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ABSTRACT: A new C;-symmetric Schiff-base fluorescent
probe (L) based on 8-hydroxy-2-methylquinoline has been
developed. As expected, the probe L can display high
fluorescent selectivity for Cd** over Zn** and most other
common ions in neutral ethanol aqueous medium.
Moreover, the mechanism of the L—Cd** complex has
been confirmed by X-ray crystallography and density
functional theory calculation results. More importantly, L
could be used to image Cd*" within living cells.

H eavy-metal contamination has become a serious threat to
the environment and human health.! As is known,
cadmium is one of the important resources and has been widely
used in many fields such as electroplating, metallurgy, war
industry, and agriculture.” However, chronic exposure to Cd**
sources can cause serious injury to the human kidney, lung, bone,
and nervous system and even certain cancers.” Accordingly, it is
highly desirable to develop reliable methods for detecting and
monitoring cadmium levels in environmental samples, living
cells, or tissue samples. Recently, fluorescent probes based on the
ion-induced changes are often used to detect metal ions 0w1ng to
their simplicity, high sensitivity, and real-time detection.* Up to
now, only 2 few fluorescent probes for Cd*" are applicable in
living cells.® To develop Cd**-selective probes, the discrim-
ination of Cd** from Zn?" is often challenging because they show
similar coordination properties.””

It is necessary to choose an eflicient fluorophore and consider
the geometry of coordination sites for a certain cation.”* To the
best of our knowledge, C;-symmetric ligands can be regarded as
triangular building blocks and offer avenues for the construction
of organometallic frameworks with a variety of structures
according to the geometric requirements of the metal ions.”
Recently, we have successfully developed a novel C;-symmetric
fluorescent probe for Zn®' in living cells based on 2-

pyridinecarboxaldehyde.® These experimental results encour-
aged us to improve its sensing properties by replacing 2-
pyridinecarboxaldehyde with other metal-chelating groups.
Accordmg to the reported crystal structures of cadmium and
zinc,” they are usually six-coordinate, but cadmium can also be
seven- or eight-coordinate.***'* This suggests that a new ligand
with more multiple coordination sites in the equatorial plane
direction can be designed that may chelate and coordinate with
Cd** more effectively to distinguish Cd** from Zn**.
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As is well-known, 8-hydroxyquinoline derivatives with multi-
ple coordination sites have usually been used to construct
fluorescent probes for transition metals because of their good
photostability and strong ability to chelate metal ions."'
Furthermore, 8- hydroxyquinoline derivatives could enhance
the aﬂimtzf of a ligand for Cd** according to the reported
literature.”>®* To take advantage of triaminoguanidinium
chloride containing lone electron pairs on nitrogen, we herein
report another new C;-symmetric Schiff-base fluorescent probe
(L) based on 8-hydroxy-2-ethylquinoline that might effectively
chelate Cd** according to its ionic radius and limit the geometric
structure of the complex.

The probe L was prepared by modified procedures'>'® (see
the Supporting Information, SI). The UV—vis absorption
spectrum of L displayed three obvious absorption peaks at 255,
300, and 348 nm (¢ = 5.9 X 10° M ™' cm™") (Figure 1). Upon the
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Figure 1. Absorption spectra of L (60 #M) upon titration of Cd** (0—5
equiv) in EtOH/H,O [1:1 (v/v)]. Inset: photographs of the solution of
L before and after the addition of Cd** (10 equiv) under visible light.

addition of Cd** (0—S$ equiv), they decreased gradually, and a
large absorption band from 450 to 505 nm emerged
simultaneously with one distinct isosbestic point at 410 nm.
Moreover, a significant color change from light yellow to light red
could be observed easily by naked eyes. These changes were
likely due to the coordination of L with Cd*".'*

Figure 2 showed that L displayed relatively weak emission at
540 nm because of the excited-state intramolecular proton
transfer (ESIPT) process of 8-hydroxyquinoline from oxygen to
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Figure 2. Fluorescence spectra of L (60 #M) upon titration of Cd** (0—
S equiv) in EtOH/H,O [1:1 (v/v); Ay = 465 nm]. Inset: emission
changes with changes in the ratios of the Cd** and L concentrations.

nitrogen15 and C=N isomerization. Furthermore, such high
concentrations of probes have also been reported in other
literature.'® Upon binding Cd*", the emission peak gradually
shifted from 540 to 645 nm with remarkable fluorescence
enhancement (@ = 0.013) because the ESIPT process and C=N
isomerization were inhibited. Besides, the excitation wavelengths
of the yellow and orange lines in Figure 2 also corresponded to
465 nm (Figure SS in the SI) and were in the range of a large
absorption band. Moreover, the emission intensities at 645 nm
stopped increasing when the molar ratio of L/Cd*" reached 1:3
(Figure 2, inset), which indicated the 1:3 binding model. Job’s
plot'” (Figure S6 in the SI) also Eroved the 1:3 stoichiometry.
According to a reported method,>”'® the association constants
of L with Cd** were obtained as K¢y, = 1.4 X 10%, K¢y, = 1.0 X
10* and Kg3 = 9.5 X 10° (Figure S7 in the SI), respectively. The
corresponding detection limit of Cd** was found to be 5.57 X
107° M (Figure S8 in the SI)."

Selectivity is one of the most important features for an
excellent fluorescent probe.20 Moreover, the selectivity of L for
Cd** was affected by different solvents and water content, which
limited its practical application. The fluorescence behavior of L
was examined upon the addition of various cations in the
optimized solvent-EtOH/H,O [1:1 (v/v)] (Figures S9—S12 in
the SI). As shown in Figure S13 in the SI, the addition of NH,*,
Na*, K*, Ca’* Mg**, Ba**, AI**, Cr’*, and Mn*" had little effect on
the emission of L. However, only Zn** induced a red shift and
very slight fluorescence enhancement. Fe**, Cu**, Co**, Ni**, and
Pb** resulted in the partial quenching of L but without a distinct
red shift. A similar phenomenon was previously reported.’®*" As
expected, only Cd** caused an obvious red shift from 540 to 645
nm and a significant increase in the ratio. Furthermore, the
excitation wavelengths of L, L—Cd*", Fe*", Cu®*, and Pb*" were
also 465 nm (Figures S5, S14, and S15 in the SI). Although the
excitation spectra of L and its other complexes (Fe?*, Cu**, and
Pb**) did not match with their absorption spectra, fluorescence
emission from the object is a function of the angle and
wavelength of the incident light and chemical and physical
composition of the object.””> Competition experiments (Figure
3) showed that most cations had no obvious effect on the
fluorescence emission of L—Cd** except Cr**, Pb**, and Cu®,
but their influence in vivo can be neglected because of their low
concentration.”> Besides, some anions displayed no obvious
effect on the fluorescence of the L-Cd** complex except I
(Figure S16 in the SI). However, the interference was of little
importance at the low concentrations in nature.”* All of the
results indicated that probe L was suitable for detecting Cd**
without interference of most common ions in neutral aqueous
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Figure 3. Metal-ion selectivity profiles of L (60 uM). Blue bars represent
the fluorescence intensity ratio responses (Fgss nm/Fss0 nm) Of L in the
presence of 10 equiv of various metal ions. Red bars represent the
fluorescence intensity ratio responses of L in the presence of the
indicated metal ions, followed by 10 equiv of Cd**.

media, especially Zn**. In addition, the sensitivity of L for Cd*"
was not reversible (Figure S17 in the SI), which limited its recycle
use in biological and environmental samples.

"H NMR titration (Figure S18 in the SI) showed the signals for
the active protons shifted in certain degrees, the peak shapes
broadened, and some new signals appeared, which indicated
coordination of L with Cd?**.>**> Moreover, the 1:3 complex was
also proved by 'H NMR titration and ESI-MS of L—Cd** (Figure
S18 and S19 in the SI). Besides, the coordination mode of L—
Zn** was different from that of L—Cd*" (Figure S20 in the SI).
The X-ray crystal structure of L—Cd** also confirmed that L and
Cd** formed a rigid trinuclear structure with 1:3 stoichiometry
(Figure 4). Selected bond lengths and angles are given in Table

Figure 4. Thermal ellipsoid plot of Cd;(L)(NO;),(DME),. All
hydrogen atoms were deleted for clarity.

S2 in the SL It crystallized in the triclinic system, with space
group P1 from the mixed solvents of CH;OH and DMF. Cd1 was
eight-coordinate and surrounded by O2 and N8 from quinoline,
N3 and NS from triaminoguanidinium moiety, and four O atoms
(08, 09, 011, and O12) from two NO,~. Cd2 was seven-
coordinate and surrounded by O3 and N9 from quinoline, N1
and N4 from triaminoguanidinium, O4 and OS5 from one nitrate,
and O7 from DMF. The coordination environment of Cd3 was
the same as that of Cd2. The density functional theory results
(see the SI for calculation details) showed that 7 electrons on the
highest occupied molecular orbital (HOMO) of L mainly
focused on the triaminoguanidinium units, whereas those on the
lowest unoccupied molecular orbital (LUMO) mainly focused
on 8-hydroxyquinoline. Upon Cd** binding with L, the energy
levels of both HOMO and LUMO were lower than those of L.
The decreasing energy in the LUMO level was more significant
than that of the HOMO, indicating that the LUMO was more
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stabilized. Moreover, the calculated dihedral angles of L-Cd*
were in good agreement with the experimental crystal structure
(Table S4 in the SI). The fluorescence of L decayed in a double-
exponential manner with time constants of 179.49 and 281.01 ps
(Figure S24 and Table SS in the SI), indicating that the
fluorescence spectra consisted of two contributions from free L.
The fluorescence decay curve of L-Cd** at 549 nm was similar to
that of L (Figure S2S5 and Table SS in the SI), whereas a new
fluorescence decay process at 645 nm was formed and the
fluorescence lifetime increased to 478.55 ps (Figure S26 and
Table SS in the SI). The probe L and L-Cd** were low cytotoxic
to cells and suitable for bioimaging (see the Supporting
Information, SI).

In conclusion, we have developed an efficient C;-symmetric
Schiff-base fluorescent probe based on 8-hydroxy-2-methylqui-
noline. As expected, the probe could effectively discriminate Cd>*
from Zn** and showed high selectivity for Cd** with a large red
emission shift over other cations in neutral ethanol aqueous
media, which was confirmed by both experimental results and
theoretical calculation results. Moreover, it was low cytotoxic and
cell-permeable to detect Cd** sensitively in vivo.
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X-ray crystallographic data (CCDC 979270) in CIF format,
synthetic procedures and characterization of L—Cd?**, and other
experimental details. This material is available free of charge via
the Internet at http://pubs.acs.org.
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