 255 uM and
109 uM, respectively (Fig. 5 and S5t). Compared with other
metal ions, the addition of K" (or Co**) ion also leads to a more
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Fig. 5 Lanthanide luminescent response of 1 (60 uM) to the addition
of K(OAc) in DMF (A¢x = 355 nm).
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Fig. 6 Ligand-centered fluorescent response of 1 (60 pM) to the
addition of K(OAc) in DMF (Aex = 355 nm).

rapid enhancement (or decrease) of the ligand-centered emis-
sion. For example, with the addition of 60 uM K" (or 44 uM Co*")
ion, the ligand-centered emission intensity at 494 nm is
increased by one time (or decreased by a half) (Fig. 6 and S67).
These results indicate that, compared with other metal ions, 1
shows high sensitivity to K* and Co®" ions through both
lanthanide and ligand-centered fluorescent response.

The intensity changes for both lanthanide and ligand-
centered emissions of 1 and the concentrations of the added
metal ions show a linear relationship. Thus, the emission
quenching and enhancement efficiencies (Kgy) of 1 can be
calculated by using Kgy = (Io/I — 1)/[A] (Stern-Volmer equa-
tion).*? Here, I, and I are the emission intensities of 1 at 1065 (or
494) nm before and after the addition of metal ion, respectively
[A] is the concentration of added metal ion. The Kgy values for
the lanthanide and ligand-centered emission sensing of 1
towards metal ions are shown in Fig. 7 and 8. For the lanthanide
luminescence, the Kgy values of 1 to K" and Co*" ions are 17.2 x
10° M ' and 12.7 x 10° M7, respectively. While, for the ligand-
centered emission, the Kgy values of 1 to K' and Co>" ions are
—9.4 x 10> M~ and 58.7 x 10° M7, respectively. All these Kgy
values to K* and Co®" ions are greater than corresponding
values to other metal ions. The limits of detection (LOD) of 1 to
metal ions can be estimated by the signal-to-noise ratio (S/N =
3), using LOD = 30/Ky,,”* where ¢ is the standard deviation. For
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Fig. 7 Lanthanide luminescence quenching efficiencies (Ksy) of 1
towards metal cations.
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Fig. 8 Ligand-centered emission enhancement efficiencies (Ksy) of 1
towards metal cations.

the lanthanide (or ligand-centered) emission sensing, the LOD
data of 1 to K" and Co*" ions are calculated to be 3.67 uM (or
1.87 uM) and 4.96 pM (or 2.97 uM), respectively. These results
indicate that 1 show both lanthanide and ligand-centered
fluorescent response to these metal ions at the ppm level.

The underlying principles of fluorescence response of
sensors towards metal ions are so-called chelation enhance-
ment of the quenching emission (CHEQ) and chelation-
enhanced fluorescence chelation-enhanced fluorescence
(CHEF) effects.* These effects are determined by a series of
transduction mechanisms based on energy transfer and charge
transfer processes. The added metal ions may affect the energy
transfer and charge transfer processes in different ways,
resulting in various CHEQ and CHEF effects to the emissions of
1. For example, d-block metal ions Co**, Mn*", Fe**, Ni**, Cr**
and Cu®" ions have d-d transitions due to their unfilled d elec-
tronic configurations. Thus, these metal ions may consume the
excitation energy of lanthanide ions through f — d energy
transfers,® resulting in the decrease of lanthanide lumines-
cence. In addition, the added metal ions may affect the ligand-
to-metal energy transfer process because of their perturbation
to the electronic structure and excited state of the ligand,
leading to various intensity changes of the lanthanide lumi-
nescence and ligand-centered emission of 1. As shown in Fig. 8,
differing from the addition of other 3d metal ions Co>", Cu*",
Mn*", Fe*", Ni** and Zn>*, which decreases the ligand-centered
emission of 1, the addition of Cd*" ion increases the ligand-
centered emission. This may be explained by the presence of
the ligand-to-metal charge transfer (LMCT) transition resulted
by the additional of metal ion.***”

It is found that, the intensity changes of visible and NIR
emissions of 1 are not proportional to the radii of added metal
ions (Fig. S71). In fact, the interaction between the added metal
ions and 1 plays a key role in both lanthanide and ligand-
centered fluorescent response. For example, K ion has been
reported to be easy to form some intermolecular interaction
such as cation-m interaction with macrocyclic compounds and
framework complexes due to its suitable ionic size.*****' The
interaction between the added metal ions and 1 was investi-
gated by UV-vis titration measurement (Fig. S81).*> As shown in
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Fig. 9 UV-vis spectra of 1 (60 uM) with the addition of K* ion.

Fig. 9, the addition of K" ion results in a red-shift of the
absorption bands of 1, which confirms the formation of inter-
molecular interaction between K' ion and the complex.

Experimental

Synthesis of the crystalline cluster
[ZneNdgL;(0AC)50(0)2(NO3)4(OC,Hs),4] (1)

Zn(OAc),-2H,O0 (0.30 mmol, 0.0666 g), Nd(NOj;);-6H,0O
(0.40 mmol, 0.1800 g) and H,L (0.10 mmol, 0.0417 g) were
dissolved in 10 mL EtOH, 2 mL MeOH and 2 mL DMF at room
temperature, and a solution of triethylamine in EtOH
(0.01 mol L™, 2 mL) was then added. The resulting solution was
heated under reflux for 30 min. It was filtered at room
temperature. The yellow crystalline product of 1 was obtained
by the slow diffusion of diethyl ether into the filtrate at room
temperature after three weeks. The product was collected and
dried in the oven at 120 °C for two hours. Yield: 0.0672 g (32%).
Mp > 155 °C (dec.). Elemental analysis: found: C, 28.85; H,
3.71; N, 2.63%. Calc. for C;poH;5,N30,,ZngNdg: C, 28.84; H,
3.68; N, 2.69%. IR (cm™*): 1624 (s), 1552 (s), 1450 (m), 1408 (m),
1295 (m), 1212 (s), 1076 (m), 962 (m), 852 (w), 784 (m), 741 (s),
673 (m).

Crystallography

X-ray data were collected for 1 on a Smart APEX CCD diffrac-
tometer at 190 K in the §-26 mode with monochromated Mo Ko
radiation. The direct method (SHELX 97 program) was used to
solve the structures. Non-hydrogen atoms were refined aniso-
tropically, while hydrogen atoms were included but not refined.
The selected bond lengths and angles for the structure of 1 are
listed in Table S1.}

1: Cy00H;5,Ng05,ZngNdg, triclinic, space group P1, a =
14.1791(12), b = 15.7934(13), ¢ = 18.0220(15) A, a =
108.2630(10)°, 8 = 96.2280(10)°, vy = 108.4170(10)°, V =
3538.5(5) A%, Z=1,D.=1.954 g cm >, u(Mo Ko) = 3.971 mm
F(000) = 2044, T = 190 K. R; = 0.0314, wR, = 0.1021, GOF =
1.129.

This journal is © The Royal Society of Chemistry 2019
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Conclusions

In conclusion, one crystalline 14-metal Zn-Nd complex 1 was
constructed using a flexible Schiff base ligand with long-chain
(CH,),0(CH,),0(CH,), backbone. 1 has nanoscale rectangular
molecular size (10 x 14 x 18 A). Upon the excitation of
absorption bands, 1 exhibits visible ligand-centered and NIR
lanthanide emissions. The addition of K*, Li*, Na*, Ag*, Mg*",
AP’" and Cr’' ions increases the intensity of ligand-centered
emission of 1, however, the addition of Co**, Cu®**, Mn*", Ni**,
Zn>" and Cd*" ions decreases the intensity. While, the addition
of metal ions decreases the lanthanide luminescence of 1.
Compared with other metal ions, 1 shows high sensitivity to K*
and Co>" ions at the ppm level through both lanthanide and
ligand-centered fluorescent response. Further studies focused
on the dual-emissive response of lanthanide-based clusters to
other analytes are in progress.
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